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Intense light pulses can drive quantum materials away from equilibrium and access states that are absent
under ordinary conditions. Whether resonant soft-x-ray free-electron laser (XFEL) pulses can persistently mod-
ify an ordered phase, rather than merely probe or damage it, remains an important question. Here we show
that soft-x-ray XFEL exposure stabilizes a short-range incommensurate order in the itinerant helimagnet CrAs.
Pristine CrAs exhibits only the native helical magnetic reflection, whereas after XFEL irradiation a second
Cr-resonant peak appears at a distinct wave vector and remains observable by synchrotron resonant soft-x-ray
scattering. This induced order develops below T* ~ 230 K, has a correlation length of approximately 4 nm, and
exhibits polarization-dependent resonant scattering with a modified Cr 3d spectral fingerprint. X-ray absorp-
tion and electron microscopy show that the CrAs framework is largely preserved while the near-surface lattice
environment is locally modified. Time-resolved measurements further show that the induced order is optically
suppressible and recovers on a picosecond timescale. These results establish soft-x-ray FEL pulses as an active
perturbation for selecting competing orders in fragile correlated magnets.

I. INTRODUCTION

Controlling quantum matter with light has become a cen-
tral route for accessing states that are difficult to realize under
equilibrium conditions. Ultrafast optical and terahertz fields
can transiently reshape electronic, magnetic, orbital, and lat-
tice degrees of freedom, giving rise to superconducting-like
optical responses, coherent control of magnetic excitations,
photoinduced phase transitions, and long-lived hidden states
[1-6]. These advances establish light not only as a probe of
quantum materials, but also as an active perturbation capable
of reorganizing their energy landscapes.

X-ray free-electron lasers extend this concept to a dis-
tinct light-matter interaction regime. Their femtosecond du-
ration and high peak brilliance enable ultrafast experiments
with intense x-ray pulses, while resonant soft-x-ray scattering
provides elemental selectivity and momentum resolution for
tracking ordered states [7—10]. However, intense soft-x-ray
pulses also deposit substantial energy into the near-surface re-
gion and may modify the local structural or electronic envi-
ronment [ 1 1—13]. This dual role raises a basic question: can
resonant soft-x-ray FEL exposure persistently stabilize an or-
dered state that is absent in the pristine material, rather than
simply probe an existing order or produce featureless dam-
age?

CrAs provides a sensitive platform for addressing this ques-
tion. It hosts unconventional superconductivity and quantum
criticality under pressure [14—19], which are believed to be
closely related to its helical magnetism [20]. The incom-
mensurate helical magnetism emerges at ambient pressure be-
low Ts =~ 268 K, with a propagation vector along (0,0, L)
[14, 17, 21-23]. The helical pitch and correlation length

evolve strongly with temperature, reflecting a delicate balance
among competing exchange interactions, Dzyaloshinskii—
Moriya interactions, magnetic anisotropy, and magnetoelas-
tic coupling [24, 25]. Such sensitivity makes CrAs an ideal
system in which a local lattice perturbation introduced by in-
tense soft-x-ray irradiation may select a competing magnetic
or magnetoelastic configuration, as schematically illustrated
in Figs. 1(a,b).

Here we show that intense soft-x-ray XFEL irradia-
tion stabilizes a previously absent incommensurate order in
CrAs. By combining synchrotron resonant soft-x-ray scatter-
ing (RSXS), x-ray absorption spectroscopy (XAS), scanning
transmission electron microscope (STEM), and time-resolved
RSXS at an XFEL facility, we show that the induced state
is Cr-derived, short-ranged, optically suppressible, and dis-
tinct from the native helical magnetic order. The results reveal
how resonant soft-x-ray pulses can locally modify the order-
ing landscape of a fragile correlated magnet and stabilize a
competing order that is not realized in pristine CrAs.

II. RESULTS
A. XFEL-induced incommensurate order in CrAs

We first characterized the native helical magnetic order of
pristine CrAs using synchrotron RSXS at the Cr L3 edge.
The measurements were performed at 7 = 20 K in the same
(0,0, L) scattering geometry as in our previous study [25]
[Fig. 1(a)]. In pristine CrAs without XFEL exposure, a he-
lical magnetic reflection is observed at q; = (0,0,0.352)
[Fig. 1(c)], consistent with previous reports [25]. This reflec-
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FIG. 1.

