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Understanding how microscopic spin con�guration gives rise to exotic properties

at the macroscopic lengthscale has long been pursued in magnetic materials 1�5 .

One seminal example is the Einstein�de Haas e�ect in ferromagnets 1,6,7, where

angular momentum of spins can be converted into mechanical rotation of an

entire object. However, for antiferromagnets without net magnetic moment,

how spin ordering couples to macroscopic movement remains elusive. Here, we

observed a seesaw-like rotation of reciprocal lattice peaks of an antiferromag-

netic nanolayer �lm, whose gigahertz structural resonance exhibits more than

an order-of-magnitude ampli�cation upon cooling below the N�eel temperature.

Using a suite of ultrafast di�raction and microscopy techniques, we directly visu-

alize this spin-driven rotation in reciprocal space at the nanoscale. This motion

corresponds to interlayer shear in real space, where individual micro-patches of

the �lm behave as coherent oscillators that are phase-locked and shear along

the same in-plane axis. Using time-resolved optical polarimetry, we further

show that the enhanced mechanical response strongly correlates with ultrafast

demagnetization, which releases elastic energy stored in local strain gradients to

drive the oscillators. Our work not only o�ers the �rst microscopic view of spin-

mediated mechanical motion of an antiferromagnet, it also identi�es a new route

towards realizing high-frequency resonators 8,9 up to the millimeter band, where

the capability of controlling magnetic states at the ultrafast timescale 10�13 can

be readily transferred to engineering the mechanical properties of nano-devices.

The coupling between spin order and lattice strain, such as magnetostriction and piezo-

magnetism, has long been exploited for manipulating magnetic state and structural de-

formation in quantum materials. 2D layered magnets, which brings together outstanding

mechanical properties and rich magnetic orders14�16 , are expected to harvest such spin-lattice

interaction for nanoscale devices, providing a versatile platform for both straintronic and

spintronic applications. Of particular interest are nanomechanical oscillators made from a

suspended �lm as thin as a monolayer, whose resonance frequency was known to sensitively

depend on device geometry8, applied voltage9, or even the spin arrangement if a magnetic

order is present17,18. However, owing to the rapid oscillation and the minuscule size, it is

challenging to directly visualize the nanoscopic motion, hindering our understanding of how

spin can be leveraged to control the mechanical response.

2



For ferromagnets, the Einstein�de Haas e�ect provides a connection between spin order-

ing and mechanical motion1, with recent experiments demonstrating its occurrence at the

sub-picosecond timescale6,7. For antiferromagnets that possess no net magnetic moment,

the link between spin and mechanics at this timescale19, if any, is far from clear. Here, we

examined the dynamics of a free-standing antiferromagnetic �lm and uncovered an interlayer

shear oscillation ampli�ed by the spin order. This discovery was enabled by a combination

of four ultrafast probes. In each technique, a femtosecond laser pulse excites the mechanical

resonance of the �lm in the gigahertz band, which is probed by another pulse arriving at vari-

able time delays. We characterize the structural dynamics in both reciprocal space and real

space by ultrafast electron di�raction and microscopy in transmission geometry (Fig. 1b),

which are corroborated by time-resolved x-ray di�raction in specular geometry. On the other

hand, spin dynamics is probed by transient magnetic linear dichroism (Fig. 3b), which quan-

ti�es the antiferromagnetic order parameter20,21. Each of the techniques yields a distinct

perspective on the gigahertz mechanical response; together, they o�er profound insights into

how demagnetizing an antiferromagnet in�uences its macroscopic lattice dynamics, paving

the way for high-frequency, energy-e�cient nanoresonators22 that are tunable by their spin

con�guration.

Our material of choice is FePS3. It belongs to the family of van der Waals antiferromag-

nets M PX 3 (M = Mn, Fe, Co, Ni; X = S, Se), which have attracted intense interest due to

their novel optical properties associated with the multi-way interaction between electrons,

excitons, lattice, and spin21,23�27 . In FePS3, local magnetic moments on Fe form alternate

zigzag chains of Ising spins in each honeycomb plane belowTN � 117 K, where the spin

order is strongly coupled to the monoclinic lattice, as evident by the alignment of the chain

direction with the a-axis28,29 (Fig. 1a). The coupling also manifests as discontinuities in the

unit cell dimensions atTN
30,31 and as strong hybridization between phonons and magnons

in the antiferromagnetic state32,33. These properties o�er the tantalizing prospect that a

perturbation of the spin order can be leveraged to modify the macroscopic motion of an

FePS3 crystal.

An example of a crystalline sample is shown in Fig. 1d, where a 16-nm-thick �ake

is mounted on a100� 100 � m2 silicon nitride window. A quasi-free-standing �lm of such

dimensions inevitably has micro-cracks, as seen in the optical image (Fig. 1d) or transmission

electron micrograph (Extended Data Fig. 5a), but its di�raction pattern demonstrates a high
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degree of single crystallinity. In Fig. 1d, the six brightest di�raction peaks are labeled, and

all of them belong to the zeroth-order Laue zone in the zone axis perpendicular to the

honeycomb planes. In the di�raction image, uneven intensities between a Friedel pair �

(H K L ) and ( �H �K �L) � are caused by a slight deviation of electron incidence from the

surface normal. Following above-gap photoexcitation in the antiferromagnetic state, the

intensity evolution of the six peaks is shown in Fig. 1c. Two types of dynamics stand out:

(i) the integrated intensity jumps to a plateau level (labeled byp0), and (ii) oscillations at

35 GHz are featured in four of the six peaks, indicating an acoustic resonance that lasts

beyond the pump-probe delay range (300 ps). In particular, between a Friedel pair, the

intensity plateaus possess opposite signs and the oscillations are exactly� out of phase.

These observations are reproduced in multiple samples and across two ultrafast di�raction

beamlines with vastly di�erent electron energies (Extended Data Fig. 1).

At the picosecond timescale, a common contribution to di�raction intensity is the Debye-

Waller e�ect that causes a transient peak suppression. The observed intensity enhancement

in three out of the six peaks in Fig. 1c hence suggests a di�erent mechanism. Motivated

by the antagonistic evolutions between a Friedel pair34,35, we attribute the dynamics to

an oscillatory tilting of the reciprocal lattice peaks relative to the Ewald's sphere, causing

opposite changes to the Bragg condition for a Friedel pair (Fig. 1e and Extended Data

Fig. 2). Since the rotation axis, as marked by the dashed line in Fig. 1d, is approximately

parallel to the b � axis, the intensity plateaus and oscillation amplitudes of (0� 6 0) are

much smaller compared to the other four peaks.

A tilt of Friedel pairs in reciprocal space can correspond to either an interlayer shear

or a rigid �lm rotation in real space (Supplementary Note 2). To di�erentiate the two

scenarios, we leverage the fact that free-standing �lms are naturally divided into micro-

patches by defects, such as cracks, wrinkles, and folds (Extended Data Fig. 5a), where each

patch acts as an individual oscillator. The oscillation frequency would depend on the lateral

dimension of the patches for real-space rotation but would only depend on the �lm thickness

for interlayer shear. To track local motions of di�erent patches, we turn to ultrafast electron

microscopy and visualize the photoinduced change in real space. Figure 1f shows the electron

micrograph of a typical sample used in these measurements, featuring a free-standing �lm

suspended on copper grids. Due to intrinsic sample curvature, only certain regions of the

�lm satisfy the Bragg condition, presenting as pairs of dark contours in a bright-�eld image.
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As the sample plane tilts, the position of contours can change dramatically (Extended Data

Fig. 4), providing a sensitive calibration of the tilt angle and tilt axis for their corresponding

Bragg peaks in di�erent parts of the �lm.

