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Ultrashort x-ray pulses can be used to disentangle magnetic and structural dynamics and are accordingly
utilized here to study the photoexcitation of NdNiO3(NNO), a model nickelate exhibiting structural and magnetic
dynamics that conspire to induce an insulator to metal transition (IMT). During the course of the photoinduced
IMT with above gap excitation, we observe an ultrafast (< 180 fs) quenching of magnetic order followed by
a time delayed collapse of the insulating phase probed by X-ray absorption and THz transmission ( 450 fs)
that correlates with the slowest optical phonon mode involved in the structural transition. A simultaneous
order-disorder response at the Ni site and displacive response at the Nd site coexist in the ultrafast magnetic
response. Crucially, we observe the optical phonon through its coherent coupling with Nd magnetic order,
demonstrating that the magnetic and structural degrees of freedom both contribute in driving the IMT. Density
functional theory (DFT) calculations reveal a consistent scenario where optically driven inter-site charge transfer
(ICT) drives a collapse of antiferromagnetic order that in turn destabilizes the charge-ordered phase resulting in an
IMT. These experiments provide new modalities for control of electronic phase transitions in quantum materials
based on ultrafast interplay between structural and magnetic orders created by femtosecond photoexcitation.

INTRODUCTION

Non-conventional superconductivity (SC) and insulator-metal transitions (IMT) in transition metal oxides (TMO) are topics at
the forefront of research in condensed matter physics because their mechanisms are not fully understood. Therein, microscopic
interactions between structural, electronic, orbital and magnetic degrees of freedom (DOF) conspire to generate macroscopic
quantum phases and large changes in properties associated with transitions between different states. Quite often, however, these
DOF are deeply intertwined, leading to competing, coexisting, or even cooperative orders [1-3]. Such cooperative coupling
between the lattice structure, electronic order, and the magnetic configuration occurs in a wide variety of transition metal oxides
such as manganites[4], cobaltites[5], ferrites[6], vanadates[7], nickelates[8, 9], and cuprates[10]. This arises due to the highly
connected nature of the lattice[ 1 [-14] that results in an interplay between changes in electronic and magnetic order with many
structural degrees of freedom such as distortions, octahedral rotations and cation displacements. Recently, some data has been
assembled and analyzed to explore correlations between structural, electronic, and magnetic order[15—17], which is insightful,
but not always conclusive. It is thus challenging to disentangle the role of different DOF. especially in the case where multiple
order parameters change under the same physical conditions. Here, we focus on magneto-structural interactions in TMOs that can
dictate the realization and control of macroscopic quantum phases[18].

To try to disentangle these subtle interactions, static-tuning knobs such as strain, composition, electrostatic gating, or magnetic
fields are most often employed to explore intricate energy landscapes with the possibility of selecting a particular ordered quantum
phase[19]. Nevertheless, the interaction between DOF is dynamic in nature and occurs at fundamental ultrashort timescales
that need to be accessed directly in order to sort out the basic physics. In this way, the dynamic exploration of the energy
landscape can follow how phases evolve in real time during the conversion between quantum states. Furthermore, this route
can make it possible to disentangle how microscopic competing degrees of freedom lead to the emergence of long range order
[20-23], with the ultimate goal of light directed property control [24]. Connected with this goal, ultrafast techniques now span the
electromagnetic spectrum enabling multi-modal studies of complexity in solids with X-ray techniques having risen to prominence
for quantitative probing of these DOF [25-37]. Indeed, such ultrafast structural techniques have been combined with THz probes
to reveal the evolution of structural and electronic dynamics during conductive phase transitions that are not accessible in steady
state[33, 38—42]. For example, during the photoinduced IMT in VO an unexpected order-disorder character of the transition
was discovered[38, 39], where a sub-ps disordering of monoclinic ground state is followed by a slower growth of rutile metallic
phase in a few ps, both contributing to the electronic response[40]. Resonant phonon excitation has also revealed the coupling of
structure and electronic DOF in a cuprate SC[4 1], where resonant excitation of c-axis motion of apical oxygen atoms triggered an
enhanced SC tunneling, suggesting possible avenues for targeted structural tuning of phase transitions.



A

Rotation
(Ry, M3)

Long bond
(LB) -
Short bond

Breathing (R;) (SB)

B

\‘#‘\ Ultrafast Melting

Displacive

Rotation
modes
(R, M)

Breathing
mode

Delayed WV~ Tnsulator-Metal
Response Transition

FIG. 1: Coupled order parameters (A) NdNiOs monoclinic structure highlighting different structure, electronic and magnetic degrees of
freedom. Octahedral sites connected with the (purple) long bond (LB) and (grey) short bond (SB) charge order associated with the Ni-O
breathing mode distortion. Part of the E’-type antiferromagnetic (AFM) unit cell is shown with alternating planes of ferromagnetically aligned
S = 1 LB site (purple) and .S = 0 SB sites (grey) that formthe --- 1 -0- | - 0 - - - pattern (B) An overview of how these intertwined orders are
connected in NdNiOs.

In this article, we focus on the perovskite nickelate NdNiOg as a prototypical system with coupled order parameters, exhibiting
concomitant charge and magnetic order associated with an IMT (Refs. 8, 43, 44 and references therein). Charge order (CO) is
associated with an orthorhombic to monoclinic structural transition involving two NiOg sites in the monoclinic phase, which are
referred to as short-bond (SB) and long-bond (LB) (see Fig. 1A ). The magnetic order is E'-type antiferromagnetic (AFM) with
a 4 x4 x4 pseudocubic unit cell (2x1x2 monoclinic unit cell) with large planes of ferromagnetically aligned LB (S = 1) and
small SB (S = 0) Ni sites arranged inan --- 1 -0- | - 0 --- pattern, part of which is shown in CO unit cell in Fig. 1A [45-47].
Although the nominal ionic ground-state is Ni®* in a low spin 3d” configuration (t5 g e_}]), theory strongly supports a state that is
3d® L where L denotes a ligand hole on the oxygen site. In this scenario, the charge ordered phase corresponds to alternating
3d% LB and 3d®L? SB sites [48—55]. For NdNiOs, theory suggests that the magnetic order could contribute to the stability of the
CO phase [51, 54, 56], but this has been difficult to verify experimentally and motivates our time domain studies.

