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Photoinduced structural dynamics of rare-earth nickelate thin films, NdNiO3z and SmNiO3s, grown
on (001) oriented SrTiO3 were studied using time-resolved x-ray diffraction. The evolution of the
(002) Bragg peak was tracked following laser excitation. The recovery pathways were found to be
strongly dependent on laser fluence for NdNiO3 and distinct for the two rare-earth nickelates. The
recovery of the (002) peak shifts was modeled using a one-dimensional thermal diffusion model which
showed that the recovery processes are non-thermal at high fluences. For NdNiOg, the timescales
for the recovery of the (002) peak shift were found to be closely related to Ni magnetism recovery,
potentially indicating magneto-structural coupling. Moreover, the evolution of integrated intensity
and full-width-half-maximum points towards the presence of a structural phase separation during
recovery. Our studies highlight structural recovery pathways in nickelates by comparing the distinct

responses of the photoinduced metal-insulator transition in NdNiOgz and SmNiOs.

I. INTRODUCTION

Photoexcitation by means of ultrashort optical laser
pulses provides a novel approach to initiate and manip-
ulate an insulator-to-metal transition (IMT) in transi-
tion metal oxides [1-5]. In comparison to other meth-
ods of controlling IMT such as epitaxial strain [6, 7],
doping [8, 9], magnetic field [10, 11] or applied voltage
[12, 13], photoexcitation provides a unique way to iden-
tify the interplay of electronic, magnetic and structural
degrees of freedom in time domain. It also enables ac-
cess to transient metastable states not observed in ther-
mal equilibrium [14]. Recently, it has been shown that
the photoinduced IMT in rare-earth nickelates (RNiOg
where R= Nd, Pr, Sm, Eu, etc.) can be driven at sub-
picosecond timescales with a laser fluence nearly an order
of magnitude smaller than the widely studied vanadate
system [15, 16]. Additionally, the IMT can be tuned to
near room temperature via substrate strain [6], substrate
symmetry [17] or by choice of rare-earth cation [18], mak-
ing rare earth nickelates excellent candidates for ultrafast
manipulation.

RNiO3 undergo a metal-to-insulator transition (MIT)
on cooling during which the crystal structure trans-
forms from orthorhombic (Pyprm) to monoclinic (P, /c),
the paramagnetic state switches to an antiferromagnetic
state and charge ordering occurs [18-20]. In RNiOs,
the magnetic and electronic properties can be tuned by
varying the tolerance factor of the perovskite structure.
A smaller rare earth cation leads to a more distorted
structure, resulting in a 500 K variation of the transi-
tion temperature (Tyr) as the rare earth cation size
decreases from Pr to Lu for bulk nickelates [18]. For
NdNiOs, the Ty and Neel temperature (Tyx) coincide
while nickelates with smaller rare-earth cations such as
SmNiO3 (SNO) show a separation of the electronic and

magnetic transition with Tyt > Tn. Heteroepitaxial
strain results in separation of the insulator-to-metal and
the magnetic phase transition temperature observed in
bulk NNO, and compressive strain can lead to disappear-
ance of the MIT, resulting in metallic films over the entire
temperature range [6]. As epitaxial strain or rare earth
cation can significantly alter the phase diagram, photoin-
duced measurements of the nickelate family can provide
unique insights into the coupling of electronic, magnetic
and structural degrees of freedom as well as methods to
tailor ultrafast behavior.

