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We use femtosecond electron diffraction to study ultrafast lattice dynamics in the highly correlated
antiferromagnetic (AFM) semiconductor NiO. Using the scattering vector (Q) dependence of Bragg
diffraction, we introduce Q-resolved effective temperatures describing the transient lattice. We identify a
nonthermal lattice state with preferential displacement of O compared to Ni ions, which occurs within
∼0.3 ps and persists for 25 ps. We associate this with transient changes to the AFM exchange striction-
induced lattice distortion, supported by the observation of a transient Q asymmetry of Friedel pairs. Our
observation highlights the role of spin-lattice coupling in routes towards ultrafast control of spin order.

DOI: 10.1103/PhysRevLett.126.147202

NiO has been of interest for several decades, both from
fundamental and application perspectives [1–4]. Because of
strong correlations, ab initio descriptions of this large band
gap charge-transfer semiconductor are challenging [5–12].
The open Ni d shell and strong superexchange lead to high-
temperature antiferromagnetic (AFM) order (TN ≈ 523 K),
making NiO a promising candidate for room-temperature
spintronic applications [13–15]. In this context, pioneering
experiments have demonstrated coherent excitation of high-
frequency magnon modes by THz pulses [16–18], fueling
the promise of ultrafast AFM spintronics. For such purposes,
understanding energy transport due to coupling between the
material’s subsystems is of importance, in particular those to
magnetic order. In equilibrium, NiO exhibits strong spin-
lattice coupling and exchange striction [19], leading to a
rhombohedral lattice distortion (RLD) along the [111]
direction of its nominally cubic structure below TN [20].
Spin-phonon coupling in NiO has been recently studied in
the context of magnon damping in devices [21]. However,
energy transfer dynamics and couplings between the various
subsystems upon optical excitation have been little studied
so far [22]. In particular, to date there is no account of
ultrafast lattice dynamics in NiO.
In the presence of a band gap, optically excited carriers

can radiatively decay, and they can transfer energy to

another subsystem, e.g., the lattice. This is typically
described using coupled-heat-baths models [23–25], where
the subsystems’ transient temperatures are described by
coupled rate equations. While often successfully employed
[26,27], an implicit assumption is that the baths themselves
remain thermalized, such that the carriers and the phonons
always follow Fermi-Dirac and Bose-Einstein distributions.
Whereas this is considered valid for many metals because
of homogenous electron-phonon coupling and rapid elec-
tronic thermalization, this assumption has been recently
challenged even for simple metallic systems [28–31]. In
semiconductors, electron-phonon coupling is often
strongly heterogenous [32], and the phonon dispersion is
often more complicated than in metals. Consequently,
photoexcited semiconductors may experience a prolonged
nonthermal lattice state, in which unconventional relaxa-
tion processes may occur. To date only a few reports
describing nonthermal lattice dynamics of semiconductors
have been published [33–37], and details about the under-
lying microscopic processes are scarce. In complex materi-
als such as NiO, lattice dynamics may be substantially
influenced by effects beyond electron-phonon coupling,
such as spin-lattice coupling via exchange striction.
Here we use femtosecond electron diffraction (FED) to

study photoinduced lattice dynamics in NiO. Variants of
FED have recently been used to study lattice dynamics in
several other systems, including metals [38,39], semicon-
ductors [34,40], heterostructures [41,42], and systems
involving structural phase transitions [43,44]. We present
an approach to characterize the transient lattice state, by
converting Bragg reflection intensities into units of Kelvin,
producing a series of temperatures associated with each
scattering vector of the probe electrons (Q). Analysis of
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these Q-dependent effective temperatures allows identifying
a nonthermal lattice state. Through this we identify a
strongly nonthermal lattice state after excitation, which lasts
for tens of picoseconds. Employing the Q-dependent Ni2þ
and O2− scattering factors we gain a varying degree of
element sensitivity. Based on its systematic variation withQ,
we find that the lattice response to photoexcitation is
primarily on oxygen ions, and less on nickel. Based on
the initial energy transfer timescale of∼0.3 ps, we propose a
scenario in which photoexcitation perturbs the antiferromag-
netically induced RLD. This is supported by photoinduced
changes in observed Q values that occur due to changes in
the shape of the unit cell (i.e., the RLD), suggesting that the
observed nonthermal lattice state originates from preferential
occupation of phonon modes associated with the RLD.
We use a 20 nm thick single crystal of NiO, epitaxially