Upon resonant phonon (mid-infrared) pumping of charge and magnetic ordered NdNiO3[33, 42], the dynamic evolution of
magnetism was observed and compared with THz conductivity changes, indicating supersonic magnetic front propagation during
IMT. However, similar ultrafast conductivity dynamics are also observed in SmNiOg above and below the magnetic transition
temperature[57], indicating that magnetism does not play a decisive role in driving the ultrafast IMT explored with mid-infrared
pumping. In contrast, static strain and dimensionality tuning of NdNiO3 heterostructures[58] implicate magnetic ordering as
the origin for the IMT since charge ordering and structural symmetry were suppressed, providing support for Mott physics in
this system with potential for ultrafast magnetic control of the conductivity. Additionally, the conductivity changes are usually
observed to be much larger in PrNiO3[59] and NdNiO3[60], exhibiting simultaneous magnetic and charge order at IMT, compared
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FIG. 2: Experiment geometry and (A) Illustration of sample geometry and experiment. (B) Resonant X-ray magnetic scattering spectra at
the Ni L3 edge and absorption above and below the IMT. The vertical line marks the energy for the measurement of the time delay scans. (C)
Delay scans for the magnetic scattering and XAS data following 800 nm excitation. The scale for the magnetic scattering is 1 for static AFM
order and zero for complete loss of long-range order. XAS is a relative change consistent with the magnitude of XAS change seen with crossing
IMT with temperature. (D) Fluence dependence of the Ni magnetic scattering. (E) Pump wavelength dependence of the Ni magnetic scattering.

to other RNiO3 (R - rare earth element) compounds, where magnetism orders at lower temperatures|8], raising the question
on how magnetism is enhancing the conductivity at the transition. This calls for selective control of degrees of freedom using
ultrafast excitation to establish their role in the IMT. Thus, RNiO3 represent an insightful platform for ultrafast studies, where the
dynamic interplay between electronic, magnetic and structural DOF can inform the pathway toward the IMT.

To address these questions, we harness ultrafast soft X-ray scattering and absorption capabilities at the Linac Coherent Light
Source (LCLS) to probe the electronic and magnetic degrees of freedom directly in order to disentangle multiple interactions in a
correlated oxide. In the equilibrium phase diagram, NdNiO3 has combined antiferromagnetic (AFM) and charge order (CO) that
collapse simultaneously at the IMT. Using time-resolved magnetic scattering sensitive to the long-range spin order, XAS sensitive
to the local Ni coordination connected to the breathing mode distortion of the charge ordered (CO) state, and THz transmission as
a probe of carriers, we find that for above gap excitation, there is a rapid collapse of the magnetic state (< 175 fs) followed by a
slower relaxation of the breathing mode CO and IMT response (~ 450 fs). From comparison between experiment and theory, we
develop a clear picture of the pathway where an inter-site charge transfer (ICT) triggers an ultrafast collapse of the magnetic state
followed by a slower IMT. The IMT is triggered by simultaneous collapse of magnetic order and the displacive excitation of a
coherent Nd-O soft phonon that is seen to coherently perturb the Nd magnetic order dynamics, in direct support of spin-phonon
coupling[61]. We highlight the pathway for the optically driven transition in Fig. 1B showing the interconnection between the
different degrees of freedom. We will refer here to the leading distortion modes[15, 17] that are relevant for the monoclinic to
orthorhombic (M-O) symmetry change that is always observed at the IMT in the structural refinements at equilibrium in RNiO3
compounds to explore their role in our experiments. A depiction of the IMT transition pathway starting from ultrafast melting
of AFM order that ultimately triggers the collapse of charge-order is shown in Fig. 1B. This process is slowed by the coupled
lattice dynamics involving octahedral rotation changes (R, and M3+ distortions), and anti-polar A-site cations displacements
(X 5+ ) that are coupled to the breathing mode (R;) and ultimately dictate the response time of the IMT. Our results provide a
direct visualization of the distinct electronic and magnetic dynamics of the IMT, which was not accessible under steady state
equilibrium interrogation.



EXPERIMENTAL APPROACH

The (001) oriented films were grown using pulsed laser deposition on NdGaOs substrates (tensile strain of 1.4 %) with a
thickness of 50 nm [44, 62]. The thickness was chosen to show bulk-like properties and be matched with the pump/probe
absorption length while avoiding complications from dimensionality and orientation that can lead to an altered ground-state[8, 44].
Experiments were performed at the SXR end-station where the X-rays and laser pulses arrive colinearly with the polarization in
the scattering plane (see Fig. 2A)[63]. The sample was cooled below the IMT temperature (T ~ 150 K) to 70K and aligned
to measure the off-specular (1/4,1/4,1/4) pseudocubic Bragg peak corresponding to the AFM-E’ order[47, 64] as well as the
bulk-sensitive X-ray absorption spectroscopy (XAS) in fluorescence yield (see Fig. 2B). Note that since the peak position and
width do not vary, we have monitored just the peak intensity to track the magnetic order (see Fig. 6 in the appendix). The vertical
line shows the energy chosen for the time-resolved measurements. Since the main change in the XAS across the IMT manifests at
the dip near 852.5 eV, as shown by comparing the XAS in the insulating (I) vs metallic phase (M) in Fig. 2B, this energy was
chosen to measure both channels without changing the photon energy. The pulse duration for this experiment was ~ 100 fs for the
X-ray pulses and ~150fs for the laser, which gives a time resolution of ~175 fs. Excitation pulses at 1.55eV were utilized in
addition to mid-IR pulses generated using optical parametric generation and difference frequency generation (= 83 - 135 meV) to
enable above- and below-gap pumping (optical gap E, ~ 100meV) [65]. Additionally, the insulator-to-metal transition dynamics
of the NdNiOsthin film was measured with optical pump-THz spectroscopy probe to track the formation of the metallic phase. To
achieve optimal temporal resolution, the experiment was implemented in transmission with both excitation (optical) and probe
(THz) beams being collinear and perpendicular the sample to avoid temporal broadening at oblique incidence for the THz probe
beam. With normal incidence geometry, we were able to achieve a temporal resolution of 150 fs as determined by a reference
transient THz transmission measurement on a GaAs crystal.