In this article, we have utilized time-resolved x-ray
diffraction (tr-XRD) to study the photoinduced struc-
tural recovery dynamics of tensile strained NNO and
SmNiOz (SNO) thin films. While extensive work has
been performed on understanding excitation pathways
from the insulating to the metallic state[16, 21-29], only
a few studies have focused on the recovery pathways from
the metallic to insulating state in nickelates [15]. Our tr-
XRD experiments for NNO revealed a strong laser fluence
dependence for structural recovery indicating presence
of non-thermal pathways at higher fluence. The sign of
Bragg peak shifts for both NNO and SNO are consistent
with thermal diffusion model calculations. Photoinduced
strain recovery in NNO occurs at similar timescales as
Ni magnetism [26], indicating magneto-structural path-
ways for recovery. Measurement of the full-width-half-
maximum and integrated intensity of the (002) Bragg
peak suggests structural phase separation, which is con-
sistent with recent reports for NNO [15]. Phase separa-
tion is not observed for SNO, highlighting the distinct re-
sponse of two nickelates with different rare-earth cations.
The coupling of structural recovery with magnetism as
well as domain dynamics at ultrafast timescales reveals
the rich transient physics observed in rare-earth nicke-
lates.
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FIG. 1. Photoinduced structural evolution of NNO and SNO thin films: (a) NNO (002) peak shift as a function of time delay
for different incident pump fluences. The inset shows NNO (002) Bragg peak at 100 ps after photoexcitation for a fluence of 9.3
mJ/cm? (red) and 400 ps for a fluence of 1.5 mJ/cm? (blue) which are compared with the Bragg peak before laser excitation
(black). For the low fluence, the peak shift indicates a lattice contraction which reaches its maximum value at 400 ps, while
for the higher fluence, the peak shift shows a lattice expansion which reaches its maximum value at 100 ps. (b) SNO (002)
peak shift as a function of time delay for different incident pump fluences. The inset shows SNO (002) Bragg peak before
photoexcitation (black) and at 100 ps for a laser fluence of 8.1 mJ/cm? (red). The SNO peak shift shows an out-of-plane
expansion of the lattice within 100 ps. Black lines overlaid on the delay curves represent exponential fits as described in the

text.
II. EXPERIMENTAL METHODS

A NNO thin film (19 nm) was deposited on a (001) ori-
ented SrTiO3 (STO) substrate using RF magnetron sput-
tering in a 3:1 Ar/Oz environment and a total pressure
of 130 mTorr at 500° C. A SNO thin film (30 nm) was
deposited on a (001) oriented STO substrate using pulsed
laser deposition [30]. Reciprocal space maps around the
(103) peaks confirmed that both films are commensurate
with the substrate. Note that psuedocubic notation is
used throughout the article for Miller indices. The STO
substrate imparts a heteroepitaxial tensile strain of 2.6%
and 2.7% for the NNO and SNO film, respectively. 6 —26
scans of the (002) Bragg peak show that the out-of-plane
lattice parameter of NNO and SNO thin films is 3.778 A
and 3.816 A at 300 K, respectively. Resistivity measure-
ments indicate Thsrr of 106 K for NNO and above 400
K for SNO (see Section S1 of the Supplemental Material
[31]). The variation in Tyt of these films compared to
literature could be due to oxygen deficiencies caused due
to high tensile strain. The temperature dependent x-ray
diffraction (XRD) data on NNO and SNO were collected
at Sector 33 at the Advanced Photon Source (APS) with
an x-ray energy of 16 keV and will be discussed below in
Section IV.

Tr-XRD measurements were performed at Sector-7 at
APS at Argonne National Laboratory. Laser pulses with
60 fs pulse width (‘pump’) from a Ti:Sapphire laser sys-
tem (repetition rate 1 kHz) were used to induce the IMT.
The pump wavelength (800 nm) is above the band gap of

NNO and SNO. The laser fluence are reported in terms
of the incident fluence. The photoinduced structural
changes were measured using x-ray pulses tuned to 10
keV (‘probe’). The x-ray spot size was 50 pm and 100 pm
for NNO and SNO, respectively, and the laser spot size
was 500 pm. Tr-XRD measurements were performed at

(002) and (%%%) Bragg peaks for a delay range of -0.2 ns
to 6 ns for NNO and -0.15 ns to 10 ns for SNO. Diffracted
x-ray photons were collected by a two-dimensional pixel
array detector (Pilatus 100K, Dectris Ltd.) with a pixel
size of 172 num. 6 — 26 scans of the (002) Bragg peak and
L-scans of the (312) taken at specific time-delays after
laser excitation were fit with a Gaussian curve to extract
peak position and full-width-half-maximum (FWHM) of
the peak. Area under the curve was calculated to ob-
tain the integrated intensity. Note that the presence of
twinned orthorhombic domains in NNO/STO films can
also contribute to the intensity of half order Bragg peak
[36]. Photoinduced change in these parameters are plot-
ted relative to the before time zero value throughout the

article.

