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Modeling the Ultrafast Response of Two-Magnon
Raman Excitations in Antiferromagnets on the
Femtosecond Timescale

Giovanni Batignani, Emanuele Pontecorvo, Davide Bossini, Carino Ferrante,
Giuseppe Fumero, Giulio Cerullo, Shaul Mukamel, and Tullio Scopigno*

Illuminating a magnetic material with femtosecond laser pulses induces
complex ultrafast dynamical processes. The resulting optically detectable
response usually contains contributions from both the optical properties and
the magnetic degrees of freedom. Disentangling all the different components
concurring to the generation of the total signal is a major challenge of
contemporary experimental solid-state physics. Here, this problem is tackled,
addressing the purely optical, nonmagnetic artifacts on the time resolved
two-magnon stimulated Raman spectrum of an antiferromagnet, rationalizing
the recent observation on the exchange energy modification upon
photo-excitation. It is demonstrated how the genuine dynamics of the
magnetic eigenmode can be disentangled from the nonlinear optical effects,
generated by cross phase modulation, on the femtosecond timescale. The
introduced approach can be extended for the investigation of <100 fs
dynamic processes by means of coherent Raman scattering.

The demand for devices able to store and encode information
at ever-increasing speed, in parallel with the advent of bright
femtosecond laser sources have been instrumental for the devel-
opment of ultrafast magnetism.[1,2] Since the early experiments
investigating ultrafast spin dynamics, it has been clear that ultra-
short laser pulses trigger many complicated pathways of energy
and angular momentum transfer between photons, electrons,
the lattice, and spins.[3–5] The observed phenomena, such as
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ultrafast demagnetization,[3] all-optical
switching,[4,6] photoinduced magnetic
phase transitions,[7,8] and the impulsive
generation of coherent magnons[5,9,10]

have been hitherto discussed mainly
in terms of spin–orbit coupling
perturbations.[1,2] Critically, the role
of the exchange interaction, which is the
strongest magnetic interaction respon-
sible for magnetic order, has been only
barely taken into account,[11,12] due to the
lack of direct ultrafast optical probes of
the exchange energy. Hence, developing
an experimental method and protocol
able to unambiguously reveal the pho-
toinduced dynamics of the exchange
energy, void from any optical effects,
would reveal an unexplored regime of
magnetic phenomena.

Raman scattering represents a powerful tool for investigating
magnetic excitations (magnons) in ferromagnetic and antifer-
romagnetic systems at equilibrium[13,14] as well as for accessing
transient magnetic phases in time-resolved experiments.[15,16]

However, due to the time-energy resolution restrictions dictated
by the Fourier transform limit,[17,18] spontaneous Raman (SR)
spectroscopies are ineffective on sub-picosecond time regimes
and in particular cannot access the dynamical response of the
exchange interaction. Time-resolved femtosecond stimulated
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Figure 1. Sketch of the time-resolved FSRS experimental scheme for probing magnon dynamics in KNiF3. a,b) Two-magnon excitations are coherently
stimulated by the joint action of a picosecond RP and a broadband femtosecond PP, that generates two spin flip events occurring on neighboring sites.
A further interaction with the RP followed by a final free induction decay enables to probe the excited magnons as Raman gain or Raman loss. In panel c),
we report the energy ladder diagram representing the SRS interaction in the red side, where a indicates the ground state, b represents a virtual electronic
level, while c is a two magnon excited state. The presence of an AP pulse triggers the dynamics of interest and, at the same time, modifies the Raman
spectrum due to cross-phase modulation with the RP. d) By varying the time delay between AP and RP–PP pair, the photoinduced modification of the
2ML peak position can be monitored. All the pulses are tuned off-resonant with the sample absorption, ensuring that electrons are not excited upon
photo-irradiation.

