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Empowering Control of Antiferromagnets by THz-Induced Spin Coherence
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Finding efficient and ultrafast ways to control antiferromagnets is believed to be instrumental in
unlocking their potential for magnetic devices operating at THz frequencies. Still, it is challenged by the
absence of net magnetization in the ground state. Here, we show that the magnetization emerging from a
state of coherent spin precession in antiferromagnetic iron borate FeBO; can be used to enable the
nonlinear coupling of light to another, otherwise weakly susceptible, mode of spin precession. This
nonlinear mechanism can facilitate conceptually new ways of controlling antiferromagnetism.
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Thermodynamic theory models a simple antiferromagnet
as two ferromagnets with two mutually equal, but oppo-
sitely oriented, magnetizations M; and M,. As the net
magnetization M = M| + M, is zero, the spin order is
described by the nonzero antiferromagnetic Néel vector
L = M, — M,. However, the Néel vector L. in thermody-
namic equilibrium is notoriously insusceptible to external
magnetic fields [1]. Despite the 60-year-long search for
thermodynamic field conjugates to the antiferromagnetic
order parameter [2], through which it may be altered,
efficient mechanisms to control antiferromagnets are still at
the focus of fundamental research, hampering further
developments of antiferromagnetic spintronics, magnonics,
and data storage [1,3,4].

Out of equilibrium, the situation changes dramatically.
Absolutely every antiferromagnet can be driven in a non-
equilibrium coherent magnonic state with nonzero dynamic
net magnetization M(¢), by resonantly driving L (#) with a
THz magnetic field h(r) applied perpendicular to the spins
[5]. The emerging dynamic net magnetization follows from
elementary Lagrangian mechanics, which shows that [6-8]

1 dL
MO~ ] O

where y is the gyromagnetic ratio, H,, is the antiferro-
magnetic exchange field, and M, = |M,,|. Once in the
coherent magnonic state, the antiferromagnet is character-
ized by an enhanced susceptibility to magnetic field, as the
latter can couple to the dynamic magnetization M(r).
Hence, when preparing an antiferromagnet in a coherent
magnonic state first with a preparation pulse h, (z) applied
perpendicular to the spins, the resulting dynamic magneti-
zation greatly enhances the susceptibility to the magnetic
field of a subsequent excitation pulse h,(#) applied along
the equilibrium spin direction (see Fig. 1 for an illustration
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of this idea). This means that the response of an anti-
ferromagnet to a pair of pulses of magnetic fields, h; (¢) and
h, (), can be much larger than the effects caused by each of
the pulses taken alone, and is therefore beyond trivial
superposition.

To explore this mechanism for empowering THz control
of antiferromagnetism, we employ the principles of
two-dimensional (2D) THz spectroscopy [9-14]. This
spectroscopic technique was previously applied to study
nonlinearities of spin resonances in Ref. [15]. In this
technique, two intense THz pump pulses are applied
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FIG. 1. Enhanced susceptibility of antiferromagnets via a
coherent magnonic state. Left: magnetic configuration of a
collinear antiferromagnet in equilibrium. The two arrows indicate
the magnetizations of the antiferromagnetically coupled sublat-
tices M; and M, with M; = —M, such that the net magneti-
zation is absent M = 0. However, by applying a “preparation
pulse” with the magnetic field h, (7) perpendicular to the spins, it
is possible to generate a coherent magnonic state, inducing a
dynamic magnetization M(7) as depicted on the right. Right:
once in the nonequilibrium state, a second THz “excitation pulse”
polarized along the equilibrium spin direction will now be able to
exert a nonzero dynamic torque h, () x M(z). The susceptibility
of the antiferromagnet is thereby enhanced via a coherent
magnonic state.
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FIG. 2. (a) Primitive unit cell of the FeBO; crystal with the
Fe3* spins indicated by arrows. (b) The two eigenmodes of spin
precession of a canted antiferromagnet. (¢) A schematic illus-
tration of 2D THz spectroscopy in FeBO;. The probe pulse (pulse
duration ~100 fs, central wavelength 800 nm) electric field was
polarized along the y axis.

successively to the material, mutually separated by an exci-
tation time delay 7. By measuring the rotation of polarization
by magneto-optical effects of an ultrashort near-infrared or
visible probe pulse delayed by the detection time t, one can
trace magnetization dynamics M(z) in the form of probe
polarization rotation 6(t) induced both by the combined
action of the pump pulses 6}, (t, 7) and by each of the pump
pulses separately—#6), (7, 7) and 6,(t, 7). The nonlinear part
of spin dynamics that stands beyond the trivial superposition
can be readily extracted from the total signal by finding the
difference Oy (1,7) =0,(¢,7) —0,(t,7) —0,(1,7). Note that
the polarization rotation may include contributions induced
by the THz pulses unrelated to spin dynamics.