Upon photoexcitation belowTN , all but one pairs of contours start to execute oscilla-

tions in space (Supplementary Video 1). For the stationary contours, marked in Fig. 1f, they

correspond to(0 � 6 0) peaks based on dark-�eld microscopy (Extended Data Fig. 3). For

the moving contours, both curves within each pair move in the same direction throughout

the oscillation (Extended Data Fig. 5c). These observations indicate a rotation of the cor-

responding reciprocal lattice points around a commonb � axis for the entire �lm (Extended

Data Fig. 2c). To ensure that the oscillation in the microscopy and di�raction experiments

belong to the same type of resonance, in Fig. 1g, we examine the time-dependent contour

shift along a representative line cut (blue line in Fig. 1f). Similar to the di�raction peak

intensity, the evolution of the contour position exhibits an abrupt jump to a plateau level

(white arrow) with oscillations around the new, quasi-equilibrium value. In addition, both

di�raction and microscopy oscillations follow a cosine pro�le (Fig. 1c,g), suggesting a similar

displacive excitation mechanism involved36. The vibrational frequency of the contour shifts

can be extracted from the Fourier transform of their time traces (Fig. 1h,i). By measuring

multiple �akes using both di�raction and microscopy, we �nd that the oscillation period

is directly proportional to the sample thickness (Fig. 1j), pointing to the same underlying

mode with a speed of1120� 20 m/s, where the error denotes 1 s.d. in the linear �tting. The

reciprocal space seesaw oscillation detected in both techniques hence represents an acoustic

phonon traveling along the out-of-plane axis, distinct from a conventional interlayer breath-

ing mode that is only observable in di�raction peaks or bend contours from higher-order

Laue zones37,38 (Supplementary Note 3). Importantly, the spatial resolution a�orded by ul-

trafast microscopy indicates that contour oscillations in all patches of the �lm share nearly

identical frequency and phase, regardless of patch size, shape, and boundary conditions (Ex-

tended Data Fig. 5). Therefore, we conclude that interlayer shear instead of rigid rotation

accounts for the reciprocal lattice tilt.

Unlike interlayer breathing phonons routinely excited in thin �lms due to photother-

mal stress37�39 , interlayer shear appears much less common and necessitates a broken axial

symmetry40. In particular, shear acoustic phonons carry angular momentum41, making them

an e�cient angular momentum drain during ultrafast demagnetization6. To determine the
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coupling between antiferromagnetism in FePS3 and the shear oscillation, we track how the

gigahertz resonance changes acrossTN . The intensity traces of a representative di�raction

peak(�3 3 1)are shown in Fig. 2a, where both the plateau level (p0) and oscillation amplitude

decrease drastically when the temperature rises aboveTN (Fig. 2b,d). The near complete ex-

tinction of the gigahertz mode can also be visualized in real space (Supplementary Video 1).

In Fig. 2e�g, we plot the Fourier transform amplitude of intensity oscillation for individual

pixels in the electron micrograph. The vanishing contrast associated with the oscillating

contours aboveTN indicates a clear suppression of the shear motion. To quantify the en-

hancement of the oscillation when the magnetic order forms, we estimate the angular change

(� � ) of the reciprocal lattice during one seesaw cycle at each temperature (Fig. 2c). There

is more than 30-times enhancement in� � as FePS3 transitions into the antiferromagnetic

state. AboveTN , � � is nonzero but remains largely temperature-independent.

The distinct behaviors of the gigahertz oscillators acrossTN are further evidenced by our

�uence-dependent studies (Fig. 2h�j and Extended Data Fig. 6). AboveTN , the oscillation

amplitude scales linearly with �uence (Fig. 2h). BelowTN , the amplitude is ampli�ed, and

more importantly, it reaches a saturation around 0.4 mJ/cm2 at 79 K (Fig. 2i) or 0.5 mJ/cm2

at 30 K (Fig. 2j), highlighted by the green shades. This contrast suggests an upper limit in

the ultrafast perturbation to the antiferromagnetic state, namely, a complete photoinduced

melting of the zigzag order.

To demonstrate the link between demagnetization and enhanced mechanical response,

we performed time-resolved optical re�ectivity, focusing on the change in the polarization

rotation of the probing optical pulse. At equilibrium, the linear dichroism arising from the

zigzag order causes a rotation (' ) in the re�ected polarization if the incident polarization is

45� from the a-axis21. The temperature-dependent rotation' closely follows the emergence

of antiferromagnetism (Fig. 3a), conforming to the expectation that' scales as the square

of the magnetic order parameter42. Photoexcitation leads to a transient reduction in'

(Extended Data Fig. 8a), where the maximal light-induced change (j� ' jmax ) provides a

quantitative measure of the magnetic suppression. As temperature decreases belowTN ,

j� ' jmax �rst peaks around 85 K before recovering to a lower value (Fig. 3c), suggesting

an increased magnetic susceptibility to photoexcitation close to the transition temperature.

Using an incident �uence below the saturation threshold found in Fig. 2i,j, we reproduce a

similar, non-monotonic curve in the seesaw tilt angle� � (Fig. 3d). The excellent agreement
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in the temperature trends between the shear oscillation and ultrafast demagnetization �rmly

establishes magnetoelastic coupling as the origin of the ampli�ed mechanical response.

It remains to be understood how transient demagnetization leads to the unusual shear

oscillation that is phase-locked across di�erent �lm patches regardless of their individual

size and boundary condition. To this end, we performed high-resolution synchrotron pow-

der x-ray di�raction (Extended Data Fig. 9) and examine speci�c lattice features that are

coupled to spin ordering. As illustrated in Fig. 4a, two subtle changes are identi�ed after

demagnetization, which evaded previous structural characterizations30,31: a decrease in the

monoclinic angle� and a release of microstrain. The �rst change launches a coordinated

shear movement along thea-axis for all patches in the �lm. The second change reduces local

strain gradients present in the antiferromagnetic state, converting stored elastic energy to

drive the mechanical motion upon spin disordering. These two changes account for both

axis alignment and amplitude ampli�cation of the gigahertz oscillators, providing micro-

scopic insights into the spin-coupled motion. A key prediction of this equilibrium study is

an immediate reduction of� upon photoexcitation out of equilibrium. Such a scenario is

veri�ed by time-resolved x-ray di�raction, which directly tracks the � change by measuring

the relative shifts of (0 0 2) and(�2 0 2)peaks (Fig. 4b and Supplementary Note 4). Remark-

ably, the initial photoinduced decrease in� (Fig. 4c) quantitatively follows the temperature

trend of the oscillatory seesaw tilt� � (Figs. 2c and 3d), both showing a maximum change

as large as� 0:1� right below TN .

Taken together, the multimodal investigations reveal two distinct mechanisms of giga-

hertz oscillations above and belowTN . Without the antiferromagnetic order, photoinduced

thermoelastic expansion launches a conventional interlayer breathing mode37�39 , to which

our ultrafast electron di�raction and microscopy experiments are not sensitive (Supple-

mentary Note 3). While the presence of defects and boundaries can couple this mode to

local shears and hence lead to non-zero oscillatory signals in time-resolved di�raction or

microscopy43, their phases may not be correlated among di�erent micro-patches, yielding a

negligible overall amplitude. BelowTN , in addition to the breathing mode, ultrafast demag-

netization releases the built-in microstrain and reduces the monoclinic angle, leading to a

large-amplitude, coherent shearing oscillation throughout the photoexcited volume (Fig. 4d).

Here, coherencemeans that all micro-patches execute the oscillation with nearly identical

phase and frequency. The coherent motion is possible because the triggering event � the
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initial loss of antiferromagnetism � occurs well within 1 ps (Extended Data Fig. 8a), which

is much shorter than the oscillation period.

The unique gigahertz mechanical response in FePS3 pinpoints the monoclinic angle� as

the lattice parameter that most strongly couples to the spin order. The reason for a decrease

instead of increase in� upon demagnetization can be traced back to the broken threefold

rotational symmetry due to the monoclinic layer stacking (Supplementary Note 4). The

susceptibility of interlayer shear to photoexcitation distinguishes 2D magnets from their 3D

counterparts, accounting for the unusually large shear amplitude detected here. The weak

van der Waals force in 2D magnets also suggests that the shear oscillation cannot be a

special case just for FePS3. Indeed, we discovered similar gigahertz dynamics in FePSe3

even though its layer stacking is drastically di�erent from that of FePS3 (Supplementary

Note 5).

