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Wide-band-gap insulators such as NiO offer the exciting prospect of coherently
manipulating electronic correlations with strong optical fields. Contrary to metals where
rapid dephasing of optical excitation via electronic processes occurs, the sub-gap
excitation in charge-transfer insulators has been shown to couple to low-energy
bosonic excitations. However, it is currently unknown if the bosonic dressing field is
composed of phonons or magnons. Here we use the prototypical charge-transfer
insulator NiO to demonstrate that 1.5 eV sub-gap optical excitation leads to
a renormalised NiO band-gap in combination with a significant reduction of the
antiferromagnetic order. We employ element-specific X-ray reflectivity at the FLASH
free-electron laser to demonstrate the reduction of the upper band-edge at the O 1s-
2p core-valence resonance (K-edge) whereas the antiferromagnetic order is probed via
X-ray magnetic linear dichroism (XMLD) at the Ni 2p-3d resonance (L,-edge).
Comparing the transient XMLD spectral line shape to ground-state measurements
allows us to extract a spin temperature rise of 65 + 5 K for time delays longer than 400
fs while at earlier times a non-equilibrium spin state is formed. We identify transient
mid-gap states being formed during the first 200 fs accompanied by a band-gap
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reduction lasting at least up to the maximum measured time delay of 2.4 ps. Electronic
structure calculations indicate that magnon excitations significantly contribute to the
reduction of the NiO band gap.

1 Introduction

Antiferromagnets (AFMs) have gained increasing interest and attention in both
fundamental research and technological development. Since AFMs have zero net
magnetization in their ground state, they are robust against external magnetic
fields and have the promising potential to facilitate spintronic devices with
ultrahigh speeds in the THz range."” Despite intense experimental studies and
theoretical modelling efforts that have been dedicated to the coupling mecha-
nisms between charge, spin and lattice degrees of freedom, the important
interaction pathways remain elusive.

Owing to the development of ultrafast optical laser and free-electron laser
(FEL) radiation sources that improve the temporal resolution even towards the
few-femtosecond regime and the development of computing algorithms, scholars
in this field have been able to unambiguously detect and model the complex
dynamics in strongly correlated materials. With scattering techniques, using
electrons,® X-ray photons* or neutrons,” one can investigate the ordering of the
lattice or the AFM order. The diffraction signal of multiple-integer Bragg peaks is
assigned to the structural re-arrangement, while the multiples of half-integer
peaks are assigned to the magnetic ordering.® With spectroscopic techniques, one
can study the electronic configurations with element specificity’”® and spin exci-
tations in magnetic systems."’

Nickel oxide (NiO), as a prototype AFM, is a good candidate for studies in
strongly correlated materials due to its well separated intra-gap states,'" large spin
density>*>** and a high Néel temperature (Ty ~ 523 K).”**** Above Ty, NiO has
a rock-salt structure (point group Fm3m) with a lattice constant of 4.176 A. Below
T, the Ni** spins are ferromagnetically aligned along (11—2) directions within
the (111) plane, and adjacent (111) planes are coupled antiferromagnetically,
which composes two sublattice AFM systems. Due to exchange striction, the AFM
ordering of the spins induces a small contraction along the (111) direction,
resulting in a rhombohedral distortion of the crystalline structure. This distortion
induces a reduction of the crystallographic symmetry from point group Fm3m of
the cubic structure to point group C2/m of the rhombohedral structure. Since
there are four energetically degenerate (111) directions, the distortion can occur
along any of the four equivalent directions. This results in four types of twin-
domains (T-domain). For each T-domain, there are three possible spin orienta-
tions (S-domain). In total, there can be 12 orientational domains in NiO crystals.

In various static measurements, the typical X-ray magnetic linear dichroic
(XMLD) line shape, which is directly linked to the long-range ordering in AFMs,
has been observed in NiO by varying the temperature,” the experimental geom-
etry”'® or measuring XMLD from different AFM domains in microscopy.'”** There
have also been a large number of time-resolved measurements carried out in NiO
in order to disentangle the coupling between different degrees of freedom. With
time-resolved optical measurements, oscillations with THz frequencies have been
observed and assigned to magnon excitation.'*'*** In a recent experiment,
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researchers have investigated the lattice dynamics of NiO using femtosecond
electron diffraction,® and the origin of the rhombohedral lattice distortion was
assigned to the weakening of the AFM order. However, there is so far no direct
evidence of a laser-induced change in the AFM order driven by femtosecond laser
pulses in time-resolved magnetic diffraction measurements.*