ULTRAFAST PHASE TRANSITIONS

To set the stage for understanding ultrafast magnetic and electronic data below, we first summarize recent work looking at both
the excitation pathway and what controls the fundamental timescales for collapse of these different degrees of freedom. As noted
in the reviews[20-23], there has been an extensive amount of work on dynamics in quantum materials. Here we want to focus on
two aspects. First is understanding the timescale of the transition. For example, a recent study of orbital order in manganites
connects the transition time to specific Jahn-Teller lattice modes related to the quenching of long-range orbital order[32, 66]. In the
case of ultrafast magnetism[67], we need to clarify some distinctions for magnetic materials studied in magnetic experiments. The
first is optical control pathways in metallic vs. insulating magnets can be quite different. In metallic systems, the thermalization of
hot carriers plays a very important role whereas in insulators the process is connected to how photoexcitations alter the magnetic
state. For the insulating case of NdNiOswe consider the main pathways to be related to direct coupling to magnon excitation via
optical charge-transfer that allows the light to couple to the magnetic degree of freedom[68].The second aspect is that unlike
ferromagnetic/ferrimagnetic systems, the change in net angular momentum is zero since both the ordered and disordered state
have zero angular momentum. Another aspect of the transition is the thermal energy generated by laser excitation. A simplistic
estimation for the photoinduced transient heating can be made based on the known specific heat[69], our calculated optical
absorption in the experiment (0.4) and optical penetration depth of 50 nm[70], giving a transient temperature of 110 K at the peak
fluence at saturation, which falls well below T, and indicates its non-thermal character.

TRACKING NI MAGNETISM

By tuning to the AFM order peak at the Ni resonance, the ultrafast magnetic dynamics measured by pump-probe delay scans
following 1.55 eV excitation are presented in Fig. 2C. At an excitation level of ~0.01 electrons per nickel site (0.5 mJ/cm?), the
magnetic scattering is completely quenched within 175 fs. The transition times for all delay scans were determined by fitting
to an error function together with a slow exponential recovery. Note that the quoted transition times are defined by the twice
the Gaussian width (width defined by difference at 0.85 and 0.15 of maximum value) and fitting errors were all < 10 fs. As
noted above, given the experimental resolution, the magnetic order collapse is at the limit of our temporal resolution. The fluence
dependence at early delay times is shown in Fig. 2D, which displays a clear curve saturating close to 0.4 mJ/cm?. We note here
that compared to other optically driven phase transitions in vanadates[71, 72], manganites[32],cuprates[73], nickelates[28, 74],
NdNiOg has a fluence threshold that is nearly an order of magnitude smaller. This indicates a more efficient coupling of the
optical pump to control magnetic order.

Another important consideration is the role of the pump photon energy in terms of controlling the dynamics. Figure 2E
highlights that the timescale of the magnetic collapse remains sub-200 fs for above bandgap excitations, where the bandgap of



NdNiOg has been shown to be ~100 meV[75-77]. This is evident for 800 nm (1.55 eV, red curve), and 9 pm (138 meV, blue
curve). Importantly, this data also reveals that the excess kinetic energy imparted to the carriers with 1.55 eV photons does not
play a crucial role in the dynamics given the similar timescale with 138 meV excitation. In contrast, for sub-gap excitation with
15 pm (83 meV, green curve), the magnetic transition is considerably slower (1.2 ps). Note, however, that the incident fluence
level for the 15 zm pumping required to quench magnetic order is 4 mJ/cm? , while the 9 ;zm data were acquired at 10 mJ/cm?.
To compare the different wavelength pump fluence values, we have converted the fluence at each wavelength to photons/unit cell
(ph/uc): 800 nm = 0.01 ph/uc, 9 um = 0.13 ph/uc, and 15 pm = 0.09 ph/uc. For the above gap pump (800 nm and 9 ym), you can
see the 9 um value is well above the saturation threshold resulting in a complete suppression of the magnetic order that does
not recover in the time window. The ph/uc for the 15 pm case exciting below the gap is of the same order as 800 nm, but the
charge carrier excitation pathway is absent and the light couples to the lattice (phonons) to drive the collapse of the magnetism
[33, 42, 78]. This data clearly reveals two distinct pathways leading to a collapse of the magnetic order. Namely, with below-gap
phonon excitation there is a slower pathway, but above-gap pumping of charge carriers leads to a far faster non-thermal route
where by the electronic excitation triggers the subsequent IMT dynamics. In the following, we will focus on the faster above gap
route since the lattice excitation has been previously discussed in detail[33, 42, 78].

With an understanding of the timescale- and pump-dependence, we can construct a more complete picture of how light interacts
with these degrees of freedom. First, we discuss the nature of the optical excitation process. In the case of highly-covalent
nickelates, our calculations of the optical spectra (see supplement and those of Refs. [79, 80] ) are consistent with an inter-site
charge transfer (ICT) involving excitations between the Ni 3d and O 2p states which changes the charge distribution around the
3d® LB sites to 3d® L SB sites. As we will show in the theory section below, the change in the charge density, primarily on the
Ligand hole states, changes both the nature of the magnetic exchange and the magnetic moment on the SB site. In the AFM phase,
the SB site is in a S=0 state, which can be stabilized under the crystal field from to the high Ligand hole density of the 3d°L?* SB
site[81]. Recent work showing a HS Ni 3d® XMCD signal from nickelates was subsequently used to generate a close match to
the lineshape of the resonant, which strongly supports this scenario of the SB site being in an S=0 state[82]. With the change in
Ligand hole density driven by optical d-p excitations, this changes the LB-SB exchange and results in a non-zero moment on SB
Ni site due to an orbital rearrangement. As such, we consider ICT an operative pathway by which changes in the local electronic
and magnetic configuration can modify the magnetic order via optical modification of the exchange interactions. Consequently,
the timescale for the collapse of magnetism can then be tied to the details of the spin-wave spectrum as well as the time-scale
of the ICT. Furthermore, the lattice excitation at the Nd site proceeds coherently and in phase (displacive) with this event, as
we will show later. For other complex oxide systems, the timescales for the charge transfer excitation and rearrangement of
orbital occupancies has been shown to occur on a <100 fs timescales[32, 66, 83]. The spin-wave generation in other insulating
AFM (KNiF3) showed that the transition dynamics involves zone-boundary spinwaves, due to the momentum conserving optical
excitation of bimagnons[68, 84]. In the case of NdNiOg, recent resonant inelastic X-ray scattering measurements show that the
zone-boundary magnons in NdNiO3 have ~50 meV energy(~85 fs period)[85]. Given the sub-100 fs timescales for both parts of
the process, we conclude that the true Ni AFM order collapse likely occurs at sub-100 fs timescales.