III. EXPERIMENTAL RESULTS

Figure 1 shows the (002) peak shift (Af) for NNO and
SNO films following photoexcitation for a range of pump
laser fluences. NNO was photoexcited from its antifer-
romagnetic insulating phase at 15 K whereas SNO was
photoexcited from its paramagnetic insulating phase at
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FIG. 2. Comparison of photoinduced strain (red circles), FWHM (green diamonds) and integrated intensity (blue squares) for
(002) Bragg peak for (a) NNO film for a pump fluence of 9.3 mJ/cm?, and (b) SNO film for a pump fluence of 8.1 mJ/cm?.

350 K. A clear sign reversal of the photoinduced peak
shift with increasing laser fluence is observed for NNO
in Figure 1(a). For 1.1 - 1.9 mJ/cm?, a positive Af in-
dicating a decrease in c-lattice parameter is observed.
While above 2.4 mJ/cm?, a negative Af indicating an
increase in the c-lattice parameter is measured. The in-
set in Figure 1(a) shows NNO (002) Bragg peak for pump
fluence of 1.5 mJ/cm? at 400 ps and 9.3 mJ/cm? at 100
ps. The comparison with Bragg peak before photoexci-
tation clearly shows the shift in opposite directions for
the two pump fluences. For SNO, all fluences result in
a photoinduced peak shift towards lower theta values in-
dicating expansion along c-axis as shown in Figure 1(b).
The inset in Figure 1(b) shows SNO (002) Bragg peak
for pump fluence of 8.1 mJ/cm? at 100 ps.

The photoinduced evolution of the (002) Bragg peak
was fit using an exponential function as described in Sec-
tion S3 of SM [31]. The results of the temporal fits are
shown in Figure 1(a, b) (black curves) and time con-
stants are tabulated in Table S1 in SM [31]. For NNO,
the peak shift dynamics can be separated into three flu-
ence regimes: low, intermediate and high fluence regime.
In the low fluence regime (1.1 - 1.9 mJ/cm?), the laser
excitation leads to a positive Af (71) which reaches a
maximum value within 400 ps after which it starts to re-
cover (73). The time constants 71 ~ 150 ps and 7o ~ 1—2
ns are similar for all fluences in the low fluence regime.
In the intermediate fluence regime (2.4 - 4.2 mJ/cm?),
the laser excitation leads to a negative Af within <100
ps, limited by the temporal resolution of the experiment.
An initial quick recovery (m; ~ 200 ps) results in Af
crossing zero and becoming positive followed by a longer
recovery (72 ~ 1 — 2 ns). For the high fluence regime
(5.7 - 9.3 mJ/cm?), an immediate negative Af (<100
ps) succeeded by a quick recovery (71) which results in
overshooting the initial ground state followed by a slow
recovery is observed. For high fluence regime, 7 shows
a fluence dependence and increases from 240 ps £ 20 ps
to 320 ps £ 20 ps for 5.7 mJ/em? to 9.3 mJ/cm?. Fol-
lowing the initial quick recovery, the value of Af remains

almost constant within the measured range of 6 ns, in-
dicating a longer recovery compared to intermediate and
low fluences. In comparison, the photoinduced evolution
for SNO varies monotonically with the increasing laser
fluence with no distinct fluence regimes. As shown in
Figure 1(b) for SNO, an immediate negative Af is ob-
served within 100 ps and the recovery processes consists
of a quick recovery (r; ~ 200 ps) and a slow recovery
(12 ~ 2 ns) for all the measured fluences.