In this article, we report the investigation of the ultrafast manipulation of the
AFM order in NiO films via sub-gap optical excitation. Using time-resolved reso-
nant X-ray reflectivity, we observe XMLD line shape changes at the nickel L,-edge,
i.e., for 2p,,,-3d transitions, and band gap renormalisation at the oxygen K-edge
(1s-2p transitions). By comparing with static XMLD measurements at different
temperatures,” we determine the laser-induced temperature change of the spin
system to be 65 £ 5 K. In order to explain the band gap renormalisation observed
at the oxygen K-edge, we use first principles calculations to investigate the
influence of magnetic excitations on the band structure with the density-func-
tional theory + Hubbard U formalism.

2 Methods

2.1 Sample preparation and characterization

NiO(001) crystalline films were used as our samples. The NiO films were epitax-
ially grown with surface normal along the [001] direction on a single crystal
MgO(001) substrate. The MgO substrate was polished on both sides. A 2 nm thick
MgO underlayer was first deposited by radio frequency magnetron sputtering in 3
mTorr argon at a temperature below 100 °C. The NiO layer was then deposited at
700 °C in a gas mixture of Ar(90%)/0,(10%) at a pressure of 3 mTorr and was
annealed in situ for 15 min with the same temperature and gas mixture condition.
The thickness of the NiO film was 40 nm.

The ground-state electronic and magnetic structure of NiO crystalline films
was characterised by performing X-ray absorption spectroscopy (XAS) measure-
ments in drain current mode at the PM3 beamline at the BESSY II electron storage
ring operated by Helmholtz-Zentrum Berlin.”* Static XAS spectra were acquired
for various incidence angles at room temperature.

The previous optical measurements of NiO,**** show a variation in the optical
absorption coefficient. Therefore, optical spectroscopy measurements were
carried out prior to the time-resolved X-ray reflectivity experiment in order to
evaluate the optical absorption properties of the NiO film during the optical
pump-X-ray probe experiments, as shown in Fig. 1. The symbols in Fig. 1 repre-
sent the measured optical absorption between 450 nm and 1450 nm, and the
dashed lines represent the calculated absorption for a 40 nm NiO film using the
tabulated absorption coefficient.?*** The sharp drop at 860 nm in the experi-
mental data is due to the change of photodetector in the optical measurements.
From experimental data one can see two absorption bands that are centred at 720
nm and 1150 nm. The peak position of these two absorption bands is close to the
values reported in previous work.>>* The origin of these two absorption bands
has been assigned to the crystal-field d-d transitions.>>*® We note that the dashed
red line is truncated at 500 nm because the short wavelength limit reported in ref.
23 is 500 nm. Overall, the absorption bands shown in the experimental data
indicate the good quality of our sample.
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Fig. 1 The optical absorption of the NiO film with a thickness of 40 nm at wavelengths
between 450 nm and 1450 nm. The circles represent the experimental data obtained from
visible-infrared spectroscopy measurements. The sharp drop at 860 nm is due to the
change of photodetector in the measurement. The dashed black and red lines denote the
calculated optical absorption using the reported absorption coefficient in ref. 22 and 23,
respectively.