An important implication of these shear oscillators is the appearance of a nonzero an-

gular momentum41 within 4 ps after photoexcitation (Fig. 1c). The observed motion hence

poses intriguing theoretical scenarios concerning fundamental magneto-mechanical coupling

in antiferromagnets. Here, we provide two speculations. One way to compensate the angu-

lar momentum of interlayer shear is via spatially inhomogeneous out-of-plane displacements

excited in the �lm. From our �nite-element simulations (Extended Data Fig. 10 and Sup-

plementary Video 3), although angular momentum varies in di�erent parts of the �lm, the

total angular momentum remains conserved. Another possibility is to allow an angular mo-

mentum exchange between the spin and lattice. In this case, there can be photoinduced

canting of Ising spins towards theb-axis, leading to transient ferromagnetism while the an-

tiferromagnetic order is suppressed. Irrespective of the conservation mechanism, theory also

predicts a transient decrease in the moment of inertia after spin disordering44. Here, the

concerted shear motion observed in nanolayer �lms o�ers a testbed for exploring this e�ect.

The synergy of four time-resolved probes deployed in this study has provided unprece-

dented details of a unique spin-mediated shear response in an ultrathin �lm that occurs

within a few picoseconds upon demagnetizing an antiferromagnet, expanding the notion of

spin-mechanical coupling in the absence of a macroscopic magnetic moment in equilibrium.

We envision that application of either a magnetic �eld or external strain can �ne-tune the

oscillation frequency17,45. In turn, the long coherence of the gigahertz motion can be uti-

lized for sensing local magnetic or strain �elds with picosecond temporal resolution. These
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�ndings herald a new frontier in van der Waals materials engineering where tailored laser

pulses can be used to control fast mechanical motion through the spin degree of freedom,

greatly enriching the toolbox for designing functional nanomechanical devices.
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MAIN FIGURES

Figure 1. Coherent seesaw oscillation of reciprocal lattice induced by a femtosecond
laser pulse. a , Schematic crystal structure of FePS3, where only the Fe atoms are shown (see
Supplementary Note 1 for a full crystal structure). Dashed lines mark the normal-state unit cell.
Blue (or red) color denotes the spin orientation parallel (or anti-parallel) to the c� axis in the an-
tiferromagnetic state. b, Schematic of the ultrafast electron di�raction and bright-�eld microscopy
setups. c, Time evolution of integrated intensities of six selected peaks in the electron di�raction
pattern in d, where changes are normalized to respective pre-excitation values. Data were taken at
79 K with a 260-nm pump pulse at 0.5 mJ/cm2 incident �uence. d, Electron di�raction pattern at
26 keV in the [1 0 3] zone axis.Inset: Optical image of the sample mounted over a100� m� 100� m
Si3N4 window. The image orientation is aligned with the di�raction pattern. The white dashed
line indicates the rotation axis for the seesaw oscillation of Friedel pairs.e, Schematic snapshots of
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the seesaw rotation of Friedel pairs around theb � axis. ZOLZ, zeroth-order Laue zone.f, Bright-
�eld electron micrograph of a free-standing sample. Dashed curves trace a pair of stationary con-
tours during the seesaw oscillation (see Supplementary Video 1).g, Evolution of the bend contour
position along the blue line cut in f following photoexcitation by a 515-nm, 2.4-mJ/cm2 pulse
at 98 K. Double-sided arrow indicates the photoinduced shift in the time-averaged contour posi-
tion. h, Light-induced intensity evolution of the electron micrograph, integrated over the dashed
box in g. i , Magnitude of the fast Fourier transform (FFT) for the oscillatory part of the time
trace in h, normalized between 0 and 1.j , Oscillation period for samples with varying thicknesses.
Solid squares denote data measured in ultrafast electron microscopy while hollow diamonds are
from electron di�raction. The line is a linear �t through the origin. Curves in c,h are �ts to an
exponentially-decaying cosine function multiplied by an error function.
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Figure 2. Giant enhancement of shear oscillation in the antiferromagnetic state. a , Evo-
lution of integrated intensity of Bragg peak (�3 3 1) at di�erent temperatures across TN following
photoexcitation by a 260-nm, 0.5-mJ/cm2 pulse; curves are vertically o�set for visual clarity. b, Am-
plitude of oscillation in a in the �rst cycle for di�erent temperatures. c, Angular change of the
reciprocal lattice, � � (see Fig. 1e), due to the gigahertz oscillation. � � is calculated from the
peak-to-peak intensity change during the oscillation.d, The intensity plateau, p0, as a function of
temperature (see panela for the de�nition of p0). Note the sign change at 114 K, above which the
Debye-Waller e�ect exceeds that of the seesaw mode.e� g, Spatial distribution of Fourier transform
amplitude of the 22 GHz mode associated with the photoinduced contour oscillation in Supple-
mentary Video 1. Dashed curve demarcates the sample boundary. Splitting of a single contour in
equilibrium into two curves in the Fourier map is due to the �nite contour width, which is compara-
ble to the positional shift during the oscillation. h� j , Oscillation amplitude of integrated intensity
of peak (�3 3 1) as a function of incident �uence of the 260-nm pulse, taken at 136 K (h), 79 K (i),
and 30 K (j ). Error bars in h denote the noise �oor of the underlying Fourier transform spectra,
taken as the oscillation amplitude at the smallest �uence at 136 K; error bars ini ,j are smaller than
the marker size. Green shades ini ,j denote the saturation regime where a further increase in �uence
does not result in a larger oscillation amplitude. See Extended Data Fig. 6 for �uence-dependent
trends of the intensity plateau, p0, which show a similar saturation behavior belowTN .
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Figure 3. Temperature-dependent ultrafast demagnetization of the zigzag order. a , Ro-
tation angle (' ) of linearly polarized, 800-nm light upon re�ection at near-normal incidence o� the
(0 0 1) surface of FePS3, measured in equilibrium. The value of' is quoted relative to its value at
130 K. b, Schematic of the time-resolved polarimetry setup, where the incoming polarization of the
probe beam is parallel to the 45� diagonal between the crystallographica and b axis. c, Maximum
change in polarization rotation, j� ' jmax , after the incidence of 400-nm, 0.8-mJ/cm2 pulses. See
Extended Data Fig. 8a for individual time traces at each temperature.d, Temperature-dependent
seesaw tilt angle in reciprocal space (� � ) extracted from the (�3 3 1) peak in electron di�raction
under an incident �uence of 0.3 mJ/cm2. In c,d, solid curves are guides to the eye.
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Figure 4. Microscopic view of magnetoelastic coupling underlying the ampli�ed, coher-
ent shear oscillation. a , Illustration of two types of lattice changes from the spin ordered (top) to
the disordered (bottom) state: a decrease of the monoclinic angle from� to � 0 (left column), which
results in a shear around theb-axis , and a release of microstrain (right column), where a reduction
of local strain gradients converts stored elastic energy to kinetic energy of oscillators. Illustration
is based on high-resolution powder x-ray di�raction (Extended Data Fig. 9) and is exaggerated
for visual clarity. In the left column, arrows inside circles represent spins parallel to the out-of-
plane direction; in the right column, spins are pointing into (cross) or out of (dot) the a-b plane.
b, Change in the � angle following excitation by a 400-nm, 1.1-mJ/cm2 pulse at 100 K, where
� � was measured by time-resolved x-ray di�raction based on relative shifts of (0 0 2) and (�2 0 2)
peaks (see Supplementary Note 4 for detailed analysis).c, Maximum photoinduced change in the
monoclinic anglej� � jmax at di�erent temperatures. Error bars denote the peak-to-peak variation
of � � in the 1�3 ns pump-probe delay window at each temperature.d, Schematic of coherent shear
oscillations across all micro-patches belowTN due to ultrafast demagnetization. Di�erent colors
are used to visually distinguish neighboring patches. Black arrows denote the initial photoinduced
shear displacement on the top and bottom surfaces of each patch, where the common axis of ro-
tation is the b-axis. The zigzag antiferromagnetic order is illustrated by red and blue circles with
Ising spins pointing perpendicular to thea-b plane.
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METHODS

Materials synthesis and experimental setups

Crystal growth and sample preparation

Single crystals of FePS3 and FePSe3 were synthesized by the chemical vapor trans-

port method using iodine as the transport agent. Stoichiometric amounts of iron pow-

der (99.998%), phosphorus powder (98.9%), and sulfur pieces (99.9995%) or Se powder

(99.999%) were mixed with iodine (1 mg/cm3) and sealed in quartz tubes (10 cm in length)

under high vacuum. For the growth of FePS3, the tubes were placed in a horizontal

one-zone tube furnace with the charge near the center of the furnace. Sizeable crystals

(10 � 10 � 0:5 mm3) were obtained after gradually heating the precursor up to 750� C,

dwelling for a week and cooling down to room temperature. Single crystals of FePSe3 were

grown with a horizontal two-zone furnace. After quickly heating the precursor up to 800� C

for the source end and 750� C for the sink end, dwelling for 12 hours and cooling down

to room temperature, large and thin crystals (10 � 10 � 0:01 mm3) of FePSe3 were then

obtained.