In order to further investigate the photoinduced struc-
tural recovery, the (002) Bragg peak was fit with a Gaus-
sian profile to obtain integrated intensity and FWHM,
which are related to changes in crystal symmetry and
crystallite size respectively. Figure 2 compares the tem-
poral evolution of out-of-plane strain, FWHM and inte-
grated intensity for (002) Bragg peak for the highest flu-
ence measured for both NNO and SNO thin films (Other
fluences are presented in Section S4 of SM[31]). A clear
difference between temporal evolution of strain, FWHM
and integrated intensity is observed for both thin films,
indicating the presence of multiple processes during re-
covery. For NNO, the FWHM achieves a maximum value
at =~ 50 ps, whereas the strain shows a maximum at =~
100 ps. While the 50 - 100 ps pulse width of synchrotron
x-rays limits insight into this decoupling during exci-
tation, it provides information regarding recovery pro-
cesses. The FWHM overshoots initial value during the
quick recovery resulting in a sign reversal which recovers
slowly to the initial state. On the other hand, the inte-
grated intensity shows a continuous increase followed by
a slower decay to the initial state. For SNO, both the
FWHM and integrated intensity show a different tempo-
ral evolution compared to NNO. After laser excitation,
fast modification is observed for both FWHM and inte-
grated intensity, which recovers within ~ 250 ps to the
initial state.

We also measured the half order peak (%g%) for NNO

and (113) for SNO (Section S5 and S6 of the SM [31]

respectively.) , which arises due to octahedral rotations
in the perovskite structure [37]. Similar to (002) peak,
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FIG. 3. Fluence dependence of strain, FWHM and integrated intensity: (a) Photoinduced changes in out-of-plane strain of
NNO (closed red circles) and SNO (open red circles) at 100 ps as a function of laser fluence. Error bars are on the order
of symbol size for strain. (b) Photoinduced change in (002) FWHM of NNO (closed green diamonds) and SNO (open green
diamonds) as a function of laser fluence. An average of FWHM in the time delay range of 0.75 ns - 1.25 ns is shown with error
bars representing standard deviation. (c) Photoinduced change in (002) integrated intensity of NNO (closed blue squares) and
SNO (open blue squares) at 500 ps as a function of laser fluence. Error bars represent standard deviation of integrated intensity

before laser excitation.

a shift to higher L is observed for low fluences whereas
high fluences cause a shift to lower L. On the other hand,
no photoinduced change in peak position, FWHM or in-
tegrated intensity was observed in the h-direction, indi-
cating that epitaxial strain from the substrate effectively
pins the in-plane lattice parameters of the film.

Figure 3 shows the fluence dependence for strain,
FWHM and integrated intensity of the (002) Bragg peak.
The comparison of photoinduced strain for NNO and
SNO thin films at 100 ps clearly shows non-linear and
linear fluence dependence, respectively. The sign rever-
sal in strain for NNO is similar to temperature dependent
static XRD which will be discussed in Section IV. Figure
4(b) presents an average FWHM value for a time delay
range of 1 ns £ 0.25 ns. For NNO, no significant change
in FWHM is observed for the low and intermediate flu-
ence regime whereas a decrease in the FWHM is seen in
the high fluence regime. For SNO, no fluence dependence
of FWHM is detected. Figure 3(c) plots the integrated
intensity at 500 ps for NNO and SNO. For NNO, no sig-
nificant change is observed for the low fluence regime,
while a linear fluence dependence is observed for inter-
mediate and high fluence regime. This linear increase in
integrated intensity is higher than the calculate increase
of 0.01% due to change in crystal symmetry from mono-
clinic (P21 /n) to orthorhombic (Pbnm) crystal structure
using atomic positions reported in Garcia-Munoz et al.
[20]. In contrast, no significant change in integrated in-
tensity is observed for SNO. The striking differences in
fluence dependence of NNO and SNO indicate towards
different recovery processes at play for the two nickelate
systems. Thermal modeling and analysis was performed
to further discern the recovery processes underlying the
structural evolution in nickelate thin films.