2.2 Time-resolved X-ray reflectivity measurements at grazing angles

The time-resolved X-ray reflectivity experiments were carried out using the MUSIX
end-station at beamline FL24 at the free-electron laser, FLASH, in Hamburg.>"**
Experiments were carried out in reflection geometry as illustrated in Fig. 2(a). The
NiO film was excited by a femtosecond laser pulse with a central wavelength
around 800 nm and a pulse duration of 50 fs. The temporal evolution of the X-ray
reflectivity following laser excitation was probed at both the oxygen K-edge and
the nickel L, ;-edges. The angle between the incident pump and the probe beams
was 0.75°, i.e. nearly collinear.
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Fig. 2 (a) Schematic of experimental set-up for time-resolved X-ray reflectivity
measurements. The inset shows two representative CCD images for measurements with
fixed undulator gap (UG) and scanning UG. (b) Static X-ray reflectivity spectrum of NiO at
the nickel L, 3-edges. The inset shows the enlarged spectrum at the nickel L,-edge. (c)
Pump-induced difference in the X-ray reflectivity spectrum for time delays longer than
400 fs.
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FLASH was operated in a 10 Hz burst mode with each burst consisting of 40 X-
ray pulses. The FEL was tuned for the third harmonic radiation to reach the
oxygen K-edge and the nickel L,;-edges. Reflectivity spectra were recorded
utilizing a split-beam normalisation scheme.?® As illustrated in Fig. 2(a), the FEL
probe beam propagated through a beam splitting grating and was horizontally
split such that the zeroth and first diffraction orders hit the sample. The zeroth
order beam overlapped both spatially and temporally with the optical pump beam
to record the transient X-ray reflectivity. The zeroth and first diffraction orders
were separated by 3 mm on the sample, ensuring that the first diffraction order of
the FEL beam had no overlap with the optical laser beam and could be used to
normalise fluctuations of the FEL spectral intensity stemming from the self-
amplified spontaneous emission (SASE) process. X-ray energy resolution was
obtained by directing both the zeroth and first diffraction orders onto a down-
stream spectrometer grating and consecutively, a CCD camera. The dispersion of
the spectrometer was calibrated and found to be 0.33 eV per pixel. To measure
reflectivity spectra around the absorption edges, the photon energy was scanned
in steps of 0.5 eV at the fundamental wavelength by varying the undulator gap,
which corresponds to 1.5 eV at the third harmonic in the time-resolved X-ray
reflectivity measurement. As each FEL spectrum covers a bandwidth of about 1%
of the total photon energy, this ensures a seamless spectrum of the scanned
range. In reflection geometry, by varying the angle of incidence, one can access
different parts of the Brillouin zone. The size of the X-ray beam was 50 pm x 75
pm. The X-ray angle of incidence was set to 7.23° at the nickel L, ;-edges and 9.00°
at the oxygen K-edge in order to access a similar g-range in reciprocal space and
match the X-ray penetration depth with the sample thickness. The X-ray pene-
tration depth is 50 nm at the oxygen K-edge and 60 nm at the nickel L, ;-edges.*
The transferred wave-vector ¢ was 0.85 nm ™" at oxygen K-edge and 1.09 nm ™" at
the nickel L, ;-edges, which corresponds to 0.06 and 0.07 reciprocal lattice units,
respectively. Therefore, the g-range lies close to the I' point of the Brillouin zone.
Fig. 2(b) shows a static X-ray reflectivity spectrum of NiO at the nickel L, ;-edges,
and the enlarged nickel L,-edge is displayed in the inset.

The size of the optical pump beam was characterised both by imaging a virtual
focus on an equivalent plane and by a knife-edge measurement. The size of the
pump beam was (270 + 10) pm x (257 £ 2) pm. The incident pump fluence was 60
mJ cm 2 and 75 mJ cm > due to the different angles of incidence at the nickel L, 5
edges and the oxygen K-edge, respectively. Fig. 2(c) shows the pump-induced
change of the X-ray reflectivity spectrum at the nickel L;- and L,-edges averaged
over time delays between 400 fs and 2.4 ps. We will describe in the following
Section 2.3 the data analysis procedure and involved uncertainties. The temporal
resolution and pump-probe temporal overlap were characterised at regular
intervals during the measurements by probing the transient optical reflectivity
change of a GaAs single crystal induced by the FEL pulse.** The temporal reso-
lution was found to be 300 £+ 100 fs full-width half-maximum (FWHM), which
mainly arises from the jitter between the pump and probe pulses. The temporal
resolution evaluated from the GaAs single crystal is overestimated because the
measurements at the oxygen K-edge reveal dynamics faster than 300 fs. Therefore,
the GaAs single crystal was mainly used to monitor the temporal overlap, i.e., time
zero. During the experiments, the delay between the optical laser and the FEL was
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varied by a delay stage in the optical path. The delay was scanned across a 3 ps
time window in steps of 100 fs.

2.3 Data analysis for the normalisation of the SASE FEL fluctuations and slow
drifts

In order to quantitatively extract the laser-induced reflectivity changes from
spectra acquired at SASE FELs in an unambiguous manner, one needs to account
for the shot-to-shot fluctuations in spectral intensity caused by the SASE process.
Since the measured reflectivity spectrum is proportional to the product of the FEL
spectrum, the spectral reflectivity of the sample, and the efficiency of the
diffraction grating, the direct measure of the laser-induced reflectivity change is
the ratio of the measured spectra without and with laser excitation. To compen-
sate for the slow drifts between the spectra acquired with and without laser
excitation, spectral changes observed from the signal sample spot, which is illu-
minated by both the optical laser beam and the FEL beam, are normalised by the
changes observed from the reference sample spot illuminated only by the FEL
beam. The normalised ratio eventually gives the real pump-probe effect.