Raman scattering (FSRS)[19,20] is a powerful technique that can
overcome such limitations.[21–26] By combining a narrowband Ra-
man pulse (RP) with a femtosecond broadband probe pulse (PP),
illuminating the sample following an actinic pump (AP) photo-
excitation, time-resolved FSRS is able to coherently stimulate
and subsequently record out-of-equilibrium Raman excitations
both in molecular and solid-state systems.[27–35] For example,
FSRS has been recently exploited for investigating the lattice
dynamics in semiconductor nanocrystals[36] and the ultrafast
long-range charge separation in polymeric semiconductors,[37]

while impulsive stimulated Raman scattering, performed in
time-domain instead of frequency domain, has been used for
studying photo-carrier dynamics in hybrid perovskites.[38–40]

The combination of the narrowband RP with the femtosecond
PP, acting as probe pulses, ensures uncompromised spectral
resolution (a few wavenumbers) and temporal precision (down
to 50 fs).[41–43] Recently, time-resolved FSRS has been used for
studying the photoinduced magnon excitation dynamics, extract-
ing themodification of the exchange interaction in the insulating
cubic perovskite KNiF3 on the femtosecond timescale.[44,45] Crit-
ically, since the dynamics under investigation was entirely
generated during the temporal overlap of the pump and probe
pulses, the transient Raman spectra were dominated by the
presence of purely optical, off-resonant nonlinear processes,
usually referred to as coherent artifact,[46–50] which obscure the
genuine exchange energy dynamics.
The optical artifact was indirectly removed from the time-

resolved Raman spectra, building on a comparison between
the contributions to the spectrum shifted to the red and blue
wavenumbers (conventionally referred as Stokes and anti-Stokes
sides in spontaneous Raman spectroscopy) with respect to the

RP central frequency.[51,52] Indeed, since the experiment was per-
formed in nonresonant condition, the effect of the artifact on the
fifth order nonlinear response was the same in the red and in
the blue side of the time-resolved FSRS spectrum,[44,45] while the
signatures of the exchange dynamics contributed differently to
the two sides. This is not always true and this procedure can-
not be extended to resonant time-resolved FSRS experiments or
to cases where the red and blue sides of the spectrum cannot
be simultaneously measured under the same conditions. In this
work, we assign the origin of the nonresonant fifth-order process
to cross phase modulation (XPM)[50,53,54] between the RP and the
AP pulses. Selecting the paradigmatic case of the antiferromag-
netic dielectric KNiF3, we showhow tomodel it based on the spec-
tral profile of two-magnon line excitations, factoring out from the
total time-resolved FSRS signal and recovering the genuine dy-
namics of the exchange interaction. Our model allows to derive
a protocol for the analysis of FSRS spectra that can be extended
to many solid-state systems, disclosing the power of the FSRS
technique to the condensed matter community.
The FSRS experimental scheme, used for accessing the mag-

netic properties of KNiF3 and its ultrafast response, is sketched in
Figure 1b. Details of the experimental setup are reported in
ref [44].
Briefly, a 650 nm, horizontally polarized, 60 fs AP pulse with

60 mJ cm−2 fluence photo-excites the system, which is then
probed by the joint action of a vertically polarized RP (500 nm,
5 mJ cm−2, 5 cm−1 bandwidth, ≈3 ps time duration) and a broad-
band PP. All the pulses are off-resonantly tuned with respect to
the sample absorption, in order to ensure that hot electrons are
not generated upon photo-irradiation. By tuning the relative de-
lay between the AP and the RP–PP pair, it is possible to monitor
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the dynamics of the Raman excitations. The sample, a 340 µm-
thick (100) plane-parallel plate, is antiferromagnetically ordered
below the Néel point TN = 246 K and it is maintained at the tem-
perature T = 77 K during the time-resolved FSRS experiment
by means of a cryostat. The antiferromagnetic order in KNiF3
arises from the super-exchange interaction between nearest
neighbors Ni2+ ions,[55] mediated by the nonmagnetic F− ions.
Raman spectroscopy can directly access the exchange energy in
this sample, being able to simultaneously excite two magnons
on different sublattices in the high-wavevector region of the
magnon dispersion.[14,56] According to the Heisenberg-exchange
Hamiltonian

Ĥex =
1
2

∑
a≠b

Jab ⟨Ŝa ⋅ Ŝb⟩ (1)

describing such elementary magnetic excitation, the energy of
the 2 magnon line (2ML) excitation[57,58] (Figure 1a), generated
by two spin flip events (with the total spin S of the system un-
changed) occurring on neighboring sites, can be expressed as
ℏ𝜔2ML =