For ultrafast electron di�raction and microscopy measurements, ultrathin crystals were

obtained by mechanical exfoliation, and thin �akes were transferred to a commercial 10-nm-

thick silicon nitride window (SiMPore Inc.) via an all-dry viscoelastic stamping method46.

Alternatively, exfoliated samples were transferred from a tape to a Si/SiO2 wafer, and then

�oated in acetone. The samples were drop-cast onto a standard 2000 mesh copper TEM

grid with acetone evaporated afterwards. Sample thickness was determined by atomic force

microscopy or electron energy loss spectroscopy.

For time-resolved x-ray di�raction, thin crystals were mechanically exfoliated onto a

sapphire substrate. The layer thickness was measuredin situ via the Kiessig fringes.

keV ultrafast electron di�raction

These measurements were performed at the table-top ultrafast electron di�raction

(UED) setup at Massachusetts Institute of Technology47. The 1038 nm (1.19 eV), 190 fs out-

put of a Yb:KGW laser system (PHAROS SP-10-600-PP, Light Conversion) was frequency-
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quadrupled to produce 260 nm (4.78 eV) pulses that were subsequently split into the pump

and probe arms. The electron beam was generated by focusing the ultraviolet pulses in the

probe arm to a gold-coated sapphire photocathode in high vacuum (< 4� 10� 9 torr). Excited

photoelectrons were accelerated to 26 kV in a dc �eld and focused to an aluminum-coated

phosphor screen (P-46) by a magnetic lens. Both pump and probe beam spots were larger

than the 100 � m � 100 � m silicon nitride window, which ensured uniform photoexcitation

in regions that produced the electron di�raction signals. Di�raction patterns were recorded

by a commercial intensi�ed charge-coupled device (iCCD PI-MAX II, Princeton Instru-

ments). The laser repetition rate used was 1 kHz, and the operating temporal resolution

was approximately 1 ps.

MeV ultrafast electron di�raction

These experiments were carried out at the MeV-UED facility at SLAC National Accel-

erator Laboratory48,49. The 800 nm (1.55 eV), 80 fs output from a commercial Ti:sapphire

regenerative ampli�er laser (Vitara and Legend Elite HE, Coherent Inc.) was split into the

pump and probe arms. The laser in the pump arm was frequency-doubled by a nonlinear

crystal, and the resulting 400 nm (3.10 eV) beam was focused to an area of330� m� 220� m

(FWHM) in the sample at an incidence angle around5� from the sample normal. The pulse

in the probe arm was frequency-tripled and was used to generate 4.2 MeV electron bunches

via photoemission from a copper target. The photoelectrons were then accelerated in a

radio-frequency photo-injector at a repetition rate of 360 Hz. The electron beam was nor-

mally incident on the sample with a90 � m� 90 � m (FWHM) spot size. The pump laser and

electron pulses were spatially overlapped on the sample, and their relative arrival time was

adjusted by a linear translation stage. The di�raction pattern was imaged by a phosphor

screen (P-43) and recorded by an electron-multiplying charge-coupled device (EMCCD, An-

dor iXon Ultra 888). A circular through hole in the center of the phosphor screen allowed the

passage of undi�racted electron beam to prevent camera saturation. The overall temporal

resolution was approximately 300 fs.
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Ultrafast electron microscopy

These experiments were performed at the Center for Nanoscale Materials at Argonne

National Laboratory50. The ultrafast electron microscope was based on a JEOL JEM 2100

Plus transmission electron microscope modi�ed by IDES. The sample was cooled using a

liquid nitrogen cryo-specimen holder. A 280 fs laser pulse with 1030 nm central wavelength

output from a commercial Yb:KGW ampli�er laser (CARBIDE, Light Conversion) was

split into two arms. One arm was frequency quadrupled to 257 nm, which was guided to the

photocathode to generate pulsed electron packets as the probe electrons. The other beam

was frequency doubled to 515 nm and was used to optically pump the sample. The pump

laser spot was approximately97 � m � 70 � m (FWHM), which was much larger than the

sample size (< 10 � m� 10 � m). The pump laser �uence was 2.4 mJ/cm2, and the probe

electron beam had a kinetic energy of 200 keV. The instrument is capable of reaching a

temporal resolution of 1 ps. The repetition rate used in the measurement was 25 kHz.

Time-resolved hard x-ray di�raction

These experiments were performed at the 7-ID-C beamline of the Advanced Photon

Source at Argonne National Laboratory26. A 100-fs, 400-nm optical pump pulse was derived

via frequency-doubling from an ampli�ed Ti:sapphire laser system at a repetition rate of

1 kHz. The probe x-ray pulse was monochromatized to an energy of 11 keV (� = 1:127 �A)

with a pulse width of 100 ps at a repetition rate of 6.5 MHz. Exfoliated samples on sapphire

substrates were mounted on a six-circle di�ractometer (Huber GmbH). A closed-cycle helium

cryostat was used to control the sample temperature. Bragg peaks were recorded as a

function of time delay between the optical pump and x-ray probe pulses using a gated area

detector (Dectris Pilatus 100K).

Time-resolved optical polarimetry

These measurements were carried out with an ultrafast Ti:sapphire laser ampli�er with

a 250 kHz repetition rate and 150 fs pulse duration. A collinear re�ective-type pump-probe

geometry was applied. The 400 nm (3.1 eV) pump pulse and the 800 nm (1.55 eV) probe

pulse were focused by an objective (50� , 0.4 numerical aperture), and were shone on the
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FePS3 sample located in a closed-cycle cryostat at normal incidence. The beam size was

approximately 2 � m � 2 � m. The re�ected probe light was analyzed by a Wollaston prism

and balanced photodiodes, where the pump-induced changes of the polarization and the

intensity of the probe beam were obtained. It is worth noting that no acoustic oscillations

were identi�ed in the transient optical experiments, highlighting the importance of electron

and hard x-ray probes in detecting the subtle structural motion.

Powder x-ray di�raction

High-resolution synchrotron powder x-ray di�raction patterns were obtained with a

wavelength of 0.458109�A at beamline 11-BM at the Advanced Photon Source at Argonne

National Laboratory. A closed-cycle helium cryostat (Oxford Instruments) was used for

cooling. Samples were manually grinded by mortar and pestle and deposited on the grease-

coated surface of a Kapton capillary. The capillary was kept rotating during data collection

to reduce the e�ect of preferred sample orientation. Rietveld re�nements were performed to

extract the lattice parameters using the GSAS-II software suite51.

Di�raction peak labeling and seesaw rotation axis in reciprocal space

As FePS3 crystals often form � 120� rotational domains with the common axis along

c� , there can be ambiguities in determining the in-plane orientation and peak labels in a

transmission electron di�raction pattern29,31. If the electron beam is incident along the

[1 0 3] zone axis as in Extended Data Fig. 1a and Extended Data Fig. 3b, theb � axis can

be found by locating the(0 � 2 0) and (0 � 4 0) peaks. Nonetheless, a close inspection of

Extended Data Fig. 1a reveals weaker but nonzero intensities at locations that are the� 120�

equivalents, suggesting that a small part of the sample belongs to domains of a di�erent

orientation. Therefore, the peak labels refer to the dominant domain where intensities of

(0 � 2 0) and (0 � 4 0) peaks are the strongest. If the electron incidence slightly deviates

from [1 0 3], as in Fig. 1d, the relative intensity of(0 � 2 0) or (0 � 4 0) peaks and their� 120�

counterparts is less informative about the actual orientation, especially in the presence of

�lm curvature. Therefore, peak labels in Fig. 1d are chosen so that the seesaw rotation

axis is approximately alongb � and is consistent with results from MeV electron di�raction
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(Extended Data Fig. 1b) and ultrafast electron microscopy (Extended Data Fig. 3b). In

Fig. 1d and Extended Data Fig. 1b, the seesaw rotation axis is not precisely parallel tob � ,

and we attribute such deviations to the presence of domains.

