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Probing ultrafast photo-induced dynamics of the
exchange energy in a Heisenberg antiferromagnet
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Manipulating the macroscopic phases of solids using ultrashort
light pulses has resulted in spectacular phenomena, including
metal-insulator transitions'’3, superconductivity* and subpico-
second modification of magnetic order®. The development of
this research area strongly depends on the understanding and
optical control of fundamental interactions in condensed
matter, in particular the exchange interaction. However, disen-
tangling the timescales relevant for the contributions of the
exchange interaction and spin dynamics to the exchange
energy, E.,, is a challenge. Here, we introduce femtosecond
stimulated Raman scattering to unravel the ultrafast photo-
induced dynamics of magnetic excitations at the edge of the
Brillouin zone. We find that femtosecond laser excitation of
the antiferromagnet KNiF; triggers a spectral shift of the
two-magnon line, the energy of which is proportional to E.,.
By unravelling the photo-induced modification of the two-
magnon line frequency from a dominating nonlinear optical
effect, we find that E., is increased by the electromagnetic
stimulus.

Magnetic order is a macroscopic manifestation of the quantum
phenomenon of exchange coupling between spins. Under thermo-
dynamic equilibrium conditions, the energy of the interaction is
conventionally described in the Heisenberg-Dirac form
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where E,, is the exchange energy, ], is the exchange interaction,
and the last term is the correlation function between spins on
neighbouring sites a and b.

Despite the enormous number of experiments reporting on the
optical control of spins®, there are very few studies of the ultrafast
photo-induced dynamics of the exchange interaction®’”. One of
the reasons for the popularity of spin dynamics studies is the possi-
bility to use all-optical techniques, which can be applied easily to a
broad class of materials. However, the studies that have succeeded in
revealing the dynamics of the exchange energy E., make use of the
rather demanding and less flexible technique of time- and spin-
resolved photoelectron spectroscopy. Despite its complexity, photo-
electron spectroscopy has proven to be very powerful when applied
to metal surfaces®’. In these materials, however, ultrafast laser
excitation also triggers electronic dynamics, which defines the
dynamics of J, and demagnetization®?, which is related to the spin
correlation function, both on the femtosecond timescale. So, dis-
entangling the dynamics of the two contributions appearing in
equation (1) is challenging. In some semiconductors, the overall
dynamics of the d-f exchange energy has been monitored by

measuring the transient optical properties!®. On the other hand,
the scenario in dielectrics is markedly different. Although the time-
scale of the charges’ response is still basically limited by the duration
of a femtosecond stimulus, demagnetization occurs over a timescale
as long as 100 ps after photoexcitation!!. Assessing the capability of
light to probe the exchange energy at the femtosecond timescale in
such cases would therefore allow the dynamics of J,;, to be distin-
guished. This would greatly facilitate a systematic investigation of
dynamic exchange in a broad class of materials, thus providing an
excellent future for fundamental studies of ultrafast magnetism
beyond the adiabatic approximation and the Heisenberg model.
Critically, an experimental scheme able to probe the ultrafast
light-induced modification of J,;, has not yet been developed, and
is the aim of the present work.

The contribution of the exchange interaction to magnetic dis-
persion'? is dominant at the zone edges. A convenient way to
access this region is provided by ‘two-magnon (2M) light scattering’,
conventionally described in terms of couples of interacting magnons
whose wavevectors lie near the edges of the first Brillouin zone,
as determined by the law of conservation of momentum and by
the magnon density of states, which typically peaks far from the
zone centre'?~1,

Spontaneous Raman (SR) spectroscopy'®~!? has been widely used
to measure the frequency of the 2M line (w,y;) which represents the
increase of E., relative to the ground-state exchange energy EZ,
corresponding to a completely ordered spin lattice. Such an increase,
in a Heisenberg antiferromagnet, is generated by two spin flip events
occurring on neighbouring sites, one for each magnetic sublattice!2.
Accordingly, from equation (1) it follows that
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where S is the spin of the system, # is the number of nearest neighbours,
and N is the total number of sites. The process underlying the 2M
mode, usually denoted as exchange scattering, is Raman-allowed
by a light-induced modification of the exchange interaction'>14%.

Although SR spectroscopy is an ideal tool to map an equilibrium
structure, it can also be used as a probe in time-resolved experiments
to address transient phases®!. It has, however, a critical shortcoming
when addressing subpicosecond phenomena. Specifically, it is
subject to a time-energy resolution restriction dictated by the
time-bandwidth product of the light pulse, which is limited by
AEAt>15cm™! ps (ref. 22).