Here we apply this technique to FeBO;—a prototypical
antiferromagnet ideally suitable for time-resolved magneto-
optical pump-probe experiments. For temperatures below
the Néel point Ty =~ 348 K, the Fe3* spins in this material
form two equivalent antiferromagnetically coupled macro-
scopic sublattice magnetizations M; and M, lying in the
(001) sample plane [16] [see Fig. 2(a)]. In equilibrium the
magnetization vectors are slightly canted at an angle of ~1°
because of the Dzyaloshinskii-Moriya interaction [17],
resulting in a small net magnetization M perpendicular
to L. The material hosts two nondegenerate mutually
orthogonal modes of spin precession, with significantly
different frequencies: the quasiantiferromagnetic (QAFM)
and quasiferromagnetic (QFM) modes [18] [see Fig. 2(b)].
The gAFM mode essentially results in out-of-plane motion

of the Néel vector and in longitudinal dynamics of the net
magnetization M (fapv =~ 0.5 THz at T = 78 K), while
the gFM mode (fgy =~ 0.03 THz at T = 78 K) is mainly
associated with in-plane dynamics of L. and results in trans-
verse precessional dynamics of M [19]. Most importantly,
the material is characterized by strong magneto-optical
effects which facilitate sensitive detection of magnetization
dynamics M(¢) with the help of light [16,20-22]. Finally,
the choice of FeBOj; is motivated by recent experiments
which showed that an intense single-cycle THz pulse can
excite both modes simultaneously [23]. Here, the amplitude
of the gQAFM mode scaled linearly while that of the gFM
scaled quadratically with the THz magnetic field. The
linear excitation of the gAFM mode could be explained in
terms of a magnetic-dipole interaction or Zeeman torque of
the THz magnetic field with spins [24], which is maximal
when the THz magnetic field is perpendicular to L. The
mechanism of the nonlinear excitation of the gFM mode is
still unknown.

The experimental geometry is illustrated in Fig. 2(c). The
two THz pulses with peak magnetic fields of about 110 mT
(see Supplemental Material [25]) were incident on the
sample approximately along the [001] crystallographic
axis, but at a slight angle (~12°) away from this axis
because we tilted the sample as in Ref. [23]. The FeBO;
sample was cooled down to 78 K where the observed
dynamics were optimal. A static external magnetic field
uoHy ~ 70 mT was applied predominantly in the (001)
easy plane to control the in-plane orientation of M. The
direction of the aligned magnetization is referred to as the y
axis. The polarization of the THz magnetic fields was set to
45° from the y axis. By setting this THz polarization, we
ensured that the first THz pulse contains a strong THz
magnetic field component perpendicular to the spins to
excite the gAFM mode [24], while the second pulse has a
large component perpendicular to the anticipated emergent
dynamic magnetization.

Figure 3 summarizes the results of the 2D time-resolved
measurements. In particular, Fig. 3(a) shows the calibrated
magnetic response from the combined action of the two
THz pulses 6;,(, 7). It is seen that fast oscillations in time
t, which can be assigned to the gQAFM mode, are inter-
twined with slower oscillations at the frequency typical for
the gFM mode fry. A striking feature of these data is the
periodic dependence of the amplitude of the low-frequency
(gFM) mode as a function of the excitation time delay z,
which can be seen in the 2D mapping as equidistant white
horizontal stripes. According to the color code, the white
color corresponds to zero amplitude. This is seen even more
directly in Fig. 3(b), which shows a selection of time traces
obtained at different 7. It is seen that subtle changes in the
excitation time delay 7 < fgy have a dramatic impact on
the amplitude of the mode, practically switching it “on” and
“off.” In fact, the toggling of the gFM mode as a function of
7 has a periodicity Az that can be related to the frequency of
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Time-domain result of 2D THz spectroscopy in FeBOs. (a) Double THz pump induced polarization rotation of the probe