XFEL irradiation stabilizes a competing order in CrAs. (a) [llustration of the helical spin order (q;) in CrAs, the RSXS

scattering geometry, and the stabilization of an emergent order (g,) by XFEL irradiation. (b) Schematic ordering landscape F(q) from the
competing magnetic interactions and its modification by XFEL irradiation. The competing magnetic interactions may include the competing
exchange interactions (J;), Dzyaloshinskii-Moriya interactions (DM), magnetic anisotropy (K), and magnetoelastic coupling (A€). The curves
schematically represent the ordering tendency as a function of propagation vector and are not quantitative free-energy calculations. (c) L-scans
measured with photons at the Cr L; resonance at various spots of pristine CrAs crystal without XFEL irradiation. (d) On-resonance L-scans
measured at XFEL irradiated sample by XFEL and synchrotron (SR). (e) L-scans measured with m-polarized photons at the Cr L3 resonance
and at an off-resonant energy, normalized by the intensity of q;. (f) Cr L-edge XAS spectra measured before and after XFEL irradiation. (g)
HAADEF-STEM image of the irradiated near-surface region along [100] direction and corresponding FFTs from near-surface (0~10 nm) and
bulk regions (15~25 nm). Red arrows mark additional spots in the near-surface FFT. (h) Line profiles of FFTs along L=0 to highlight the

additional spots in the near-surface FFT.

tion is reproducibly detected at different positions on the pris-
tine sample, while no additional ordered peak is observed at
higher L=0.38-0.42 [Fig. 1(c)]. These measurements estab-
lish the equilibrium RSXS response of CrAs before irradia-
tion.

We then exposed CrAs to intense XFEL pulses tuned near
the Cr L3 edge. The incident photon energy was 576 eV. Af-
ter transmission through the downstream KB optics, the pho-
ton number at the sample was estimated to be 2.75 x 10'°
photons per pulse, corresponding to a peak photon fluence of
5.2x10'* photons cm™2 pulse~! and a peak photon flux density
of 2.1 x 10?7 photons s™' cm™? (see Supplementary Section I).
After approximately 1.2 x 10* pulses, an L-scan measured us-
ing the XFEL beam resolves not only the native helical reflec-
tion at qp, but also an additional incommensurate reflection
at @» ~ (0,0,0.396) [Fig. 1(d)]. The emergence of this addi-
tional peak after XFEL exposure, together with its absence in
pristine CrAs, identifies it as an irradiation-induced feature.

The induced g, reflection persists after XFEL exposure
and can be detected subsequently using synchrotron RSXS
[Fig. 1(d)]. Both the native q; reflection and the induced q»
reflection are strongly suppressed when the incident photon
energy is tuned away from the Cr L3 resonance to 567 eV
[Fig. 1(e)]. This resonant behavior demonstrates that the
induced peak is associated with Cr-derived electronic states
rather than ordinary non-resonant structural scattering.

We next examined whether XFEL irradiation causes a large
chemical or structural transformation. Cr L-edge XAS spec-
tra measured before and after irradiation retain nearly iden-
tical peak positions and overall lineshapes [Fig. 1(f)], argu-
ing against a substantial change in the average Cr valence or
chemical composition. HAADF-STEM measurements near
the irradiated region show that the CrAs lattice remains largely
intact, without clear evidence for amorphization or secondary
phases [left of Fig. 1(g)]. Nevertheless, the near-surface re-
gion within approximately O ~ 10 nm from the irradiated sur-
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face exhibits an additional periodic contrast modulation, as re-
vealed by weak extra spots in the corresponding FFT [upper-
right of Fig. 1(g) and Fig. 1(h)]. These extra FFT spots are
absent in the deeper bulk-like region 15 ~ 25 nm from the
surface. The extra FFT spots occur near K = +0.5 r.l.u., in-
dicating an in-plane structural modulation distinct from the
out-of-plane g, reflection detected by RSXS along (0,0, L).
Taken together, the RSXS, XAS, and STEM results indicate
that XFEL irradiation locally modifies the near-surface lattice
environment without destroying the CrAs framework, thereby
stabilizing a distinct Cr-derived incommensurate order.

