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Room temperature hidden state in a manganite observed
by time-resolved X-ray diffraction
Haijuan Zhang1, Yuanyuan Zhang2, Runze Li3, Junxiao Yu1, Wenxia Dong2, Conglong Chen1, Kuidong Wang1, Xiaodong Tang2 and
Jie Chen 1

Realizing active quantum control of materials near room temperature is one of the ultimate aims for their practical applications.
Recent technological breakthroughs demonstrated that optical stimulation may lead to thermally inaccessible hidden states with
unique properties. However, most of the reported hidden states were induced around or below liquid nitrogen temperature. Here,
we optically manipulated a manganite near its Curie temperature of 300 K, where typically complex phase competitions locate as
well as opportunities for new functionality. A room temperature hidden state was formed with threshold behavior evidenced by a
femtosecond paramagnetic to ferromagnetic order switching and a structural change distinct from thermal induced lattice
expansion in tens of picoseconds accompanying with phonon softening. We propose that such a hidden state originates from the
charge transfer between antiferromagnetic chains after strongly correlated spin-charge quantum excitation, which subsequently
initiates an orbital polarization rearrangement described as Mn3þ3x2�r2=3y2�r2Mn4þ ! Mn4þMn3þ3z2�r2 and associated non-thermal
lattice change. This study started from room temperature yet near a phase transition point, which suggests a new route to create or
manipulate novel phases for practical purpose.
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INTRODUCTION
Exploiting and manipulating novel quantum phases is a central
issue in the practical application of materials. A recent proposal is
controlling strongly correlated electronic materials actively with
femtosecond optical pulses.1–8 The materials, stimulated away
from equilibrium by photons, may evolve into states which are
energetically almost degenerate but thermally inaccessible, i.e.,
the so-called hidden states. These states may have attractive
magnetic or electrical properties distinct from any other ground
states in the equilibrium phase diagram.1 In recent studies, these
kinds of hidden states have been successfully observed in strongly
correlated materials,2–8 especially in manganites with charge-
orbital order and antiferromagnetic (AFM) arrangements.2,3,6 The
photoinduced hidden states were identified typically by an
excitation threshold-like behavior, which suggests the cooperative
interactions between different orders. However, up to now, most
of the reported hidden states were realized based on cryogenic
temperature phases of materials. To provide low-cost, compact
systems for widespread applications, room temperature hidden
states are ultimately pursued.
In this study, we stimulated a paramagnetic (PM) manganite

La0.7Ca0.175Sr0.125MnO3 (LCSMO) at room temperature using a
femtosecond laser pulse and induced a ferromagnetic (FM)
hidden state with a <180 ps lifetime signed by a thermally
unprocurable structure change and a phonon softening with
distinct threshold behavior. This room temperature hidden state,
we suggest, originates from a Mn3þ3x2�r2=3y2�r2Mn4þ !

Mn4þMn3þ3z2�r2 inter-site charge transfer accompanying with spin,
orbital and further lattice change.

RESULTS
Experimental observation of the hidden state
We first designed the mixed-valence manganite LCSMO targeting
its FM to PM phase transition at around room temperature, 300 K.
Previous neutron scattering measurements demonstrated that, in
La0.7A0.3MnO3 (A= Ca, Sr…), as temperature increased, nanoscale
CE-type AFM clusters formed gradually and reached a maximum
in number around TC.

9–12 Thus, around TC the PM insulating
LCSMO is essentially an aggregate of nanoscale CE-type AFM
cluster,11–14 similar to the start points of the previous hidden state
reports.2,3,6

