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We investigate the order parameter dynamics of the stripe-ordered nickelate, Laj.75510.25NiOu4,
using time-resolved resonant X-ray diffraction. In spite of distinct spin and charge energy scales, the
two order parameters’ amplitude dynamics are found to be linked together due to strong coupling.
Additionally, the vector nature of the spin sector introduces a longer re-orientation time scale which is
absent in the charge sector. These findings demonstrate that the correlation linking the symmetry-
broken states does not unbind during the non-equilibrium process, and the time scales are not
necessarily associated with the characteristic energy scales of individual degrees of freedom.

PACS numbers: Valid PACS appear here

In solids, the dynamics of electronic states are often
represented in the energy domain. For example, spin
dynamics in ferromagnets are often characterized by the
spin wave (i.e. magnon) whose bandwidth is proportional
to the energy of spin exchange coupling. Charge dynam-
ics are represented by characteristic energy scales in the
single-particle excitations or the charge-charge correla-
tion functions, such as energy gap, bandwidth, and col-
lective mode energy. However, in complex materials, the
strongly intertwined degrees of freedom can self-organize
a large number of charges and spins into one or more col-
lective broken symmetry states[1, 2], forming a rich phase
diagram that is one of the hallmarks of strongly corre-
lated materials[3]. In these cases, the dynamics of coex-
isting broken-symmetry states inevitably couple, and the
energy representation associated with a given degree of
freedom may not provide a complete description of the
dynamics of these collective states.

Stripe-ordered nickelate[4] is a good example of ma-
terials, in which the dynamics of its broken-symmetry
states is difficult to comprehend only using energy rep-
resentation. In these striped nickelates, as shown in
Fig. 1 (a), two broken-symmetry states of distinct de-

grees of freedom coexist [5-7]: (1) charge order (CO),
where doped charge carriers form one-dimensional charge
density waves and break translational symmetry, and
(2) spin order (SO), where antiferromagnetically ordered
spin stripes are separated by the charge stripes and break
both translational and rotational symmetry. The known
energy scales for the spin and charge degrees of free-
dom differ by at least an order of magnitude (20 meV
for spin [8] and >200 meV [9, 10] for charge); however,
the significant energetic differences do not seem to be
reflected in the emergent thermodynamic properties of
CO and SO. More specifically, for a wide range of dop-
ing, the periodicity of the SO is always twice that of
the CO, and their transition temperatures exhibit simi-
lar doping dependences[11], where the formation of the
SO requires pre-existing CO. These observations are ar-
gued to provide supporting evidence that CO and SO
are coupled strongly[12], which may be elusive in the
energy scale description. Furthermore, such a coupling
effect has not been explicitly revealed by experiments.
Learning the dynamics of this stripe state could be rel-
evant also to the physics of high T, superconducting
cuprates, as stripes found in cuprates interact intimately



with superconductivity[13, 14].

Time-resolved pump-probe spectroscopy can offer a
new perspective on these issues, because it can disentan-
gle coupled degrees of freedom and the correlations be-
tween them by driving the system into a non-equilibrium
state, and measuring the subsequent dynamics [15-18].
In our measurement, we directly monitor the CO and SO
order parameters using time-resolved femtosecond reso-
nant X-ray diffraction (RXD) at the Ni Ls-edge. RXD at
the Ni Ls-edge significantly enhances the Bragg scatter-
ing from the modulation of Ni valence electrons at the CO
and SO wave vectors, thus containing direct information
about the respective order parameters[6]. The intensity
of resonant diffraction peak is proportional to both the
square of the order parameters’ amplitude and a Debye-
Waller-like factor from the electronic phase fluctuation of
the order parameters[19-21]. Upon photo-excitation, we
discover the CO is suppressed more than the SO, despite
the fact that the CO is more robust thermodynamically.
In the recovery process, both order parameters’ ampli-
tudes are locked to the same time scale, irrespective of the
stark difference in their associated energy scales, demon-
strating a real-time manifestation of the strong coupling
between the CO and SO [12]. We also find that the vector
nature of SO results in a meta-stable state. Even though
revealing the coupling and spin vector re-orientation dy-
namics is difficult in the energy domain, our findings
show that these effects can be pronounced in the time
domain. Results from a Gross-Pitaevskii time-dependent
Ginzburg-Landau free energy model agree well with our
experimental observations, lending further support to our
conclusions.

