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We exploit an intense terahertz magnetic near field combined with femtosecond laser excitation to break
the symmetry of photoinduced spin reorientation paths in ErFeO3. We succeed in aligning macroscopic
magnetization reaching up to 80% of total magnetization in the sample to selectable orientations by
adjusting the time delay between terahertz and optical pump pulses. The spin dynamics are well reproduced
by equations of motion, including time-dependent magnetic potential. We show that the direction of the
generated magnetization is determined by the transient direction of spin tilting and the magnetic field at the
moment of photoexcitation.

DOI: 10.1103/PhysRevLett.120.107202

One of the longest-sought topics in materials science is
the manipulation of magnetic order dynamics of condensed
matter by light, which is expected to lead to potential
applications in ultrafast data recording, spintronics, and
quantum computation. Owing to the advancements of
femtosecond laser technologies in the last two decades,
a variety of laser-based manipulation methods of spin
dynamics has been developed, including ultrafast heating
[1], spin-polarized carrier excitation [2,3], inverse mag-
neto-optical effects [4–9], optical annealing [10], and
terahertz radiation [11–24], to count a few.
In particular, amagnetic field associatedwith the terahertz

radiations has been shown to couple resonantly with the
electronic spins through Zeeman interaction [11–17], effi-
ciently driving the magnon dynamics without influencing
the electronic ground states. Such an idealistic feature
has made terahertz spectroscopy a common tool to study
equilibrium and dynamical behaviors of spin order [14,15].
Recent advancements in intense terahertz wave generation
technologies have even revealed interesting nonlinear
dynamics of magnon in this decisive frequency region
[18–22]. In spite of such extensive efforts, however,
dynamically changing the magnetization states at a macro-
scopic level by terahertz waves still remains experimentally
unrealized.
On the other hand, magnon dynamics during the opti-

cally induced phase transition process has been thoroughly
studied in the context of manipulating macroscopic spin
order. Since spin states become quite sensitive to external
magnetic fields during phase transitions, drastic change of
magnetization has been realized with relatively small
optical perturbations [5–9]. This suggests that materials

that possess intrinsic phase transitions are more suitable
candidates for realizing macroscopic spin control with
relatively small strength of terahertz radiation than what
has been predicted in previous studies [23,24].
Based on this idea, in this Letter, we report the first

coherent control of magnetization at a macroscopic level in
erbium orthoferrite (ErFeO3) using near-field-enhanced
terahertz magnetic fields. Exploiting double pumping by
terahertz magnetic fields and optical pulses enabled direct
time-domain observation of the dynamics of symmetry
breaking process in ultrafast laser-induced spin reorientation
phase transition (SRPT) and its coherent control, thereby
producing macroscopically magnetized final states with
their direction determined by the transient phases of the
terahertzmagnetic field and the resulting coherentmagnons.
The sample used in our study, ErFeO3, is an insulating

weak ferromagnet, wherein antiferromagnetically aligned
spin sublattices are slightly canted by Dzyaloshinskii–
Moriya interaction [25], and exhibits weak ferromagnetic
momentM. This is a typicalmaterial that is known to exhibit
a type of magnetic phase transition called spin reorientation.
During SRPT, the easy axis of magnetization continuously
rotates by 90° from M//aðΓ2;T < TL ∼ 85 KÞ to M// �
cðΓ4;T > TH ∼ 96 KÞ due to change in the magnetic
anisotropy energy associated with the repopulation of the
4f electrons in rare-earth ions [26–28]. Although the SRPT
is known to be triggered by various perturbation methods
(static magnetic bias, temperature, pressure, optical ioniza-
tion of rare earths [9], and terahertz electric field [27], etc.),
here we utilize a near-infrared femtosecond laser to induce
SRPT through ultrafast heating. After photoirradiation, the
ensemble average of the final-state magnetization over a
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finite volume is usually zero because rotation toward þc
and−c directions occurs with equal probabilities. However,
this branching ratio can be modified by applying a terahertz
magnetic field before the arrival of the optical pump pulse
[Fig. 1(a)]. The field (BSRR//c) applied orthogonally to the
magnetization (M//a) provides torque (//b) on magnetiza-
tion, making the spin to precess [17] around the a axis (1).
Because of this coherent precession, symmetry of the þc
and −c directions is periodically broken (2). Therefore, the
magnetization tends to rotate into either of the two axes upon
subsequent photoinduced SRPT process, determined by the
transient phase of precession at the moment of arrival of the
optical pump pulse (3). As a result, the macroscopically
magnetized domain state is expected to appear after the
completion of SRPT (4).
Figure 1(b) schematically shows the experimental con-