Fig. 3(a) and (b) show the X-ray reflectivity spectra at the nickel L, ;-edges,
respectively. The dashed black and the solid red lines represent the spectra
acquired without and with laser excitation, respectively. From the comparison in
Fig. 3(a) and (b), one can directly see that the change at the nickel L;-edge is
significantly smaller than at the nickel L,-edge. To quantify the relative change
induced by the optical laser, we calculated the ratio of the spectra with and
without laser excitation. Fig. 3(c) and (d) show the ratio plots as a function of delay
and photon energy at the nickel L, ;-edges, respectively. In Fig. 3(c) and (d), it can
be seen that the laser-induced change at the nickel L,-edge is less noisy than that
at the nickel L;-edge. Therefore, in the results and discussion about the nickel L-
edge measurements, we will focus mainly on the nickel L,-edge.
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Fig. 3 (a and b) X-ray reflectivity spectra of NiO at the nickel L, 3-edges. The dashed black
and solid red lines represent the spectra acquired at time delays longer than 400 fs without
and with laser excitation, respectively. (c and d) The ratio map as a function of delay and
photon energy at the nickel L, s-edges.
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3 Results and discussion

In this section we present time-resolved measurements at the O K-edge and Ni
L, ;-edges that probe O 1s-2p and Ni 2p-3d core-valence excitations, respectively.
These orbitally resolved measurements enable us to extract information about the
temporal evolution of the band-gap renormalisation and the modification of the
AFM order, respectively. We will finally present a model that relates the changes of
the upper band-edge, composed of O 2p and Ni 4s orbitals, to canted AFM
moments that typically occur during magnon excitation. We start the section by
describing the measured X-ray reflectivity spectra and relating them to XAS
measurements via Kramers-Kronig analysis.

3.1 Comparison of X-ray reflectivity and XAS spectral line shape

Fig. 2(b) shows a Ni L-edge reflectivity spectrum obtained without laser excitation.
The spectral line shape compares well with literature measurements on similar
NiO/MgO(001) samples.”?*** The dominant feature is a sharp peak at the Ni L;-
edge and a double-peak structure at the Ni L,-edge. We note that the width of the
sharp L;-edge peak is limited by the energy resolution of the down-stream spec-
trometer grating. As mentioned above, the energy resolution of the spectrometer
grating was 0.33 eV per pixel and the corresponding energy step size can be seen
from the flat top of the L;-peak. In the following we focus mainly on the L,-edge
since (i) the spectral features are broader and, therefore, contain a sufficient
amount of energy steps, and (ii) XMLD measurements have mainly been done
using the double-peak structure that gives rise to a characteristic derivative-like
XMLD line shape.” Since XMLD measurements are typically performed in
absorption, we performed ground-state reference XAS measurements monitoring
the sample drain current for various grazing incidence angles between 7-26°, as
shown in Fig. 4(a). In all the XAS spectra, one can see the crystal field induced
peak splitting at the nickel L,-edge whose energy positions compare well with the
shoulder at 873.3 eV and the main peak at 874.5 eV observed in the reflectivity
spectra. However, the respective peak intensities differ for XAS and reflectivity.
While the XAS spectra correspond to the imaginary part of the X-ray dielectric
constant, both imaginary and real parts of the X-ray dielectric constant contribute
to the reflectivity. In principle, the real part of the dielectric constant can be
computed from the imaginary part using Kramers-Kronig transformation, and
consequently, the X-ray reflectivity spectra can be calculated using Fresnel's
equation for a specific polarization.**