We then manipulated the LCSMO film at room temperature, i.e.,
close to its Curie temperature, using 40 fs, 800 nm (1.55 eV) pulses
with various photon densities. The associate spin, lattice structure,
and phonon softening dynamics were tracked experimentally as
described in Methods with time-resolved magneto-optical Kerr
effect (MOKE), ultrafast X-ray diffraction (XRD), and transient
optical reflectivity measurements, respectively. When the excita-
tion was above 2.0 mJ/cm2, we observed a PM to FM photo-
switching within 200 fs, structural changes distinct from thermal
dynamic lattice expansion in tens of picoseconds and a phonon
softening from 40 GHz to 26 GHz up to 180 ps. The experimental
evidences of the hidden state formation are presented below in
the temporal sequence of their appearance.
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The magnetic order change arises right after femtosecond
illumination, which is typically monitored by the transient Kerr
rotation change (Δθ) in MOKE measurements. Since the LCSMO
sample is originally a PM insulator at room temperature, Δθ> 0 means
a photoinduced magnetization process as shown in Fig. 1a. At low
pump fluences, only a gradual, picosecond magnetization rise is
observed. However, once the pump fluence is over 2.0mJ/cm2, an
ultrafast Kerr rotation increase with a formation time of ~200 fs is
revealed (Fig. 1d), indicating that a state with magnetization larger
than the original PM ground state is built up. This is similar to the
recently reported photoinduced magnetic switching at 30 K in a
sibling manganite compound, Pr0.7Ca0.3MnO3, from AFM to FM
ordering within about 120 fs, which is distinct from the picosecond
component without threshold behavior.3 The PM insulating
La0.7A0.3MnO3 is actually an aggregate of nanoscale CE-type AFM
clusters.11–14 Therefore, we attribute the femtosecond magnetization
process in LCSMO to a PM to FM transition, while this FM state is
hidden in the normal equilibrium phase diagram.
The lattice response of this LCSMO film to laser excitation is

tracked by the relative out-of-plane lattice change Δd/d along the
(002) direction in ultrafast XRD measurements, as presented in Fig.

1b. The lattice constant starts to increase immediately after
photoexcitation, peaks at ~25 ps (tmax) and then decays up to
170 ps, the longest experimental time delay. Static temperature
dependent XRD measurements without laser illumination demon-
strate that as temperature increase from 300 to 460 K, the lattice
expands linearly as shown in Fig. 1e with a thermal expansion
coefficient of 1.16 × 10−5 K−1 similar to the referential values.15,16

Under laser illumination, if all photons were absorbed and
converted to heat finally, the average temperature of the probed
area would increase by ΔT= 15 K per 1 mJ/cm2 (see Supplemen-
tary Note 1 for the calculation of ΔT). The photoinduced transient
lattice change at 170 ps (Fig. 1e) agrees well with the thermal
lattice expansion obtained by static XRD, indicating that at 170 ps
the illuminated sample reaches a new thermal equilibrium state.
While Δd/d at 25 ps also increases correlatively with pump

fluence, a clear onset threshold exists as shown in Fig. 1e, which is
distinct from the thermal-like behavior at 170 ps and therefore, we
propose that it is due to the formation of a hidden state. Under
low pump fluences, the lattice changes at 25 and 170 ps grow
with fluences coincidently. However, as the pump fluence
increases to 2.0 mJ/cm2, the former starts to accelerate and break

Fig. 1 Temporal response of a Kerr rotation angle, b [002] transient lattice change, and c 800 nm optical reflectivity of the LCSMO film under
different pump fluences at 300 K (F0= 1mJ/cm2). d Pump fluence dependence of the Kerr rotation change at 280 fs. e Pump fluence
dependence of lattice changes at t= 25 ps (red solid circles) and 170 ps (green open triangles) by time-resolved XRD, and temperature
dependence of the thermally induced lattice changes (blue open squares) by static XRD. f Pump fluence dependence of the amplitudes of the
26 and 40 GHz oscillations. All solid smooth curves only serve to guide the eyes. The vertical dashed lines in (d), (e), and (f) highlight the
formation threshold of the hidden state. The error bars correspond to the standard error of the mean
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away from the latter. As a result, at a pump fluence of 9.4 mJ/cm2

the photoinduced lattice change reaches 2.8 × 10−3 at 25 ps while
thermally only 1.6 × 10−3 at 170 ps. The threshold behavior and
the evidently larger value of Δd/d indicate that at 25 ps the LCSMO
is at a special hidden state which is thermally inaccessible.
To further understand the formation mechanism of the hidden