grown on a [001]-oriented NaCl crystal, which was
subsequently dissolved. Diffraction and Raman measure-
ments confirmed its bulklike properties (see Supplemental
Material [45]). Experiments were conducted at room
temperature (T0) using a compact setup [46] [Fig. 1(a)],
with femtosecond laser excitation of hν ¼ 2.16 eV and
5.2� 1.3 mJ cm−2 incident fluence. This photon energy
slightly exceeds half the charge-transfer gap of Δ ≈ 3.8 eV
[22,47,48], and two-photon absorption is likely dominant
over linear absorption (see Supplemental Material [45] for

details, including Refs. [49–52]). 70 keV probe electrons
transmit through the sample, producing patterns as in
Fig. 1(b). The response function is estimated at 200 fs.
The lattice response was measured using diffraction pat-

terns from different pump-probe delays t. The observed
diffraction spots correspond to reflections with Miller indices
(hk0). Faint rings are also observed, all corresponding to NiO
Bragg reflections, likely from polycrystalline regions.
Intensities of > 50 diffraction spots were extracted, covering
10 values of Q [defined as Q ¼ 2λ−1 sin θ; λ and θ are
electron wavelength and Bragg angle; see Fig. 1(b)]. Inten-
sities from spots of equal Q were averaged, producing 10
independent intensity observables IQðtÞ, shown in Fig. 2(a).
All IQðtÞ curves exhibit an initial sub-picosecond drop,
followed by a slower process.
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FIG. 1. (a) Experimental scheme. (b) Example diffraction
pattern. Arrow: exemplary scattering vector. In this work “Q”
denotes the length of this vector.
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FIG. 2. (a) Normalized transient Bragg intensities: each IQ
curve represents the mean response of all Bragg reflections with
the same scattering vector length Q. Labels: representative (hk0)
indices. Lines are calculated from the T̄ fit [Fig. 4(b)] using
Eq. (1). I0Q is the unpumped IQ. (b) Q-dependent effective
temperatures TQ. Each curve is calculated from Fig. 2(a) using
tabulated temperature-dependent DW factors in Eq. (1).
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We describe Bragg intensities using structure factor
calculations. Intensities of (hk0) reflections depend only
on the size of Q [53].

IQ ∝ jfNiðQÞe−Q2BNi þ fOðQÞe−Q2BO j2: ð1Þ

Here fNi and fO are the scattering factors of the Ni2þ and
O2− ions, which are tabulated functions of Q (see dis-
cussion in Supplemental Material [45], including
Refs. [54–59]). BNi and BO are the Debye-Waller (DW)
factors for Ni and O ions, which are tabulated as functions
of temperature for NiO [59]. DW factors can be expressed
as Bx ¼ ⅔π2hu2xi (x represents Ni or O), in which hu2xi are
the time-averaged mean square displacement (MSD) of the
Ni2þ or O2− ions, i.e., a measure of each atom species’
vibrations uxðtÞ about their mean position. Upon heating in
equilibrium conditions, the MSDs and thereby the DW
factors increase due to the growing phonon population,
causing a reduction in diffracted intensity (DW effect).
Similarly, MSDs can also increase upon photoexcitation if
a phonon population is induced, and serve as reliable
measures for the lattice response to laser excitation [40].
Since BNi and BO in Eq. (1) cannot be analytically

separated (see Supplemental Material [45]), we adopt a
temperature-based approach. We insert the tabulated
BNiðTÞ and BOðTÞ into Eq. (1) to convert the relative
intensities IQðtÞ into temperatures TQðtÞ, in units of Kelvin.
The TQ curves, shown in Fig. 2(b), represent effective
temperatures describing the transient lattice state, because
our conversion is based on equilibrium (i.e., thermal) DW
factors, while the phonon population may be nonthermal
after photoexcitation. Nevertheless, the TQðtÞ curves pro-
vide a Q-resolved picture that can now be used to describe
the nonthermal state of the lattice.
The TQ curves in Fig. 2(b) deviate significantly from

each other, both in the rise magnitude (higher temperatures
observed towards lower Q) and in their qualitative behav-
ior. To explain this, we consider that different Q provide
varying sensitivity to the Ni2þ and O2− ions through the Q
dependence of their respective scattering factors fNi
and fO in Eq. (1). Figure 3(a) presents their squared ratio
ηðQÞ ¼ ðfNi=fOÞ2, reflecting the relative element sensi-
tivity in the diffracted intensity [i.e., in the squared structure
factor of Eq. (1)], in a range covering all probed Q values.
Because of the large difference between scattering from
Ni2þ and from O2−, η shows a significant and continuous
variation in this range, demonstrating that Bragg reflections
at higher Q values are more sensitive to scattering from
Ni2þ than from O2−.
To demonstrate this, Fig. 3(b) presents TQ as a function