2nS−1
S2

Jab ⟨ŜaŜb⟩, which is directly proportional to the ex-
change interaction. Here, n is the number of nearest neighbors.
Measuring the 2ML position can thus be used to directly access
the exchange energy.
The AP induced modification of the 2ML peak position as

a function of the relative delay between AP and PP is reported
in Figure 1d, for both the red and the blue sides of the FSRS
spectrum measured under the same experimental conditions
(i.e., with the same pulse fluences, energies, and wavelengths).
Notably, for positive time delays, the peak shift detected within
the temporal overlap between AP and PP is not the same for
the blue and red sides of the RP and is at odds with what is
expected for a purely dynamical effect, that is, a light-induced
modification of the 2M frequency. In fact, the Raman peak shifts
to the right on both sides of the spectrum (i.e., to red-shifted
wavelengths), but this indicates a light-induced decrease of the
2M frequency in the red side and an increase in the blue side,
since the two sides are defined with respect to the RP frequency.
Moreover, a peak shift, with the same amplitude and opposite
sign in terms of Raman shift, occurs also at negative time
delays, when the 2M frequency is still unaffected by the actinic
photo-excitation. The overall response can be interpreted as the
sum of two concurring processes: a dynamical modification
of the exchange interaction and a purely optical nonresonant
process, altering the time-resolved FSRS spectral lineshape and
obscuring the genuine 2ML modification.
As depicted in the diagram of Figure 1c, the spatial and tempo-

ral overlap of the RP–PP pair generates the two spin flip events
and stimulates the two-magnon excitations (Figure 1a). The co-
herent stimulation requires the temporal overlap of the picosec-
ond RP and the femtosecond PP. Therefore the temporal preci-
sion in the generation of the Raman coherences is dictated by the
duration of the probe, while the spectral resolution is determined
by the RP spectrum.[41,42] A further interaction with the RP and
a free induction decay enables to probe the excited magnons as
2ML loss and gain peaks over the PP spectrum.
Adding an AP photo-excitation to this two pulse stimulated

Raman scattering experimental layout, for triggering the dynam-
ics of the exchange interaction, enables to acquire time-resolved

FSRS spectra. Critically, the presence of the AP will result also
in the generation of XPM induced arteficts, which are due to
the AP-induced modifications of the RP and are superimposed
to the FSRS genuine dynamics.[20] In this respect, we note that,
considering the SRS process exploited for probing the system
out-of-equilibrium dynamics, while the first interaction with the
RP (first vertical dashed arrow in Figure 1c) takes place during
the temporal overlap between Raman and probe pulses (i.e.,
on a 50 fs timescale), the latter interaction with the RP (vertical
continuous arrow in Figure 1c) occurs within the dephasing
time of the stimulated 2ML coherence and the residual duration
of the RP.[59,60] As a result, XPM between the AP and the RP
can affect the spectral response not only during the temporal
overlap of the AP–PP pair, but also for negative time delays, that
is, for an AP following the PP, inducing different distortion in
the FSRS lineshape.
In the absence of the AP, the stimulated Raman scat-

tering (SRS) can be expressed in terms of the third order
polarization.[17,61–63] Considering the simple three-level model
system shown in Figure 1 and an exponentially damped har-
monicmode, with frequency𝜔ca and inverse lifetime Γ−1

ca , the fre-
quency dispersed third order polarization accounting for the SRS
signal on the red side of the Raman pulse can be expressed as

P(3)(𝜔) = |𝜇ab|2|𝜇bc|2 1
𝜔 − 𝜔̃bc ∫

∞

−∞
d𝜔1

∗
R(𝜔1)

𝜔R + 𝜔1 + 𝜔̃ab

×∫
∞

−∞
d𝜔3

R(𝜔3)P(𝜔 − 𝜔P + 𝜔1 − 𝜔3)
𝜔 − 𝜔3 − 𝜔R − 𝜔̃ac

(2)

where 𝜔̃ij = 𝜔i − 𝜔j − iΓij and 𝜇ij represents the dipole transition
moment between the i and j states.
The PP modifications, induced in presence of a nonlinear po-

larization in the material, can be hence calculated by numerically
integrating the wave equation (Equation (S5), Supporting Infor-
mation), obtaining the resulting stimulated Raman gain (SRG)
spectrum as

