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A pair of circularly polarized laser pulses of opposite helicities are shown to control the route of spin reorientation
phase transition in rare-earth antiferromagnetic orthoferrite (Sm0.55Tb0.45)FeO3. The route can be efficiently controlled
by the delay between the pulses and the sample temperature. Simulations employing previously published models of
laser-induced spin dynamics in orthoferrites failed to reproduce the experimental results. We suggest that the failure
is due to neglected temperature dependence of the antiferromagnetic resonance damping in the material. Taking into
account the experimentally deduced temperature dependence of the damping, we obtained good agreement between the
simulations and the experiment.

Antiferromagnets are the largest, but probably the least ex-
plored, class of magnetically ordered materials discovered
only in the 20th century1,2. The magnetic order in antifer-
romagnets is characterized by mutually antiparallel alignment
of neighboring spins, such that their net magnetic moment is
either zero or vanishingly small. In the simplest case of a two-
sublattice antiferromagnet, the order can be modeled as two
ferromagnets with mutually antiparallel magnetizations of the
sub-lattices M1 and M2 so that the whole material is described
by the antiferromagnetic Néel vector L = M1 −M2.

Due to the high frequencies of intrinsic spin resonances,
often reaching the landmark of 1 THz, the antiferromagnets
are seen as materials that may facilitate the fastest and least-
dissipative mechanisms for writing magnetic bits in future
data storage3. Understanding how to control spins in antifer-
romagnets and revealing the characteristic time scales, which
define the fundamental limits on the speed of such a control,
are thus among the most heavily debated questions in contem-
porary magnetism4.

Rare-earth orthoferrites have been long offering a very
fruitful playground for this research. First, because of the very
strong temperature dependence of magnetic anisotropy, these
materials possess a heat-induced spin-reorientation phase
transition (SRT). Thus, using the femtosecond laser pulse as
an ultrafast heater, it is possible to launch spin dynamics and
study spin reorientation in antiferromagnets at an unprece-
dentedly fast timescale5. Second, due to strong opto-magnetic
effects, circularly polarized femtosecond laser pulses can act
on spins in these materials as equally short pulses of effec-
tive magnetic field with the polarity defined by the helicity of
light6.

A combination of these two mechanisms of launching the
spin dynamics led, in particular, to the discovery of spin in-
ertia in antiferromagnets7 and to the routes of coherent con-
trol of SRT8. Although intuitively heat-induced SRT can pro-
ceed along two energetically equivalent routes with the ma-
terial eventually ending up in a multidomain state, ultrashort
pulses of opto-magnetic fields were suggested to dynamically
break the degeneracy and steer the medium to a state defined

by the helicity of the light pulse8. Later, the same principle of
dynamical degeneracy breaking was employed to demonstrate
coherent control of SRT in orthoferrites with the help of a pair
of pulses – a properly timed femtosecond laser heat pulse and
a nearly single-cycle pulse of the THz magnetic field9.

Here, we further explore the coherent control of SRT with a
pair of optical pump pulses. Employing two circularly polar-
ized pulses acting as both ultrafast heater and opto-magnetic
field, the time delay of the second-arrived pump should define
the final magnetization orientation in a controllable manner
[Fig.1(a)]. In experiments, we reveal a strong and previously
ignored effect of heavily increased damping of spin preces-
sion near the phase transition. The damping significantly af-
fects the result of the action of the pair of pulses. We showed
that if the first pulse heats the orthoferrite to a temperature
near the SRT, the material becomes practically insensitive to
the second pulse in the subsequent time window of 5-20 ps.
According to the simulations based on the models employed
before, such an insensitivity can indeed be observed, but in
this case it must be observed periodically at later time delays
as well. We propose an upgrade for the model that accounts
for the increased damping and enables a match of the model-
ing with the experimental results.

Here, we employ (Sm0.55Tb0.45)FeO3 as a sample. The
crystal was grown using the floating zone technique10. For
the study, the bulk crystal is cut in the form of 158-µm-thin
plane-parallel plate with normal along c axis (Appendix A).
The magnetic structure of the crystal can be modeled as a two-
sublattice antiferromagnet with magnetizations M1 and M2,
respectively. The exchange interaction favors their mutually
antiparallel orientations, but due to Dzyaloshinskii-Moriya in-
teraction M1 and M2 are slightly canted by about 1◦, result-
ing in non-zero net magnetization M = M1 +M2 ̸= 0. As a
result, magnetization M and the antiferromagnetic Néel vec-
tor L are orthogonal to each other [insets on Fig. 1(c)]. At
temperatures T < 215 K, the spins and L are aligned along c
crystallographic axis, while M is along a axis (Γ2 phase). Due
to the strong temperature dependence of magneto-crystalline
anisotropy, in the range 215 K< T < 250 K the spins con-
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FIG. 1. (a) Schematic illustration of the coherent optical control
of final magnetization state at SRT. (b) Magneto-optical images of
the sample at different temperatures in Faraday geometry. (c) Tem-
perature dependence of magneto-optical contrast between opposite
domains (symbols). Line is the theoretical dependence found using
the model from12. Insets depict the orientations of antiferromag-
netic vector L and net magnetization M of the sample in the low-
temperature (Γ2), angular (Γ24), and high-temperature (Γ4) phases.