Experiments were performed using the RSXS endsta-
tion [25] and X-ray free electron laser (FEL) at the SXR
beamline[26] of the Linac Coherent Light Source (LCLS).
Nickelate samples with a doping level of 0.25 hole/Ni
were chosen for this measurement. The transition tem-
peratures of CO and SO are approximately 110 K and
100 K, respectively. The samples were cut and polished
to produce a mirror-like (1 0 0) surface. Orthorhombic
notation is used to describe reciprocal space. The exper-
imental geometry is illustrated in Fig. 1(b) and the scat-
tering plane lies in the a-c plane. Under this geometry,
both the CO and SO can be measured on the same sam-
ple by rotating sample and detector angles respectively
in the scattering plane. A X-ray pulse with a duration of
70 fs was aligned co-linearly with the optical pump laser
(wavelength 800 nm, 50 fs). The overall experimental
temporal resolution was approximately 0.4 ps, which is
limited by the accuracy of synchronizing the pump laser
and X-ray FEL probe pulse. More information about the
experimental method can be found in the Supplementary
Materials.

Figure 2(a) shows the time traces of integrated peak
intensity for both CO and SO. Upon photo-excitation,
the intensities of both CO and SO drop in proportion to

the pump excitation density, and after reaching a mini-
mum, begin to recover toward their original values. We
first note that the peak position and width remain un-
changed for the CO[27] and SO (Supplementary Materi-
als) throughout the measurement time window. As dis-
cussed previously[27], the invariance in the peak posi-
tion and width suggests that no topological defects are
created to change the periodicity and/or the correlation
lengths in the photo-induced transient states. This find-
ing is in stark contrast to the thermal evolution, where
both periodicities and coherence lengths exhibit contin-
uous changes with the temperature[5]. Therefore, the
photo-induced transient state cannot be explained sim-
ply by thermal processes at elevated electronic and lattice
temperatures, which is further supported by the lattice
dynamics shown by (0,0,2) Bragg peak in Fig. 3(b), as
will be discussed later.

Interestingly, following photo-excitation, the inte-
grated intensity of the CO peak exhibits a higher degree
of initial suppression than that of the SO peak. This is
further highlighted in Fig. 2(b) by plotting the maximal
change of normalized intensity near time zero (i.e. the
magnitude of the drop in the time trace) as a function
of photo-excitation density. Irrespective of the excita-
tion density, |Al e/ Io| for the CO is always larger than
that for the SO. Notably, at the largest photo-excitation
densities, the CO is completely suppressed below the de-
tection threshold (Alyaz/Io = -1.0, shaded area in Fig.
2b) yet the SO remains detectable. This intriguingly con-
trasts the behavior in thermal equilibrium, where the CO
is known to be more robust against the thermal fluctu-
ations because of higher transition temperature. Thus,
the photo-induced electronic transitions (inter- and intra-
Ni ions [9]) can create an unbalanced CO and SO tran-
sient state because of stronger photon-charge coupling
than photon-spin coupling (see Supplementary Materials
for a simple cluster model simulation). This unbalanced
transient state is inaccessible from thermal equilibrium,
which provides a unique stage for investigating the emer-
gent dynamics of CO and SO during the recovery process.

Figure 3(a) shows the time traces of the CO and SO
recorded at similar photo-excitation densities. The CO
and SO recover at similar rates within the first few pi-
coseconds. Beyond that, CO continues to recover at
a slower rate while SO settles into a long-lived meta-
stable state. We further quantify the recovery time scales
by fitting the time traces with a two-time-scale model.
This model, previously used to extract the time scales
for COJ[27], also gives a reasonable fit to the SO time
traces (Fig. 3(b)). The extracted time scales for both
CO and SO are summarized in Fig. 3(c). Remarkably,
the time scales of the faster dynamics are comparable
and lie within the range of 2 - 4 picoseconds. In con-
trast, even with much larger error bars, the time scales
for slower dynamics clearly show an order of magnitude
difference between CO and SO, confirming the apparent
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FIG. 1: (color online) (a) A schematic plot showing the charge (CO) and spin orders (SO) in a nickelate with a doping level
of 0.25 holes/Ni. The black arrows represent the spin. (b) Top view of the experimental geometry. In the experiment, the
sample was first pumped by an ultrafast (50 fs) 800 nm laser pulse, which we defined as occurring at time-zero; an XFEL pulse
with a temporal duration shorter than 70 fs was introduced at a time delay At to map out the time evolution of the SO and
CO resonant diffraction peaks. Images on the rightmost panels were produced by averaging over 30 - 40 single XFEL shot
images to show the equilibrium state CO (bottom) and SO (top) resonant diffraction peak. The ordering vectors are listed in
the images. € is the incommensurability and is approximately 0.277(27/a) for the measured sample. The horizontal axis 0 is
parallel to the scattering plane, cutting through the diffraction peaks in the [H 0 L] plane. The vertical axis 0,, corresponding
to the [0 K 0] direction, is perpendicular to the scattering plane. In this geometry, the diffraction peak shows an oval shape
due to a much shorter correlation length along the c-axis than the [0 K 0] direction.
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FIG. 2: (color online) (a) Time traces showing the normalized
CO (blue) and SO (red) peak intensities at selected photo-
excitation densities. At is the time delay between the pump
laser pulse and X-ray probe pulse. The peak intensities are
calculated by integrating the false-color images over the white
box in Fig. 1(c). The curves measured at higher photo-
excitation densities are offset by -0.4 for clarity. (b) A sum-
mary plot of the maximal change in the normalized intensity
as a function of photo-excitation density. The error bars are
estimated from the instrumental noise in each time trace and
the dashed lines are guides-to-the-eye. The shaded area indi-
cates the region where the transient CO signal is below the
detection limit.