01,(t,7) as a function of the detection time delay ¢ and the excitation time delay 7 [see Fig. 2(c)]. The regions where the gFM mode is
seen to be quenched are separated by a characteristic time Az ~ f 5Ly (b) Cross section of the two-dimensional graph and the associated
FFT depicted for several 7, emphasizing the toggling of the gFM mode with a repetition rate that can be associated with the JQAFM mode.

the gQAFM mode A7~ fhy. This observation is in line
with the anticipated nonlinear mechanism shown in Fig. 1
and can be intuitively linked to the dynamics of the gQAFM
mode shown in Fig. 2(b): if the first THz pulse excited the
gAFM mode with associated dynamic magnetization
6M, (1), then depending on the arrival time 7 of the second
THz pulse h,(¢,7), the momentary length of the net
magnetization M + 6M,(¢) will be either long or short,
oscillating at the frequency fapy. Therefore, the torque
exerted by the second THz pulse h;(,7) x [M + 6M,(1)],
and hence the excitation of the gFM mode, will be either
strong or weak, respectively, modulated at the frequency of
the gQAFM mode.

The 2D time-resolved data can also be presented in
reciprocal space using the two-dimensional fast Fourier
transform (2D FFT). Especially the nonlinear data 6y (7, 7)
are easier to interpret in Fourier space given the low signal-
to-noise ratio of the time-resolved data (see Supplemental
Material [25]). The conjugate frequencies to the times ¢ and
7 are referred to as detection frequency f 4 and excitation
frequency f, respectively. In the 2D FFT mapping, all
linear contributions appear at the diagonal f ;. = f.x, While
second-order nonlinearities generally appear away from the
diagonal [9,13,15,33]. Figure 4(a) shows the 2D Fourier
amplitude for the nonlinear signal Oxy (fyer fex)» Which
clearly reveals maxima at (fgep fex) ® (£/Em> £ ARM)-
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FIG. 4. (a) 2D FFT of the nonlinear part of the experimental data. The off-diagonal peaks indicate a nonlinear transfer of energy from

the gQAFM mode to the gFM mode, supporting the result of Fig. 3. (b) The 2D FFT of the nonlinear part of the simulated data
S(t,7) = I,(t.7) 4 I,(¢.7). (c) Energy diagram of magnonic stimulated Raman scattering (MSRS). Here, the first THz pulse excites the
gAFM magnon and the second THz pulse stimulates the Stokes transition to the gFM magnon state. Analogously, this effect induced by

a single THz pulse [23] can be regarded as impulsive MSRS.
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Considering that the input data @y, are real, the 2D FFT is
inversion  symmetric Oy, (~fget. —fex) = Ot (Foers fox)
such that we only need to consider positive fgo > 0.
Note that due to peculiarities of 2D THz spectroscopy,
the “rephasing” signals in the lower quadrant with f., <0
and “nonrephasing” signals in the upper quadrant with
fex > 0 (see Ref. [15]) are slightly shifted in the excitation
frequency |fex| = |farm £ frml> respectively. This shift is
explained in detail in the Supplemental Material [25] and
can be attributed to an effect similar to the Doppler effect.
In general, the result of Fig. 4(a) implies energy transfer
between the modes [13], and again reveals that the non-
linear excitation of the low-frequency qFM mode is
modulated by the seemingly orthogonal gAFM mode.

To formally describe the discovered nonlinear coupling,
we employ the Lagrangian formulation of the sigma model
(see Refs. [6-8] and Supplemental Material [25]). Usually,
this Lagrangian £ is only treated in linear approximation, in
which case it can be divided into two mutually independent
parts L~ Ly o+ L, :

2yH ol,\2
! exﬁ < )> _w]z:Mlg_l_zyzHefflyhx’

n 07 o
2yH dl.\?2 dh,
Teﬁz.o = <a_:> - szFMl% =2yl d_; (2)

Here H sy = Hy + Hp with Hp the Dzyaloshinskii-Moriya
interaction field, 7 is Planck’s constant, and wgy and @y
are the angular frequencies of the magnetic modes. The first
term L, describes the dynamics of the y projection of
normalized Néel vector 1 = L /|L| and thus corresponds to
the qFM mode, while £, describes dynamics of the z
projection that can be assigned to the gQAFM mode [see
Fig. 2(b)]. The equations of motion derived from these
Lagrangians are not coupled and possess a substantial
difference regarding the THz excitation. The dynamics of
the z component [.(z), i.e., the qQAFM mode, can be
triggered efficiently by the THz magnetic field when this
field is aligned perpendicular to the spins h_LL [24]. The
amplitude of the resulting oscillations in [.(¢) will be a
linear function of the THz magnetic field. In principle, this
linear mechanism can also excite the gFM mode when the
THz magnetic field is aligned perpendicular to the weak
magnetization M. However, such a linear excitation is
expected to be inefficient due to the absence of a strong
spectral component at the qFM resonance frequency in the
THz excitation spectrum; hence, it was not observed [23].

