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Abstract 

Driving spin systems to states far from equilibrium is indispensable in investigations of 

functional nonlinearities of antiferromagnets for spintronics. So far, it has been shown 

that electric-field pulses in the spectral region from the visible to the terahertz range can 

be used to induce ultrafast switching between different spin states. Here, we demonstrate 

that a multicycle terahertz magnetic-field pulse can also be used to induce non-thermal 

spin switching in antiferromagnets. When a strong pulse is applied to Sm0.7Er0.3FeO3, the 

magnetic order parameter is first driven away from the barrier between the two potential 

minima of this antiferromagnet and then, in the subsequent inertial motion towards the 

opposite direction, it crosses the barrier. Our analysis reveals that the initial motion is 

driven by a dynamical modification of the magnetic potential, and this modification is 

enhanced through coupling between the two magnon modes.  
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Main 

Inducing light–matter interactions with intense laser pulses is an efficient way to 

achieve ultrafast control of macroscopic states of materials1−7, and such control is 

considered to be a cornerstone of future information technology. In particular, 

manipulation of magnetism on the picosecond time scale using laser pulses has recently 

attracted interest8−11. For example, coherent spin switching has been demonstrated by 

using the inverse Faraday effect to effectively generate a magnetic field with a near-

infrared light pulse9 and also by driving phonons with mid-infrared light to modify the 

exchange interaction11. However, heating effects cannot be avoided with these methods 

because they excite either electrons or phonons. Manipulating spins by using terahertz 

(THz) pulses has been considered as a means of spin switching that does not involve a 

strong excitation of electrons or phonons because of the low photon energy (0.1–3 THz 

corresponds to 0.4–12.4 meV). However, because the time scale of spin switching is 

relatively long even for antiferromagnets9−11, THz-induced spin switching via resonantly 

excited spin dynamics is often not possible. While it has been shown that coherent spin 

switching is possible by controlling spins via electronic orbital transitions induced by the 

electric component of a THz pulse10, nonlinear excitation of coherent spin switching 

using THz magnetic fields is still rather unexplored.  

One possible way to advance THz-based spintronics and magnonics is to discover new 

phenomena related to the nonlinear manipulation of spins in antiferromagnets12−21. This 

approach is inspired by the fact that a time-periodic external field can be used to modify 

a system’s energy landscape, which is a method that is recognized for its broad 

applicability and has attracted attention in the field of non-thermal manipulation of 

material properties. This method has been extensively studied for both quantum and 

classical (mechanical) systems, such as electrons in solids exposed to time-periodic 
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electric fields22−29 and pendulums driven by fast-oscillating forces30−32, respectively. 

Similarly, the magnetic potential of a material can be modified by multicycle magnetic 

fields, which is still an unexplored but promising area. In the adiabatic limit, the potential 

is changed so slowly that the magnetic order will remain at the instantaneous minimum. 

On the other hand, if the magnetic potential is dynamically modified at a rate surpassing 

the adiabatic limit, the magnetic order will move away from the instantaneous minimum, 

and thus this method may lead to coherent spin dynamics and even spin switching. Recent 

studies demonstrated nonlinear interactions between the two spin-wave modes in canted 

antiferromagnets (also called magnon modes, since magnons are the quanta of spin 

waves), suggesting a powerful tool for controlling the dynamics of magnetic order33−36. 

In this work, we exploit these interactions to significantly enhance the modification of the 

magnetic potential, and thereby achieve spin switching through nonlinear excitation near 

room temperature. In particular, we use the canted antiferromagnet Sm0.7Er0.3FeO3 and 

expose it to a strong multicycle THz magnetic near-field37,38. Spin switching is observed 

after the first half cycle of the quasi-ferromagnetic (q-FM) mode oscillation, and we 

interpret this phenomenon as a dynamical modification of the magnetic potential that is 

induced by the magnetic near-field. 

Spin configuration and measurement principle 

As illustrated in Fig. 1a, in Sm0.7Er0.3FeO3, the iron sublattice magnetizations m1 and 

m2 are aligned antiparallel with a small canting angle due to the Dzyaloshinskii–Moriya 

interaction (Methods). This leads to a weak ferromagnetic vector M = (m1 + m2)/2. The 

antiferromagnetic vector is defined by L = (m1 − m2)/2. The magnetic order parameters 

L and M lie in the a–c plane and are orthogonal, and thus their directions can be 

represented by the angle , which is the angle between L and the a-axis. Note that the 

magnetic potential of Sm0.7Er0.3FeO3 depends on the temperature T and exhibits a second-
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order spin-reorientation transition (SRT) defined by a continuous change of the magnetic 

potential as the temperature increases from TL = 310 K to TH = 330 K, as illustrated in 

Fig. 1b39.  