tinuously rotate within ac plane (Γ24 phase). At T > 250
K, the spins are along a axis, while M is along c axis (Γ4
phase). We experimentally confirmed the presence of SRT in
the sample, measuring the Faraday effect for light propagating
along c axis and therefore sensitive to out-of-plane magneti-
zation component [Fig. 1(b,c)]. The increase in temperature
promotes spin reorientation from phase Γ2 with in-plane M
orientation and indistinguishable domain structure [left panel
in Fig. 1(b)] to phase Γ4 along one of the two equivalent routes
leading either to a state with magnetization "up" or to a state
with magnetization "down", appearing as bright and dark do-
mains on camera [central and right panels in Fig. 1(b)]. In
addition, we performed complementary dilatometry11 in zero
field and the same temperature range to observe spin reori-
entation more clearly. Unfortunately, the orthoferrite sample
does not reveal a detectable magnetostriction signal.

The idea of our experiment is to control the route with a pair
of laser pulses and reveal how the final state depends on the
time delay between the pulses in a pair. An expected scenario
that we aim to verify is shown in Fig. 1(a). The first pulse
acts as an ultrafast heater and a pulse of opto-magnetic field.
Hence, it launches a low-amplitude spin precession and simul-
taneously causes transient changes in thermodynamic equilib-
rium. Using a properly timed second pulse, which also acts as
an ultrafast heater and an ultrashort pulse of the opto-magnetic
field, one can push the spin system either to the state with the
magnetization "up" or "down".

To study the magnetization reorientation induced by such
a double-pulse excitation, we used a time-resolved magneto-
optical pump-probe technique combined with magneto-
optical imaging13. The sample is pumped with two 50 fs
circularly polarized laser pulses with a central wavelength of
800 nm, generated by Ti:sapphire amplifier at 1 kHz repetition
rate. The time delay between the two pumps τ is mechanically
controlled in a range from -150 to +150 ps. The pulses follow
the same path and pump the sample at an incidence angle of
11◦. The focus spot on the sample has full width at a half max-
imum of 100 µm. Pump-induced changes in the sample are
probed with a linearly polarized pulse with a wavelength con-

𝜏 = -50 ps 𝜏 = 50 ps𝜏 = -5 ps 𝜏 = 5 ps
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FIG. 2. (a) Magneto-optical images of the reorientation process
at t = 1.5 ns for different pump-pump delays τ observed with CCD
camera at T = 190 K. (b) Experimental diagram of magnetization’s
final state in coordinates of pump-pump delay τ and initial temper-
ature of the sample T . (c) The diagram of the final state calculated
with Eq. (1). The color code shows the value cosθ , as the experimen-
tal scheme is sensitive to out-of-plane component of magnetization.

verted from 800 to 650 nm using an optical parametric ampli-
fier. The probe is unfocused to cover an area of about 3 mm2

on the sample with a fluence four orders of magnitude lower
than that of each pump pulse. The time delay between the
first-arrived pump and the probe is mechanically controlled
from -0.5 to +1.5 ns. Two complementary sets of experiments
are performed. The first used a CCD camera as a detector to
obtain magneto-optical images of the sample14. In the second
set of experiments, a diaphragm is placed in the probe beam,
selecting only the pumped area. After this spatial filtering, the
probe is detected with a balanced detector and lock-in ampli-
fier, synchronized with a mechanical chopper placed on the
pumps’ path. In both cases, the measurements are sensitive
to the out-of-plane component of magnetization parallel to c
axis. The sample is placed in a cold finger cryostat to control
its initial temperature T . The experiments were performed
without an external magnetic field. The helicities of the two
pumps are set to be right-handed σ+ and left-handed σ− with
quarter-wave plates.

For double-pump experiments, we set the fluences of the
pump pulses to 67 mJ/cm2 to such that one pump alone could
not launch the SRT at T = 170 K, but two pump pulses to-
gether were able to initiate and steer the phase transition. Fig-
ure 2(a) shows that the sign of magnetization in the final state,
measured at 1.5 ns after laser excitation, dramatically depends
on the time delay between pump pulses τ .