INSULATOR-METAL TRANSITION DYNAMICS

To understand the implications of magnetism collapse, we now turn to the changes in electronic properties and how they are
connected to the magnetism. First we consider the changes in X-ray absorption spectra (XAS) in the insulator vs. metallic phase
as shown in Fig. 2B. Previous work and calculations have shown how the formation of the insulating charge ordered (CO) state
is correlated to changes in the absorption, which is not influenced by the magnetic order [43, 86]. For the delay scan shown in
Fig. 3A, we have set the photon energy to the vertical line in Fig. 2B, where there is ~10% change in the XAS across the IMT.
In dramatic contrast to the magnetic dynamics, the time-resolved XAS scan shows a longer transition time of 446 fs, which
demonstrates that the magnetic and electronic contributions to the IMT have different timescales. The rapid and total collapse of
the magnetic order occurs prior to changes in the CO (breathing distortion) and IMT embodied in the XAS response. To confirm
that the changes in XAS are tied to the IMT, we utilized optical-pump THz-probe measurements to directly follow the formation
of the metallic state. As shown in Fig. 3A, the THz response shows a transition to the metallic phase that correlates directly with
the XAS signal, where a transition time to the metallic phase from the THz transmission is 425 fs. The IMT transition time is also
consistent with recent time-resolved measurements that measured the collapse of the CO state[87], indicating that the IMT is
tracking the loss of CO and not the magnetism.

For bulk RNiO3 compounds, it is known that the paramagnetic phase can exist in the presence of CO in the cases of small R
cation size, connected to the fact that a change in lattice symmetry is not required for the collapse of magnetic order. However, the
metallic state is only present in orthorhombic symmetry. On the structural side, the collapse of the CO is key to the transition to
the higher symmetry metallic phase, while the breathing mode is also coupled to a low frequency A-site cation phonon mode that
is directly associated with the P2, /n — Pnma structural phase transition[15]. From analyses of existing structural refinement
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FIG. 3: Magnetic and electronic dynamics (A) THz transmission overlayed with XAS data from Fig. 2C to confirm the timescale of the IMT.
(B) Nd magnetic scattering intensity at the same wave-vector as Ni. The thin vertical line is at time-zero while the second dashed line is after 1
period of the coherent phonon.

data at steady state, we find a linear relationship between the X 5+ distortion that is characteristic for A-site cation distortion
and the breathing mode (Rf) distortion as observed from equilibrium state refinements[ 15, 17] (see Fig. 1 A). Since X, ;‘ is also
coupled to the R} and M;" octahedral rotation distortions involved in M-O symmetry change at IMT, we expect that a collective
structural response is needed under a dynamical structural transformation. Owing to the coupling of these modes that play a
fundamental role in the structural transition, the timescale will be dictated by the slowest mode (i.e., phonon bottleneck) that is
consistent with the timescale we have observed for the electronic changes. Similar behavior was seen recently for the case of
layered nickelates [88], CDW materials[89], and VO5 depending on conditions[90].

COHERENT PHONONS AND ND MAGNETISM

In connection to the lattice modes that slow the CO transition, we discovered a route that connects these dynamics in the
measurements of the magnetism at the Nd site in relation to Ni. Based on mean field theory, the long-range Nd sub-lattice order
is induced by Ni sub-lattice and arises from a very weak magnetic coupling to Ni via the Nd-O-Ni bonding that acts as a field
to order the nominally paramagnetic Nd moments[91]. This can be probed by tuning to the Nd My resonance (1006 eV) at the
same wave-vector as the Ni ordering[64], allowing us to explore how the Nd ordering responds to the change in Ni ordering. An
energy scan across the Nd edge using the MCP and rocking curve before time zero are shown in Fig. 7 in the appendix. We find
that under full collapse of order at the Ni sub-lattice, the Nd sub-lattice is less disordered. A quench of Ni magnetic moment
will fully quench the effective field that maintained the Nd order and a full collapse would be expected on the Nd site as well,
but not observed in measurements. Furthermore, the dynamics of the Nd order show that in addition to a fast initial drop at the
same rate as the collapse of Ni magnetic order (see Fig. 4A), there is a strong oscillatory component with a period of ~ 450 fs
that becomes rapidly damped within a few ps (see Fig. 4B). This magnetic dynamics are generated by a coherent phonon that is
strongly coupled to the Nd magnetic order. Note that if we restrict the fit of the Nd data to the early time region (between Nd
intensity of 0.6 and 1) then it results in the same width of initial drop in order as the Ni case, which implies the Nd senses that
the Ni long-range order collapses in the first 200 fs. Further, the extended temporal fit, including the relaxation, separates the
coherent oscillation period that is consistent with the soft phonon associated with the Nd site[92], which we also observed with
optical reflectivity in the paramagnetic phase. These findings allows us to tie the frequency of this oscillation to a X| 5+ phonon
mode that is present in both low and high temperature phases. (Figure 8 in the appendix). Note that with the time resolution
of this experiment we are not able to see the faster modes associated with the breathing mode (R{") or rotations, which occur
in the sub 100 fs regime. The ringing in the Nd magnetic scattering is related to changes in the Nd-O-Ni exchange path that is
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explored in more detail in the following. As noted by the dashed line in Fig. 4C, the period of the damped oscillation is consistent
with the IMT transition time, implying a direct structural link with the electronic transition. Observation of phonon mode at the
wavevector of the magnetic order demonstrates a coherent coupling mechanism between a structural distortion and magnetism,
which was anticipated in PrNiO3 and NdNiOgs[51, 54, 56], but not previously observed.