Gigahertz shear oscillation and sub-picosecond response detected by MeV ultrafast

electron di�raction

The gigahertz shear mode and its spin-induced enhancement were reproduced in a

separate MeV ultrafast electron di�raction beamline in addition to the keV experiments

presented in Figs. 1�3. The much larger electron energy enables us to capture higher-order

Bragg peaks, which are expected to show larger oscillation amplitude in their intensity

compared to lower-order peaks due to rotating Friedel pairs in reciprocal space.

A representative static di�raction pattern taken in the antiferromagnetic state at 100 K

is shown in Extended Data Fig. 1a. Upon photoexcitation by a 400 nm pulse, the �ake

displays a macroscopic tilt in reciprocal space that does not recover within our time delay

window. Here, we plot the di�erential di�raction at 50 ps relative to the pre-excitation

pattern (Extended Data Fig. 1b), and the clear separation between red and blue peaks on

either side of the dashed line con�rms thatb � is the axis of the seesaw rotation.

The photoinduced oscillatory dynamics are best visualized from intensity evolutions of

Friedel pairs, three of which are shown in Extended Data Fig. 1c. For the(6 K �2) peaks, the

intensity change is as large as 160%, and we ascribe their asymmetry in oscillation amplitude

compared to the Friedel partner to intrinsic sample curvature and slight misalignment of

the sample, whose surface normal is not perfectly parallel to the incident electron beam.

Multiple frequencies are seen in these peaks, which are also evident in the Fourier spectra in

Extended Data Fig. 1d. The most prominent mode is located at 10 GHz, while secondary

modes at 18 GHz and 26 GHz arise due to the non-uniform thickness of the particular sample

measured. Despite a multitude of frequencies, the main features of the intensity oscillations

are identical to those observed in the keV electron di�raction setup. First, peaks within a

Friedel pair have opposite intensity changes and oscillate with a� phase di�erence. Second,

photoexcitation leads to a metastable lattice structure, which is re�ected in a persistent

intensity plateau that also possesses opposite signs within a Friedel pair. Third, the oscil-

latory dynamics follow a cosine function, consistent with the displacive mechanism36. Most
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importantly, the oscillation amplitude is strongly temperature-dependent. As summarized

in Extended Data Fig. 1e, the most prominent 10 GHz mode is almost extinct aboveTN

but is enhanced by at least one order of magnitude belowTN . Consistent with Fig. 3d, the

amplitude decreases with a further decrease in temperature, indicating that the given pump

�uence is unable to cause a similar degree of antiferromagnetic suppression as is possible

near TN .

Another advantage of the high-energy electrons in MeV ultrafast electron di�raction

is the improvement in the temporal resolution without compromising the electron count52.

Hence, we were able to capture the sub-picosecond change in the Bragg peak (Extended

Data Fig. 1f), which shows a fast� 750 fs intensity decay followed by a more gradual

change. We attribute the fast suppression to the Debye-Waller e�ect, which shares a similar

timescale as the initial change in the polarization rotation (Extended Data Fig. 8a). This

indicates that within 1 ps, excited carriers are able to transfer a large amount of energy

to the lattice degree of freedom, during which spin-�ip scatterings also occur and cause a

transient loss of the antiferromagnetic order. The slower picosecond intensity change in the

di�raction measurement may be associated with the precursor of the seesaw-like oscillation,

which, according to Fig. 1c, has an onset within 4 ps.

Manifestation of interlayer shear in ultrafast electron di�raction and microscopy

Interlayer shear can lead to a tilt of the rel-rods in the ZOLZ because it rotates the

out-of-plane unit cell vector (vectorc in Fig. 1a) and hence proportionally rotates the cor-

responding reciprocal lattice vector (vectora� in Fig. 1e). Based on the Bragg di�raction

condition, the tilt then leads to opposite intensity changes for a Friedel pair in an ultrafast

electron di�raction measurement. This scenario is illustrated in Extended Data Fig. 2d,

where the proximity of a rel-rod to the Ewald's sphere determines the corresponding di�rac-

tion intensity on a two-dimensional detector.

Unlike di�raction, the e�ect of such a seesaw tilt on the position of bend contours in

electron microscopy requires additional analysis. Recall that bend contours are only visible

because of local curvatures present in a free-standing thin �lm. Let us consider a local

�lm patch that is curved downward (Extended Data Fig. 2c). If we look at the transverse

cross-section of this local patch, the contour locations corresponding to Peak A and Peak B
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in Extended Data Fig. 2d are indicated by the solid black circles in Extended Data Fig. 2c.

Given the seesaw motion in reciprocal space, both bend contours will move to the left so

that the local orientation of the �lm can still satisfy the Bragg di�raction condition for

the �xed incidence direction of the electron beam. Such in-phase positional oscillation of

pairs of bend contours is directly visualized in our experiments (Supplementary Video 1 and

Extended Data Fig. 5c), lending further support to the seesaw tilt motion.

This reciprocal space tilt observed in pairs of Friedel pairs indicate that the reciprocal

unit vector a� , c� or both a� and c� rotate around vectorb � . There are only two possibilities:

the angle betweena� and c� changes, or does not change. As labeled in Fig. 1e, this angle

is � � � . If the angle does not change � namely, vectora� and c� rotate together around

b � � the scenario corresponds to a real-space rigid rotation, which is ruled out because the

oscillation frequency does not depend on the lateral patch size (Extended Data Fig. 5). If

the angle changes � namely, � changes � it corresponds to a real-space interlayer shear,

which is the physical scenario in our experiments.

Dark-�eld electron microscopy and contour assignment

The bend contours in a bright-�eld electron micrograph can be assigned to speci�c

Friedel pairs of di�raction peaks by imaging these contours via dark-�eld microscopy53. In

Extended Data Fig. 3a, we plot the bright-�eld image of the same FePS3 sample shown in

Fig. 1f. As the sample underwent a thermal cycle in between these two measurements, there

are slight discrepancies in the bend contour patterns especially at the tip (marked by blue

boundaries in Extended Data Fig. 3a), though the majority of the contour features remain

the same. Extended Data Figure 3c�h display the dark-�eld images of the same region,

corresponding to pairs of peaks in the selected area di�raction in Extended Data Fig. 3b.

As these peaks have the strongest intensity, their associated dark-�eld contours account for

almost all the contour contrast in the bright-�eld image in Extended Data Fig. 3a. We

therefore trace the contours in Extended Data Fig. 3a with color-coded curves, where solid

and dashed curves of the same color belong to the same Friedel pair. In this exercise, we

chose to ignore the tip region bounded by the blue lines in Extended Data Fig. 3a as the

dark-�eld images show no well-de�ned contour pairs.

Upon photoexcitation in the antiferromagnetic state, as evident in Supplementary
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Video 1, the oscillatory dynamics are only visible in two pairs of contours a�liated with

(� 3 � 3 � 1) and (� 3 � 3 � 1). By contrast, the contours of(0 � 6 0) remain stationary.

This lack of movement is also clear in the spatial map of the Fourier transform amplitude for

the 22 GHz mode (Fig. 2g), which shows no contrast features corresponding to these(0 � 6 0)

contours. Recall that the visibility of contour contrast at a speci�c location indicates that

locally the Bragg condition for a particular di�raction plane is satis�ed53. Hence, the sta-

tionary nature of (0 � 6 0) contours suggests that in-plane reciprocal lattice points rotate

around the b � axis, a motion that does not change the Bragg condition for(0 H 0) peaks.

A close examination of Extended Data Fig. 3a,c�h also reveals several lines of defects, such

as crystal folds, which explain the discontinuity in several contours. Despite these defects,

the (0 � 6 0) contours remain stationary in di�erent regions of the sample, giving further

support that the seesaw dynamics of the reciprocal lattice are spatially aligned regardless

of local boundary conditions, which are distinct from other types of photoinduced acoustic

phonons54.