SRG =
|EP(𝜔, L) − EP(𝜔, 0)|2|EP(𝜔, 0)|2 (3)

The XPM effect between two laser fields Ei(z, t) and Ej(z, t) can
be described by the coupled nonlinear Schrödinger equations[54]

𝜕Ai

𝜕z
+ i
2
𝛽
(i)
2

𝜕2Ai

𝜕𝜏2
= i𝛾

(|Ai|2 + 2|Aj|2)Ai

𝜕Aj

𝜕z
+ 𝜖

𝜕Aj

𝜕𝜏
+ i
2
𝛽
(i)
2

𝜕2Aj

𝜕𝜏2
= i𝛾

(|Aj|2 + 2|Ai|2)Aj

(4)

wherewe have considered the linear (𝛽 (i)1 = dk
d𝜔
|𝜔=𝜔i

= v−1g ) and the

quadratic (𝛽 (i)2 = d2k
d𝜔2

|𝜔=𝜔i
) dispersion effects, the group-velocity

mismatch parameter 𝜖 = 𝛽
(i)
1 − 𝛽

(j)
1 , and adopted a moving tem-

poral frame 𝜏 = t − 𝛽
(i)
1 z. In Equation (4), 𝛾 takes into account

for the coupling, through cross-phase modulation, between opti-
cal fields propagating in a nonlinear medium.[54,64,65] The optical
electric field Ej(z, t), propagating along the z direction, has been
represented as Ej(z, t) = Aj(z, t)e

i(kjz−𝜔j t). As shown in Figure 2, in
the presence of XPM, the RP phase is modulated as a function of
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Figure 2. Cross phase modulation artifacts: the Raman pulse phase is modulated as a function of the time delay tA−R between AP and RP (a) due to XPM
between the two pulses. The resulting spectral modification of the RP is shown in (b), where we report the differential RP spectrum ΔIR, that is, the RP
spectral profile measured with and without the presence of the AP. In (c), the corresponding differential steady-state FSRS spectrum ΔFSRS(𝜔, tA−P) is
calculated for a Raman line at 500 cm−1, with Γ−1ca = 8 ps, as a function of the relative delay tA−P between the AP and PP (with temporal delay between the
PP and RP fixed). The unperturbed SRS spectral lineshape is reported in the sub-panel by the black line.ΔFSRS(𝜔, TA−P) measured at negative time delays
(tA−P < −300 fs), that is, for an AP following the PP, has been scaled by a factor 5. In (d), we report the same differential steady-state FSRS spectrum
ΔFSRS(𝜔, tA−P) for a Raman line at 500 cm−1, considering the case of a much faster dephasing time, that is, Γ−1ca = 400 fs. For negative time delays, an
oscillating profile covers a large spectral region, broader than the Raman line-width, and lasts for a time interval within the vibrational dephasing time
and the residual duration of the RP. During the temporal overlap between AP and PP, we observe an asymmetric dispersive feature centered around the
Raman peak, resulting in a red-shift of the peak position.

the RP–AP temporal delay tA−R, resulting in a transformation of
the spectral properties of the RP (Figure 2b).[66]

The specific way XPM shows up in spectral artifacts affecting
the time-resolved FSRS signal can be numerically calculated by
integrating the wave equation, with the field envelopes evaluated
at each point across the sample accordingly to Equation (4). In
Figure 2c, we report the computed off-resonance differential sig-
nal ΔFSRS(𝜔, tA−P), in the red side, defined as the difference of
the FSRS spectra measured in the presence and absence of the
AP, for an ideal harmonic mode, with 𝜔ca = 500 cm−1 and Γ−1