meta-stability of SO. One might speculate whether the
observed SO and CO dynamics are dragged by the lat-
tice dynamics, which could be described using an effective
lattice temperature scenario. To resolve this speculation,
we demonstrate the dynamics of the (0,0,2) lattice Bragg
peak also in Fig. 3(b). It is found that the lattice dynam-
ics is slow without any recovery during the time window
of our data ( At < 25 ps). This is in stark contrast with
the rich time scales exhibited in the SO and CO dynam-

ics. This observation, together with the aforementioned
lack of change of order parameters’ coherent length and
periodicity, asserts that the observed SO and CO dy-
namics is indeed primarily electronic, not determined or
bottlenecked by the lattice dynamics.

These distinct time scales speak for the dynamics of the
order parameters. While the relaxation process during
the recovery can be complex at microscopic levels, RXD
signal is only sensitive to the long range order; there-
fore, the times scales exhibited in the time-resolved RXD
measurement speak for order parameters’ dynamics, re-
gardless of the underlying microscopic relaxation mech-
anisms. In our recent work on the same compound, we
have established that the fast dynamics of photo-excited
CO are related to the recovery of the order parame-
ter’s amplitude, whereas the slower dynamics are deter-
mined by the recovery of the order parameter’s phase, i.e.
the relaxation of incoherent phasons induced by photo-
excitations[27]. For the SO, similarly, there are three
candidates for the fast dynamics: recovery of amplitude,
phase, and the SO orientation. Since the recovery of
SO’s phase and orientation depends on the weak SO-
phason-lattice coupling and spin-orientation-lattice cou-
pling, respectively, these two dynamics are expected to
be slower than the amplitude dynamics. Thus, the obser-
vation of comparable time scales for the fast dynamics of
the CO and SO indicates that recovery of the two order
parameters’ amplitudes locks together, despite the dis-
tinct suppression of the two orders. This observation is
highly non-intuitive, considering that the magnitudes of
the underlying energy scales are fundamentally different.
Namely, the SO should be closely related to the spin gap
and spin exchange energy[8] (~ 20 meV), while a bal-
ance between the Coulomb and electronic kinetic energy
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FIG. 3: (color online) (a) Time traces of the normalized CO (blue curve, left axis) and SO (red curve, right axis) peak intensities
at a photo-excitation density of approximately 19 J/cm?® at 30 K. (b) Two-time-scale model fitting (black curve) to the SO
time trace (red curve). The fitted initial fast (red dashed curve) and slow (blue dashed curve) dynamics are also plotted. The
data of (0,0,2) Bragg peak are also included to illustrate a very different lattice dynamics than those exhibited in CO and SO.
The demonstrated SO and (0,0,2) Bragg peak data were taken at 50 K with an excitation densities of 38 J/cm®.(c) A summary
plot of the fast and slow time scales of the CO[27] (blue circles) and SO (red squares) as a function of photo-excitation density.
The green shaded area is a guide-to-the-eye to highlight a comparable fast time scale for the CO and SO. The dynamics at
30 K (open markers) and 50 K (filled markers) are essentially the same within the experimental uncertainties. The error bars
are determined by 95% confidence interval of fitting. The long-lived meta-stable state of SO dynamics has a life time much
longer than the recorded time window, yielding a large error bar. (d) Simulated time traces of the normalized CO and SO
peak intensities from time-dependent Ginzburg-Landau theory. The upper (lower) panel shows the results when the SO-CO
coupling is zero (of the order 1). In the lower panel, the trace labeled with “vector SO” includes the SO vector re-orientation
effect.