Calculation of seesaw tilt angle associated with interlayer shear

For ultrafast electron di�raction measurements, based on the photoinduced intensity

change in the di�raction peak, we estimated the seesaw tilt angle� � of the reciprocal

lattice peaks in Figs. 2c and 3d. The calculation is based on the contribution of the shape

factor, S(s), to the di�raction intensity, where s is the deviation parameter that measures

the distance along the sample surface normal between a reciprocal lattice point(H K L )

and the Ewald's sphere55. For a thin �lm sample with thickness t and for a small deviation

parameters, the di�raction intensity due to the shape factor is given by

I / j S(s)j2 /
sin2(�ts )

(�ts )2
: (1)

The angular change is� � = arctan
�
s=g(HKL )

�
, where g(HKL ) is the distance between the

origin and the reciprocal lattice point (H K L ), which is (�3 3 1) in this case. Since the

sample was slightly tilted in equilibrium such that the(�3 3 1) peak intensity is close to its

maximum at the expense of its Friedel pair(3 �3 �1) (Fig. 1d), the tilt angles in Figs. 2c and

3d were computed assuming that the maximum peak intensity of(�3 3 1) reached during the
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entire time evolution corresponds tos = 0.

Unlike the di�raction experiments that measure the tilt angle averaged over the entire

�lm, the spatial resolution of ultrafast electron microscopy enables us to calibrate the tilt

angles locally. In Extended Data Fig. 4, we show a series of bright-�eld micrographs as the

FePS3 �ake is tilted by di�erent angles around an axis indicated by the dashed line. Due to

sample curvature, di�erent regions of the sample meet the Bragg condition at di�erent tilt

angles, leading to movement of the dark bend contours. As the axis of rotation is parallel to

the line connecting the Friedel pair of(� 3 � 3 � 1) peaks (see Extended Data Fig. 3b), only

bend contours associated with Bragg peaks(� 3 � 3 � 1) and (0 � 6 0) move. Tracking the

in-plane displacements of these bend contours at three di�erent locations marked by colored

dots in Extended Data Fig. 4, we obtain a calibration of 610 nm/� (red dot), 350 nm/�

(green dot), and 530 nm/� (blue dot). These calibration values yield a local peak-to-peak

tilt angle of 0:3� (red), 0:3� (green), and 0:2� (blue) based on the photoinduced contour

movements (Extended Data Fig. 5b,d,f), assuming the �lm curvatures around the(0 � 6 0)

axis and around the(� 3 � 3 � 1) axis are similar. We note that these values of 0.2�0.3�

are larger than � � estimated from ultrafast electron di�raction in Figs. 2c and 3d; it is

also larger than� � calculated from time-resolved x-ray di�raction in Fig. 4b,c. It is likely

that 0.2�0.3 � is an overestimate because the axis of rotation in the static calibration around

(� 3 � 3 � 1) is di�erent from the actual axis of photoinduced rotation around(0 � 6 0).

Spatial coherence of shear oscillations across di�erent micro-patches

To demonstrate the spatial coherence of observed oscillation and its robustness against

variation of microstructures or defects in the material, we examine the high-resolution elec-

tron micrograph to identify the di�erent micro-patches in the free-standing �lm. In Extended

Data Fig. 5a, we mark the patch boundaries by red dashed curves, where several domains

are found to be separated by folds or wrinkles, and dimensions of the micro-patch span from

400 nm to 4� m with varying shapes. Upon photoexcitation, bend contours associated with

(� 3 � 3 � 1) and (� 3 � 3 � 1) in all patches start to oscillate in phase at approximately the

same frequency regardless of the patch dimensions (Extended Data Fig. 5b�f). As is clear

from Supplementary Video 1, contours across adjacent patches also oscillate in the same

fashion as if the boundary is not present.

27



This insensitivity to local boundary conditions is key in producing a strong oscillatory

signal in spatially-averaged probes such as ultrafast electron di�raction. If di�erent lateral

parts of the �lm were to oscillate at di�erent frequencies or phases, the seesaw-like mode

would have yielded negligible signals. The insensitivity of frequency to the lateral patch size

also rules out real-space patch rotation as a candidate mechanism for the rotation of Friedel

pairs in reciprocal space. Speci�cally, despite drastically di�erent sizes corresponding to

locations b�f in Extended Data Fig. 5, the oscillation periods are approximately the same.

A close inspection indicates that the oscillation frequency in Extended Data Fig. 5b is

about 10% smaller than the other locations, which is likely due to a slightly di�erent strain

condition near the supporting copper grid in location b. The local variation of sample strain

may also contribute to the non-uniform decrease of the shear oscillation amplitude when

temperature increases towardsTN . As evidenced in Fig. 2f, oscillation amplitude near the

copper grid is more reduced compared to other regions. One reason for this non-uniformity

is that the local sample strain variation leads to modi�ed exchange parameters, which in

turn change the localTN . For example, �rst-principles calculations predicted that tensile

strains applied to monolayer FePS3 generally decrease itsTN , although the decrease is not

a linear function of strain56. Leveraging the small variation of the shear oscillation due to

local strains, one can in principle map out the strain variation of free-standing �lms with

the same spatial resolution a�orded by ultrafast electron microscopy.

Fluence dependence of the oscillation amplitude and quasi-equilibrium plateau

In Fig. 2h�j, we showed that the gigahertz oscillation amplitude has distinct trends

as a function of �uence below and aboveTN . In particular, saturation is seen in the an-

tiferromagnetic state, suggesting complete demagnetization beyond an incident �uence of

0.4�0.5 mJ/cm2 at 260 nm photoexcitation. These trends in the oscillation amplitude are

echoed in the quasi-equilibrium plateau levelp0 (Extended Data Fig. 6). AboveTN , p0 scales

linearly with �uence, showing a negative gradient due to the Debye-Waller e�ect57. Below

TN , after subtracting the contribution of the Debye-Waller e�ect, p0 displays a saturation

behavior, highlighted by the green shades in Extended Data Fig. 6a,b. As there is no signif-

icant change of UV-visible absorption across the phase transition58,59, the lack of saturation

aboveTN rules out carrier bleaching as the cause for its presence belowTN . Instead, the
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contrasting behavior acrossTN in both the oscillation amplitude andp0 further con�rms the

interpretation of a full suppression of the spin order due to carrier excitation.

Wavelength-dependent pump laser absorption, saturation �uence, and non-thermal

character of the shear oscillation

Several di�erent pump laser wavelengths, including 260 nm, 400 nm, and 515 nm, were

used to induce the ultrafast demagnetization and shear oscillation. Although an identical

pump laser condition is preferred for experiments across di�erent time-resolved setups, the

laser systems used were di�erent and it was hence di�cult to match the wavelengths. Nev-

ertheless, the essential photoexcitation parameter here is the absorbed energy density, which

can be calibrated and compared across di�erent setups. The knowledge of the absorbed en-

ergy density also helps us understand the value of the saturation �uence observed in Fig. 2i,j

and Extended Data Fig. 6a,b.

To calculate the absorbed energy density, we �rst compute the pump laser penetration

depth (� ), which corresponds to1=e of the light intensity relative to the sample surface. It

is given by60:

� =
c

2�!
; (2)

where c is the speed of light,� is the imaginary part of the refractive index, and! is the

angular frequency of light. Here,� can be solved from the following two equations given

the normal-incidence re�ectivity (R) and the imaginary part of the dielectric function ("2),

whose values are extracted from ref.61:

R =
(n � 1)2 + � 2

(n + 1) 2 + � 2
; (3)

"2 = 2n�; (4)

wheren is the real part of the refractive index. Here, we assume that magnetic permeability

is close to unity, which is justi�ed by magnetic susceptibility measurements62,63. There are

two real solutions of the(n; � ) tuple, indicated by two curves in Extended Data Fig. 7a,b.

Only one of them corresponds to a physically meaningful solution, which should yield the
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correct value for the real part of the dielectric function,

"1 = n2 � � 2: (5)

In our photon energy range of interest (1.5�5 eV),"1 is expected to be& 5 according to

ref.64, allowing us to eliminate the unphysical solution of� and obtain the penetration depth

� using Eq. (2), shown in Extended Data Fig. 7c,d. For the pump wavelengths of interest,

the penetration depths are� 260 nm = 20 nm, � 400 nm = 95 nm, and � 515 nm = 240 nm, which

are comparable or larger than the typical thickness of the free-standing �lms used in our

measurements.