To better understand this coherent phonon mode and how it changes the induced Nd magnetic order[64, 93], we utilized
theoretical calculations (see supplement) and insight from calculations of Nd-TM coupling for the case of NdFeO3[94] as no
such calculations exist for NdNiOgs. Figure 4C, shows a portion of the unit cell with the Nd atom and the shortest exchange
pathway to the high-moment Nif, 5 site. Calculations show that this ~80 cm™! A, symmetry mode involves the motion of the Nd
atom that also drives a tilting/rotation of the NiOg octahedra without any motion of the Ni atom. Since the exchange, Jyq— ni»
is directly connected with the Nd-O bond length, this can provide a direct connection between the magnetic exchange and the
lattice vibrations. If the bond length changes, Jn4—n; varies and the induced Nd order varies correspondingly. Nevertheless,
early steady state estimations of the Jy 4 ; from powder samples have placed its value at ~0.04 meV[93] suggesting a slow
response based on this energy scale. This indicates that a simple picture may not applicable and more extensive non-equilibrium
many-body interactions are dominating the ultrafast IMT. To look at this coupled mode in more detail, we show two fluences for
the measurement of the Nd dynamic magnetic response. Both show a clear coherent mode and the fact that it has a longer lifetime
at low fluence can be associated with an excitation in the insulating phase (see Fig. 4C). To quantify this mode more directly, we
will break the Nd data into two parts: a fast initial decay followed by a slow recovery and the coherent oscillation.

In the first 200 fs, the Nd magnetic collapse has the same timescale as the Ni magnetic data implying a connection between the
two processes. Usually, the induced Nd magnetic order is considered as a paramagnetic moment in the large local field due to
proximity to the ordered Ni atoms[93], as was evidenced in resonant soft X-ray scattering at the Nd M-edge. To first order, one
would accordingly expect a slow paramagnetic relaxation and not an ultrafast response. However, recent work has shown that in
ErFeOs the Fe magnons hybridize partially with Er spin fluctuations[95], providing at least a partial pathway for the Ni magnetic
excitations to couple to the Nd. This seems consistent with the observation that the fast drop in Nd order is roughly proportional
to what is seen for the case of Ni. However, the connection to Ni order collapse does not explain the coherent oscillation, which
was not seen for Ni and has a longer period than expected for Ni magnons (~85 fs period). To quantify the oscillation, we take
the difference between the data and a simple fit shown in Fig. 4B and fit a cosine to this difference, we determined the oscillation
periods for both fluences to be 378 &+ 10 fs, , which is close to the IMT transition time of 450 fs.. As already discussed earlier,
this period is consistent with the observed phonon modes by Raman spectroscopy[92] and our calculations (see supplement)
associated with motion of the Nd atom, which causes a coordinated increase/decrease of the shortest Nd-O-Ni bonds highlighted
in figure Fig. 4B. Since the magnetic order can be affected by the change in bond-length, this results in a modulation of the Nd
magnetic order at the phonon period.

To understand the implications of the observed dynamics, we recall that it is well known that all of the equilibrium atomic
positions in the unit cell are strongly affected by the IMT, in concert with the A-site cation shifting to a new equilibrium position
in the metallic phase[96]. An abrupt change in the equilibrium atomic positions arising at the first order transition provides in turn
a mechanism for the displacive excitation of phonons. Interestingly, incoherent and coherent dynamics coexist in our experimental



observation. The stronger, but much faster order melting, at both Ni (complete melting) and Nd (incomplete melting) is connected
to both the ultrafast lattice dynamics and details of the magnetic exchange between Nd and Ni. Deeper insight will require
developing a model linking the bond-length changes to the magnetic coupling between Nd and Ni. On the other hand, across the
entire phase diagram of RNiOs nickelates[15], the magnitude of A-cation displacement (X ;‘ ) correlates with the magnitude of
the breathing mode (R;") shown in Fig. 4D . Decreasing the size of R increases the magnitude of the distortions involved in the
structural phase transition and correspondingly the temperature of the IMT. In addition, the AFM order in NdNiO3 was found to
contribute to the stabilization of the charge ordered state[55, 56], which should create dynamic interplay between the two under
the AFM order collapse as supported by our experiments.

Here, using time domain measurements, we see that the displacive excitation of Nd phonon ( X ; ) is in phase with the ultrafast
melting of the Ni order. Therefore, the displacive mechanism suggests that as soon as the magnetism is quenched, the minimum
of the Nd lattice potential shifts to a new value, which is seen in the static measurements across the IMT[96]. A possible link
to the lattice excitation with the Nd magnetic order collapse is pointed out by recent ultrafast demagnetization experiments
in rare earth (RE) metals[97], which demonstrated that the magnetic dynamics of 4f shell of Nd is strongly tied to the orbital
momentum value of RE ion. Weak versus strong coupling to the lattice was observed in Gd (L=0) and Tb (L=3), respectively,
which depends on the orbital momentum configuration of the 4f shell, indicating that the magnitude of spin-orbit coupling with
a large contribution from orbital momentum mediates a proportionally stronger ultrafast coupling with the lattice. The larger
orbital momentum enhances the coupling with the lattice. Although NdNiOs is in the insulating ground state at 70 K in our
measurements, the same considerations are expected to apply since the larger orbital momentum of Nd3* ion is even larger
(L=6) for 43 configuration. This picture points out the strong coupling of the 4f shell magnetism with the lattice and connects
with our observations of enhanced coherent phonon modulation of the Nd magnetic order. Moreover, under a picture of mean
field magnetic interactions between Ni and Nd magnetic sub-lattices, the observed coherent oscillations imply that total angular
momentum of the 4f shell oscillates at the coherent phonon frequency. In fact, the deviation of the harmonic fit from the data (Fig.
4C) indicates the possible anharmonic nature of the observed dynamics, which is consistent with a periodic change in the angular
momentum as the origin for (anharmonic) coherent modulation of the magnetization. Since our experiment cannot resolve yet the
orbital and spin momentum components of the total angular momentum, these interesting points deserve further studies. The
coherent phonon modulation of the total angular momentum that we observed activates the role of the spin-orbit coupling in the
dynamics and the enhanced interaction with the lattice along with it[97]. At the early times of less than 200 fs, where magnetic
order collapses promptly, the temporal resolution is insufficient to resolve the details of the interaction between the lattice and
magnetic orders. However, since the amplitude of coherent modulation of Nd magnetic order correlates with the amplitude of
the magnetic collapse fast than 200 fs and at the same time it tracks the Ni order collapse on this timescale, we infer that the
cooperative dynamics between the magnetism and the lattice is extremely fast.Our measurements thus provide evidence for
angular momentum exchange between magnetic order and the lattice at a frequency of a few THz, serving as direct witness for the
cooperation between the magnetic and structural degrees of freedom that further establishes collectively the response of the IMT.