of Q at selected delays. Before excitation TQ exhibits no Q
dependence, as expected in a thermal state (all TQ ¼ T0).
After excitation, TQ exhibits an overall increase in tempera-
ture due to the excitation, with a continuous reduction upon
increasing Q. This marks a departure from equilibrium

behavior. Combined with the continuous growth
in sensitivity to oxygen vibrations with decreasing Q
[Fig. 3(a)], this result indicates that the MSD of oxygen
hu2Oi initially grows disproportionately more than that of
nickel hu2Nii, demonstrating a nonthermal lattice state at
early times. This trend is subsequently suppressed, such
that at 25 ps the Q dependence of TQ is nearly flat,
indicating thermalization of the lattice. This dispropor-
tionate growth is not to be confused with the absolute
difference between O and Ni MSDs, which differ also in
equilibrium [58].
We quantify this nonthermal disproportionality between

the O and Ni vibrational responses by empirically describing
these Q dependences as TQ ∝ Qb [solid lines, Fig. 3(b)].
Figure 4(a) presents bðtÞ at each delay, exhibiting an initial
sub-ps reduction, and reaching a minimum at 3 ps, corre-
sponding to the most pronounced disproportionality between
O and Ni. After ∼15 ps, bðtÞ recovers toward 0, i.e., to a
thermal lattice state, which is also reflected in the difference
between the TQ curves in Fig. 2(b).
ηðQÞ also enables a reliable description of the mean

lattice response. Averaging η-weighted TQ data [Fig. 2(b)]
produces a mean lattice response T̄ðtÞ, presented in
Fig. 4(b). As in IQðtÞ, T̄ðtÞ exhibits a two-step response,
well described by a biexponential. The best fit (solid line)
yields a sub-ps process (τ1 ¼ 0.31� 0.08 ps) and a sec-
ond, slower one (τ2 ¼ 4.1� 1.3 ps), see dashed lines. The
total temperature rise is ΔT ¼ 9.6� 0.7 K, of which 60%
is the fast process. Using the NiO lattice heat capacity [61],
we find that ΔT corresponds to a maximal change of
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FIG. 3. (a) Calculated squared ratio between Ni2þ and O2−
scattering factors ηðQÞ ¼ ðfNi=fOÞ2 as a function of scattering
vector length Q. Dashed lines mark discreet Q values probed in
the experiment. (b) Q-dependent lattice temperatures TQ at
selected delays. Solid lines are fits to TQ ∝ Qb. This neglects
η0s minimum, as it is obscured by larger uncertainties at low Q.
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16� 1 meV=unit cell in the lattice energy density. Careful
evaluation of the data concluded that the fast process is
intrinsic, while the slower process evolves as the meas-
urement progresses (see Supplemental Material [45]). Late
delays were omitted from the fit because they exhibit
recovery, similar to that of bðtÞ [Fig. 4(a)]. We convert T̄ðtÞ
back into Bragg intensities by η weighing the T̄ðtÞ fit and
plugging it into Eq. (1). This produces the lines in Fig. 2(a),
in reasonably good agreement with the data. Disagreements
exist because this washes out the distinctly nonthermal
description in Fig. 4(a). Our fit does not consider recovery,

so at late delays the Q dependence of η causes IQ data with
low (high) Q to be above (below) the lines.
To interpret the stronger response of the O ions, we

inspect the phonon dispersion of NiO. Already in the
unperturbed NaCl structure this reveals several optical
phonons that preferentially move the O ions, such as at
the L and W points (Brillouin zone boundary along [111]
and [110]). Below TN, the optical modes’ frequencies
deviate significantly from the expected temperature
dependence of crystal lattice anharmonicity [21], and they
split in energy [62] due to the RLD [63,64], creating modes
such as the LO’ mode, which displaces only O ions [21].
Preferential coupling to such modes would lead to their
enhanced population in a nonthermal phonon distribution,
followed by thermalization of the excited phonon popula-
tion to lower energy/momentum modes, on phonon-pho-
non scattering timescales [32,65]. A scenario leading to a
preferential excitation of such modes could be a perturba-
tion of the AFM-induced RLD, for which a full crystallo-
graphic account was only recently reported [66]. Following
Uchiyama [64], two effects contribute to this distortion,
which acts along [111] [sketched in Fig. 4(c)]. The first is a
distortion caused directly by the nearest-neighbor super-
exchange [67]. The second originates from Coulomb forces
induced by an asymmetric charge distribution around the
ions, due to AFM-induced band folding [63,64], predicted
to be the dominant contribution [64].
This suggests two possibilities for perturbing the dis-