Next, we compute the absorbed energy density and the transient lattice temperature

rise. The transmission geometry used in ultrafast electron di�raction and microscopy means

that the probe signal receives nearly uniform contribution from all layers of the thin �lm.

Hence, the absorbed pump energy density (E) responsible for the probed signal is given by

E =
Fin

d
(1 � R)

�
1 � e� d=�

�
; (6)

whereFin is the incident �uence, d is the sample thickness,R is the re�ectivity, and � is the

penetration depth. The absorbed energy densityE is computed to be 123 J/cm3 (260 nm

pump, Figs. 1c, 2a�d), 74 J/cm3 (260 nm pump, Fig. 3d), 119 J/cm3 (400 nm pump,

Extended Data Fig. 1b�e), 66 J/cm3 (400 nm pump, Fig. 4b and Supplementary Fig. 4a),

480 J/cm3 (400 nm pump, Fig. 4c), 53 J/cm3 (400 nm pump, Fig. 3c), and 74 J/cm3 (515 nm

pump, Figs. 1g�i, 2e�g, and Extended Data Fig. 5b�f).

Assuming no heat dissipation out of the probed volume within the �rst few picosec-

onds after photoexcitation, and assuming a quasi-thermalization condition among electrons,

lattice, and spin, we can compute the transient temperature rise of FePS3 using the relation

E =
Z Tf

Ti

c(T) dT; (7)

whereTi is the equilibrium sample temperature,Tf is the transient �nal temperature, and

c(T) is the temperature-dependent speci�c heat capacity of FePS3 thin �lms 18, which is

slightly di�erent from the speci�c heat in a bulk crystal 65.

In the �uence-dependent data shown in Fig. 2i,j, the equilibrium temperatureTi is 79 K
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and 30 K respectively, and the saturation incident �uenceFin is 0.38 mJ/cm2 and 0.5 mJ/cm2

respectively. Eqs. (6)�(7) yield the maximum transient temperatureTf = 132:1 K (Fig. 2i)

and 132.2 K (Fig. 2j). Their excellent agreement with each other indicates that a transient

e�ective temperature rise aboveTN is associated with the saturation behavior of the pho-

toinduced mechanical resonance. We note that the computedTf � 132 K is about 10%

larger than TN � 117 K. The discrepancy may be attributed to the uncertainty associated

with the in-plane anisotropy of the re�ectivity data: Below TN , re�ectivity varies signi�-

cantly with the in-plane axis, giving rise to optical linear dichroism. The linear dichroism

is also photon energy dependent, peaking around 740 nm in the optical range, where the

re�ectivity di�ers by 11% between the a and b axis21.

Our analysis hence shows that the maximum oscillation amplitude is associated with

an absorbed energy density equivalent to transiently raising the sample temperature to a

value & TN . However, this equivalence does not suggest that the gigahertz shear mode has

a thermal origin. This is because the key driver of the seesaw-like oscillation of reciprocal

lattice is a change in the monoclinic angle� , which experiences a discontinuous jump only

at TN in equilibrium (Extended Data Fig. 9d). On the other hand, we can observe the

mode with an Fin value much below the saturation �uence, whereTf � TN and the unit

cell shape is not expected to have a change in shear. Hence, we conclude that non-thermal

contributions are present, where the change in� can be readily excited without having the

lattice temperature transiently crossTN . This non-thermal response in� echoes that of

the non-thermal suppression of the zigzag spin order especially atT � TN (Extended Data

Fig. 8), which is discussed in the next section.

Fluence and temperature dependent spin response after photoexcitation

In Fig. 3c, we showed the maximum change in the polarization rotation angle at various

temperatures after photoexcitation. Those values are extracted from the time evolution of

� ' at each temperature, shown in Extended Data Fig. 8a. After photoexcitation, we �nd

a transient reduction in ' , showing a fast change within 1 ps followed by a slower evolution

over tens of picoseconds. This type of two-step demagnetization is common in lanthanide

systems with 4f local moments and in3d ferromagnets close to the Curie temperature66�68 ;

it arises when the coupling between the electron and spin systems is weak, leading to a
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slow-down in the demagnetization after the initial thermalization between the electrons

and the lattice. Such an interpretation is supported by the 750 fs timescale of the Debye-

Waller suppression seen in ultrafast electron di�raction (Extended Data Fig. 1f), which

characterizes how quickly excited electrons come into quasi-thermal equilibrium with the

phonons. This sub-picosecond change in the di�raction measurement corresponds to the

fast step during demagnetization when the e�ective temperature di�erence between the spin

and electronic degrees of freedom is large. After electron-phonon thermalization, the rate of

demagnetization is slower as the temperature di�erence between spins and electrons is much

reduced. Despite the two timescales, both the fast and slow segments of the polarization

rotation vary signi�cantly with temperature, and their combined maximal change,j� ' jmax ,

is plotted in Fig. 3c.

The non-monotonic trend in Fig. 3c agrees with a similar trend in the seesaw tilt angle

associated with shear oscillation in Fig. 3d. The peak values in both cases are, however,

located belowTN instead of exactly atTN . This observation is contrary to the expectation

that the spin susceptibility and the corresponding structural instability should peak atTN .

The discrepancy arises due to the �nite photoexcitation density used in these time-resolved

measurements. For an in�nitesimal perturbation, we expect the peak response after photoex-

citation to lie at TN . This hypothesis is validated by �uence- and temperature-dependent

transient polarimetry, shown in Extended Data Fig. 8b. As the incident �uence is halved,

the maximum rotation j� ' jmax indeed occurs at a temperature closer toTN .

The above relation between the perturbation strength and the location of the peak

response also applies to thermal excitation. In Extended Data Fig. 8c, we reproduce the

equilibrium polarization rotation ' across the antiferromagnetic phase transition. In the

same �gure, we plot� �'=�T � (' (T) � ' (T + �T ))=�T on the right axis, where several val-

ues of�T represent thermal excitation with an increasing magnitude. As expected, the peak

of � �'=�T approachesTN when �T ! 0, in agreement with the result after photoexcitation

in Extended Data Fig. 8b. At T � TN , we note that � �'=�T � 0, in contrast to the �nite

value of j� ' jmax at similar temperatures. This observation suggests that transient demag-

netization cannot be fully accounted for by an e�ective increase in the spin temperature,

and other non-thermal mechanisms are involved to cause spin-�ipping events10,20.
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Lattice parameters extracted from powder x-ray di�raction

In Fig. 4a, we noted two important lattice changes when the zigzag antiferromagnetic

order vanishes: (i) a decrease in the interlayer stacking angle� , and (ii) a reduction in

local strain gradients, also known as microstrain. These features are identi�ed through

high-resolution synchrotron powder x-ray di�raction, a typical pattern at 15 K is shown in

Extended Data Fig. 9i. Even though time-resolved data presented in the main text utilized

single-crystalline �lms, we expect the powder sample used in the equilibrium x-ray di�raction

to provide relevant lattice information because the powder consists of plate-like crystalline

pieces that have comparable dimensions as the nanoscopic thin �lms used in the time-

resolved studies. Re�nement of the unit cell parameters and microstrains was performed

using the GSAS-II software51, which is referenced against the published crystal structure69.

To account for the preferred orientation intrinsic in these plate-like crystals, symmetry-

constrained spherical harmonics were used. On the other hand, atomic coordinates within

the unit cell were �xed to reduce the number of �tting parameters.