The XAS spectra in Fig. 4(a) show the typical line shape variations that are
expected for L,-edge XMLD of NiO/MgO(001).” As the incidence angle increases,
the intensity of the second peak decreases gradually. The dip between the two
peaks slightly shifts towards higher photon energy as the incident angle
increases. There is also a red shift of the slope on the right side of the second peak
along with increasing incident angles. To calculate the X-ray reflectivity spectrum,
we chose the XAS spectrum at a grazing angle of 7° in Fig. 4(a), as it is the closest
angle to the one in our time-resolved reflectivity measurement at FLASH. We
follow ref. 31 to calculate the reflectivity spectrum. Briefly, (i) use the XAS spec-
trum as the input to calculate the extinction coefficient k, which is the imaginary
part of the complex refractive index; (ii) compute the real part n of the complex
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Fig. 4 (a) Static XAS spectra measured at the nickel L,-edge at different grazing angles.
Each XAS spectrum was normalised to the first peak at 873.3 eV. (b) The imaginary part of
the dielectric constant, which was calculated using the XAS spectrum at a grazing angle of
7°.(c) The real part of the dielectric constant, which was calculated from the imaginary part
in (b) using Kramers—Kronig transformation. (d) Comparison of the experimental X-ray
reflectivity spectrum measured at FLASH (blue symbols) and the calculated reflectivity (red
line).

refractive index from the imaginary part k using Kramers-Kronig transformation;
(iii) calculate the reflectivity R using the Fresnel equation for p-polarized light,
which is the polarisation in our reflectivity experiment. The Kramers-Kronig
transformation is performed using Maclaurin's formula.*>** This results in
similar line shapes of the X-ray dielectric constant compared to the reported
values in ref. 31. However, their magnitude was rescaled to the literature values to
take the different detection efficiency into account. Fig. 4(b) and (c) show the
imaginary and real parts of the X-ray dielectric constant, respectively. From the
comparison in Fig. 4(d), one can see reasonable agreement between the measured
(blue symbols) and the calculated (red line) X-ray reflectivity spectra. The lower
intensity in the measured reflectivity around 878 eV can occur due to lower flux
from the FEL since this energy is close to the end of the scan range.

3.2 Temporal evolution of AFM order visualised at the nickel L,-edge

The double-peak multiplet structure of the nickel L,-edge has been used exten-
sively to probe the NiO AFM order in thermal equilibrium. The interplay between
AFM order, crystalline field effects and spin-orbit coupling gives rise to a char-
acteristic XMLD line shape depending on the alignment of the X-ray polarisation
and the AFM moment orientation.”*®" In static measurements, the sign of the
XMLD line shape can be reversed due to the angle between the X-ray polarisation
and the crystal orientation' or the subtraction of the X-ray signal between
different AFM domains."” Here we describe the first NiO XMLD measurement in
the time-domain caused by pump-induced changes to the AFM order.
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Fig. 5 (a) The static X-ray reflectivity spectrum at the nickel L,-edge. (b) The difference
spectra of the X-ray reflectivity with laser and without laser at transient time (0 =< t <400 fs,
orange line) and at longer delays (t = 400 fs, cyan line). (c) The map of the difference
spectra as a function of delay and photon energy.

Fig. 5(a) shows the static Ni L,-edge X-ray reflectivity of NiO. The difference in
reflectivity between laser on and laser off is shown in Fig. 5(b) for two time-delay
regions, averaged for the first 400 fs (orange line) and between 400 fs and 2.4 ps
(cyan line). The difference reflectivity spectra as a function of time delay and
photon energy are shown as a colour map in Fig. 5(c). From Fig. 5(b), one can see
that the spectral difference line shape evolves with time delay. After 400 fs the
displayed difference spectra in Fig. 5(b) are essentially indistinguishable from
what is expected for XMLD in thermal equilibrium.”'*'” Moreover, the observed
positive-negative spectral difference line shape with increasing photon energy
demonstrates that a reduction of AFM order takes place.” Interestingly, the
spectral difference line shape is very different for the first 400 fs. It is charac-
terised by a positive peak at lower photon energy and a negligible negative tail for
the high photon-energy multiplet peak. This is an indication of a non-thermal
state of the laser-excited spin system, which means the spin system has not
reached a local thermal equilibrium. Around 400 fs the difference spectrum
changes its line shape which remains unaltered afterwards, as can be clearly seen
in the difference map of Fig. 5(c). This implies that the system reaches a local
metastable equilibrium after 400 fs. It is conceivable that the XMLD line shape
during the first 400 fs is also influenced by electronic excitations that could alter
the effective local crystalline field experienced by the nickel ions. Crystalline field
changes in monolayer thin NiO films have been reported to lead to changes in the
L, multiplet peaks different from XMLD.**

Since the spin system reaches a local equilibrium after 400 fs, it is of interest to
evaluate the temperature change of the spin system. It has been observed that the
temperature dependence of the ratio between the two multiplets peaks at the
nickel L,-edge follows a Brillouin-Langevin function.” We observe a 7% change in
the cyan XMLD spectrum of Fig. 5(b). This implies that we can use a linear
approximation to evaluate the spin-temperature-change of the system. We convert
the L, multiplet peak ratio measured in reflectivity to absorption as outlined in
Section 3.1 and use the measured temperature dependence in ref. 7 to obtain an
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effective spin temperature increase of 65 £ 5 K, relative to the room temperature
starting condition before optical excitation. The uncertainty is estimated from the
photon statistics.