B. Temperature evolution and short correlation length

In the temperature-dependent RSXS measurements per-
formed using synchrotron radiation, the native g; peak dis-
plays the established behavior of CrAs: its propagation vector
shifts from L ~ 0.352 to L = 0.385 upon warming and disap-
pears at the helimagnetic transition temperature 7s ~ 268 K
[Fig. 2(a,d)]. Meanwhile, its correlation length increases
anomalously upon warming [Fig. 2(e)]. This counterintuitive
behavior was reported in our previous study and attributed to
the temperature-dependent evolution of the Dzyaloshinskii—
Moriya interaction and defect-pinned helical domains [25]. It
reflects the high sensitivity of the magnetic balance in CrAs to
local perturbations.

By contrast, the XFEL-induced g, reflection shifts only
slightly from L =~ 0.396 to L =~ 0.401 upon warming
[Fig. 2(b,d)]. More importantly, its integrated intensity de-
creases systematically and becomes undetectable above 7" =~
230 K, well below the Ts of q; [Fig. 2(c)]. The distinct

the two orders as functions

50 100 150 200 250 .
of temperature, respectively.

T(K)

propagation-vector evolution and separate characteristic tem-
perature scale demonstrate that g, is not a static structural ar-
tifact or a fragmented component of the native helical order.
Instead, it is an irradiation-stabilized order with its own ther-
mal response.

The g, state is also substantially more short-ranged than the
native helical order. Its correlation length, estimated from the
inverse linewidth after converting the peak width into absolute
momentum units, is approximately 4 nm along ¢ axis, com-
pared with 11 ~ 14 nm for the native q; order [Fig. 2(e)]. To-
gether with the near-surface structural modulation and spatial
inhomogeneity shown in Fig. 1, this short correlation length
is consistent with finite g,-ordered domains forming within
the XFEL-modified near-surface region, rather than a homo-
geneous bulk phase extending throughout the crystal.

C. Resonant and polarization-dependent character

Energy- and polarization-dependent RSXS measurements
were conducted using synchrotron radiation. Both reflections
exhibit pronounced resonant enhancement across the Cr L, 3
edges, demonstrating their coupling to Cr-derived 3d elec-
tronic states [Fig. 3(a—d)]. Throughout the measured energy
range, the g, reflection remains substantially broader along L
[Fig. 3(c—d)] than the native helical peak [Fig. 3(a—b)], con-
sistent with its shorter correlation length. For both orders,
the scattering intensity is stronger for m-polarized than for o--
polarized incident photons [Figs. 3(e,f)]. For the native q,
order, this polarization dependence is consistent with the ex-
pected resonant magnetic scattering response of the helical
magnetic structure [25-28]. The qualitatively similar polar-
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FIG. 3. Resonant and polarization-dependent characterization of the native (g;) and XFEL-induced (q,) orders. (a,b) Resonant profiles
of the native helical order measured with 7- and o-polarized incident photons. (c,d) Corresponding resonant profiles of the XFEL-induced
order. (e,f) Polarization-dependent integrated intensities of the two orders. (g) Incident-energy dependence of the integrated scattering inten-
sities. For comparison of the line shapes, the g, profile is scaled by a constant factor. These measurements were conducted at 7 = 20 K.

ization dependence of the g, reflection therefore supports a
substantial magnetic contribution to the induced order. How-
ever, the polarization contrast is considerably stronger for g,
[Fig. 3(f)] than for q, [Fig. 3(e)]. Since the polarization de-
pendence of resonant scattering is sensitive to the magnetic
configuration, scattering geometry, and resonant tensor form
factors, this difference indicates that the XFEL-induced state
is not simply the native helical structure reproduced at a dif-
ferent propagation vector.

Both reflections show resonant features at the Cr L3 and
L, edges, but their spectral fingerprints are clearly different
[Fig. 3(g)]. At the L; edge, the native g; order has its dom-
inant spectral weight near 574 eV, whereas the main spectral
weight of the XFEL-induced g, reflection is redistributed to-
ward higher photon energies around 574.7 eV. In addition, the
weaker g, feature near 577.2 eV is strongly enhanced in the
@ spectrum. A similar redistribution is observed at the L,
edge, where the dominant feature shifts from approximately
582.8 eV for q; to 585.3 eV for q,. These changes in the
resonant line shape suggest that the XFEL-induced state in-
volves a modified local Cr 3d electronic environment com-
pared with the native helimagnetic phase, possibly associated
with changes in orbital occupation, hybridization, or crystal-
field environment [29-31].

