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Nonthermal melting and density wave instability coupled to the lattice in La4Ni3O10
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The recent discovery of high-temperature superconductivity in pressurized nickelates has renewed interest in
the broken-symmetry states of their ambient-pressure parent phases, where a density wave (DW) order emerges
and competes with superconductivity, but its microscopic origin remains unresolved. Using ultrafast optical
spectroscopy, we track quasiparticle relaxation dynamics across the DW transition at TDW ≈ 136 K in trilayer
nickelate La4Ni3O10 single crystals, revealing the opening of an energy gap of ∼52 meV. Multiple coherent
phonons, including Ag modes near 3.88, 5.28, and 2.09 THz, display pronounced mode-selective anomalies
across the transition, indicating that the DW is strongly coupled to lattice degrees of freedom and suggesting an
important role of electron-phonon coupling. At higher excitation densities, the DW is nonthermally suppressed,
producing a temperature-fluence phase diagram that parallels pressure-tuned behavior. These results establish
the DW in La4Ni3O10 as a lattice-entangled instability involving multiple phonon modes, and highlight ultrafast
optical excitation as a nonequilibrium tuning parameter for suppressing density wave order in nickelates.
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The interplay between superconductivity (SC) and den-
sity wave (DW) order is a defining yet unresolved theme
in correlated electron systems. In the Ruddlesden-Popper
nickelates Lan+1NinO3n+1, superconductivity emerges when
a native DW order is suppressed under hydrostatic pressure,
suggesting that the DW quantum critical point plays a central
role in their phase diagram [1–8]. This competition mirrors
the cuprates and iron pnictides, where charge and spin orders
are closely entwined with superconductivity [9,10]. Notably,
tetragonal La4Ni3O10 fails to superconduct even under pres-
sures up to 160 GPa in the absence of a DW instability [11],
underscoring the intimate link between superconductivity and
density wave physics.

The bilayer La3Ni2O7 has been the focus of extensive
study, yet sample quality limitations have led to conflict-
ing reports on its DW properties [12–16]. In contrast, the
trilayer La4Ni3O10 displays high crystalline quality and un-
dergoes a robust spin-charge density wave transition at
TDW ≈ 136 K [2,17], making it an ideal platform for inves-
tigating the ordered state. The central ambiguity, however,
is the DW’s microscopic origin, with conflicting evidence
pointing to either single dz2 or hybridized dx2−y2/dz2 or-
bital physics [18–27]. Clarifying this orbital character is
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crucial for understanding the mechanism of DW formation.
Resolving this requires a probe sensitive to both the elec-
tronic gap dynamics and the associated lattice symmetry
breaking.

Ultrafast optical spectroscopy provides a powerful com-
plementary approach to address this issue. Its femtosecond
resolution allows direct observation of quasiparticle relax-
ation across an energy gap, while coherent lattice vibrations
launched by photoexcitation reveal phonon modes that couple
to symmetry breaking [28–30]. By monitoring the tempera-
ture evolution of both quasiparticle and phonon responses,
ultrafast spectroscopy provides simultaneous dynamical ac-
cess to electronic and lattice degrees of freedom and further
enables investigation of nonequilibrium control pathways in-
accessible to static probes.

Here, we use ultrafast optical spectroscopy to probe
La4Ni3O10. We report three main findings: (i) quasiparticle
relaxation dynamics reveal the opening of a strong-coupling
52 meV DW gap at TDW; (ii) a phonon at 3.88 THz undergoes
anomalous renormalization strongly coupled to the DW insta-
bility, signaling strong electron-phonon (e-ph) coupling and
multiorbital involvement; and (iii) intense optical excitation
suppresses the DW nonthermally, yielding a temperature-
fluence phase diagram analogous to pressure tuning. Together,
these results provide insight into the microscopic nature of
the DW in La4Ni3O10 and demonstrate light as an effective
nonequilibrium tuning parameter for the density wave state in
nickelates.
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FIG. 1. Quasiparticle dynamics across the DW transition.
(a) Transient reflectivity �R(t )/R as a function of temperature and
time delay, measured at a low pump fluence of ∼10.2 µJ/cm2. The
sharp change at TDW marks the phase transition. (b) Representative
�R(t )/R traces at different temperatures. Black lines are fits using a
biexponential model. (c), (d) Temperature dependence of the ampli-
tude (A2) and lifetime (τ2) of the slow relaxation component. Dashed
red curves are fits to the RT model.