For T < TL, the potential has its minimum at  = 90°. For T > TL, the potential minimum 

is split into two minima at  =  L and  R, and as T increases, L and  R approach 0°and 

180°, respectively, because the barrier at the center increases. The three red spheres in 

Fig. 1b indicate the orientation of L under equilibrium conditions. By applying an external 

bias field (BDC = 2 mT) to the sample, the potential at L becomes smaller than that at R, 

and thus L is oriented in the direction of the minimum at  L when the experiment starts. 

The motion of L and M can be probed by using near-infrared (NIR) pulses, because a 

change in   leads to a change in the ellipticity angle of the probe light,  (Methods, 

Extended Data Fig. 1).       

Excitation of the q-FM mode by a single THz pump pulse 

To strongly excite the spin system, we used a gold microstructure on the sample surface 

that allows us to generate an intense magnetic near-field 𝑩୘ୌ୸
୒୊  at 0.46 THz using a THz 

pulse, as shown in Fig. 1c38,40,41. We verified that the response of the sample under this 

excitation condition was not due to an electric near-field10,42 (Supplementary Section I). 

The upper panel of Fig. 1d shows the c-component of the 𝑩୘ୌ୸
୒୊  generated at the center of 

the spiral calculated by a finite-difference time-domain (FDTD) simulation. The peak 

amplitude of 𝑩୘ୌ୸
୒୊  for a given excitation power is hereafter referred to as 𝐵ୟ୫୮

୒୊ .  

We first investigated the sample response by using a moderate excitation power. The 

observed time evolution of  is shown as the coloured curves in the lower panel of Fig. 

1d for four different temperatures (Supplementary Section II). These curves exhibit a 

superposition of fast and slow oscillations. The Fourier spectrum of the Δη curve for T = 
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315 K in Fig. 1e shows that there is a fast oscillation at 0.545 THz (blue arrow). This 

oscillation reflects the excitation of the quasi-antiferromagnetic (q-AFM) mode, which is 

confirmed by the temperature dependence of the oscillation frequency and that of the 

amplitude (Figs. 1f and 1g, respectively). The appearance of the q-AFM mode 

corresponds to an oscillation in the amplitude of M and a pendulum motion of L out of 

the a–c plane (Extended Data Fig. 2a). It can be simply interpreted in terms of a resonant 

excitation by the high-energy tail of 𝐵୘ୌ୸
୒୊  (Fig. 1e)38, consistent with the observed linear 

dependence on 𝐵ୟ୫୮
୒୊  (Extended Data Fig. 3).  

On the other hand, the slow but large oscillation at 0.052 THz (red arrow) shows a 

completely different temperature dependence; the softening at T =TL in Fig. 1f verifies 

that this oscillation is due to the quasi-ferromagnetic (q-FM) mode. The q-FM mode 

corresponds to an oscillation of  and is therefore affected by changes in the magnetic 

potential. The q-FM signal is thus important for this work. The q-FM mode lies clearly 

out of the spectral range of 𝐵୘ୌ୸
୒୊ , and therefore the excitation process should have a 

strongly non-resonant character. Furthermore, the black  curve in Fig. 1d obtained 

using a THz magnetic near-field with an inverse waveform (obtained by rotating the 

microstructure by 180° about the c-axis) clarifies that the initial “downward” movement 

of the q-FM mode oscillation (that is, the signal with Δη < 0) is not affected by the sign 

of 𝐵୘ୌ୸
୒୊ . This behavior is opposite to that expected for oscillations resonantly excited via 

the Zeeman torque13,16. We also investigated the dependence of the q-FM mode amplitude 

on 𝐵ୟ୫୮
୒୊ : As shown in Fig. 1h, the q-FM mode amplitude exhibits a quadratic dependence 

on 𝐵ୟ୫୮
୒୊ . 

Spin switching induced by THz double-pump pulse excitation 

If the excitation is relatively weak like in Fig. 1d, L will always relax to the initial 

potential minimum in the double-well potential (Fig. 1b), and thus the spin directions 
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before and after excitation are the same ( < 90° in the range T > TL). Spin switching 

results in a final orientation of L and M that is different from the initial orientation, and 

thus provides information about the physical meaning of the “downward” movement in 

Fig. 1d. To induce spin switching, we used a stronger THz magnetic near-field generated 

by a THz double-pump pulse (Methods, Supplementary Section III). 