D. Ultrafast dynamics of the induced order

The nonequilibrium response of the XFEL-induced order
was examined using time-resolved RSXS. In the pump—probe
geometry, optical pump pulses with photon energy hv
1.55 eV and pulse duration At,uy,p, = 82 fs were used to excite
the sample, while soft-x-ray FEL probe pulses tuned to the Cr
L3 edge monitored the diffraction intensity [Fig. 4(a)]. The
procedure used to extract normalized diffraction intensities in
the presence of FEL shot-to-shot fluctuations in intensity and
photon energy is described in Supplementary Sections 1.C—
LE.

At T = 29 K, the diffraction intensity of the native helical
magnetic order q; is suppressed by approximately 20% fol-
lowing near-infrared excitation with a fluence of 0.57 mJ cm™2
[Fig. 4(b)]. The subsequent intensity evolution is non-
monotonic. Because the q; measurement is particularly sen-
sitive to FEL photon-energy drift near the Cr L3 resonance,
as discussed in Supplementary Section LE, the present data
do not allow a reliable extraction of a quantitative intrinsic re-
covery timescale for the native helical order. Nevertheless, the
q; trace demonstrates that the native order responds to optical
excitation under the same pump—probe conditions.

The XFEL-induced g, order exhibits a reproducible pump-
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FIG. 4. Time-resolved RSXS of the native helical order g, and
XFEL-induced order g, in CrAs. (a) Schematic pump-probe ge-
ometry. (b) Transient integrated intensity of the native helical order
measured at g;. The blue curve is a guide to the eye. (c) Tran-
sient integrated intensities of the XFEL-induced order measured at
@, in two subsequent runs. The solid lines are fits incorporating the
prompt suppression and fast recovery dynamics, with a constant ac-
counts for the effect of photon energy drift and possible slow recov-
ery processes. In (b) and (c), the error bars represent the conditional
standard errors of the slopes obtained from linear fittings (Supple-
mentary Section [.C).

induced suppression followed by recovery on a picosecond
timescale [Fig. 4(c)]. Two consecutive measurements under
nominally identical conditions show similar initial suppres-
sion and recovery dynamics, although their long-delay recov-
ery levels differ. This difference is attributed mainly to slow
drift of the FEL photon energy relative to the resonant condi-
tion, as analyzed in Supplementary Section I.E. The g, traces

were therefore fitted using a phenomenological recovery func-
tion convolved with the experimentally determined instrument
response, with a constant term accounting for photon-energy
drift and possible slow recovery components (Supplementary
Section IV).

The fits yield a dominant recovery timescale of 7 =
0.98*0-13 ps for the XFEL-induced g, order. This fast recov-
ery process is not clearly identified in q,, suggesting a distinct
relaxation pathway of g, with faster and simpler recovery dy-
namics. This picosecond timescale is comparable to ultrafast
recovery processes reported for magnetically ordered corre-
lated materials [32—-35]. Together with the finite characteristic
temperature and short correlation length described above, the
reproducible optical suppression and recovery provide further
evidence that the g, reflection is associated with a collective
ordered state rather than a static irradiation background.

III. DISCUSSION AND CONCLUSION

The present results identify the XFEL-induced g, reflec-
tion as a distinct Cr-derived order stabilized in the irra-
diated region of CrAs. Its emergence can be understood
from the delicate magnetic balance of this helimagnet. In
pristine CrAs, the native q; helix is selected by competing
exchange interactions, Dzyaloshinskii—-Moriya interactions,
magnetic anisotropy, and magnetoelastic coupling; this bal-
ance is reflected by the strong temperature dependence of the
helical pitch and correlation length [25]. XFEL irradiation
locally modifies the near-surface lattice environment while
largely preserving the CrAs framework. Such a local per-
turbation can shift the balance among competing interactions
and select a nearby magnetic or magnetoelastic configuration
[Figs. 1(a,b)]. In this picture, the g, state is not a random dam-
age feature, but a short-range order selected by an irradiation-
modified interaction landscape.