state, we monitored the low temperature lattice dynamics at 80 K
(Fig. 2a) where the LCSMO is a FM metal. Similar to the room
temperature structure dynamics, under all pump fluences the
lattice constant increases immediately after photoexcitation,
reaches a maximum, (Δd/d)max at tmax, and then decays. However,
this tmax increases from 11 to 36 ps as the pump fluence rises from
1.2 to 8.0 mJ/cm2, while it fixes to 25 ps at room temperature.
Furthermore, the (Δd/d)max at 80 K exhibits linear dependence on
pump fluence and no threshold behavior is observed. By
converting pump fluence to laser induced temperature change
ΔT, we found that the lattice expands with a thermal expansion
coefficient of 1.24 × 10−5 K−1 (Fig. 2b), which is very close to the
value 1.16 × 10−5 K−1 obtained by the static temperature depen-
dent XRD. This indicates that the low temperature lattice dynamic
is thermal-like. The different lattice dynamic behaviors at 80 and
300 K suggest that the observed hidden state is a unique state
arising from the PM state.
The appearance of a hidden state is also perceived from the

disparate transient reflectivity responses under low and high
pump fluences. As shown in Fig. 1c, the transient reflectivity
curves from 1.5 to 6.3 mJ/cm2 exhibit oscillations in GHz range,
whose amplitude increases with pump fluence. After applying fast
Fourier transform (FFT) to the oscillatory part of the reflectivity
curves (Supplementary Note 2), we found that under low pump
fluences, the reflectivity curve oscillated at 40 GHz. Right above
2.0 mJ/cm2, a new softer 26 GHz oscillation starts to appear (Fig.
1f), which suggests that it is the manifestation of a hidden state,
while phonon softening is typically affiliated to structural changes.
The interpretation of the phonon softening mechanism is detailed
in Supplementary Note 3.

Mechanism analysis of the hidden state
Considering that the photoinduced magnetic order switching, the
thermally inaccessible structural changes and phonon softening
have the same threshold, 2.0 mJ/cm2, we suggest that although in
different timescales and from different order perspectives, they
are different manifestations of a same hidden state. Next, we focus
on the formation mechanism of this hidden state. In mixed-
valence manganites with CE-type AFM order, one-dimensional zig-
zag chains with alternating manganesian Mn3+/Mn4+ ions
(charge-orbital order) and ferromagnetically aligned spins are
antiferromagnetically ordered in the a–b plane (Fig. 3a). In this
arrangement, one Mn3+ ion is surrounded by four Mn4+ ions in
the same a–b plane and two other Mn3+ ions in the two

neighboring a–b planes.2,17,18 The eg orbitals on the Mn3+ site are
known to split into a lower 3x2−r2/3y2−r2 level (eg

1) and a higher
x2−z2/y2−z2 level (eg

2) owing to Jahn-Teller (JT) distortion, with
the eg electron occupying the lower one, while those eg orbitals
on the Mn4+ site are degenerate. After photon illumination in
1–2 eV range, the eg electron on Mn3+ was suggested to be
excited priorly.19–21 Three transition paths from the lower Mn3+ eg
level were proposed as shown schematically in Fig. 3b: (I) to the
on-site higher Mn3+ eg level; (II) to the neighboring non-split Mn4+

eg level; (III) to the higher eg level of the neighboring Mn3+. For
the employed 1.55 eV photoexcitation, we agree with many other
studies on that Transition II is the most preferred path.19–21

Transition I is firstly excluded because this intra-site d–d transition
is not allowed by the electric dipole selection rule; besides, even if
Transition I might happen, ~0.7 eV photoexcitation was enough to
overcome the JT splitting energy EJT,

22,23 which is obviously much
smaller than the 1.55 eV photon energy. Second, Transition III can
also be excluded because this transition must overcome EJT
(~0.7 eV) as well as an on-site repulsion U coming from the lower
level Mn3+ eg electron (1.7 eV),22,23 and their sum, EJT+ U,
overruns the 1.55 eV photon energy too much. While for
Transition II, the 1.55 eV right falls into its excitation energy range
EB+ 3Vi ± 0.45 eV, where EB ~ 0.8EJT is the breathing distortion
energy,24 Vi ~ 0.44 eV (i= 1, 2, 3) is the inter-site Coulomb repulsion
from other Mn3+ ions adjacent to the Mn4+ ion marked as 1, 2, and
3 in Fig. 3a,21 and 0.45 eV is the fluctuation of the threshold for the
inter-site d–d transition induced by band dispersion.25