This together with the different timescales for magnetic order collapse and the IMT are consistent with a picture for
NdNiOswhere the antiferromagnetic order is an essential component in order to form the CO phase. The displacive exci-
tation, results in Nd atoms moving from the larger X ;’ distortion in monoclinic phase to a smaller one that is characteristic for the
high symmetry orthorhombic phase[96], which can induce an instantaneous enhancement of the X as the system stabilizes to
the new equilibrium value. The result of this non-equilibrium enhancement of the X displacement is to favor the insulating
state, as noted by the behavior discussed above. The first coherent oscillation of large magnitude at the Nd site is observed at a
time delay which corresponds well with respective time delay of the IMT tracked by the THz conductivity (see Fig. 3). Such a
conclusion has been suggested theoretically[51, 54, 56], but has been too difficult to prove experimentally given the concomitant
nature of the electronic, magnetic and structural phase transitions. Here, using time-domain techniques, we were able to extract
insight from the fundamental timescales and show clearly that magnetism is the driver of the IMT by revealing that the initial
magnetic collapse triggers the loss of CO and subsequent IMT.

Theory of Distortion Dependent Properties

While a full dynamical theory for the complex NdNiOj3 unit cell is currently out of reach, to obtain deeper insight into how
magnetic order couples to the charge order, we employ density functional theory (DFT) here to examine the electronic structure
and energetics of various magnetic states as a function of static lattice distortions. The energetics of the AFM-E’ monoclinic
structure is compared against the ferromagnetic (FM) solution, which in this context serves as a proxy of the paramagnetic (PM)
state, which is difficult to approximate at the DFT level. However, note that the FM solution that is provided solely by DFT has
orthorhombic symmetry and can capture well the essential structural characteristics of the structural M-O transition observed
during IMT. To include the influence of correlations, a plus Hubbard U = 2 eV correction was used on the Ni d orbitals, which
accurately captures the details of the AFM insulating phase [54]. Specifically, we investigate the evolution of the magnetic and
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electronic properties as a function of the breathing mode distortion (Fig. 5A). We focus on this particular distortion as it is the
primary distortion active at the Pnma — P2 /n transition; in addition, the DFT studies indicate that Jahn-Teller and rumpling
distortions are not operative in determining the magnetic order (see Figure 9).

As a function of the cooperative breathing mode distortion, Fig. SA plots two energy curves corresponding to insulating
AFM-E’ and ferromagnetic (FM) order[17]. The minimum for the AFM case agrees with the experimental value of the breathing
mode distortion and the resulting magnetic order has S ~1 on the LB site and S = 0 on the SB site. The AFM phase is insulating
at all magnitudes of breathing distortion, but the FM phase is only insulating at values of breathing distortion greater than point C
(see bandgap changes versus breathing mode amplitude in Fig. 5(B)). Although a non-collinear spin structure also satisfies the
symmetry for E’-type order [45-47, 64], our results together with other recent theoretical results strongly suggest that the collinear
phase is the stable ground magnetic state [54, 55]. In the calculations shown here, the energy of the FM state is always higher
than the AFM state except close to zero breathing mode distortion, corresponding to the high temperature orthorhombic symmetry
of the paramagnetic metallic phase. Further, we note that the gap between AFM and FM at the AFM minimum is ~kT . To
understand the evolution of these different degrees of freedom upon optical excitation, we consider a sequential process.

Representative for early time delays in the experiment, the arrow from point A to B in Fig. SA corresponds to a direct optical
excitation at a timescale faster than the lattice can respond and alter the cooperative breathing mode distortion (i.e., a shift along
the horizontal axis). As shown by the density of states (DOS) in Fig. 5B, at this point on the FM curve, the system is still
insulating. Since point B is not at the minimum of the FM energy curve, the system will then move towards smaller breathing
distortion and the minimum located at point C, where the system becomes metallic (see Fig. 5C). However, note that the energy
barrier between point C and zero breathing distortion is observed to be much smaller than kT, which indicates that our DFT
calculation predicts effectively a disordered or thermally unstable breathing distortion in the orthorhombic phase. From our
analysis of the calculated density of states above, two key components change between AFM (A) and FM (B) configurations.
First, the local moment on the SB site, which is O p for the AFM phase converts to ~ 0.5 p g in the FM state. This arises from a
local rearrangement of the spin-dependent e, orbital occupancy on the SB site. Secondly, the difference in Born effective charges
between the LB and SB sites increases (see details in appendix Table III). This is associated with the redistribution of oxygen
holes in the lattice due to the change in magnetic state, similar to the process that would be triggered via light induced ICT.

CONCLUSION

Above we have shown evidence for a non-thermal IMT in NdNiOs driven by the collapse of magnetic order. The loss of long
range AFM involves magnetic ordering on both cations sites and occurs faster than 200 fs connected to the fundamental timescale
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of the magnons. On the other hand, the IMT occurs at a timescale of ~450 fs, which is set by the phonon bottleneck of a Nd-O
phonon mode. This phonon modulates the Nd magnetic order at 2.6 THz in the presence of the large angular momentum of the 4f
shell, which in turn activates the role of spin-orbit coupling in mediating the magnetic interaction with the lattice. Strikingly, we
collected direct evidence for development of magneto-structural coupling being substantially faster than IMT, demonstrating that
magnetism indeed stabilizes the lattice order and can be used for ultrafast control of IMT. Now, we can expand and discuss this in
connection to a much wider class of materials with entangled order parameters where the ultrafast dynamic approach can be used
to provide insights not easily accessible under equilibrium conditions. It is useful to consider the present results in the context
of other ultrafast experiments not only on NdNiO3 but more generally in the context of photoinduced IMT dynamics in other
materials.