ca
= 8 ps. The simulation has been performed for a 3 ps RP, with
the PP preceding the RP (1 ps temporal delay). The pulses tem-
poral ordering chosen in the simulation, with the RP following
the PP, represents the typical experimental layout for the SRS
and FSRS schemes, providing the optimal trade-off in terms of
spectral resolution and maximum of Raman Gain.[59,60] Within
the AP–PP temporal overlap, XPM causes a dispersive profile,
which alters the measured peak position, inducing an appar-
ent red-shift. On the contrary, for negative time delays tA−P, an
oscillating profile can induce a blue-shift of the measured peak
position. Notably, if tA−P < 0, the time-resolved FSRS response
does not bear any information on the photoinduced transient dy-
namics, with the spectral modifications entirely ascribed to XPM
induced artifacts; therefore, the FSRS response at negative delays
can be exploited to calibrate the parameters required tomodel the
XPM induced artifact, which can be subsequently removed from
the FSRS spectrum over the entire pump probe delay window
(i.e., for any value of tA−P). We note that the spectral modulation
at negative time delays shows an amplitude less intense than the
dispersive profile at positive time delays and a frequency which is
inversely proportional to tA−P. Moreover, it lasts for a time interval
comprised within the vibrational dephasing time and the resid-
ual duration of the RP. For these reasons, a correct estimation
of the induced peak shift has to precisely take into account the
spectral profile of the SRS signal and the dephasing time of the

Raman modes under investigation. A convenient way to model
the physical parameters of magnon excitations ruling their pecu-
liar Raman lineshapes is to consider a microscopic description
of the magnon Raman scattering events in terms of the second-
order Green function formalism presented in ref. [67], which
enables to obtain magnon self-energies, consistently taking into
account finite magnon lifetimes and reproducing their Raman
spectral profile. For boundary region magnons (i.e., magnons
whose wavevectors lie near the edges of the first Brillouin zone),
the spontaneous Raman cross section can be expressed as[14]

K(𝜔) = C
1 − e−ℏ𝜔∕(kBT)

𝛼2(T)S2
(
− 1
2𝜋

)
ℑ[G2ML(𝜔)] (5)

where 𝛼(T) is the renormalization Hartree–Fock factor and the
constant C contains all the polarization dependence, together
with the interacting light electric fields. The propagator G2ML(𝜔)
is

G2ML(𝜔) =
L0(𝜔)

1 − JL0(𝜔)
(6)

For the simple cubic KNiF3 lattice,
[13] we have

L0(𝜔) = − 3
𝜋JSn ∫

1

0
dx x√

1 − x2

×
coth

[
1
2
(JSn∕kBTN)𝛼(T∕TN)(xTN∕T)

]
𝜔∕(2JSn) − 𝛼(T∕TN) + iΓ′∕(JSn)

×
{
C000

[
3
(
1 − x2

)1∕2] − C200

[
3
(
1 − x2

)1∕2]

+ 2C110

[
3
(
1 − x2

)1∕2]}
(7)
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Figure 3. Photoinduced evolution of the Raman shift of the 2M line in the time-resolved FSRS spectra arising from XPM induced artifacts as a function
of actinic pump delay. The black line reports the experimental XPM signal, which has been evaluated as the sum of the red and blue side peak shifts,
in order to cancel out effects arising from a modification of the exchange energy. Inset: stimulated Raman scattering on KNiF3. FSRS and SRS spectra
are simulated both using the sum of Lorentzian contributions (blue dashed lines) and building on the microscopic description of the magnon Raman
scattering events in terms of the second-order Green function formalism (continuous orange line). Although modeling the Raman response as a sum
of Lorentzian contributions can reproduce the steady-state SRS spectrum, it fails for extracting the XPM induced artifacts, which, on the contrary, are
reproduced by the orange line. The genuine dynamics of the 2M line, modified due to the light induced manipulation of the exchange interaction, can
be retrieved by subtracting the XPM induced artifact and is reported by the red line.

Here, n = 6 is the number of nearest neighbors, S = 1, J =
70.5 cm−1, TN is the Neel temperature, T = 77K, Γ′∕(JSn) = 3 ⋅
10−3, 𝛼(T = 77K) ≈ 0.977, and Cijk(z) are defined by means of
Bessel functions J(i)

Cijk(z) = ∫
∞

0
dt cos(zt)Ji(t)Jj(t)Jk(t)

The KNiF3 stimulated Raman response can be expressed sub-
stituting the propagator 1

(𝜔−𝜔3−𝜔R−𝜔̃ac )
with G2ML(𝜔 − 𝜔3 − 𝜔R) in

Equation (2)[17]