High-quality single crystals of La4Ni3O10 were grown
using a high-pressure optical floating-zone furnace (HKZ,
SciDre GmbH; 5-kW xenon lamp) under 18–22 bars O2 [2].
Transient differential reflectivity �R(t )/R was measured us-
ing a pump-probe setup on a 1-MHz Yb-based femtosecond
oscillator. The laser output was frequency-doubled and con-
verted by an optical parametric amplifier to provide pump and
probe pulses with a central wavelength of 800 nm (1.55 eV)
[31,32]. The overall temporal resolution of the setup is ap-
proximately 60 fs, as characterized previously [31], sufficient
to resolve the subpicosecond dynamics discussed below. To
improve the signal-to-noise ratio, the pump and probe beams
are linearly cross-polarized, and a polarizer is placed in front
of the detector to suppress scattered pump light. Temperature-
dependent weak-fluence measurements were performed on
sample S1, while other measurements used sample S2 from
the same batch.

Figure 1(a) maps the transient reflectivity �R(t )/R across
the DW transition at a low pump fluence of ∼10.2 µJ/cm2.
Each trace [Fig. 1(b)] consists of a nonoscillatory quasi-
particle (QP) relaxation alongside coherent oscillations. The
QP dynamics are well described by a biexponential decay
(see Sec. I of the Supplemental Material [33]), indicating
two distinct relaxation channels. The fast component (τ1) is
attributed to rapid carrier thermalization and scattering pro-
cesses, whereas the slower component (τ2) is associated with
quasiparticle recombination across the DW gap. The latter
therefore provides a direct probe of the ordered state.

As shown in Figs. 1(c) and 1(d), the amplitude A2 and
lifetime τ2 exhibit sharp anomalies at TDW ≈ 136 K. Most no-
tably, τ2 exhibits pronounced slowing down near TDW, which
is consistent with critical dynamics commonly observed near
continuous density wave transitions. This dynamic signa-
ture confirms the opening of an energy gap [28,29]. Within
the Rothwarf-Taylor (RT) framework [34,35], the DW gap
is primarily extracted from the temperature dependence of
the slow-component amplitude A2(T ), while τ2(T ) serves
as a consistency check of the phonon-bottleneck relaxation
dynamics. This analysis yields a zero-temperature gap of
2�DW(0) ≈ 52 meV (see Sec. II of the Supplemental Mate-
rial [33]), consistent with some other spectroscopic studies
[24,25].

The ratio 2�DW(0)/kBTDW ≈ 4.4 exceeds the weak-
coupling BCS value, identifying La4Ni3O10 as a strong-
coupling system. This ratio, however, is substantially smaller
than that found in bilayer La3Ni2O7 (∼11) [38], pointing to
fundamental differences between trilayer and bilayer nicke-
lates in how density wave order is stabilized.

Having characterized the electronic gap, we now analyze
the coherent lattice oscillations to examine e-ph coupling.
Figure 2(a) presents the time-domain traces after subtracting
the QP background, while Fig. 2(b) shows the correspond-
ing fast Fourier transform (FFT) spectra. Two prominent
Ag symmetry phonons are resolved (see Sec. III of the
Supplemental Material [33]): ω1 ≈ 3.88 THz (129.4 cm−1)
and ω2 ≈ 5.28 THz (176.1 cm−1) at 10 K, in agreement
with Raman measurements [19,20]. Both modes soften with
increasing temperature, consistent with previous ultrafast
measurements on La4Ni3O10 [27]. A more detailed anal-
ysis, however, reveals that the ω1 mode deviates from
conventional anharmonic behavior near TDW. Above the tran-
sition, ω1 follows standard anharmonic phonon decay [39,40],
whereas below TDW it deviates sharply, showing a much
stronger temperature dependence [Fig. 2(c)]. A power-law
analysis [ω1(T ) = ω1(0) − αT n], with ω1(0) the extrapolated
zero-temperature frequency, quantifies this change [41]: the
exponent n switches from n = 2 (anharmonic theory) above
TDW to n ≈ 5.2 below it, which is highlighted in the log-log
plot shown on the right axis of Fig. 2(c). This abrupt renor-
malization indicates strong coupling between the ω1 phonon
and the density wave instability, although the mode does not
exhibit the behavior expected of a conventional DW amplitude
mode. Besides these two modes, a weak shoulderlike feature
is visible near 3.55 THz on the low-frequency side of the
dominant ω1 mode. Its apparent intensity is comparable to that
of the weak ω2 mode in the low-fluence FFT map [Fig. 2(b)],
but it becomes much weaker than ω2 under high-fluence ex-
citation [Fig. 3(b)]. Because this feature is strongly affected
by the tail of the intense ω1 peak and cannot be reliably
tracked as a function of temperature, we do not assign it as an
independent coherent phonon mode in the present analysis.