The temperature trends ofa, b, c parameters are plotted in Extended Data Fig. 9a�

c, which di�er from previous literature reports30,31 as we allow the monoclinic angle� to

vary in the �tting procedure across the phase transition (Extended Data Fig. 9d). All of

a, b, c parameters vary signi�cantly with temperature. For b and c, their anomalies atTN

are much smaller in magnitude compared to their overall temperature-dependent changes

in the plotted range. By contrast, the change in� and a right below TN is much more

signi�cant relative to their thermal variations. In particular, while � remains constant above

TN within experimental uncertainty, it features a quasi-discontinuous jump atTN to a larger

value. This abrupt change in the monoclinic angle is further veri�ed in single-crystalline x-

ray di�raction 26 albeit with a di�erent magnitude in the angular change. The discrepancy

between powder and single-crystalline x-ray di�raction is likely due to strains introduced

during powder grinding, which are quantitatively characterized in the next paragraph. To

summarize, the comparison of temperature-dependent� against the other lattice parameters

suggests that the primary e�ect of a loss of zigzag order is to induce a change in interlayer

shear along thea-axis.

From the same set of powder x-ray di�raction data, microstrains can be obtained based

on the peak width using a phenomenological model70. When FePS3 enters the antiferro-
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magnetic state, besides a change in its lattice parameters, there is also a build-up of local

strain gradients, namely, microstrains. To assess the overall change in the microstrain, we

�rst assumed an isotropic microstrain pro�le for x-ray re�nement, yielding the temperature-

dependent curve in Extended Data Fig. 9e. While the microstrain is nonzero aboveTN ,

presumably introduced during pulverization, it shows a marked increase as FePS3 transi-

tions into the antiferromagnetic state. This trend indicates a high degree of inhomogeneity

of the lattice dimension in the spin-ordered state, where the stored elastic energy can be

readily released upon demagnetization. To study the anisotropy of the microstrain pro�le,

we repeated the re�nement with a generalized model that accounts for di�erent microstrains

in di�erent crystallographic directions. A representative tensor surface for the microstrain

is shown in Extended Data Fig. 9j with all the 9 microstrain parameters for this space

group indicated in the caption. The distance from the origin to the surface corresponds to

the microstrain along that particular direction in real space. For temperature-dependent

re�nement, only three out of the 9 microstrain parameters were allowed to vary as the rest

show signi�cant correlations. These parameters areS400, S040, and S004 (Extended Data

Fig. 9f�h), which correspond to microstrains along thea� , b � and c� axis. Among these

three parameters,S040 has a unique temperature trend: It is constant aboveTN and its

value is tripled below TN . On the other hand, S400 and S004 show no distinct behavior

across the phase transition. We speculate that the preferential development of microstrains

along the b � axis is related to the variation of coupling strengths between adjacent zigzag

chains; its exact origin is subjected to further studies.

Conservation of angular momentum during photoinduced interlayer shear

We proposed two scenarios to compensate the angular momentum carried by the ob-

served interlayer shear motion. In the scenario where we assumed no angular momentum

exchange between the spin and lattice, we stated that out-of-plane �lm displacement can

cancel the shear-induced angular momentum. Here, we explain this scenario in more details

by simulating the �lm movement using a simple implementation of the �nite element method

to approximate the continuum mechanics of the free-standing thin �lm.

As the interlayer shear occurs along thea-axis, we can restrict ourselves to thea-c

plane while capturing all essential dynamics. The �lm is represented by60 � 6 coarse-
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grained blocks, where the block locations are parameterized byx- and z-axis (Extended

Data Fig. 10a). Both nearest neighbor and next nearest neighbor interactions are considered,

necessitating four spring constantski =0 ;:::;3 to describe the elastic couplings. The e�ect of

photoexcitation is such that the equilibrium lengthsl i of the four springs are instantaneously

changed at time step 0 to a new set of valuesl0
i , simulating the displacive excitation observed

in the experiments. The values ofl0
i are determined by the thermoelastic expansion and

demagnetization-induced shear. We adopted a 0.05% expansion for intra- and interlayer

spacing, referencing the measured value in Supplementary Fig. 4a; we further adopted a 0.1�

decrease in the interlayer shearing angle. Subsequent thin �lm motion follows Newtonian

mechanics, where we assumed a free boundary condition. Conclusions from this simulation

are the same if certain blocks are pinned, but one needs to take into account the external

torque applied due to these pinning sites.

A movie of the �lm motion is shown in Supplementary Video 3, where instantaneous ve-

locity, horizontal/vertical displacement, angular momentum, and interlayer shear are shown

for each block following photoexcitation at time step zero. As evident in the velocity and

vertical displacement (� z) maps, the negligible �exural modulus of the �lm leads tox-

dependent out-of-plane displacements that are distinct from the interlayer breathing mode,

giving rise to interfering Lamb waves. Importantly, even though local block displacements

lead to nonzero angular momentum with respect to the axis going out of the page at the cen-

ter of mass, the total angular momentum remains zero. This observation is consistent with

the fact that the lattice as a whole receives no net torque if there is no angular momentum

exchange with the spin degree of freedom.

By integrating over the �lm thickness, we can visualize how the average interlayer spac-

ing and interlayer shear vary as a function of the lateral �lm dimension and time (Extended

Data Fig. 10b,d). In both cases, pronounced temporal oscillations are observed, which are

mostly uniform across the entire �lm. The residual non-uniformity, especially near the �lm

boundary, is a result of the in-plane waves that are �rst excited near the left and right ends of

the �lm. After averaging over the lateral dimension (Extended Data Fig. 10c,e), we obtained

an oscillation frequency of 0.015 step� 1 for the interlayer breathing mode and 0.012 step� 1

for interlayer shear. These frequencies conform to the expectation that longitudinal phonon

speed exceeds that of the transverse phonon when both propagate along the same axis, in

this case, the out-of-plane axis.
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EXTENDED DATA FIGURES

Extended Data Figure 1. Spin-mediated shear oscillation detected by MeV ultrafast elec-
tron di�raction. a , Equilibrium di�raction pattern at 100 K in the [1 0 3] zone axis, measured
by 4.2 MeV electrons. High-intensity Bragg peaks are labeled; peaks with red or blue labels have
their photoinduced dynamics plotted in panel c. Note that the scale bar for momentum trans-
fer includes the 2� factor. b, Di�erential intensity upon photoexcitation by a 400-nm, 2-mJ/cm 2

pulse, where the di�raction pattern before the pulse incidence was subtracted from the one at 50 ps
pump-probe delay. Dashed line indicates the approximate axis of rotation parallel to theb � axis
for the induced seesaw motion in reciprocal space.c, Photoinduced change in intensity of three
Friedel pairs, exhibiting oscillatory dynamics with multiple frequencies. The intensity changes were
calculated with respect to the values before photoexcitation.d, Fourier transform amplitude of the
oscillatory components of the intensity dynamics inc, featuring a prominent mode at 10 GHz with
two secondary modes at higher frequencies.e, Temperature-dependent amplitude of the 10 GHz
mode extracted from the three Friedel pairs inc,d. The mode was ampli�ed upon cooling belowTN

and the overall trend is consistent with that in Fig. 3d. f, Initial change in peak intensity following
photoexcitation, showing a fast Debye-Waller suppression over� 750 fs, as indicated by the arrow.
Data in this panel was taken at 30 K with an incident �uence of 9 mJ/cm2. Intensity was averaged
over all labeled Bragg peaks ina and the curve is a guide to the eye.
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Extended Data Figure 2. Illustration of interlayer shear in electron microscopy and
di�raction. a ,b, Schematics of the real space and reciprocal space lattice of FePS3. Due to the
monoclinic unit cell, peaks with Miller indices (H = � 3; L = � 1) are in the zeroth-order Laue
zone (ZOLZ) for the [1 0 3] zone axis. The curvature of the Ewald's sphere relative to the reciprocal
lattice is drawn to scale in panelb for the 26 keV electron beam used in �gures in the main text (it
is not drawn to scale in the other panels).c, In ultrafast electron microscopy measurement, bend
contours corresponding to Peak A and Peak B in paneld move towards the same direction (i.e.,
in-phase motion) under the reciprocal lattice tilt depicted in panel d caused by interlayer shear. In
this example, both bend contours move to the left because the �lm locally curves downwards; the
contours will both move to the right if the �lm locally curves up. d, Schematic of seesaw tilt of
rel-rods in ZOLZ as a result of interlayer shear. Red arrows indicate the movement direction of the
rel-rods. Peak A and Peak B form a Friedel pair. Under this seesaw tilting motion, the intensity of
Peak A in a two-dimensional detector increases while the intensity of Peak B decreases. Drawings
in c,d are exaggerated for visual clarity.
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