To obtain a better understanding of the observed dynamics,
we performed double-pump experiments with the balanced
photodetector as a function of temperature T and time de-
lay τ . In Fig. 2(b) we plot experimentally defined diagram
showing the magneto-optical contrast of the pumped domain
at 1.5 ns after the laser excitation as functions of T and τ .
At temperatures just below the SRT, i.e. 190 < T < 215 K,
the double-pump excitation forms a single domain with the
magnetization direction defined by the helicity of the earliest
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pump pulse independently on the pump-pump time delay τ .
At lower temperatures 170 ≤ T ≤ 190 K, the delay τ begins
to play a crucial role. If τ is less than a critical value τc, the
helicity of the first-arrived pump determines the final orienta-
tion of magnetization. However, if τ > τc, the magnetization
orientation is defined by the helicity of the latest pulse. At
lower temperatures of T < 170 K, two pumps together do not
sufficiently heat the system to trigger SRT.

To simulate laser-induced spin dynamics, we solved the
equation of motion for the antiferromagnetic vector L derived
using the principles of Lagrangian mechanics15,16. The result-
ing dynamics of L within ac plane is described by the angle θ

between L and a axis as7,17:

d2θ

dt2 +2ζ
dθ

dt
+ γHex

dWa(θ)

dθ
= γ

2HDHp(t)sinθ , (1)

where the total length of L is assumed to be conserved; ζ

is a damping parameter in the units of frequency; Hp(t) is
the pulse effective opto-magnetic field with duration of 50 fs
and aligned either parallel (σ+) or antiparallel (σ−) with re-
spect to c axis; HD is the effective field of the Dzyaloshinskii-
Moriya interaction; Hex represents the exchange field of the
antiferromagnet; γ is the gyromagnetic ratio; t is time after
the earliest pump. The function Wa(θ) is the potential energy
described by the magnetic anisotropy of the antiferromagnet.
In our model, Wa(θ) is a function of temperature in accor-
dance with the conventionally accepted model12. To mimic
laser-induced heating, we assume that the temperature of the
sample is a function of the pump-probe time delay, similarly
to the model from Ref.18. In particular, we take into account
that the time dependence of magnetic anisotropy is due to
temperature-induced repopulation of the electronic states in
highly anisotropic Sm3+ and Tb3+ ions. This repopulation
occurs on a time scale of electron-phonon interaction for rare-
earth ions, which could be estimated to be around 15 ps18.
Furthermore, we suggest an increase in temperature of 25 K
after one pump, as the action of both pumps is enough to in-
duce SRT at T = 170 K. The results of the modeling are simi-
lar to those from Ref.9 (see Appendix B), but they are clearly
different with respect to the experimental observations. In the
modeling, we indeed observe a triangle centered around τ = 0,
similar to the experimental diagram in Fig. 2(b). This triangle
reproduces the insensitivity of spins in the antiferromagnet to
the second pump pulse. However, contrary to the experiment,
this insensitivity also appears periodically at longer τ in the
simulations (Appendix B), but is clearly absent in the experi-
ment [Fig. 2(b)]. However, we note that none of the models
suggested before took into account the fact that the damping
parameter ζ in Eq. (1) must also have a strong temperature
dependence. The opto-magnetic pulse triggers spin oscilla-
tions at the frequency of the quasi-ferromagnetic mode of the
antiferromagnetic resonance in the orthoferrite6. This mode
is known to "soften" down to zero frequency at temperatures
of SRT from Γ2 to Γ24, as well as from Γ24 to Γ4. It is a
well-known experimental fact that softening of magnetic res-
onances is accompanied by a dramatic increase in damping.
This is also the case in our experiment. Indeed, we found the

𝛤2 

𝛤24 𝛤24 

𝜃c 𝜃c

FIG. 3. Two scenarios of the coherent magnetization control under
double-pulse fluence. The final state is defined by pumps’ helicities
and pump-pump delay τ . Detailed description is in the text.

damping peak at T1 in single-pump experiments, extracting
the frequency and damping of the spin oscillations as a func-
tion of temperature (Appendix C). If we add this experimen-
tally defined dependence ζ (T ) to Eq. (1), the results of the
simulations appear to be in good qualitative agreement with
the experiment [Fig.2(c)].