Thus, to explain the excitation of the qFM mode via
coupling to the gQAFM mode, we need to go beyond the
linear approximation. Therefore, we included the nonlinear
coupling term of the lowest order:

H, dl, di
=L =h |l —>-1,—2). 3
h coupl x<z dt y dl> ( )

This term results in a driving force « h,(dl,/dt) for the
gqFM mode coordinate /,(¢). The oscillating part (dl,/dt)
launched by the first THz pulse modulates the excitation of
the gFM mode as a function of the timing of the second
THz pulse 7z at the frequency fapy. This modulation is
confirmed analytically in the Supplemental Material [25].
The fact that the gAFM mode is excited linearly /()  h,
implies that the nonlinear excitation h,(dl,/dt) « h.h,
scales quadratically with the THz field amplitude and
occurs without threshold. The effect depends on the THz
pulse shape and spectrum, as the THz pump spectral
components at the qQAFM frequency f gy and the differ-
ence frequency fapv — frm determine the strength of the
excitation mechanism.

To demonstrate that the nonlinear coupling term of Eq. (3)
explains the data, we derived the corresponding equations of
motion for /,(¢) and [,(¢) and numerically solved the
magnetization dynamics triggered by two pulses of THz
magnetic field h(z, 7) = h;(7) + h,(7, 7) (see Supplemental
Material [25] for more details). Figure 4(b) shows the 2D
FFT of the nonlinear part of the simulated signal
S(t.7) = I,(t.7) + [,(t.7). Note that experimentally we
detected a projection of M(#,7) that equals some linear
combination of ly and /.. However, the current choice of S
already exposes the nonlinear magnon-magnon coupling,
and Fig. 4(b) has a good qualitative agreement with the
experiment. This result allows us to conclude that this
nonlinear term adequately describes the observed coupling
between otherwise noninteracting modes of spin precession
in FeBO;.

Using this theory, we could analytically estimate how
much the susceptibility of the qFM mode to a THz
magnetic field pulse is enhanced by the gAFM mode.
We expressed this enhancement by the amplification factor
u defined as the ratio of excitation efficiency of the qFM
mode by the excitation pulse with and without the prepa-
ration pulse present (see Supplemental Material [25]). In
the case of FeBO;, having a relatively large spin canting in
the ground state, and for moderate THz magnetic fields
|hy,| ~0.1 T, the amplification factor is estimated to be
u~ 7. Simple estimates show that when applying higher
but realistic THz magnetic fields > 0.3 T [26,34] to
antiferromagnets with a smaller spin canting, the enhance-
ment can reach multiple orders of magnitude. As the
employed model is very general, one can boost the
susceptibility of spins in absolutely any antiferromagnet,
with and without spin canting, by a nonequilibrium
coherent magnonic state. The generality of the effect is
highlighted by recent reports of similar magnon-magnon
interactions in the canted antiferromagnets ErFeO; [35] and
YFeO; [36].

To conclude, our results show that a coherent magnonic
state can substantially change the properties of an anti-
ferromagnet, enabling a new nonlinear path of controlling
spins by a pair of THz pulses. This has been demonstrated
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by showing that a coherent JAFM magnonic state in
FeBO; mediates the excitation of the qFM mode by
THz magnetic field. The effect is analogous to electronic
or ionic Raman scattering [37,38], but involves exclusively
magnonic excitations and can be thus called magnonic
Raman scattering or THz-mediated magnon-magnon cou-
pling, as illustrated in Fig. 4(c). Our work shows that
although the efficient control of antiferromagnetism in
thermodynamic equilibrium is still a challenge, the problem
can be solved by pushing antiferromagnets into a non-
equilibrium state where the susceptibility of spins to an
external magnetic field is boosted. By combining various
magnonic [35,36], phononic [38—40], and electronic exci-
tations [41], one can generate and explore diverse non-
equilibrium states and find which excitation (or a
combination thereof) facilitates the fastest and the most
energy-efficient control of antiferromagnetism.
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