tortion. The first is that the excitation weakens the AFM
order, and therefore also the charge asymmetry, both of
which then weaken the distortion. The lattice response time
(τ1 ≈ 0.31 ps) should then reflect magnetic excitation
times. Reported optically excited magnon data indeed
suggest similar timescales [68–70]. However, a magnetic
diffraction experiment has disputed these results [71]. The
second possibility is that the charge asymmetry is directly
perturbed, without involving magnetism. An excitation
above the gap could cause a displacive phonon excitation.
However, timescales associated with electronic excitations
in NiO are much shorter than τ1 [72], and displacive
phonon excitations in similar binary oxides occur on much
shorter timescales [73,74], so we conclude that this
possibility is unlikely.
This brings about the following scenario. Electrons are

optically excited above the gap and magnetic order rapidly
weakens. This reduces the asymmetric charge distribution,
triggering lattice motions that weaken the RLD. Because of
this preferential electron-phonon coupling, modes that lead
to a reduction of the RLD are preferentially occupied,
which is observed as disproportionally higher growth
of hu2Oi. The lattice subsequently reaches an elevated
thermal state via phonon-phonon coupling within ∼25 ps.
This scenario should directly affect other observables,
such as the phononic energy gap or the rhombohedral
angle itself. Additional phonon-phonon relaxation
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processes are likely to occur concomitantly, as expected in
semiconductors [32].
To support this scenario, we consider how varying the

RLD would affect the observed scattering vectors, i.e., the
positions of the spots [Fig. 1(b)]. We divide them into
Friedel pairs of the form (hk0) and ðh̄ k̄ 0Þ, and extract the
change in peak position ΔQðtÞ ¼ QðtÞ −Q0 for each spot
individually, as well as the average ΔQ of each pair. The
average ΔQ curves of all pairs closely reproduce each other
[black symbols in Fig. 4(c)], and exhibit a slow decrease of
Q indicating isotropic lattice expansion (i.e., a ¼ b at all
delays). Combining ΔQ with ΔT [Fig. 4(b)] produces an
expansion coefficient of ∼10−5 K−1, in agreement with
literature [75]. However, the individual spots in every pair
deviate symmetrically around this mean [shown for the
ðh00Þ family in Fig. 4(c)]. To quantify this, we introduce
the asymmetry Λ ¼ Q2ðhk0Þ −Q2ðh̄ k̄ 0Þ (accounting for
Ewald’s sphere curvature, see Supplemental Material [45]).
A nonzero Λ represents deviations from an orthonormal
unit cell, and scales as Λ ∝ ðhþ kÞ (see Supplemental
Material [45]). The inset presents ΛðtÞ calculated from the
same data as Fig. 4(c), exhibiting this scaling. While ΛðtÞ
does not immediately translate into the magnitude of the
RLD, its nontrivial dynamics demonstrate transient
changes in it. Therefore, these data serve as direct evidence
of a transient change in the shape of the unit cell upon
excitation, supporting the scenario of pump-induced
changes in the RLD [lower inset, Fig. 4(c)]. They underline
the role of spin-lattice coupling through exchange striction
in the ultrafast lattice dynamics of NiO. Ultimately, this
efficient spin-lattice coupling may facilitate ultrafast spin-
tronic applications, e.g., by enabling structural control of
magnetism.
In summary, we studied the lattice response of NiO to

photoexcitation using femtosecond electron diffraction.
Describing the data as scattering-vector-dependent
effective temperatures enabled us to study the transient
nonthermal state of the lattice. Compared to thermal
conditions, this state involves a disproportionally higher
displacement of O ions compared to Ni. While the lattice
response time is ∼0.31 ps, the nonthermal state persists for
up to ∼25 ps, after which the system reaches a new thermal
state. We present a scenario in which this nonthermal state
is facilitated by perturbation of the antiferromagnetically
induced rhombohedral lattice distortion. This is supported
by observed changes in the asymmetry of Bragg peak
positions of Friedel pairs, a hallmark of nonorthonormal
systems. Our results shed light on the nature of the
nonthermal lattice state in NiO, and demonstrate how
spin-lattice coupling through exchange striction may play
a key role in future ultrafast applications.

The data used herein are available online [76].
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