Figure 2b shows the sample response for different values of 𝐵ୟ୫୮
୒୊  at T = 311 K, where 

the potential barrier at 90° is relatively small. In the time range t > 20 ps, a large offset 

towards positive  values emerges as 𝐵ୟ୫୮
୒୊  is increased. As shown in Fig. 2b, the offset 

at about 150 ps steeply grows after 𝐵ୟ୫୮
୒୊  exceeds about 0.88 𝐵୫ୟ୶

୒୊ , where 𝐵୫ୟ୶
୒୊  denotes 

the maximum peak amplitude achieved in our experiment. Here, we did not observe a 

gradually increasing component accompanying carrier excitation as in the case of spin 

switching by THz-electric-field excitation10. To characterize the dependence of the q-FM 

mode amplitude on 𝐵ୟ୫୮
୒୊ , we plot the experimental values of  at 13 ps versus 𝐵ୟ୫୮

୒୊ 2 in 

the upper panel of Fig. 2c. The quadratic dependence on 𝐵ୟ୫୮
୒୊  is evidence of a nonlinear 

excitation process. To evaluate the threshold behavior of the offset at t > 20 ps 

quantitatively, the experimental values of  at 150 ps are plotted in the lower panel of 

Fig. 2c. The obtained result is steeper than that of the q-FM mode amplitude at 13 ps, 

indicating that the large positive offset in the time range t > 20 ps reflects the change of 

the orientation of L from  L (75) to  R (103); i.e., spin switching has occurred. Due 

to thermal fluctuations43, the non-equilibrium spin distribution generated by the THz 

double-pump pulse relaxes to the equilibrium state before the next double-pump pulse 

arrives10 (Supplementary Sections IV and V). 

The observed switching process clarifies that the initial “downward” movement in Figs. 

1d and 2b corresponds to the motion of L away from the barrier at 90°. To clarify the 

details of the observed switching process, the sample response shown in Fig. 3a is divided 
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into three regions. Before pumping, L has an orientation according to the equilibrium 

condition (=L). When the system is exposed to the strong THz magnetic field, L is 

driven from the initial minimum to the +a direction (process 1 in Fig. 3a; the rotation of 

L indicated by the orange arrow leading to  <  L), which results in the “downward” 

movement of . After the envelope of the THz magnetic field has decayed sufficiently, 

L starts to move back to the original minimum (the condition shown in process 2, where 

L has almost reached the minimum at  L). Then, as a result of “inertia”9, it will pass the 

minimum at  L and proceed towards the barrier at  = 90° (in other words, the “kinetic 

energy” gained by reaching the minimum will be again converted into potential energy). 

If the initial driving process is strong enough, L can overcome the barrier and then, 

through dissipation, it relaxes to the other minimum at  R (process 3). This leads to the 

observed large positive offset in .  

We emphasize that process 1 describes a rather unexpected phenomenon: L is initially 

driven away from the barrier ( becomes less than  L). This peculiar initial motion is in 

stark contrast to the results of previous investigations that used optical pulses or THz 

electric pulses to trigger spin switching9,10; in those reports, L was initially driven towards 

the barrier. In other words, the signs of  at the initial and final stages of the switching 

process were the same. This is in contrast to the data shown in Fig. 2b, where the sign of 

the offset ( > 0) is opposite to that of the initial deviation ( < 0).  

The above interpretation relies on the relationship between the sign of  and the 

rotation direction of L (the sign of ). While equilibrium measurements can usually be 

used to determine this relationship for a given sample, the large birefringence in our 

sample results in an uncertainty of the relation between the sign of  and that of  

(since this relation depends on the penetration depth and the parameters in the dielectric 

tensor, which makes it difficult to determine the relationship unambiguously using 
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equilibrium measurements; see also Supplementary Section VI). On the other hand, we 

know that the observed positive offset of  is not caused by a heat-induced SRT (which 

would lead to  < 0)39,44,45: at the probe position, the time required for a temperature 

increase of 20 K (due to Joule heat transferred from the spiral) is estimated to be 5 ns, 

while the offset already appears at about 50 ps (Supplementary Section VII). Moreover, 

the following section clarifies that the behaviour of the experimental data ( can be 

reproduced well by the change in  predicted by using the Landau–Lifshitz–Gilbert (LLG) 

equation. This indicates that, in this particular experiment, a positive sign of  

corresponds to a positive sign of . 