This observation of a significant reduction of the AFM order in NiO thin films
is surprising especially since a negligible change was reported in a bulk sensitive
magnetic scattering experiment performed under very similar excitation condi-
tions.® In the following we discuss if optical excitation can indeed deposit enough
energy to drive a comparable temperature increase. We evaluated the absorption
coefficient of our NiO film at 800 nm to be around 1860 cm ™. The refractive index
of NiO at the excitation wavelength is 2.35 and the reflection of the sample is
about 20% for p-polarized light.** Using the Beer-Lambert law and the magnetic
specific heat of NiO,*® we estimated the maximum temperature rise of the spin
system to be ~150 K. This represents an upper limit since the magnetic specific
heat increases rapidly as the temperature approaches Ty.** We alternatively
estimated the lattice temperature rise base on a previous ultrafast electron
diffraction measurement.® Assuming that at the slightly higher pump photon
energy used in ref. 3 the optical absorption is of at least similar strength, we can
extrapolate the measured lattice temperature in ref. 3 to ~85 K given our pump
fluence. We note that in ref. 3 no optical absorption data for the measured sample
was available and the available literature data provided an insufficient heat
deposition leading the authors in ref. 3 to conclude that two-photon above-gap
excitation was the actual driving force. However, our lower photon energy would
require three-photon events for above-gap absorption. We can conclude that the
enhanced optical absorption in thin NiO films is sufficient to explain our
observed level of AFM order reduction.

3.3 Band gap renormalisation visualised at the oxygen K-edge

Fig. 6 displays the results of transient reflectivity spectra measured at the oxygen
K-edge. We focus on the lowest photon energy feature as this is the one that
defined the upper gap-edge. However, we corroborated in static measurements
that our samples display the typical three-peak structure between 525 eV and 545
eV expected for NiO.>”"* Fig. 6(a) shows the static X-ray reflectivity as a reference
for the map of the difference spectra between laser on and laser off in Fig. 6(b).
The pre-edge dip at 531.5 eV in Fig. 6(a) is related to the reflection geometry,
which can also be seen from the calculated spectrum in Fig. 4(d). The evolution of
the difference spectra shown in Fig. 6(b) is plotted using a temporal binning of
200 fs to improve the signal-to-noise ratio (SNR). The positive signal region cen-
tred around 532 eV in Fig. 6(b) is an indication of a red-shift (=60 meV) of the
oxygen K-edge. The amount of the red-shift will be discussed in detail in the next
section in combination with first-principles modelling.

The most prominent feature visible in the difference map of Fig. 6(b) is clearly
the red-shifted absorption edge, indicated by the red intensity increase near 532
eV photon energy and a broader blue decrease above the edge (533-534 eV). A gap
reduction following sub-gap optical excitation has been observed in the charge-
transfer insulator, La,CuQ,4,* and it is tempting to relate our observation to the
same effect. However, strictly speaking we observe in the present experiment only
the red-shifted upper gap-edge while a lower gap-edge shift would have to be
assessed e.g. in complementary time-resolved photoemission experiments. The
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Fig. 6 (a) The static X-ray reflectivity spectrum at the oxygen K-edge. (b) The map of the
difference spectra of the X-ray reflectivity with laser and without laser as a function of
delay and photon energy. (c) The map of laser-induced difference in X-ray reflectivity as
a function of delay and photon energy at a fixed undulator gap. The delay step size is 50 fs.

gap renormalisation in ref. 40 was assigned to the coupling of optical excitation to
a bosonic field, although it remained unclear if this is composed of phonons or
magnons. A possible magnetic origin of the red-shifted NiO upper gap-edge
becomes apparent when we analyse the observed oscillations visible in Fig. 6(b).