We also note that the oscillation amplitude of the ω1

phonon is strongly suppressed near TDW but partially recov-
ers upon further warming above the transition. While the
microscopic origin of this behavior remains unclear, sim-
ilar behavior has been reported in Raman measurements
on La4Ni3O10 [19]. Possible contributing factors include
temperature-dependent changes in electronic screening and
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FIG. 2. Anomalous phonon dynamics at low pump fluence. (a) Coherent oscillations at select temperatures, isolated by subtracting the
quasiparticle background. Traces are offset for clarity. (b) Corresponding FFT map, showing the temperature evolution of the two most
prominent phonon modes, ω1 and ω2. (c) Temperature dependence of the ω1 mode frequency. The solid green line is a fit to a standard
anharmonic decay model, from which the data deviate below TDW. Dashed curves are power-law fits (T 2 above TDW, T 5.2 below), and the right
axis shows the data on a log-log scale to highlight the change in slope at the transition. (d) Temperature dependence of the ω2 mode frequency.

e-ph coupling across the transition, which may modify the
optical activity of this phonon mode even in the high-
temperature phase.

To uncover weaker lattice modes, we increased the pump
fluence to 130 µJ/cm2 (Fig. 3). Under these conditions,
the transition temperature is suppressed to TDW ≈ 95 K
[Fig. 3(a)]. Within the RT analysis framework, the char-
acteristic gap scale inferred from the relaxation amplitude
exhibits much weaker fluence dependence than TDW, yielding
2�DW(0) ≈ 55 meV (see Sec. II of the Supplemental Mate-
rial [33]) and an enhanced apparent ratio 2�DW(0)/kBTDW ≈
6.6, compared with ∼4.4 at low fluence. This behavior con-
trasts with hydrostatic pressure, where both TDW and the gap
are monotonically reduced [25], and with ultrafast measure-
ments on bilayer La3Ni2O7, where the gap diminishes under
increasing fluence, leading to a reduced ratio [38]. Such dif-
ferences likely reflect the distinct nature of equilibrium versus
nonequilibrium perturbations, as well as material-dependent
variations in dimensionality and electron-lattice coupling.
In particular, the pronounced lattice entanglement observed
here suggests that the DW state in La4Ni3O10 may be more
strongly lattice stabilized, contributing to its unusual robust-
ness against photodoping.

At high fluence, four additional phonon (ω3–ω6) are re-
solved [Fig. 3(b)] (see Sec. III of the Supplemental Material
[33]), revealing a richer picture of mode-selective coupling
[Figs. 3(c)–3(h)]. Notably, multiple coherent phonon modes
exhibit a common dip in amplitude near ∼145 K, slightly
above the equilibrium TDW ≈ 136 K. Because this feature

is absent at low fluence and appears simultaneously across
several modes, it likely reflects a high-fluence-induced modifi-
cation of the nonequilibrium electronic response near the DW
transition rather than mode-specific lattice anomalies. Despite
this additional complexity, the ω1 mode retains its anomalous
renormalization at the reduced TDW, transitioning from T 2 be-
havior above the transition to T 2.5 scaling within the ordered
phase [Fig. 3(c)]. While the precise exponent depends some-
what on excitation density, the robust crossover at TDW and
the consistent T 2 scaling above it support a close association
between the ω1 phonon and the DW instability. Its eigenvec-
tor involves apical oxygen motion, Ni-O plane buckling, and
La displacements [20,27], indicating that the lattice response
associated with the DW instability involves multiple struc-
tural degrees of freedom. Combined with prior angle-resolved
photoemission spectroscopy (ARPES) and theoretical studies
suggesting hybridized orbital character of the DW-gapped
electronic states [22], this behavior is consistent with the
relevance of multiorbital physics in the DW instability of
La4Ni3O10.

Importantly, the ω2 phonon [Fig. 3(d)] also exhibits anoma-
lous renormalization, but in the opposite direction: instead
of hardening as ω1, ω2 softens below TDW. The contrasting
behavior of these two Ag modes indicates that the density wave
order couples to multiple phonons in distinct ways, highlight-
ing the complex, mode-dependent nature of e-ph interactions
in La4Ni3O10.

Another key anomaly appears in the ω4 mode (≈2.09
THz) [Fig. 3(f)], which softens significantly below TDW.
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FIG. 3. Full phonon spectrum and mode-selective coupling at high pump fluence. (a) Raw �R(t )/R map measured at a high pump fluence
of ∼130 µJ/cm2, which suppresses the transition to TDW ≈ 95 K. (b) Corresponding FFT map revealing six distinct coherent phonon modes
(ω1 to ω6). (c)–(h) Temperature dependence of the frequency for each of the six modes. Vertical dashed lines indicate the suppressed TDW.
Solid green lines are fits to the anharmonic decay model, highlighting the anomalous behavior of modes ω1 and ω4 below the transition.