The magnetism state in manganites could be modulated by
photons through two routes: a direct electronic transition or
lattice–spin interaction. In the first route, the magnetization will be
induced by the ultrafast spin-flip/canting driven by the direct
electronic transition within 200 fs.3 For Transition II, normally a
Mn3+ to Mn4+ charge transfer within the same one-dimensional
zig-zag chain (intra-chain) is suggested (marked as A in Fig. 3a).
However, because the spins within one zig-zag chain are parallel,
femtosecond spin-flip/canting could not be induced by the intra-
chain charge transfer.3,18,26 During the second route, a Mn3+ to
Mn4+ charge transfer will instantly turn the sample into a JT
inactive state within 100–200 fs presented as the first drop in
reflectivity (Fig. 1c and S2). Then, the new JT polarons will form
with a phonon period of 500–600 fs and thermalize afterward.27,28

Next, they may influence the magnetism state in manganites
through lattice–spin interaction, which usually occurs on picose-
cond timescale limited by the relatively weak lattice–spin
coupling.29,30 Thus, Transition II (A) should not be the origin of
the femtosecond ferromagnetic hidden state observed by our
time-resolved MOKE measurements.
Furthermore, the lattice change induced by Transition II (A) is

relatively small compared with the value observed experimentally
when the pump fluences above 2mJ/cm2 at room temperature

Fig. 2 a Temporal response of the [002] transient lattice change of the LCSMO film under different pump fluences at 80 K. b Pump fluence
dependence of maximum lattice change (Δd/d)max. The error bars correspond to the standard error of the mean
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(Table S1), indicating also that Transition II (A) is not the origin of
the hidden state. After photoexcitation, the lattice could change
through two paths: orbital rearrangement or lattice thermal
expansion. Transition II (A) will induce an orbital rearrangement
described as Mn3þ3x2�r2=3y2�r2Mn4þ ! Mn4þMn3þ3x2�r2=3y2�r2 and the

overall effect is similar to a position exchange of Mn3+ and Mn4+

(Fig. 4). Thus, the lattice change through orbital rearrangement in
Transition II (A) is negligible. While for lattice thermal expansion,
assuming that all the absorbed photon energy at 9.4 mJ/cm2 was
converted into thermal energy, the induced lattice expansion

would be ~1.6 × 10−3, which is much smaller than the observed
2.8 × 10−3 lattice change for the hidden state (Supplementary
Note 4).
Recent studies on the magnetic and structural dynamics of

manganites proposed that a charge transfer between two
neighboring one-dimensional zig-zag chains with antiparallel
spins could also occur (marked as B in Fig. 3a), when excited
above a certain pump fluence.2,3,18 Compared with Transition II
(A), Transition II (B) could result in complicated and significant
changes, both in spin and lattice structure. According to a recent

Fig. 3 a Scheme of the charge-orbital-ordered CE-type AFM cluster. The black dashed lines represent the one-dimensional zig-zag chains.
Processes A and B describes the intra- and inter-chain charge transfer induced by 1.55 eV photoexcitation, respectively. b t2g and eg energy
levels of Mn ions and possible transition paths of eg electrons of Mn3+ ion. c The ABO3 type lattice structure of LCSMO and the lengths of
Mn–O bonds around Mn3+ (left) and Mn4+ (right). d Orbital polarization rearrangement and out-of-plane lattice expansion induced
completely by Transition II (B), and Δd/d= 11.4 × 10−3 at 9.4 mJ/cm2