The oscillation of the positive difference signal centred around 532 eV is
compatible with a period of ~1 ps, which corresponds to a frequency of ~1 THz.
This frequency is close to the eigenfrequency of the out-of-plane magnon mode,
which has been extensively studied in both optical and THz spectroscopy
measurements.**'>**~** There are two magnon eigenmodes: in-plane and out-of-
plane modes. For the in-plane mode, the AFM vector between two adjacent
ferromagnetic planes is modulated along the [110] direction, which lies in the
(111) plane. For the out-of-plane mode, the modulation of the AFM vector is along
the [111] direction, which is perpendicular to the ferromagnetic plane.>® Due to
the large magnetic anisotropy along the easy axis (i.e. [111] direction), the out-of-
plane mode has a much higher eigenfrequency than the in-plane mode. Both of
these two magnon modes are excitable by ultrashort optical laser pulses and have
been detected at around 0.14 THz (ref. 20 and 46) and 1.07 THz (ref. 20, 42, 45-47
and 49) for the in-plane mode and the out-of-plane mode, respectively. The mode
also displays a temperature dependence with a frequency reduction as the Néel
temperature is approached.'**>** We note that also the observed phase of the
oscillation in Fig. 6(b) matches that reported for the out-of-plane magnon mode.*

Fig. 6(c) shows the oxygen K-edge difference reflectivity signal up to 900 fs with
50 fs step size. The measurements were performed at a fixed undulator gap cor-
responding to a nominal photon energy of 533 eV. The displayed photon energy
region therefore represents the full bandwidth of the undulator emission. The
line shape of the X-ray reflectivity (not shown) is similar to the one displayed in
Fig. 6(a), however, the best SNR is obtained for the undulator maximum (533 eV).
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Fig. 6(c) shows, with a much better time resolution than Fig. 6(b), that the red-
shift of the upper gap-edge is preceded by the appearance of transient states
much further into the band-gap. The temporal duration of such transient mid-gap
states seems to essentially be determined our temporal resolution, i.e. the optical
and FEL pulse durations and the jitter between them. This reflects to some degree
earlier measurements at pump photon energies off-resonant to any d-d transi-
tions in the NiO band-gap.® It is conceivable that the appearance of transient mid-
gap states are a consequence of the strong optical driving field. However, with off-
resonance excitation no significant lasting band-gap renormalisation was
observed.’ The red-shift of the upper gap-edge is therefore likely a consequence of
the energetic proximity of our excitation frequency to d-d transitions that may
facilitate the coupling to spin excitations.>

3.4 A simple model for the band gap renormalisation in NiO

With the evidence of the laser-induced XMLD line shape changes at the nickel L,-
edge (Section 3.2) and the observation of the 1 THz magnon oscillation in the NiO
upper gap-edge red-shift (Section 3.3), it is of interest to investigate how changes
in the spin orientation influence the band gap in NiO. Therefore, we performed
first-principles calculations of the NiO band structure with different canting
angles of the Ni** spins, to mimic various spin temperatures. The super-exchange
and correlation in the calculations were taken into account using local density
approximation together with an on-site Hubbard U term in the Hamiltonian.
Although dynamical correlations have been pointed out to be important for NiO,
we adopt for simplicity here the LDA+U formalism, that is based on single
determinant states. A detailed description of the theoretical modelling can be
found in ref. 9. The canting angles at different temperatures were derived from
the reduction of the magnetic moment of the Ni** spins.*®

Fig. 7(a) shows the band structure calculated with Ni** spins oriented along the
[112] directions. The conduction band is composed of essentially dispersionless
bands of Ni 3d character and dispersive bands consisting of hybridised O 2p and
Ni 4s states. The upper gap-edge is composed of the latter and is marked by the
light blue shaded rectangular in Fig. 7(a). The green and orange dots in Fig. 7(a)
represent the experimental g values probed in our time-resolved X-ray reflectivity
measurements. Fig. 7(b) shows the influence of canted magnetic moments on
adjacent Ni atoms along the [111] direction on the dispersive band near the upper
gap-edge. The chosen spin canting pattern is that of the 1 THz magnon mode*
(see Fig. 7(c)). Initially degenerate bands are split in energy once the spins are
canted. This splitting increases as the canting angle becomes larger. The band
shifting downwards in energy at the I' point [000] of the Brillouin zone reduces the
NiO band gap as probed by the oxygen K-edge. Although the band structure in
Fig. 7 was calculated for frozen magnetic moments, it is straightforward to see
that for oscillating spins the upper gap-edge position would also be modulated by
the magnon frequency.