In this Letter, we circumvent this limitation by taking advantage
of the unrestricted time precision and energy resolution of femto-
second stimulated Raman spectroscopy (FSRS)?*, which we use to
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Figure 1| Concept of the FSRS experiment on KNiFs. a, A femtosecond white-light continuum (WLC) acts as a probe pulse (PP). b, Superposition of a
picosecond narrow-bandwidth Raman pulse (RP) with the PP generates Raman-induced coherences, read out on top of the WLC as (positive) gain and
(negative) losses. ¢, An actinic pump excitation (AP) modifies the exchange energy.

track the dynamics of the 2M line of the cubic perovskite KNiF;
upon ultrashort optical excitation. The basics of our FSRS set-up
have been described elsewhere?»?, and the details relevant to this
experiment are provided in the Methods. A sketch of the concept
is presented in Fig. 1, where the probe field is a femtosecond
white-light pulse (Fig. 1a), which, in the presence of a spatially
and temporally overlapped narrowband picosecond field (the
Raman pulse) stimulates the 2M excitation by triggering the spin-
flip events. This results in a net increase of Ey, which, for a simplified
one-dimensional case (a linear chain with S = +1/2), is AE, =], as
can be easily derived from equation (2). The resulting stimulated
Raman scattering (SRS) signal arises as a modification of the
probe pulse transmissivity, induced by the third-order Raman sus-
ceptibility, which generates a polarization P®(w) on top of the
probe field Ep(w) (Fig. 1b). The corresponding stimulated Raman
gain is given by SRG(w) x S(P®(w)/Ep(w)). The addition of an
ultrashort actinic pump pulse to this probing scheme allows the
photo-induced modification of the stimulated Raman spectrum to
be investigated, and hence E., (Fig. lc).

Figure 2 shows the excellent agreement of the 2 magnon line
(2ML) frequency and linewidth as measured by SR and SRS spectro-
scopies at different temperatures, which is well described by
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equation (2) with S=1 and n = 6 (refs 20, 27). The blueshifted (relative
to the Raman pulse frequency) component is a Raman loss (RL),
antisymmetric to a redshifted Raman gain (RG), which has no
spontaneous (anti-Stokes) counterpart®.

The light-induced modification of the 2M peak frequency, in the
presence of an ultrashort off-resonance actinic pump pulse, is
shown in Fig. 3 for different delays with respect to the probe
pulse. The position of the Raman line was estimated by fitting
the data with a pseudo-Voigt function (Supplementary Section
‘Fit procedure and data treatment’ and Supplementary Fig. 1).
Remarkably, the spectral dynamics of the RG and RL are not sym-
metric, as sketched in the inset. For positive time delays the RG
wavelength undergoes a blueshift corresponding to a light-
induced decrease in the 2M frequency, and then fully recovers its
unperturbed position in less than 150 fs.

Critically, we also observe a blueshift for the RL peak corre-
sponding to an increase in the 2M frequency, which is at odds
with a purely dynamical effect, that is, a light-induced modification
of the 2M frequency. Moreover, such a peak shift is also observed at
negative time delays, where the 2M frequency is still unaffected by
the actinic pulse. This behaviour suggests the dominance of a
purely optical, off-resonant fifth-order nonlinear process (that is,
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Figure 2 | SRS measurements on KNiFs. a, Background-subtracted Raman loss (RL) and Raman gain (RG) stimulated Raman spectra, obtained using a
narrowband Raman pulse and a broadband probe pulse, compared to a (scaled) Stokes side spontaneous Raman measurement at T =77 K. The redshifted
(relative to the Raman pulse wavelength) component is a RG, which is in excellent agreement with the previously measured spontaneous (Stokes) Raman
spectrum of the 2M mode'®"®. The blueshifted component is a RL, antisymmetric to the RG with respect to the Raman pulse frequency, which has no
spontaneous (anti-Stokes) counterpart?®. b, Softening of the 2M line with increasing temperature, as measured by SRS and SR spectroscopies.
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Figure 3 | Experimental peak shift of the 2M line from the RG and RL components of the stimulated Raman spectra. a, 2M line FSRS spectra on the red
side of the Raman pulse at different time delays. The colourmap shows a variation of the peak position during the time overlap condition among the three
different pulses. The measurements were performed with horizontal actinic pump polarization, orthogonal to the other two beams, with 1.9 eV photon
energy and 60 mJ cm~2 fluence. b, Photo-induced evolution of the Raman shift of the 2M line as a function of actinic pump delay in the FSRS spectra, for
both gain and loss sides. Error bars indicate the 90% confidence interval of the best fitted peak position. Inset: the line shape of the 2M Raman shift for RG
(red) and RL (blue) features is ascribed to the sum (thick arrows) of two effects with opposite symmetries: exchange energy modification (thin filled arrows)
and a six-wave mixing process (thin open arrows). wZMOindicates the position of the 2M mode peak in the absence of actinic photoexcitation (equation (3) in
the Methods). The peak shifts, detected under time overlap conditions, are different for the RG and RL. The photo-induced modification of the exchange
energy can be isolated by taking the difference between the frequency shifts of the RG and RL peaks.

six-wave mixing), occurring when the Raman pulse overlaps in time
with the actinic pump?.