This behavior resembles phonon renormalization observed
near charge-ordering transitions in several cuprate systems
[42–44], where gap opening can modify e-ph self-energy ef-
fects and lead to anomalous phonon softening [43]. Such a
similarity suggests that related e-ph coupling effects may be
operative in the DW state of La4Ni3O10. By contrast, the ω3

(≈1.86 THz) and ω5 (≈4.76 THz) modes [Figs. 3(e) and 3(g)]
follow ordinary anharmonic decay, serving as internal controls
that confirm the selectivity of the anomalous coupling.

Finally, the ω6 mode (≈5.62 THz) appears only below TDW

[Fig. 3(h)]. Its sudden onset rules out a conventional amplitude
mode and suggests alternative origins, such as reduced metal-
lic screening due to partial Fermi-surface gapping [20] or zone
folding from symmetry lowering [45]. Its weak intensity in
our data prevents a conclusive assignment, motivating further
experiments.

Beyond serving as a probe, the pump laser also acts as
a tuning parameter for the ordered phase [29,46,47]. Fig-
ures 4(a1)–4(a6) show how the QP relaxation evolves with
fluence at fixed temperatures. Below TDW, the slow compo-
nent τ2 increases with fluence, peaks at a critical fluence
FC , and then collapses, signaling complete melting of the
density wave condensate. The resulting temperature-fluence
phase diagram [Fig. 4(b)] shows that FC grows as the system
is cooled, increasing from ∼5.2 µJ/cm2 at 130 K to over
130 µJ/cm2 at 90 K. This behavior resembles pressure-tuned
suppression of the DW [25,48], but with a crucial differ-
ence: under pressure, both TDW and the gap decrease together
[25,48], while in La3Ni2O7 optical excitation suppresses them

simultaneously [38]. In La4Ni3O10, however, light reduces
TDW while preserving the gap, yielding an enhanced ratio.
Even at the highest fluence, the steady-state temperature rise
is estimated to be only ∼8 K (see Sec. IV of Supplemental
Material [33]), substantially smaller than the observed ∼40 K
suppression of TDW. While thermal effects may contribute
partially, the discrepancy indicates that simple laser heating
alone cannot account for the observed behavior. These results
therefore indicate a substantial nonequilibrium contribution to
the photoinduced suppression of the DW order, providing a
distinctly nonequilibrium pathway to tune ordered states in
nickelates.

Experimental data indicate an intrinsic coupling between
the DW order and lattice degrees of freedom in trilayer nicke-
lates. The DW state comprises intertwined spin density wave
(SDW) and charge density wave (CDW): the SDW component
is dominantly localized on the outer NiO2 layers, whereas
the CDW modulates all three layers [17]. The key difference
between the ω1 and ω2 phonon modes lies in the distinct
motion of the inner-layer oxygen atoms [33]. Consequently,
the distinct temperature dependences of ω1 and ω2 phonon
frequencies below the TDW point to a selective coupling of the
lattice to the CDW component of the DW state. This inter-
pretation is consistent with the observed isotope dependence
of TDW in La4Ni3O10 [49], which directly implicates phonons.
Taken together, these observations suggest that e-ph coupling
likely plays a significant role in stabilizing the DW order, and
may also contribute superconductivity once the DW order is
suppressed.
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FIG. 4. Nonthermal melting of the DW order. (a1)–(a6) Normalized �R(t )/R maps as a function of pump fluence at several fixed
temperatures. The black circles trace the slow relaxation time τ2, which peaks at the critical fluence FC required to melt the DW order.
(b) The resulting temperature-fluence phase diagram for La4Ni3O10. The phase boundary is determined by the FC (T ) values, extracted from
the peaks in τ2 shown in (a), together with data from Figs. 1 (black symbol) and 3 (green symbol).

In summary, ultrafast optical spectroscopy of La4Ni3O10

reveals the opening of a strong-coupling density wave gap,
anomalous renormalization of a lattice mode strongly cou-
pled to the DW instability, and nonthermal optical melting of
the ordered state. The contrasting behavior of phonon modes
highlights mode-dependent electron-phonon coupling and the
relevance of multiorbital physics in this material. These find-
ings establish the DW in La4Ni3O10 as a lattice-entangled
instability and demonstrate that ultrafast optical excitation
provides a powerful nonequilibrium pathway to suppress and
tune density wave order in nickelates.
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