Fig. 4 Schematic illustration of orbital rearrangement induced by Transition II (a) and (b), which subsequently results in the corresponding
structure change, during the evolution of the hidden state. The blue and pink backgrounds stand for the status before and after
photoexcitation, respectively. The blue arrows describe the AFM order between neighboring chains and the red arrows describe the inter-
chain FM coupling after spin-flip/canting induced by electron transition
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report, during this type of transition, a quantum spin fluctuation
may be excited, which will result in a femtosecond spin-flip/
canting and consequently an inter-chain FM coupling.3 Further-
more, this transition will also induce an orbital polarization
rearrangement described as Mn3þ3x2�r2=3y2�r2Mn4þ ! Mn4þ

Mn3þ3z2�r2 ,
2 which may originate from complex spin–orbital

coupling.31 As analyzed below, this transition will result in a
distinct out-of-plane lattice expansion. For LCSMO with an ABO3

type structure (Fig. 3c), the interplanar spacing d (002) is nearly the
same as the average length of all out-of-plane Mn–O bonds. For
the Mn4+ ion, because the eg orbitals are empty, the lattice is
undistorted and six Mn–O bonds are co-elongate (1.90 Å) (Fig.
3c).32 However, owing to the occupation of the 3x2−r2/3y2−r2

orbital by one electron, the JT distorted lattice surrounding Mn3+

leads to two long (2.15 Å, in plane) and four short (1.94 Å, two in
plane and two out-of-plane) Mn–O bonds (Fig. 3c).32 After
illumination through Transition II (B), the orbitals and subse-
quently the Mn–O bonds are rearranged. The overall effect is that
two short out-of-plane Mn–O bonds (1.90 Å) become two longer
ones (2.15 Å) (Fig. 3d). Thus, a significant out-of-plane lattice
expansion is induced, which we propose is responsible for the
experimental observed distinct lattice change. Considering the
unique characters of the hidden state, i.e., the magnetic order
switching and the significantly larger lattice constant change
compared with its thermal dynamic counterpart, we suggest that
the observed hidden state originates from Transition II (B).
This deduction is further confirmed by comprehensively

analyzing the out-of-plane and in-plane lattice structure dynamics
monitored along the [002] and [011] (Fig. S4) directions. As
estimated in Supplementary Note 4, if all photons excited
Transition II (B), the resulted bond rearrangement at 9.4 mJ/cm2

would generate a lattice expansion of 11.4 × 10−3 in the [002]
orientation, which is much larger than the experimentally
observed value, 2.8 × 10−3. Considering the threshold behavior
of the lattice change, we suggest that at low pump fluences, most,
if not all, photons involve in Transition II (A); while once the pump
fluence is higher than 2.0 mJ/cm2, they start to participate in
Transition II (B). We hence calculated the fractions of pumping
photons used for both transitions, and found that at 9.4 mJ/cm2,
~11% photons induce Transition II (B), while the remainders
initiate Transition II (A) (detailed in Supplementary Notes 4–6). In a
similar way, we calculated the pumping fractions based on the
dynamic response of the [011] orientation, and reached the same
conclusion, indicating that the hidden state is intrinsically from
Transition II (B).

Summary of the physical property evolution during hidden state
In the following, we discuss the physical property evolution of the
LCSMO hidden state from Transition II (B). First, as described
above, during the initial ~200 fs, a FM hidden state is initiated. The
generation of a FM hidden state is suggested to be accompanied
with a quasi-instantaneous transient insulator to metal transition
by a recent theoretical study18 and verified in a similar system
Gd0.55Sr0.45MnO3 experimentally.33 Although we did not track the
transient electric transport response of the LCSMO film in this
study, we suggest that at ~200 fs the LCSMO is also metallic.
Second, although the FM property lasts up to hundreds of
picoseconds, the metallic state always decays to an insulating
state within 1 ps.33 Thus, at 25 ps, when the lattice structure of the
hidden state is established, the illuminated LCSMO is suggested to
be a FM insulator. Third, as the lattice starts to decrease from
25 ps, the FM property keeps rising slightly until hundreds of
picoseconds. A further analysis of the transient reflectivity
oscillations also demonstrated that the hidden state is metastable
with a lifetime shorter than 180 ps. We applied FFT to the different
segments of the dynamic reflectivity curve obtained at 6.3 mJ/
cm2, as presented in Fig. S2c, and found that the 26 GHz