Model for the observed nonlinear excitation of spin motion  

To explain the observed initial motion, the sine-Gordon equation based on the LLG 

equation is used (Methods). The numerical results of the sine-Gordon equation including 

fluctuations are shown by the dotted curves in Figs. 2b and 2c; the sine-Gordon equation 

can explain the important features observed in the experiment. The value of  𝐵୫ୟ୶
୒୊  

calculated by the FDTD simulation based on the actual incident THz electric field at 

maximum power is 3.53 T, but the amplitude of the THz magnetic near-field used in the 

calculation to reproduce the topmost data in Fig. 2b is only 1.45 T, (maybe due to a 

relatively low conductivity of the gold layer). To understand the origin of the slow motion 

at the beginning, we consider a dynamical modification of the magnetic potential. In other 

words, we consider that the q-FM mode feels a new effective potential when the system 

is driven by the near-field (as a result of the Zeeman torque and coupling with the q-AFM 

mode). To obtain the effective potential during the oscillation of the THz magnetic near-

field, we analytically solved the sine-Gordon equation by replacing the time-periodic 

energy term in the original equation with an effective energy term (Supplementary 

Section VIII):  
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The magnetic driving field along the c-axis has the form 𝐵୘ୌ୸
୒୊  (t) = 𝐵ୣ୬୴

୒୊ (t)cos(t), 

where 𝐵ୣ୬୴
୒୊ (t) describes the slow variation of the envelope, and cos(t) describes the fast 

oscillation of the THz magnetic field. Because the intrinsic frequency of the pendulum 

motion of L in the a–c plane () described by the sine-Gordon equation is very slow 

compared to 𝐵୘ୌ୸
୒୊ , we consider that  can be separated into fast (fast) and slow ( slow) 

contributions. The fast contribution  fast is a forced oscillation with a frequency equal to 

that of 𝐵୘ୌ୸
୒୊ (t) (Supplementary Section IX). The slow pendulum motion of L ( slow) is 

given by  

  𝜃̈ୱ୪୭୵ + 𝑐𝜃̇ୱ୪୭୵ = −
డௐ౛౜౜

డఏ౩ౢ౥౭
,        (1) 

 𝑊ୣ୤୤(𝜃ୱ୪୭୵) = 𝑊଴(𝜃ୱ୪୭୵) + 𝑊୞୘(𝜃ୱ୪୭୵) + 𝑊େ୔(𝜃ୱ୪୭୵)   (2) 

𝑊଴(𝜃ୱ୪୭୵) =
௔௕

ଶ
sinଶ𝜃ୱ୪୭୵ +

௔

ସ
sinସ𝜃ୱ୪୭୵ − 𝜒𝐵ୈେcos𝜃ୱ୪୭୵   (3) 

𝑊୞୘(𝜃ୱ୪୭୵) =
ఞమ஻౛౤౬

ొూ మ
(௧)ୱ୧ మఏ౩ౢ౥౭

ସఠమ
,      (4) 

𝑊େ୔(𝜃ୱ୪୭୵) =
𝛾2𝜔2൫𝜔AFM

2 −𝜔2൯஻౛౤౬
ొూ మ

(௧)ୱ୧୬మఏ౩ౢ౥౭

4(൫𝜔AFM
2 −𝜔2൯

2
+(𝜔𝑐)2)

,     (5) 

where 𝑐𝜃̇ୱ୪୭୵  is the damping term,  =2HD,  is the gyromagnetic ratio, HD is the 

antisymmetric exchange field, a corresponds to the strength of anisotropy, and b 

corresponds to the relative sample temperature with respect to the SRT-range (Methods). 

Weff is the effective potential defined as the sum of the potential at equilibrium [W0 in Eq. 

(3)] and the additional changes in the potential that occur when the spin system is exposed 

to the time-periodic THz magnetic field 𝐵୘ୌ୸
୒୊  [WZT in Eq. (4) due to the Zeeman torque 

directly exerted by the THz magnetic near-field, and WCP in Eq. (5) due to coupling 

between the q-AFM and q-FM modes33−35].  𝜔୅୊୑ is the frequency of the q-AFM mode. 