IV. THERMAL MODEL AND ANALYSIS

A one-dimensional thermal diffusion equation of a het-
erostructure was solved numerically to generate a film
temperature vs time profile (Section S8 of the SM [31]).
Similar model has been previously utilized for complex
oxides thin film heterostructures [38, 39]. While most
sample parameters used in the model were obtained from
literature, interface conductance, an important param-
eter in determining the cooling rate estimated by the
thermal model, is not currently available for NNO/STO
and SNO/STO. Thermal simulations were carried out
for 1,000 W/ecm?/K and 100,000 W/cm?/K to cover a
range of values typically seen for oxides. For exam-
ple, STRuO3/SrTiO3 heterostructure has one of the high-
est reported values of interface conductance of 80,000
W /em?/K [40]. Higher interface conductivity value of
100,000 W/cm? /K resulted in better fit of experimental
data at lower and intermediate fluences (Fig S12 of SM),
and thus was used for the simulations.

The temperature vs time curves obtained from the
thermal diffusion model were converted to Af vs time de-
lay by utilizing temperature-dependent XRD data mea-
sured in thermal equilibrium. Although, one important
caveat is that during laser excitation the substrate re-
mains near the ambient temperature (pump energy is
below the band gap of STO), while in temperature-
dependent XRD measurements both substrate and film
are in thermal equilibrium. In order to address this dif-
ference, we modified temperature dependent XRD curve
to include Poisson’s expansion due to in-plane clamping
of the film by the substrate (Section S8 of the Supplemen-
tal Material [31]). Figure 4(a) and (b) presents the (002)
peak shift of NNO and SNO respectively, obtained using
temperature dependent XRD measurements, as well as
peak shift calculated after considering the in-plane epi-
taxial constraint imparted by the substrate. Note that
peak shifts Af are plotted relative to the (002) peak posi-
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FIG. 4. Thermal diffusion modeling of NNO and SNO: Temperature dependence of (002) peak shift for (a) NNO and (b) SNO
obtained from temperature dependent XRD measurements (black squares) and after including in-plane clamping by substrate

(blue circles). Vertical dashed lines mark the initial film temp

erature achieved for respective pump fluence. Comparison of

experimental and simulated NNO (002) peaks shift for pump fluence of (c) 1.5 mJ/cm? (circles) and 2.9 mJ/cm? (diamonds)

and (d) 9.3 mJ/cm?. Comparison of experimental and simulat
and (f) 8.1 mJ/cm?. Simulations were done for an interface con

ed SNO (002) peak shift for pump fluence of (e) 1.8 mJ/cm?
ductance of 100,000 W/cm? /K and assuming an initial sample

temperature of 15 K and 350 K for NNO and SNO respectively, same as the experimental measurements.

tion at 30 K for NNO and 350 K for SNO. The measured
XRD for NNO (black curve) shows that as the film is
heated from its insulating state, Af increases until Ty
is achieved, after which A starts to decrease again, indi-
cating contraction followed by expansion of the unit cell.
This is consistent with the literature for films grown on
STO [36]. The substrate constraint calculated peak shift
(blue curve) also shows similar behavior albeit with larger
magnitude due to in-plane epitaxial constraint. Consid-
ering substrate constraint for SNO leads to a larger neg-
ative A6 i.e. expansion of the c-lattice parameter which
increases with temperature. Note that while the temper-
ature dependence of the lattice parameter for SNO thin
films has not been reported in the literature, the c-lattice
parameter of bulk SNO shows a change at the TMIT sim-
ilar to NNO. For films, the tensile in-plane strain from
the substrate or the presence of oxygen vacancies could
be responsible for differences in behavior compared to
bulk.

Figure 4(c)-(f) compares the simulated peak shifts
(ABihermal) With experimental peak shifts (Afexperiment)
for NNO and SNO. Note that Afnermal and Abexperiment
have been normalized for comparison. For the low and