Beyond CrAs, our results highlight a broader aspect of
light-matter interaction at next-generation x-ray facilities.
XFEL pulses are usually treated as ultrabright probes whose
radiation damage must be minimized [8, 13, 36, 37]. Here,
the same resonant soft-x-ray pulses also act as an active per-
turbation that stabilizes an otherwise inaccessible local order
[4, 6, 38]. This dual role is particularly relevant for correlated
materials, where spin, orbital, electronic, and lattice degrees
of freedom are strongly coupled. Combining local modifi-
cation by intense x-ray pulses with the element and momen-
tum selectivity of resonant scattering provides a route to iden-
tify irradiation-stabilized competing orders in fragile quantum
materials [39—41].

In summary, we have observed an XFEL-induced incom-
mensurate order in CrAs at q,, distinct from the native he-
lical magnetic order at q;. The induced order is resonantly
enhanced at the Cr L edge, exhibits polarization-dependent
resonant scattering, develops below 7% ~ 230 K, possesses a
correlation length of approximately 4 nm, and recovers on a
picosecond timescale after near-infrared excitation. These re-
sults demonstrate that intense soft-x-ray FEL irradiation can
locally modify the ordering landscape of a correlated magnet



and stabilize a competing short-range order absent in pristine
CrAs.

METHODS

Sample preparation

Single crystals of CrAs were grown by the Sn-flux method
as described previously [42]. The crystallographic orienta-
tion was determined by back-reflection Laue diffraction. A
selected crystal was mounted such that the scattering plane
contained the ac plane, allowing access to reflections along
(0,0, L). The native magnetostructural transition was verified
by transport measurements, which showed a clear resistivity
anomaly near 263 K, consistent with previous reports on high-
quality CrAs crystals.

Synchrotron XAS and RSXS

X-ray absorption spectroscopy (XAS) and resonant soft-
x-ray scattering (RSXS) measurements were performed at
Beamline 20U2 of the Shanghai Synchrotron Radiation Fa-
cility. The sample was mounted on an in-vacuum four-circle
diffractometer equipped with a helium-flow cryostat. Incident
photon energies were scanned across the Cr L, 3 edges with an
energy resolution of approximately 0.2 eV at the Cr L3 edge.
The incident polarization was switchable between o- and 7-
linear polarization. Reciprocal-space scans along (0,0, L)
were performed using coupled sample and detector rotations,
and scattered photons were recorded with a CCD area detec-
tor. Details of the Lorentzian fitting, integrated-intensity ex-
traction, correlation-length estimation, and resonant-energy-
profile analysis are provided in Supplementary Section II.

Scanning transmission electron microscope

Cross-sectional lamellas were prepared from the XFEL-
irradiated region using focused ion beam milling. A protec-
tive carbon layer was deposited before thinning. The lamellas
were thinned to approximately 100 nm at 30 kV, followed
by low-voltage polishing at 2 kV. HAADF-STEM measure-
ments were performed using a JEM-NEOARM?200 transmis-
sion electron microscope operated at 200 kV.

Time-resolved RSXS

Time-resolved RSXS measurements were performed at
the TXS endstation of the Shanghai soft-x-ray Free-Electron
Laser. The sample was mounted on a cryogenic six-axis ma-
nipulator and cooled to approximately 29 K. Soft-x-ray FEL
probe pulses were tuned near the Cr L3 edge and were incident
with horizontal 7 polarization. After transmission through the
downstream KB optics, the photon number at the sample was
estimated to be 2.75x10'? photons per pulse, corresponding to
a peak photon fluence of 5.2x 10'* photons cm™2 pulse~'. The
optical pump pulses had a photon energy of 1.55 eV, pulse

duration of 82 fs, and fluence of 0.57 mJ cm™2. The pump

footprint was larger than the x-ray probe footprint, ensuring
approximately homogeneous excitation within the probed re-
gion. The overall temporal resolution was 297 fs, determined
from the pump-induced reflectivity change of a YAG refer-
ence. FEL pulse intensity was monitored shot by shot us-
ing gas-monitor detectors, and the time-resolved diffraction
intensity was extracted from shot-by-shot ROI-GMD correla-
tions. Details of the pulse monitoring, photon-fluence estima-
tion, photon-energy-drift treatment, and dynamical fitting are
provided in Supplementary Sections I, III, and I'V.
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