Note that the potential modification becomes larger as the frequency of the time-periodic 

magnetic field approaches the q-AFM resonance.  
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To clarify the contributions of the Zeeman-torque and the coupling terms to the slow 

motion at the beginning, we determined the dynamics induced by each term separately 

(the sine-Gordon equation was numerically solved by removing either the Zeeman-torque 

term or the coupling term) as shown in Fig. 3a. While both the coupling term and the 

Zeeman-torque term induce a slow downward motion at the beginning, the contribution 

from the coupling between the modes in our sample is about four times larger than that 

from the Zeeman torque. This can be verified in Fig. 3b, where the amplitude of the slow 

motion at 13 ps is shown as a function of (𝐵ୟ୫୮
୒୊ )ଶ. Furthermore, the dependence of the 

amplitude at 150 ps on (𝐵ୟ୫୮
୒୊ )ଶ clarifies that, near the threshold, the combination of both 

terms is important.  

The solution predicted by Eqs. (1)–(5) leads to a deviation from the exact solution of 

the sine-Gordon equation, but reproduces the overall behaviour of the downward motion 

(Supplementary Section VIII). Thus, the above interpretation (the dynamical 

modification of the magnetic potential caused by 𝐵୘ୌ୸
୒୊  plays a key role in the peculiar 

motion of the q-FM mode) is considered reasonable. Supplementary Video 1 shows the 

time-dependence of the effective potential calculated using Eqs. (2)–(5). It confirms that 

the motion of L falls behind the dynamical modulation of the double-well potential. As 

shown in the schematics of Fig. 3c, before the THz magnetic field is applied, Weff is equal 

to W0, that is, we have a double-well potential with a small barrier centered at  = 90°. In 

process 1 of Fig. 3c, the strong periodic THz magnetic near-field modifies the potential 

significantly (Weff = W0 + WZT + WCP); the potential minima shift, because the barrier at 

 = 90° increases. At the very beginning of this modification, the shape of Weff results in 

a force towards the left side (as defined by Fig. 3c) since −𝜕𝑊଴ 𝜕𝜃ୱ୪୭୵⁄ ≈ 0  and 

−𝜕(𝑊୞୘ + 𝑊େ୔) 𝜕𝜃ୱ୪୭୵⁄ < 0 . Thus, L rotates away from the barrier at  = 90° as 

indicated by the arrow (process 1, which explains the observed “downward” movement 
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of Δη). Because L rotates away from the barrier (and because the envelope of the THz 

magnetic field becomes smaller with time), the force towards the right side, 

−𝜕𝑊଴ 𝜕𝜃ୱ୪୭୵⁄ , becomes more important with time. Therefore, the rotation of L slows 

down and eventually starts an acceleration towards the right side (process 2). From this 

moment on, the force due to W0 and the gained “kinetic energy” of L dominate the motion. 

When L reaches the range L <   < 90°, the force due to W0 points to the left side (like 

the forces due to WZT and WCP), which slows down the rotation of L again. L can approach 

the top of the barrier only due to the inertial effect. If L has gained sufficient “kinetic 

energy” due to the applied field, it can overcome the barrier and finally relaxes to R due 

to damping (process 3). The term “kinetic energy” refers to 𝜃̇ଶ/2, since the equation of 

motion contains the term 𝜃̈, which corresponds to the acceleration term in Newton’s 

equation of motion with unit mass9. Furthermore, as shown in Figs. 4a and 4b, L can be 

either initialized at L or R, depending on the direction of BDC. The signs of  of both 

the slow oscillation and spin switching are reversed in these two cases, but in either case 

L is initially driven away from the barrier, which supports our analysis based on the sine-

Gordon equation.  

Finally, on the basis of Eqs. (1)–(5), we can derive a quadratic dependence of the slow 

component of Δη on 𝐵ୟ୫୮
୒୊  (Supplementary Section X), which is consistent with the 

observed quadratic dependence of Δη in Figs. 1h and 2c. This nonlinear excitation 

mechanism also explains why Δη is independent of the sign of 𝐵୘ୌ୸
୒୊ (t) in Fig. 1d. A brief 

discussion about spin switching at higher temperatures, the expected behaviour at 

stronger THz magnetic near-fields, and the influences of the pulse envelope and the 

carrier frequency on the spin dynamics are provided in Supplementary Information II, XI, 

and XII, respectively. 
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In this work, we have focused on the physics that enable non-thermal control of 

material properties by strong THz magnetic-field pulses. In particular, we have shown 

how a dynamical modification of a magnetic potential that is enhanced through coupling 

between q-FM and q-AFM modes can nonlinearly excite the spin system and cause spin 

switching. Because spin systems driven by time-periodic magnetic fields can also be 

described using a Floquet picture32, we anticipate that Floquet band engineering of 

magnon modes can be demonstrated in the future. This strategy could allow us to 

manipulate quantum magnetic properties in various materials46, including atomic layers 

of magnetic materials47,48 and quantum spin systems, which may lead to new 

optoelectronic and coherent spintronic devices49,50.  
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Figure Captions 

FIG. 1 | Outline of the experiment and results obtained using a single THz pump 

pulse. a, Alignment of the iron spins in Sm0.7Er0.3FeO3 slightly above room temperature 

(left-hand side) and the orientation of M and L in the a–c plane defined by  (right-hand 

side). The shaded area indicates the ac plane. b, The temperature dependence of the 

magnetic anisotropy potential as a function of . c, Schematic diagram of the experiment. 