In the following we quantify the redshift of the upper gap-edge and separate
the coherent oscillatory part from an incoherent redshift. Fig. 8(a) compares the
measured ground-state X-ray reflectivity spectrum (solid line) to the redshifted
experimental spectra for 60 (blue dashed line) and 80 meV (red dashed line)
shifts. In addition to the redshift, we also observe experimentally a 5% reduction
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Fig.7 (a) First-principles calculations of the NiO band structure along two high symmetry
lines:® [010] and [110]. The green and orange dots along the [010] direction denote the
experimental wavevectors that were probed in the time-resolved X-ray reflectivity
measurement. (b) Zoom-in view of the band structure marked within the light blue shaded
rectangle in (a). The band structure was calculated for different canting angles of the Ni2*
spins. (c) lllustration of the canting angle of the Ni** spins in the NiO unit cell that was
employed in the calculations. The canting angle is defined as the angle between the Ni2*
spins and the plane that is spanned by [112] and [111] directions. The spin canting pattern is
the same as the out-of-plane mode in ref. 20. The Ni* and the O~ ions are shown with
green and orange spheres, respectively.

to the spectral peak intensity likely related to the blueshift of some initially
degenerate bands as seen in Fig. 7(b). This results in good agreement with the
experiment for a redshift of 80 + 10 meV at 0.6 ps time delay (see Fig. 8(b)) and 60
=+ 10 meV at 1.0 ps time delay (see Fig. 8(c)). We note that for increasing photon
energy the agreement becomes less good, possibly due to the influence of the
additional O K-edge spectral peaks neglected here. From Fig. 6(b) one can see that
the positive signal around 532 eV is composed of an overall intensity increase and
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Fig. 8 (a) The black line represents the static X-ray reflectivity spectrum acquired at
FLASH. The dashed red and blue lines represent the shifted spectra by 80 meV and 60
meYV, respectively. (b) Comparison of the experimental difference spectrum at 0.6 ps after
laser excitation and the calculated spectrum that is obtained by subtracting the black line
from the dashed red line in (a). (c) Comparison between the experimental data at 1.0 ps
after laser excitation and calculated difference spectrum; that is the subtraction of the
black line and the dashed blue line in (a).
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an oscillatory intensity variation. The overall intensity increase corresponds to an
incoherent redshift of 70 meV. The amplitude of the coherent oscillatory redshift
related to the 1 THz magnon mode is approximately 10 meV. Using the calcula-
tions in Fig. 7(b) we can estimate the corresponding magnon precession angle to
~2.5°. We note that the reduction of AFM due to such large spin precession
amplitude would amount to about 28% of the spin temperature increase we
observed in Section 3.2.

4 Conclusions

In conclusion, we performed time-resolved resonant X-ray reflectivity measure-
ments in NiO following femtosecond 1.5 eV sub-gap excitation. The temporal
evolution of the X-ray reflectivity spectra was monitored at the Ni L,-edge and the
O K-edge to probe the dynamics of the AFM order and the band gap renormali-
sation, respectively.

At the Ni L,-edge, we observed laser-induced XMLD spectral line shape for time
delays longer than ~400 fs after laser excitation. By comparing the transient
XMLD spectra with temperature-dependent ground-state measurements, we
extracted a spin temperature rise of 65 = 5 K. The transient XMLD line shape
demonstrates a significant reduction of the AFM order in NiO. The change of the
spin temperature is consistent with what is expected from optical absorption
measurements. At the O K-edge, we observed the red-shift of the upper band gap
edge across the measured time delay range up to 2.4 ps. This upper gap-edge
renormalisation is accompanied by a coherent oscillation with ~1 THz frequency.
During the optical driving field we find evidence for the formation of transient
mid-gap states that were also observed previously for optical frequencies off-
resonant to d-d excitations.’

We finally discuss a ground-state model of coupling Ni spin precession to the
electronic band-structure. Using first-principles calculations, we find that the O
2p dispersive states forming the upper gap-edge shift in energy as the Ni magnetic
moments precess as given by the 1 THz magnon mode. This even allows us to
model the observed O K-edge measurements.

The high-quality X-ray spectroscopy measurements presented here have
become possible due to the implementation of a multiple X-ray beams experi-
mental setup that enables us to significantly reduce the intensity and photon-
energy fluctuations inherent to SASE FELs. This opens up new possibilities to
investigate the ultrafast dynamics of electronic structure and the magnetic
ordering phenomena across a wide range of materials.
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