intermediate fluences, normalization was done using the
maxima in the peak shift while for higher fluences and
SNO, normalization was done using minima in the peak
shift. Three key observations can be made from the
calculated temperatures and simulated peaks shifts for
NNO. Firstly, the lowest measured fluence of 1.1 mJ/cm?
leads to a film temperature of 161 K, implying that laser
excitation can drive the IMT even for the low fluence
regime. The corresponding temperature for a given flu-
ence is indicated in Fig 4(a). Secondly, the sign of experi-
mentally observed peak shift for all fluences is reproduced
by the model. Specifically, the thermal diffusion model
and simulated peak shift can explain the photoinduced
peak shift for low and intermediate fluences. As the film
temperature is only slightly above T for low fluence
regime, a positive photoinduced peak shift is observed
for both experimental and simulated curves. During re-
covery as the temperature lowers, a maxima in Af is
observed due to the inverted U-shape of temperature de-
pendent XRD (Fig 4(a)). Increasing the fluence to inter-
mediate regime leads to higher temperature which corre-
sponds to negative Af consistent with temperature de-
pendent XRD. During recovery, as the film temperature



lowers, A6 traverses temperature dependent XRD which
results in a sign reversal and a maxima in the peak shift
again due to the inverted U-shape of the XRD. Note that
the maxima in peak shift is the same for low and inter-
mediate fluence regimes as the film reaches same struc-
ture dictated by temperature dependent XRD. Lastly,
for high fluence regime, the simulated peak shift cannot
reproduce experimentally observed behavior. However,
the model correctly shows that the film does not cool
fast enough to traverse the inverted U-shaped of temper-
ature dependent XRD within the measured delay range,
which is consistent with the experimental observation of
no maxima observed in peak shift for the high fluence
regime. The disparity between recovery timescales esti-
mated by the thermal diffusion model and experiment
increases with increasing laser fluence pointing towards
non-thermal recovery behavior at higher fluences.

For SNO, experimentally observed negative peak shifts
are consistent with simulated peak shifts. However, the
simulated recovery rates of Afipermal are slower than ex-
perimentally observed peak shifts Afexperiment €ven at
lower fluences. The discrepancy between Afipermal and
ABexperimens could be due to additional factors not in-
cluded in this simple model. For example, due to lack of
materials parameters for SNO such as band gap and ther-
mal conductivity, parameters of NNO were used. Fur-
thermore, a Poisson’s ratio of 0.3 was assumed for the
calculations. Additionally, an assumption that heat ca-
pacity for bulk can be used for thin films can also poten-
tially introduce errors in temperature estimates. Overes-
timation of temperature can also occur due to absence of
latent heat term in the model. Additionally, limited tem-
perature range of thermal XRD measurements implied
that linear extrapolation was used to estimate peak shift
at higher temperatures, which can overestimate the cal-
culated peak shifts. Overall, these simulations suggest
that while the sign of photoinduced structural changes
seen in NNO and SNO is dictated by thermal transport,
the role of non-thermal processes for high fluences cannot
be ruled out due to limitations of the thermal model.

V. DISCUSSION

As mentioned above, the thermal diffusion model sim-
ulates major aspects of the recovery dynamics for low and
intermediate fluences for NNO. However, the fast recov-
ery of NNO (002) peak shift for the higher fluence regime
cannot be reproduced by thermal diffusion model. Ad-
ditionally, in the high fluence regime, the photoinduced
increase in NNO (002) integrated intensity Bragg peak
(Figure 2 and SM Figure S4) is higher than expected
from structure factor calculations. Both the peak shift
and integrated intensity behavior thus point towards non-
thermal recovery in the high fluence regime.

We compared the structural dynamics measured in this
article with recovery dynamics of magnetism [26] and
conductivity [15] in NNO, reported in the literature for

same excitation wavelength (800 nm) and laser fluences
that led to comparable film temperatures. Ultrafast res-
onant soft x-ray magnetic scattering measurements of
NNO conducted by Caviglia et al. [26] have shown that
higher pump fluences (> 1 mJ/cm?, excited from a tem-
perature of 40 K) lead to a complete quenching of the
antiferromagnetic order at the Ni site, which recovers
with a time constant > 100 ps. Figure 5(a) compares
the ultrafast evolution of Ni magnetism and the (002)
peak shift for NNO and SNO. We see that the NNO
peak shift recovers at similar timescales as that of Ni
magnetism while SNO recovery is slower than NNO and
Ni magnetism. Similar recovery timescales for structural
Bragg peak and Ni magnetism point towards magneto-
structural coupling which has been reported to play a
major role in driving photoinduced IMT in NNO [16].
On the other hand, while the recovery of SNO peak shift
is slower than that of NNO, direct measurements of Ni
magnetism dynamics in SNO below Neel temperature
are required to conclusively understand the role of mag-
netism on the photoexcited structural dynamics in nicke-
lates. Additionally, structural measurements at ultrafast
timescales (1-100 ps) could provide further insights into
coupling of magnetism, electronic and structural degrees
of freedom.