A spiral-shaped gold microstructure was fabricated on the sample surface to generate a 

strong THz magnetic field 𝐵୘ୌ୸
୒୊  along the c-axis. d, The upper panel shows the temporal 

evolution of 𝐵୘ୌ୸
୒୊  (−𝐵୘ୌ୸

୒୊ ) along the c-axis. The waveform −𝐵୘ୌ୸
୒୊  is obtained by rotating 

the microstructure by 180° about the c-axis. The lower panel shows the temporal 

evolution of the ellipticity-angle change . The curves are offset for clarity. e, The solid 

curve and the shaded area are the spectra of  at 315 K and 𝐵୘ୌ୸
୒୊ , respectively. The three 

vertical arrows indicate the q-FM mode at 0.052 THz (solid arrow), the fast oscillation  

that follows 𝐵୘ୌ୸
୒୊  (which has a peak at 0.460 THz, dotted arrow), and the q-AFM mode 

at 0.545 THz (solid arrow). f, The temperature dependence of the frequency of the q-

AFM mode (open squares) and that of the q-FM mode (open circles).  g, The amplitude 

of the q-AFM mode as a function of the temperature (open squares) and the corresponding 

data of the q-FM mode (open circles). The solid lines in f and g are guides to the eye. h, 

The dependence of the q-FM mode amplitude on the magnetic-field peak amplitude 

𝐵ୟ୫୮
୒୊ for three temperatures. The solid lines are proportional to the square of 𝐵ୟ୫୮

୒୊ . 

FIG. 2 | Comparison with the theoretical results. a, The time trace of the strong 

multicycle THz magnetic field (solid curve) generated by irradiating the microstructure 

with two THz pulses (red and blue dashed curves) separated by a time interval of t = 

4.48 ps. b, The experimental data of  at 311 K for different magnetic-field amplitudes 

𝐵ୟ୫୮
୒୊  are shown by the solid curves. The dotted curves show the predictions for 
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cos=cos− cosL based on the sine-Gordon (SG) equation [Eq. (7) in the Methods 

section] including fluctuations. The results are offset for clarity. The two arrows at the 

bottom of the figure indicate the time delays of 13 ps and 150 ps. c, The amplitudes of 

the experimental and theoretical data in Fig. 2b at 13 ps as a function of 𝐵ୟ୫୮
୒୊ 2 (upper 

panel) and those at 150 ps as a function of 𝐵ୟ୫୮
୒୊ 2 (lower panel). The open circles and open 

squares represent the experimental results and the results predicted by the sine-Gordon 

equation, respectively. 𝐵୫ୟ୶
୒୊  = 3.53 T is the value calculated by the FDTD simulation 

based on the actual incident THz electric field of the double-pump pulse at maximum 

power. 

FIG. 3 | Three-step spin switching initiated by a dynamically modified potential. a, 

The experimental data at 311 K (thick curve), the exact solution of the sine-Gordon 

equation denoted by “SG (CP + ZT)” (thin black curve), and the theoretical results 

obtained by considering only coupling (CP) and only the Zeeman torque (ZT) (red and 

blue curves, respectively). The first two curves were already shown in Fig. 2b on a longer 

time scale and the grey curve is the same pulse as in Fig. 2a. The spin-switching process 

is divided into three time ranges, and the motion of L in each range is illustrated above 

the curve. The vertical arrow at the bottom of the figure indicates a time delay of 13 ps. 

b, The amplitude of the slow motion for each theoretical curve in panel a at 13 ps as a 

function of 𝐵ୟ୫୮
୒୊ 2 (left panel), and the theoretical amplitudes at 150 ps as a function of 

𝐵ୟ୫୮
୒୊ 2 (right panel). c, The variation of the potential and the motion of L at four 

conditions: before 𝐵୘ୌ୸
୒୊  is applied, during the time 𝐵୘ୌ୸

୒୊  exhibits a large amplitude, soon 

after the peak of 𝐵୘ୌ୸
୒୊ , and the following spin switching.  