This process is a perturbation, by the actinic pulse, of the Raman
free induction decay and extends over the dephasing time of the 2M
mode. To validate our hypothesis we performed a control FSRS
experiment under similar conditions on a non-magnetic system,
namely liquid cyclohexane, which can be used as a reference bench-
mark subject to the non-resonant six-wave mixing process only. As
expected, both RG and RL undergo a blueshift, as in KNiF;
(Supplementary Fig. 2). However, in the cyclohexane case, RG
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and RL shift by the same absolute value, but this is not the case
in KNiF;.

Specifically, as reported in Fig. 3, for KNiF; the RG and RL
shifts for a given positive time delay are different, suggesting
the possible presence of a net, genuine photo-induced transient
increase in w,y contributing to the response as a symmetric shift
(blueshift of the RL and redshift of the RG), quantified by
Awrpimeas(t) = (1/2)[|Awgy | - |Awgg]].

The derivative-like line shape of the 2M Raman shift consists
therefore of two concurring effects: a light-induced modification
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of the exchange energy and a six-wave mixing process. The former
is only present at positive time delays and is represented by the
difference between the blue and red lines, which are reported in
Fig. 3b. As elucidated in the inset of Fig. 3b, the different
magnitudes of the absolute frequency shift measured at positive
time delays can be explained by the opposite symmetry of
the wave-mixing process with respect to the net photo-induced
effect on E..(t).

Remarkably, the entire dynamics manifests itself in a temporal
window narrower than 100 fs, demonstrating the potential
brought about by the FSRS time-energy resolution for condensed
matter studies. An important point to note, however, is the
precise relation between the measured frequency shift Aw,nmeas(t)
and the true dynamics of the 2M mode Aw,)(t) at such ultrafast
regimes. This heavily depends on the ratio between the timescale
of the transient variation of E, 7 and the dephasing time of the
induced coherence T, corresponding to the inverse of the
Raman linewidth.

Specifically, under the condition 73> T~', the FSRS spectrum
consists of narrow gain (and loss) features tracking the instan-
taneous dynamics; that is, Awyyimeas(t) and Aw,p(t) would be iden-
tica. When the dynamics (wavepacket motion) occurs on a
timescale T comparable with the dephasing time (7~ I"™"), the link
between the instantaneous frequency and the lineshape is not
straightforward, to the extent that the spectral response can even
become dispersive?®. The case of interest here is even more critical,
being T<T™' (r~40fs, evaluated as the full-width at half-
maximum (FWHM) of A@,ymes(t) in Fig. 3 and T~ 500 fs
from Fig. 2a).

Under these circumstances, the maximum value of the photo-
induced modification of w,y\(f) corresponds to an increase by
~3% of the unperturbed Raman shift (see Methods) and therefore
of the exchange energy (equation (2)). This is in contrast with the
results reported in metals®’, where the ultrafast quenching of the
energy splitting between the spin majority and spin minority
bands reveals a light-induced reduction of the exchange energy.
However, it is not surprising that the effect of an optical stimulus
on a dielectric medium is different, considering that in this case
the huge dissipations due to the absorption of light by the free elec-
trons are absent. Moreover, we note that a recent theoretical study
predicts a photo-induced increase in the exchange interaction of
the same order of our estimation, for a super-exchange dielectric
antiferromagnet under the condition of off-resonant excitation®..
We therefore ascribe the observed modification of the exchange
energy to the microscopic magnetic interactions out of equilibrium,
which have been proven to be able to modify the exchange inter-
action via a light-induced energy shift of the charge transfer
transition®2,