oscillation exists only in the first 0–120 ps, decays to 40 GHz
during 120–180 ps, and disappears completely in the 180–340 ps
segment, where the 40 GHz oscillation arises. This is in accordance
with the lattice dynamics, which suggests that at 170 ps the
illuminated sample reaches a new thermal equilibrium state, while
residual magnetism still exists.
In summary, the development of the hidden state can be

described as sketched in Fig. 4: after high-intensity photoexcita-
tion, the inter-chain charge transfer disturbs the original spin
ordering, building up a FM metallic hidden state in ~200 fs; this
charge transfer also initiates an orbital polarization rearrangement
described as Mn3þ3x2�r2=3y2�r2Mn4þ ! Mn4þMn3þ3z2�r2 and subse-
quently induces a reorientation of the lattice structure, establish-
ing a new lattice structure within 25 ps as a FM insulator; the
hidden state decays to a new thermodynamic insulating
equilibrium state through the release of the excessive elastic
energy from the newly reoriented sites to the remaining non-
reoriented sites in <180 ps but with residual magnetism; by
transferring energy to the surrounding environment, the illumi-
nated area finally recovers to the initial PM-insulator status on a
nanosecond to microsecond timescale.34,35 However, it should be
noted that, after photon illumination, the electron transitions
between different AFM chains are excited and induce spin flips on
single sites. It is still not clear to us even schematically how those
locally site-specific spin flips interact with each other, influence
other unexcited sites, assemble together and form a macroscopic
observable FM order. Magnetic force microscope measurements
with a time resolution better than 100 fs may give us a direct view
of this process, which though have not been realized recently
limited by the development of such technique.

DISCUSSION
The above analysis suggests that different degrees of freedom
have various responses at individual timescales, which results from
the complex cooperative interactions among spin, orbital and
lattice in strongly correlated materials. We now discuss how those
interactions initiate these correlated phenomena. On one hand,
theoretical studies3,18 pointed out that charge transfer between
AFM chains, which is prohibited in classical spin models but can
be well described using quantum spin scenarios, will induce a
spin-flip/canting of the migrated electron from Mn3+ to Mn4+ site
and subsequently an inter-chain FM coupling. This explains why
we observe a FM coupling in LCSMO after intense photoexcitation.
On the other hand, the charge transfer disturbs the orbital
ordering, resulting in the transient conductivity. Originally, the eg
electron is localized to Mn3+, forming a JT polaron due to the
orbital and lattice interaction. The photoinduced Mn3+ to Mn4+

charge transfer releases the polaron and the localized eg electron
becomes itinerant transiently in the a–b plane.33,36,37 Furthermore,
the charge transfer may also initiate a quantum electron tunneling
between the a–b planes and open up an inter-plane electron
hopping channel, making the LCSMO more conductive.18 Both as
intrinsic natures of electrons, the spin and orbital ordering
changes are suggested to occur simultaneously after electron
transition. This explains the instantaneous conductivity rise
accompanying with the spin ordering switch within 200 fs. Next,
as shown in Fig. 3a, if an inter-chain charge transfer occurs, the
electron migrated to the Mn4+ site should be strongly repulsed by
the eg electrons occupying the 3x2−r2 and 3y2−r2 orbitals of the
two neighboring Mn3+ sites. Thus, for the excited electron, a
3z2−r2 occupation is preferred. Such orbital occupation results in
an out-of-plane lattice stretching,38 i.e., the thermally inaccessible
lattice expansion observed by the time-resolved XRD
measurement.
Previously a simplified energy transfer scheme was applied to