FIG. 4 | Opposite initial states of magnetization. The initial direction of L with respect 

to the a-axis is determined by the direction of bias magnetic field BDC as shown in the left 
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panel. For both single THz-pulse pumping and THz double-pulse pumping, the signals 

are reversed if the initial direction is changed from L to R. 
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Methods 

General sample properties  

At room temperature, the two magnetizations mi (i = 1, 2) of the iron sublattices in 

Sm0.7Er0.3FeO3 are mainly antiferromagnetically aligned along the c-axis (with a slight 

canting angle 0 ~ 0.6° due to the Dzyaloshinskii–Moriya field) and exhibit a spontaneous 

magnetization M = (m1 + m2)/2 along the a-axis39,51. During our pump–probe experiments, 

the sample was in a DC magnetic field of about 2 mT to prepare an initial magnetization 

with an inclination towards the +c-axis. In this antiferromagnet, a spin reorientation 

transition (SRT) occurs in the temperature range from TL = 310 K to TH = 330 K, where 

TL and TH are referred to as the lower and higher critical temperatures of the SRT, 

respectively. For temperatures T < TL, L (M) is parallel to the c-axis (a-axis), and for TH 

< T, L (M) is parallel to the a-axis (c-axis). The rotation of L (M) from one axis to the 

other in the temperature range TL ≤ T ≤ TH occurs in the a–c plane. This SRT process can 

be described by a change in the anisotropy potential with T. In the absence of the DC 

magnetic field, the anisotropy potential has the following normalized form: 

 

𝑊 =
௔௕

ଶ
sinଶ 𝜃 +

௔

ସ
sinସ 𝜃,       (6) 

 

where the variable  is the angle between L and the a-axis, which is equal to the angle 

between M and the c-axis. The angular positions of the two potential minima around 𝜃 =

𝜋/2 in the temperature range TL≤ T ≤ TH are given by L = arcsin [−b] ½ and R = 𝜋 − 

arcsin [−b] ½, where b = (T−TH)/(TH−TL). 

THz-pump–optical-probe measurement  

The near-infrared (NIR) light source of our pump–probe measurement system shown in 

Extended Data Fig. 1 is an amplified Ti:sapphire laser with a repetition rate of 1 kHz, a 
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central wavelength of 800 nm, a pulse duration of 80 fs and a pulse energy of 7 mJ. By 

using a beam splitter, the laser output is first divided into two NIR beams. The weaker 

NIR beam with 1% of the total output power is used to probe the sample response. 

Furthermore, each pulse of the stronger NIR beam is divided into two pulses with equal 

power. A delay stage is used to control the delay time between these two strong 

femtosecond laser pulses. The two pulses are used to generate two intense THz pulses at 

different positions of the LiNbO3 crystal based on optical rectification using the tilted-

pump-pulse-front scheme52−54, and then these two THz pulses are superimposed at the 

sample (Fig. 2a). This pair of THz pulses is referred to as the THz double pulse. The use 

of such a THz double-pump pulse also allows us to control the temporal profile of the 

THz magnetic near-field to a certain extent (Supplementary Section III). The THz pulses 

are focused on the triangular tail of the gold microstructure by using an off-axis parabolic 

mirror with a focal length of 50 mm, resulting in a spot diameter of ≈ 300 µm (full width 

at half-maximum). The maximum peak electric fields of the two single-cycle THz pulses 

before the low-pass filter (LPF) shown in Extended Data Fig. 1 were 1.0 MV/cm and 0.75 

MV/cm. These THz pulses also contain frequency components that are different from the 

resonance frequency of the spiral-shaped microstructure, and we removed them using the 

LPF (cut-off frequency: 0.68 THz). This leads to a reduction in the maximum peak 

electric field, and the predictions for the magnetic field values presented in the main text 

take the effect of filtering into account. The time delay t between the two strong 

femtosecond laser pulses for THz generation was set to 4.48 ps, which allows us to avoid 

saturation and a reduction in the THz generation efficiency (Supplementary Section III). 

For the time-resolved Faraday ellipticity measurements, another delay stage is used to 

control the time delay between the THz pump pulse and the NIR probe pulse. The linearly 

polarized probe pulse is focused at the center of spiral structure by a 50× objective lens 

(spot diameter ~1.2 µm), which enables us to measure local changes in the ellipticity 
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angle  defined in inset b of Extended Data Fig. 1. The polarization directions of the THz 

light and the probe light are parallel and almost along the b-axis. The upper right-hand 

side of Extended Data Fig. 1 shows the balanced detector (combined with a quarter-wave 

plate and a Wollaston prism) used to measure the ellipticity angle of the reflected probe 

pulse. The 70-m-thick Sm0.7Er0.3FeO3 crystal was sufficiently transparent for the used 

NIR probe pulses and a home-made coil heater was used to increase the sample 

temperature and determine the temperature dependences of the signals.  