In summary, we have demonstrated that ultrafast coherent
Raman spectroscopy can provide experimental evidence for sub-
100 fs photo-induced dynamics of magnons in the high-k region
of the Brillouin zone, direct expression of a light-induced increase
in the exchange energy. Our results provide an estimate of the dis-
sipative dynamics of the 2M line, setting an experimental bench-
mark for theoretical descriptions of ultrafast laser-induced
magnetic dynamics beyond the Heisenberg model. Moreover, we
introduce an approach to obtain the real dynamics of a Raman
mode from FSRS measurements, on timescales as short as the dur-
ation of the pump and probe pulses. We anticipate that an investi-
gation of the dynamics of the 2M mode triggered by resonant
excitation of the charge-transfer transition would reveal different
pathways for optical control of the exchange energy.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Sample. KNiF; is a cubic perovskite with space group of cubic symmetry m3m
(ref. 33), with two equivalent Ni** sublattices antiferromagnetically coupled below
the Neel temperature Ty =246 K (ref. 34). The sample was a 340-um-thick (100)
plane-parallel plate.

Experimental set-up. A Ti:sapphire laser was used to generate 3.6 m], 35 fs pulses at
800 nm, with a 1 kHz repetition rate. A portion of the laser fundamental, driving a
two-stage optical parametric amplifier, produced a horizontally polarized 60 fs
actinic pump (Ea(t)) with 1.9 eV photon energy and 60 m]J cm2 fluence, which was
used for photoexcitation. Snapshots of the subsequent 2M line evolution were taken
by broadband SRS, where the simultaneous presence of a narrowband picosecond
pulse (Raman pulse, Ex(t)) and a femtosecond WLC (Raman probe, Ep(t)) generates
vibrational coherence. Raman pulses were synthesized from a second two-stage
optical parametric amplifier producing tunable infrared-visible pulses, followed by a
spectral compression stage based on frequency doubling in a 25 mm beta barium
borate crystal. Vertically polarized pulses with 2.5 eV photon energy and 10 cm™
bandwidths were obtained, with 5 mJ cm™ fluence. The femtosecond probe
comprised a vertically polarized WLC, generated by focusing the laser fundamental
into a sapphire crystal. The Raman features arose as gain (positive or negative) on
top of the transmitted WLC, which was frequency dispersed by a spectrometer onto
a charge-coupled device. A synchronized chopper was used to block alternating
Raman pulse pulses in order to obtain the Raman gain using successive probe pulses,
and a second chopper blocked the actinic pump at 250 Hz to obtain Raman gain
spectra with and without actinic excitation. All the pulses were linearly polarized, the
WLC and Raman fields were parallel, and the actinic pump field was rotated by 90°
to minimize coherent artefacts.

Calculated FSRS spectra. The FSRS spectral responses reported in Supplementary
Fig. 3 were evaluated following the procedure in ref. 29. The signal is given by

S(w) = S[PP (@) Ep(w)]
where

PO(w) = [17 deP (e
Under the present experimental conditions, the dephasing time of the 2M line
(~500 fs) is much shorter than the duration 7y of the narrowband Raman pulse

(~3 ps), so we assumed a monochromatic Raman pulse (Ey(t) = Ege ™r'), without
any loss of generality. Both the actinic pump and the Raman probe pulses are

NATURE PHOTONICS | www.nature.com/naturephotonics

modelled as impulsive, Ex(t) = Ex0(t) and Ep(t) = Epd(t - T), for the sake of
simplicity. Then, for a three-level system (with the ground state at frequency w,,,
vibrational excited state at w, and electronic excited state at w,), the nonlinear
polarization in the time domain is given by

2 2
POt) = 1‘|ER\2EPL|M"’|Zexp [iwg(t = T) +ify w,(0)dr —y, |t - T|]
(wR - wba)

where o Y.} and w,,(t) indicate the dipole matrix amplitudes, the vibrational
lifetime and the instantaneous frequency, respectively. The latter is modelled
as an exponential function according to equation (3). The relaxed, long-time
frequency of the system oy, is given by the 2M mode in the absence of
photoexcitation (740 cm™).

Evaluation of w,y(#). As highlighted in the main text, because the condition 7= r
holds for the present case, the system dynamics is exhausted well before the Raman
interaction is completed; that is, the Raman process mostly probes the unperturbed
state. To quantify the link between Awapimeas(t) and wap(t) under such
circumstances, we used the assumption of an exponential relaxation from

Awyy + @y, t0 @y, for the system dynamics™:

Wy, + Awy e if t>0
Wy, if t<0

(3)

wyy (1) =

and we found that the largest Awsyimeas Observed in the probed temporal window
corresponds to Aw,y =20 cm ™. This has to be taken as a lower bound because the
value 7~ 40 fs that we used for the estimate does not account for the finite duration
of the pulses. The expected dependence of w,y(t) as a function of 7 is shown in
Supplementary Fig. 3a.
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