P(3)(𝜔) =
|𝜇ab|2|𝜇bc|2
𝜔 − 𝜔̃bc ∫

∞

−∞ ∫
∞

−∞
d𝜔1d𝜔3

×
∗
R(𝜔1)R(𝜔3)P(𝜔−𝜔P + 𝜔1 −𝜔3)G2ML(𝜔−𝜔3 −𝜔R)

𝜔R +𝜔1 + 𝜔̃ab

(8)

The simulated SRS spectrum is shown in the inset of Figure 3
(orange continuous line) and is in agreement with the experi-
mental result (black circles).
In order to assess the reliability of the proposed frame-

work for reproducing the XPM induced artifact, we compared
the XPM-induced frequency shift of the FSRS peak position
Δ𝜔(t) = 𝜔(t) − 𝜔0 (evaluated by Equations (4) and (8)) with an
indirect determination obtained by isolating the XPM as the
average of the red and blue Raman shifted components (the
2ML dynamics is in this way factored out[44]). In this respect,
as we have previously mentioned, the parameters required for
modeling the FSRS artifact have been calibrated using only the
negative time delays region (t < −100 fs). The results shown in
Figure 3 reveal that the experimental (black circles) Δ𝜔(t) profile

is well reproduced by the simulated one (orange line). By sub-
tracting the calculated XPM signal from the time-resolved FSRS
trace measured in the red side of the spectrum, we can finally
retrieve the genuine 2ML peak shift due to the light induced
manipulation of the exchange interaction, which is ≈1 cm−1.
It is now worth assessing the impact of an accurate modeling

of the static excitation spectral profiles on the reproduced XPM
contribution. To this aim, we compared the signal obtained us-
ing the microscopic description of the two-magnon Raman scat-
tering in terms of the second-order Green function formalism
discussed so far with the one extracted using a sum of standard
Lorentzian profiles, with lifetimes obtained fitting the steady-
state Raman spectrum (blue dashed line in the inset of Figure 3).
Importantly, the XPM profile obtained with this latter strategy
is significantly different and is not able to reproduce the exper-
imental peak shift. This demonstrates how the peculiarities of
the elemental excitations of interest—the two-magnon line in the
present case—are critically relevant to retrieve accurate informa-
tion on the FSRS ultrafast dynamics.
Importantly, the presented approach for recovering the gen-

uine system dynamics in time-resolved FSRS spectra offers a
procedure for factoring out nonlinear artifacts without the need
of resorting to ad hoc workaround,[44] only applicable in the off-
resonant condition.
In this paper, we have introduced a novel protocol for the anal-

ysis of FSRS spectra which allows to disentangle genuine ultra-
fast dynamics from XPM artifacts. The protocol is based on the
following strategy:

• Obtaining the physical parameters (self-energies and lifetime)
of the specific excitation of interest from static Raman mea-
surements using the appropriate lineshapemodeling.We have
indeed shown how the effect of the XPM artifact on the
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FSRS-determined dynamics of a quasi-particle critically de-
pends upon its nature.

• Exploiting the negative delays FSRS spectra, which do not bear
any information on the material dynamics, to calibrate all the
parameters required to calculate the XPM artifact, by combin-
ing Equations (4) and (8).

This scheme, illustrated in the paradigmatic case of two-
magnon excitations in the insulating cubic perovskite KNiF3,
allows to factor out the isolated XPM induced artifact and to
retrieve accurate information on the ultrafast dynamics buried
beneath the raw FSRS signals. The present approach can be
exploited for disclosing the real dynamics of complex Raman
lines on timescales as short as the duration of the femtosecond
AP and PP pulses by means of time-resolved FSRS.
We anticipate that this strategy will pave the way to the ap-

plication of FSRS to the study of the photoinduced ultrafast dy-
namics of high-energy one-magnon or two-magnon excitations
in a broad range of solid-state magnetic materials,[56] such as
transition metal oxides (NiO, CoO, or MnO), binary fluorides
(FeF2 or NiF2), trifluorides (e.g., NaNiF3 and KNi2F4 as well
as the already studied KNiF3), strongly correlated iridates (e.g.,
Sr2IrO4), and even high-temperature cuprate superconductors
(such as YBCO or BSCCOs), where the high-energy spin exci-
tations, related to the two-magnon mode, were shown to play a
major role in the mechanism that allows the high-temperature
superconductivity.[68]
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