Description of the q-FM mode using the sine-Gordon equation 

To explain the slow variation of ∆𝜂, we need to consider the behaviour of the q-FM mode, 

because the q-AFM mode only induces a fast variation of ∆𝜂. The q-FM mode and the 

spin-switching dynamics can be described by using a single variable, the angle 𝜃, i.e., 

FMcos=cos−cosL (Supplementary Section XIII). The spin dynamics related 

to the q-FM mode can be described by the sine-Gordon equation given in Eq. (7) 

below9,10,55, while the equation of motion of the q-AFM mode is given in Eq. (9). These 

two equations originate from the Landau–Lifshitz–Gilbert (LLG) equation in 

combination with a two-sublattice model (Supplementary Section IV). The q-FM mode 

represents a pendulum motion of L in the a–c plane, and thus can be described by using 

the angle 𝜃 between the a-axis and L,  

 

𝜃̈ + 𝑐𝜃̇ = −𝜒sin𝜃ൣ𝐵୘ୌ୸
୒୊ (𝑡) + 𝐵ୈେ൧ − 𝑎sin𝜃cos𝜃[𝑏 + sinଶ𝜃]  

−2𝛾𝐵୘ୌ୸
୒୊ (𝑡)𝜑̇cos𝜃sin𝜃 − 𝛾𝐵̇୘ୌ

୒୊ (𝑡)𝜑cos𝜃sin𝜃,    (7) 

 

where we used the following definitions: 

 

𝑎 =
ସ௄మఊమுు

ெూ౛
, 𝑏 =

்ି்ಹ

்ಹି்ಽ
, 𝑐 = 2𝛾𝐻୉𝛼୐୐ୋ, 𝜒 = 𝛾ଶ𝐻ୈ.   (8) 



25 

 

In Eq. (7), the THz magnetic pulse 𝐵୘ୌ୸
୒୊ (𝑡) can be replaced by 𝐵ୣ୬୴

୒୊ (𝑡)cos(𝜔𝑡), that is, 

a multiplication of a slowly varying envelope function with a fast-oscillating component, 

and BDC is the bias magnetic field. The first and second terms on the right-side hand are 

due to the Zeeman torque (of the magnetic field) and the anisotropy potential, respectively. 

The third term is due to coupling between the q-AFM and q-FM modes, and the fourth 

term is also related to coupling. Equation (8) provides the definitions of the parameters 𝑎, 

𝑏, 𝑐, and : HE is the symmetric exchange field, HD is the antisymmetric exchange field, 

 is the gyromagnetic ratio, MFe is the magnetization of one Fe3+ sublattice, K2 is the 

temperature-independent anisotropic exchange field between the iron and rare-earth ions, 

TL = 310 K and TH = 330 K are the lower and higher critical temperatures of the SRT, 

respectively, and 𝛼୐୐ୋ is a damping parameter.  

The q-AFM mode represents a pendulum motion of L out of the a–c plane, and thus can 

be described by the angle between L and the a–c plane, 𝜑𝑐𝑜𝑠𝜃, where 𝜑 is defined as the 

angle between the a-axis and the projection of L on the a–b plane. The equation 

describing the q-AFM mode thus becomes 

 

𝜑̈cos𝜃 + 𝑐𝜑̇cos𝜃 = −𝜔୅୊୑
ଶ 𝜑cos𝜃 − 𝛾𝐵̇୘ୌ୸

୒୊ (𝑡)cos𝜃 + 2𝛾𝐵୘ୌ୸
୒୊ (𝑡)𝜃̇sin𝜃,  (9) 

 

where 𝜔୅୊୑ is the intrinsic frequency of the q-AFM mode. This frequency is determined 

by the antiferromagnetic exchange interaction, the Dzyaloshinskii–Moriya interaction, 

the anisotropy interactions and the bias magnetic field. The second and third terms are 

due to the Zeeman torque of the magnetic field and coupling to the q-FM mode, 

respectively.  
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Figure 3 
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Figure 4 
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Extended Data Figure 1 
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Extended Data Figure 2 
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Extended Data Figure 3 

 

 

 

 

 

 

 

 