In manganites, vanadates and 3d transition metal oxides[98—104], where the IMT has a Mott character and occurs proximal
to a change in magnetic and structural order, similar opportunities arise for exploiting systems dominated by strong coulomb
interactions. The photoinduced inter-site charge and spin transfer can be used to exploit ultrafast magnetic responses to investigate
their dynamical coupling with either IMT or with the systems structural degrees of freedom. As our studies show, the rare earth
cations can be used as a tool to enhance the observations of spin-lattice interaction mediated by larger spin-orbit coupling present
within their 4f shells. Furthermore, the magnetic dynamics influencing the structure can be enhanced further at the B-site cations
by spin-orbit (SO) coupling arising in 5d transition metal oxides like in osmates and iridates[105—108]. In these systems, the
SO couplingcompetes with Coulomb electronic interactions and Slater IMT are observed[105, 106]. We also found that the
dynamical approach for disentangling degrees of freedom at the IMT can become potentially useful for other compounds like FeS
and MnB, for which spin-phonon instabilities were identified already[109, 110]. We accordingly expect that the multimodal
ultrafast approach for dynamically establishing the role of different degrees of freedom at IMT will become very useful in the
years to come. Fundamentally, we can use such studies to understand the impact of magnetism in controlling the conductive
properties of quantum materials with large figures of merit.
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Appendix A: Experimental Details

The time-resolved experiments were performed at the Linac Coherent Light Source (LCLS) at SLAC National Laboratory.
The data in this experiment was acquired on a shot by shot basis where complete scope traces on the detection channels were
recorded and stored. The scope traces were analyzed to provide a background subtracted signal for the incident flux (i0), magnetic
scattering, and absorption. The X-ray pulses were 100 fs in duration and the laser excitation was 150 fs, which results in a total
time resolution of ~200 fs. Data was binned into delay channels that were corrected for timing jitter using the phase cavity signal
provided by the LCLS. This allowed us to bin the data into 50 fs width channels. The LCLS source has a very large shot-to-shot
variation in intensity so using the i0 monitor, data was selected only if it exceeded a minimum threshold of 10% of the maximum
i0. Since the peak position and width do not change, during the experiment we monitored the peak intensity to track the magnetic
order.

To monitor the insulator-to-metal transition dynamics of the NdNiOg thin film, we used optical pump-THz probe spectroscopy
to track the formation of free-carriers in the metallic phase. A 1-kHz Ti:sapphire regenerative amplifier laser producing 1.55-eV
near-infrared pulse (800 nm, 3 mJ, 35 fs) was utilized and split into three beams, that are, a pump beam for driving non-equilibrium
dynamics in the sample at 1.55 eV, a beam to generate the THz pulse from ZnTe crystal for probing transient state conductivity and
a gate beam for mapping the time-domain waveform of THz probe pulse through electro-optic sampling in detection ZnTe crystal.
Nickelate samples are seated on cold finger for cryogenic measurements. To achieve optimal temporal resolution, the experiment
was implemented in the following way: (i) both excitation (optical) and probe (THz) beams were collinear and incident on the
sample at normal incidence to eliminate temporal broadening of rising dynamics introduced by oblique incidence of excitation



11

beam and (ii) the single-cycle THz pulse (0.2-2.6 THz) generated from ZnTe crystal was tightly focused on the sample with a
nearly diffraction limited spot size in order to minimize broadening due to spatial chirp of the THz pulse. In this spectral range,
the response probed by THz pulse is dominated by free-carriers, i.e. Drude-response and, in a transmission geometry, the THz
pulse will be modulated in amplitude only, leaving its phase intact as the upper bound of THz spectrum is far below the plasma
frequency of the Drude peak in NNO. The time dependent E-field along the transmitted THz pulse reflects the instantaneous
conductivity as the field propagates through the thin film. Therefore, the temporal resolution of AE(t)/E peak scan is, in principle,
only limited by electro-optical sampling beam (50 fs) and the thickness of the ZnTe, instead of the width of picosecond THz pulse.

In addition, we performed ultrafast degenerate 800 nm pump-probe measurements of the optical response with 20 fs time
resolution. The output of a Yb-doped fibre laser system (200 kHz, 4 W) is used to provide near-IR optical pulses (1.55 eV,
800 nm) through non-collinear optical paramateric amplification (NOPA). The near-IR pulse duration is subsequently compressed
through a prism-pair to sub-20 fs for degenerate optical pump-probe reflection measurements with high sensitivity (AR/R  10~°)
at cryogenic temperatures. The pump and probe are incident non-collinearly at small angles from normal (5 and 10 degrees for the
pump and probe beams, respectively). The pump and probe beams are cross-polarized (pump p-polarized and probe s-polarized).
For a typical measurement, the pump beam diameter is 150 ym and the probe beam size is 100 pm. The intensity of the probe
beam is set to be at least 10 times smaller than that of the excitation beam. Since both our calculations (Fig Figure ??) and Ref. 79
demonstrate that the near infrared reflectivity dynamics (800 nm R/R) are influenced by changes in both electronic and magnetic
order. Due to this, we used this data mostly to track the coherent phonon signature (Figure 4)
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FIG. 6: Rocking curves These two curves show that the peak position and width are unchanged even with a strong suppression of magnetic
order.
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FIG. 7. Nd M4 XAS and rocking curve (A) Shows the XAS measuring the energy position of the Nd M4 peak where the magnetic scattering
signal is the strongest. (B) Rocking curve showing the peak due AFM alignment of the Nd with same periodicity as the Ni order.

Appendix B: DFT Calculations

First-principles calculations were performed with the Vienna Ab initio Simulation Package (VASP) [111]. We employed
the generalized gradient approximation revised for solids functional (PBEsol)[112] in combination with a plus Hubbard U
correction[113] of 2 eV on the Ni 3d states in order to account for electronic correlations of the weakly correlated nickelate. We
used a 550 eV plane wave cutoff and projector-augmented wave (PAW) pseudopotentials with the following electron configurations:
4s23d® (Ni), 2s22p* (0), 5526s25p®5d! (Nd). Brillouin zone integrations were performed using a 3 X 6 x 2 I'-centered k-point
mesh. We did not treat explicitly the magnetism of the Nd f-electrons as they order at very low temperature and they were included
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FIG. 8: Optical measurement of Nd-O phonon At and above the IMT the coherent phonon discussed in the text becomes visible in the
optical AR/R data. For measurements at 160 K show here, the fit shown gives a period of 380.5 + 5 fs, in good agreement with the results from
the Nd magnetic scattering data. Inset shows an enlarged region showing the fit.

as core electrons in the PAW pseudopotential. Unless specified otherwise, we used crystal structures where the cell parameters
are fixed to the experimental values [96] and the ions are relaxed until the Hellmann-Feynman forces are less than 1 meV A1,
Specifically, the atomic relaxations were performed in an 80-atom supercell with P2, /n symmetry to accommodate the collinear
ferromagnetic (FM) and E-type antiferromagnetic (AFM) states. [48, 114]The E-type AFM ordering is an ‘T — 1+ — | — |’
stacking sequence of FM ordered Ni planes along the pseudocubic (111) direction with a magnetic vector ¢ = (1/4,1/4,1/4)
in pseudocubic notation. To calculate the optical conductivity, o(w), we compute the frequency-dependent dielectric tensor for
NdNiOg3 using the PAW methodology[115] with 900 bands ignoring local-field and finite life-time effects. Moreover, we explicitly
neglect intraband transitions, which are responsible for the large metallic screening at low frequency for the metallic cases. The
group theoretical analysis was performed with the AMPLIMODES software[ 116, 117].