explain the complex interactions among several degrees of
freedom.30 Such a scheme may also describe the processes
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during the development of the observed hidden state as follows:
first, the electrons absorb photon energy directly, resulting in the
spin and orbital ordering change simultaneously; second, the
energy is transferred to the lattice system through either
spin–lattice or orbital–lattice interactions (or both), leading to
the lattice expansion. However, the actual processes might be
much more complex than above. For instance, although several
studies suggested that to realize femtosecond magnetization, spin
should response to photoexcitation in the first place followed by
spin–orbital interaction,3,31 here we propose but could not
conclude that ultrafast magnetization takes precedence over
lattice changes limited by the lower temporal resolution of our
time-resolved XRD compared with that of time-resolved MOKE.
Furthermore, there might be interactions between spin and orbital
degrees (through angular momentum exchange), which bridge
spin and lattice.31,39 Since the above simplified energy transfer
scheme does not include the angular momentum exchange
between subsystems,40 the interaction between spin and lattice
cannot be interpreted directly here. These interesting open
questions are critical for a thorough understanding of the
evolution of the hidden state and hence for its active control.
In conclusion, we observed a room temperature hidden state

formed in 25 ps induced by an 800 nm femtosecond photoexcita-
tion. This hidden state is mainly evidenced by a lattice structure
change distinct from the photoinduced thermal expansion as well
as a PM to FM ultrafast switching and a 40 to 26 GHz phonon
softening above a pump fluence of ~2.0 mJ/cm2. We suggest that
the FM hidden state originates from the photoinduced charge
transfer between AFM chains in the CE-type AFM clusters, which
subsequently initiates an orbital polarization rearrangement
described as Mn3þ3x2�r2=3y2�r2Mn4þ ! Mn4þMn3þ3z2�r2 . Similar strat-
egy may be applied to search hidden state in other strongly
correlated materials, for example, we may stimulate from a non-
superconducting ground state near transition point and seek for
superconducting hidden states. This exploration of the hidden
state at room temperature, yet near a transition point, provides a
new insight to create or manipulate novel phases for practical
purpose. Our study also demonstrates that time-resolved XRD is a
powerful method for not only identifying hidden states, but also
revealing the underlying physical mechanisms.

METHODS
Two LCSMO films grown on (001) and (011) perovskite LaAlO3 (LAO)
substrates were employed to systematically investigate the in-plane and
out-of-plane lattice dynamics. The two LCSMO films with a similar
thickness of 200 ± 10 nm were grown by the sol–gel method reported
previously.41 The sizes of the films are 10mm× 10mm, which is large
enough for the measurements of both the irradiated and non-irradiated
area simultaneously by time-resolved XRD. The static XRD pattern
measured with Cu Kα (Fig. S6a) demonstrates that the LCSMO films are
well crystallized with a (002) and (011) diffraction angle of 23.50° and
16.40°, corresponding to an interplanar spacing of 1.934 and 2.732 Å,
respectively. The LCSMO films experience a FM-metal to PM-insulator
phase transition at ~300 K (TC), as exhibited by the resistivity spectra and
the magneto-resistance curves (Fig. S6b, c).
All the time-resolved MOKE, XRD and reflectivity measurements were

carried out with a 1 kHz Ti:sapphire laser system delivering 40 fs, 5 mJ
pulses at a center wavelength of 800 nm (1.55 eV). In all measurements,
800 nm laser pulses were mainly used as the pump with fluences varying
from 0.1 to 9.4mJ/cm2, well below the damage threshold of LCSMO
(~30mJ/cm2). The absorption coefficient of LCSMO is 9 × 104 cm−1 at
800 nm,42 corresponding to a penetration depth of ~110 nm. In transient
MOKE and reflectivity measurements, the probe fluence was fixed at ~ 2 μJ/
cm2, which was only 2% of the lowest pump fluence.
In time-resolved XRD measurements with a temporal resolution of ~1 ps,

sub-picosecond Cu Kα (1.542 Å) X-ray pulses generated by a home-build
table-top X-ray plasma source schemed on Fig. S7 were employed as a
transient structural probe. The emitted X-ray was shaped to a divergence
of 0.6° by a tungsten slit. Since the (002) diffraction angle of the LCSMO

sample is 0.5° smaller than that of the LAO substrate, only the diffraction
rocking curve of the LCSMO and its changes within ±0.3° were monitored
simultaneously. On the sample, the diameter of the pump beam (~3mm)
was larger than the transverse size of the X-ray spot (~2mm) to ensure
well overlapping in space. A typical diffraction pattern was obtained with a
60-s exposure. Other details for the sample preparation and experimental
techniques are described in Supplementary Note 7.
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