Figure 5(b) compares the evolution of (002) integrated
intensity measured in our study with the ultrafast THz
conductivity behavior of NNO [15]. The slow non-
exponential recovery observed in the THz conductivity
dynamics was attributed to nucleation and growth of the
insulating domains from the metallic domains as the film
cools below Tyr. The striking similarity in the recov-
ery profiles points towards a similar process at play. This
phase separated and heterogeneous excited state can re-
sult in strain gradients and mosaicity in the film. Mosaic-
ity arising due to strain gradients can result in integrated
intensity variations [41, 42]. On the other hand, no
such increase in integrated intensity is observed for SNO.
While THz conductivity studies of SNO are not yet avail-
able in literature, THz conductivity of EuNiOj, which
also has a smaller tolerance factor than NNO and dis-
plays a seperation in Ty and Ty similar to SNO, shows
an exponential recovery due to the absence of nucleation
and growth [15]. The resultant system would have mini-
mal strain gradient and could be a reason for no observed
variation in integrated intensity at > 250 ps timescales.
X-ray microscopy studies at ultrafast timescales would
be important to uncover the spatial heterogeneity of this
transition in nickelates at the nanoscale.

VI. CONCLUSION

In summary, we performed a comprehensive study of
structural dynamics in rare-earth nickelate thin films as
a function of pump fluences. The photoinduced behav-
ior of the out-of-plane lattice parameter shows a dis-
tinct response for NNO and SNO which was explained
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FIG. 5. Comparison of photoinduced recovery of structural (this article), magnetic [26] and electronic degrees of freedom [15]:
(a) Comparison of the (002) peak shift for NNO and SNO observed in our study with Ni magnetism dynamics reported by
Caviglia et al. [26] for NNO. Black curve represents Ni magnetism following photoexcitation of NNO from 40 K with a laser
fluence of 2.7 mJ/ecm? which is compared with the (002) peak shift of NNO from 15 K (closed red circles) and SNO from 350
K (open red circles) with a laser fluence of 2.9 mJ/cm? and 3.8 mJ/cm? respectively. (b) Comparison of NNO (002) integrated
intensity with the ultrafast THz conductivity dynamics of NNO reported by Abreu et al. [15]. The black curve represents the
THz conductivity of NNO measured at 103 K following photoexcitation with laser fluence of 1.5 mJ/cm? which is compared
with the change in integrated intensity for NNO measured at 15 K with a laser fluence of 2.9 mJ/cm? (blue diamonds) and
4.2 mJ/ cm? (light blue inverted triangles). Dashed black lines for conductivity are generated from equation of fit provided in
reference [15]. Note that curves are normalized to compare recovery timescales.

using a one-dimensional thermal diffusion model. The
photoinduced recovery of the out of plane lattice pa-
rameter occurs at similar timescales as that of ultra-
fast Ni magnetism, hinting towards magneto-structural
coupling at ultrafast timescales. The integrated inten-
sity and FWHM capture indications of a photoinduced
phase separation in NNO that is absent for SNO, imply-
ing that the first order nature of MIT of NNO is man-
ifested in ultrafast processes. Overall, the decoupling
of recovery timescales for photoinduced strain and inte-
grated intensity points towards a thermally inaccessible
structural state with complex recovery pathways where
the system is phase-separated into metallic and insulat-
ing domains, and magnetism is potentially linked to the
photoinduced strain. These insights improve our under-
standing of the recovery mechanisms of the lattice and its

interactions with multiple degrees of freedom at nanosec-
ond timescales and nano- to meso- lengthscales, which
can help facilitate faster magnetic and electronic switch-
ing.
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