DFT ground state crystal structure

The calculated atomic positions (Table I) are in good agreement with the refined structure at SOK [96]. However, the group
theoretical analysis[116, 117] reveals an interesting discrepancy between the experimental and DFT relaxed structures. The
P2, /n structure can be decomposed into eight symmetry-adapted modes[15] corresponding to the irreducible representations
(irreps): R, RT, RI, R;, X5+, MI, M+, and M;r with varying amplitude (Table IT). The ratio, R, between the theoretical (E'-type
AFM) and experimental amplitudes for each irrep (Table IT) reveals that the a-type Jahn-Teller (Ry), d-type Jahn-Teller (M),
and rumpling (M;“) distortions are considerably underestimated in the theoretical structure, whereas the octahedral breathing (R})
mode[15] and the other symmetry-modes are well described.

In orbitally degenerate systems, such as rare-earth nickelates, the metal-insulator transition is driven by a ‘charge’ ordering,
concomitant with a breathing distortion, which can be viewed as an alternative to a first-order Jahn-Teller distortion[49]. Therefore,
the Jahn-Teller distortions (Rj and MJ) are anticipated to play a minor role in the temperature dependent MIT in NdNiOj3. Other
experimental reports of the structure indicate the absence of any Jahn-Teller distortions in the nickelate[118]. Moreover, the
amplitude of the rumpling distortion (M;) for the experimental structure from Ref. 96 appears anomalous when compared to that
of other rare-earth nickelates[15]. This suggests that the NdNiO3 experimental structure may require further refinement. Although
we find that the breathing distortion (Rf) is enhanced for U > 2 eV, the Jahn-Teller (R;,_ and M; ) and rumpling (M;‘) distortions
are essentially insensitive to U, which supports the view that ‘charge’ order is at the origin of the MIT in NdNiOs.
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Table II for the experimental structure. The secondary distortions do not stabilize the E-type AFM ordering and raise the total energy in the
same way. At the energy minimum a-type Jahn-Teller and rumpling distortions are zeroed, in agreement with the modes decomposition of the

theoretical structure shown in Table II.

P2y /n (#14) a=537783 A, b="5.38846 A, c = 7.60511 A

a=v=90°5=90.061°
Experimental structure (7" = 50 K)

Atom Wyck. Site x Y z

Nd de 0.49321 0.03910 0.74950

Nil 2b 0 0 172

Ni2 2a 0 0 0

Ol de 0.57520 0.48660 0.75210

02 de 0.21430 0.27620 0.52670

03 4e 0.71870 0.20360 0.44700

PBEsol+U (2 eV)

Atom Wyck. Site T Y z

Nd 4e 0.49075 0.04312 0.75015

Nil 2b 0 0 172

Ni2 2a 0 0 0

O1 4e 0.57282 0.49083 0.74526

02 de 0.22117 0.28853 0.54000

03 de 0.71122 0.22003 0.46007

TABLE I: Comparison between the experimental and DFT crystallographic parameters for monoclinic (P27 /n) NdNiO3s. The DFT
crystal structure, with E-type antiferromagnetic ordering, is in good agreement with the experimental data reported in Ref. 96. This confirms
that PBEsol functional with a plus Hubbard U of 2 eV accurately describes the low temperature crystal structure of NdNiOs.
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FIG. 11: Total density of states for NdNiOs. Total density of states at points A, B, C referred to in the main text.
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NdNiO; R} R} R} Ry M M7 M7 X+
Ferromagnetic (PBEsol+U=2 eV) 0.044 0.002 0.592 0.056 0.003 0.380 0.0005 0.244
E-type AFM (PBEsol+U=2 eV) 0.062 0.001 0.581 0.057 0.002 0.366 0.0004 0.237
Experiment - Insulator (Ref. 96) 0.063 0.025 0.589 0.059 0.015 0.375 0.141 0.222
Experiment - Metal (Ref. 96) 0 0 0.564 0.043 0.019 0.38 0 0.1965
R — AF Minsulator 0.98 0.04 0.99 0.97 0.13 0.98 0.003 1.07

TABLE II: Symmetry-adapted distortion modes for the theoretical and experimental low temperature phase of NdNiO3. Amplitudes
of each symmetry-adapted mode (notation given with respect to the Pm3m aristotype) in the experimental and theoretical P21 /n NdNiO3
structures (units in A). R is defined as the ratio between the theoretical and experimental amplitude of each irreducible representation (irrep) for
the E-type AFM ground state. The breathing (R}"), a-type Jahn-Teller (R3+), and rumpling M5+) distortions responsible for the Pnma — P21 /n
symmetry lowering transition are in red. The physical representation of each distortion mode can be found in Figure 5 of Ref. 15. For
completeness of information we report the amplitudes or each irrep for the ferromagnetic configuration.
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E-type AFM (A) FM (B) FM (C)
Nirg Nisp Nizp Nisg NirB Nisp
Born effective charge 2.22 2.59 2.08 2.81 - -
dlg 42 0.927 0.643 0.923 0.765 0915 0.783
dihyz 0.356 0.643 0.341 0.505 0.357 0.488
d; 0.932 0.644 0.931 0.769 0.919 0.790
diz 0.354 0.644 0.343 0.506 0.359 0.488

TABLE III: Born effective charge and occupancies of the e, states of Ni atoms. Orbital occupation of the e, states of Ni atoms at the end
points of the transition A—B—C shown in Fig. 3a. The ¢34 states are fully occupied.

Nizp Nisp Oapical Olpiane O2p1ane
E-type AFM (A) 1.185 0 0.004 0.010 0.014
FM (B) 1.221 0.515 0.034 0.034 0.036
FM (C) 1.158 0.593 0.031 0.031 0.033

TABLE IV: Local magnetic moments of Ni and O atoms. Local magnetic moments (x4 g) at the end points of the transition A—B—C shown
in Fig. 5a.
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