(>200 meV[9, 10]) should drive the CO. Thus, distinct

time scales for the the two orders are expected, opposite
(2] to our experimental observations. Apparently, our time
scale analysis reveals a hidden dynamics that is undis-
cernable by the known energy scales associated with spin
and charge degrees of freedom.

SO-CO

decoupled / / /

We argue that this hidden effect is the strong dy-
namical coupling between the CO and SO, which is

SO vector $oco ; ;
e amplitude further supported by the calculation using a Gross-
Tacavany Pitaevskii time-dependent Ginzburg-Landau free energy

model (Supplementary Material). In this model, the free
energy parameters are set such that the CO and SO tran-
sitions remain second order. Phenomenological damping
coefficients are used to set the rates of energy dissipa-
tion for order parameters’ amplitudes and phases. Since
phase excitation is weakly coupled to the lattice, a much
slower energy dissipation rate is assigned to the phase
excitations. (However, we note that varying the damp-
ing factors themselves does not change the qualitative
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FIG. 4: (color online) Real-space cartoon snapshots of the
behavior of stripes at four different stages (1-4) of the pump-
probe experiment. The yellow (blue) stripes represent the
SO (CO), with red arrows indicating the spin orientations.
Amplitude of the order parameters is represented by the color
depth, as well as the length of the arrows for SO. The blurring
effect is used to signal the presence of phase excitations.

behavior, as shown in the Supplementary Material.) The
initial suppression of CO and SO at time zero are ad-
justed close to the experimental data for direct compari-
son. In the absence of CO-SO coupling (Fig. 3(d), upper
panel), the CO and SO time traces exhibit distinct dy-
namics in accordance with their intrinsic relevant energy
scales. Switching on strong CO-SO coupling (on the or-



der of 1) locks the real-space orderings, initial recovery
time scales, i.e. the amplitude dynamics (blue and green
curves in lower panel of Fig. 3(d)) in agreement with
our experimental observations (Fig. 3(a) and 3(c)). Fur-
thermore, the CO and SO phases slowly recover also in
a coupled manner as shown in Fig. 3(d). In short, the
CO-SO coupling reduces four independent time scales to
two fundamental time scales, one each for phase and am-
plitude dynamics.

However, this CO-SO coupling alone fails to repro-
duce the observed meta-stability in the SO peak intensity
at long time. Undoubtedly, the missing ingredient is a
unique property of SO since such meta-stability is absent
in the CO dynamics. We also note that the SO diffraction
peak intensity should be modulated by a light scattering
geometric factor, | (€' x €)-m|?, where m, € and € represent
the unit vector of SO, and polarizations of the scattered
and incident X-rays, respectively[28]. As a consequence,
any misalignment of the SO vector from its original di-
rection would reduce the SO peak intensity in addition
to the reduction from SO’s amplitude and phase fluctu-
ations. Furthermore, the equilibrium orientation of SO
is known to change with temperature [29], implying its
glassy behavior and sensitivity to perturbations. Thus,
when driven out of equilibrium, the time the SO needs
to re-align can be long, obscuring SO’s phase recovery
time scale extracted in our experiments. Finally we note
that by including this long-lived meta-stable state, the
calculated time traces for SO and CO diffraction peak
intensity (red and blue curves in the lower panel of Fig.
3(d)) show satisfactory agreement with experimental ob-
servation (Fig. 3(a)).

The cooperative dynamics are summarized in Fig. 4.
Initially, the photo-excitation not only reduces the CO
and SO amplitudes, but also perturbs their phases and
SO’s vector orientation. Although the pump pulse excita-
tion immediately unbinds the CO-SO coupling, the evo-
lution of CO and SO collective dynamics - the phase and
amplitude - remain locked during all time of the recov-
ery, reflecting the scalar nature of both order parameters.
Only the spin vector evolves toward equilibrium at its
own time scale. The persistence of the correlations link-
ing broken symmetry states in non-equilibrium process
could be generic to other broken symmetry states in other
correlated materials when driven-out-of-equilibrium.
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