On the basis of the experimental observations and model-
ing, we suggest the next path of the reorientation process un-
der double-pump excitation. In phase Γ2 (T < T1) the equi-
librium orientation of M-L pair corresponds to θ0 = ±π/2.
To be specific in the illustration, we assume the initial state
with θ0 = π/2, and the first-arriving pump with positive he-
lisity σ+ launches the magnetization dynamics through IFE
towards θ > θ0 (Fig. 3, top frame). Subsequently, there are
two scenarios for the dynamics determined by τ . The first
scenario is realized if the second pump arrives too early, that
is, τ is smaller than a critical value τc (Fig. 3, left frames). In
this scenario, the second pulse cannot reverse the forward mo-
tion of the system or sufficiently accelerate it in the backward
motion to overcome the potential barrier in phase Γ24 before
the barrier appears. Thus, the second pump will further heat
the system and thus help establish the state determined by the
helicity of the first pump if τ < τc. The second scenario occurs
if τ > τc, that is, the second pump arrives when the system has
reversed its momentum and passed a critical coordinate θc in
backward motion (Fig. 3, right frames). In this scenario, the
torque of the second pulse is sufficient to transfer the system
to θ < θ0 before the potential barrier appears in Γ24. We no-
tice that the same scenarios work for the initial combination of
σ+ and θ0 =−π/2, since the torque induced by IFE does not
change sign with the sign of θ0

19,20. Thus, helicity σ+ works
in the same way for both initial orientations of the domains
in Γ2. The change in helicity sign flips the initial torque and
the corresponding final state, resulting in the antisymmetrical
T − τ diagram with respect to τ = 0.

In conclusion, we experimentally and numerically studied
coherent control of the ultrafast phase transition in antiferro-
magnetic rare-earth orthoferrite using double-pulse excitation.
We show that the final state at 1.5 ns after pump excitation de-
pends on the time delay between the pump pulses. At a tem-
perature close to the phase transition, the final state is fully de-
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fined by the helicity of the earliest pump pulse. At lower tem-
perature, we distinguish two regions. In particular, we show
that at pump-pump delays larger than a critical time, the state
is defined by the helicity of the latest pulse, while at shorter
delays, it is the earliest pulse in the pair that defines the fi-
nal magnetization. We show that earlier published models are
unable to reproduce the experimental results and suggest that
the reason for the discrepancy is the neglected temperature de-
pendence of the damping. Finally, we note that the peak-like
behavior of damping at SRT temperature is more general and
inherent to other kinds of phase transitions, where the soft-
ening of the corresponding mode appears: damping peak of
magnons at antiferromagnetic-paramagnetic phase transition
at Néel temperature21–23; easy-axis to easy-plane Morin tran-
sition in antiferromagnets24; damping peak of the mode with
out-of-phase magnetizations precession in synthetic antifer-
romagnets at spin-flop transition25; decrement of spin-lattice
relaxation time in nuclear quadrupole resonance studies of
structural phase transitions in cubic antifluorite and cubic per-
ovskite structures26; peak of the relative absorption coefficient
of dynamics in multiferroic crystals at magnetic and ferroelec-
tric phase transitions27.
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Appendix A: Single-crystal x-ray diffraction

Single-crystal x-ray diffraction (XRD) confirms the sam-
ple under the study is c−cut single crystal with orthorhom-
bic P structure. The crystal lattice parameters are a = 5.38 Å,
b = 5.58 Å, c = 7.60 Å.

(a)

(c)

(b)
a

b c

b
a c 1 mm

FIG. A1. (a) Example of the measured XRD pattern. (b,c) Photos
of the sample with orientation of the crystallographic axes.

Appendix B: Simulations with low damping parameter

FIG. A2. Diagram of the final state of magnetization in the co-
ordinates of the pump-pump delay τ and the initial temperature of
the sample T , calculated with Eq. (1) at fixed dimensionless damp-
ing parameter ζ/(2π f ) = 0.1, obtained in single-pump experiments
at T = 170 K (see Fig. A3).

Appendix C: Single-pump experiments at low pump fluence

Figure A3 represents experimental data on single-
pump excitation with low fluence of 25 mJ/cm2. The
oscillations on Fig. A3(a) are fitted with the function
F(t) = Aexp(−2π f λ t)sin(2π f t +ϕ)+ y(t), where F is
Faraday signal, λ = ζ/(2π f ) is the dimensionless decay rate;
f ,A,ϕ are the frequency, amplitude, and initial phase of oscil-
lations, respectively; y(t) is a slow varying offset.

https://doi.org/10.34973/5nxv-2q76
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FIG. A3. (a) Magnetization dynamics in single-pump experiments
at different initial temperatures. The difference of two pump-probe
signals at opposite pump helicities σ+ and σ− is shown. Symbols -–
experiment; lines — fits with damping sine function. The data sets
are shifted along the vertical axis for the convenience. (b) Temper-
ature variation of the frequency f and the dimensionless decay rate
λ = ζ/(2π f ), estimated from data in panel (a). Solid lines are guides
to the eye.
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