figuration used in this study. The intense terahertz pulses
were generated by optical rectification of Ti:Sapphire
regenerative amplifier output using a tilted pulse front
technique in a LiNbO3 crystal. It had a half-cycle-like
waveform [shown in the Supplemental Material [29] in
Fig. S1-1 (a)] with peak electric field up to 300 kV/cm and
a temporal duration of subpicoseconds. To obtain sufficient
precession amplitude in the first stage, we enhanced the
terahertz magnetic field amplitude of the available terahertz
source in the near field region using a split-ring-resonator
(SRR) metamaterial [16,17]. The SRR structure was
designed such that its lowest resonance frequency (fSRR)
matched that of the spin precession (fprec ¼ 0.06 THz) at

84 K, immediately below TL. The Q factor of the SRR
and peak magnetic field amplitude near the inner corner of
the SRR are estimated to be Q > 15 and approximately
B ∼ 0.1 T, respectively. The out-of-plane magnetization
Mc was probed by the Faraday rotation of transmitted
near-infrared pulses. A high quality single crystal of
ErFeO3 was grown by the floating zone method [36] with
special care on the chemical stoichiometry [29].
The black trace in Fig. 2(a) shows the transient Faraday

waveform measured at 84 K after terahertz pulse excitation
without an optical pulse. Sinusoidal oscillation corresponds
to the spin precession resonantly driven by the SRR. The
maximum tilt angle during precession was estimated to be
approximately 0.4° from the comparison with total mag-
netization. In contrast, when we applied an optical pulse,
the waveform drastically changed. The red and blue
waveforms in Fig. 2(a) show the cases in which we applied
an optical pulse with a delay of dt ¼ 57 and 63 ps after
terahertz excitation. At these delays, the magnetization was
slightly tilted to either þc or −c sides. After irradiation by
optical pulse, total magnetization was observed to increase
by nearly 2 orders of magnitude from the case without
optical pumping within 20–30 ps. Following this increase,
the signals revealed final states of large finite magnetization
that lasted longer than several nanoseconds. The rise time
was similar to the previously reported time constant of
energy transfer from phonons to 4f electrons in the Er3þ
ion (∼20 ps) upon thermalization [7]. Figure 2(b) shows
the Faraday signal measured as a function of both probe
time t and optical pump time dt, as depicted in a two-
dimensional color map. The direction of the final-state
magnetization (right graph, hereafter, referred to as the dt
waveform) was clearly synchronized with the precession
signal. In our experiment, the terahertz pulse excitation
alone did not cause SRPT. This means that the effective
temperature rise due to dissipation from SRR and direct
electronic transitions, e.g., f-f electron transition in Er3þ
[27,28] by terahertz excitation, is negligible and confirms
that the SRPT is induced almost solely by optical pump.
In order to further examine the results, we performed

numerical calculation based on the Landau-Lifshitz-Gilbert
(LLG) equation, wherein the conventional Hamiltonian
ℋðS1; S2Þ of antiferromagnetic sublattice magnetizations
S1 and S2 was considered [37]

dSi
dt

¼ −γSi × Beff;i þ αSi ×
dSi
dt

ði ¼ 1; 2Þ;

where α is the damping parameter and

Beff;i ¼
dℋðS1; S2Þ

dSi

is the effective magnetic field acting on each sublattice spin
S1 and S2. The total Hamiltonian ℋðS1; S2Þ is given as
follows:

FIG. 1. (a) Schematic illustration of the coherent terahertz
magnetic control of macroscopic magnetization using SRPT
process. (b) Experimental configuration. The yellow ring indi-
cates SRR structure. The surrounding out-of-plane magnetic field
distribution due to circulating current, as calculated by FDTD

software, is depicted by a gradient color (red ¼ BSRR// þ c,
blue ¼ BSRR// − c).
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ℋðS1; S2Þ ¼ JðS1 · S2Þ þ D · ðS1 × S2Þ
þ AaaðS21a þ S22aÞ þ AccðS21c þ S22cÞ
þ A4ðS41a þ S41b þ S41c þ S42a þ S42b þ S42cÞ
þ BSRR · ðS1 þ S2Þ:

The real-time dynamics of the total magnetic moment
MðtÞ ¼ S1 þ S2 [e.g., Fig. 2(c)] were calculated directly
by solving the above equations, assuming realistic values
for each of the interaction parameters [29,30,37] (see
Sec. S2 of Supplemental Material). Here, the term with
J ¼ 20 cm−1 represents the symmetric exchange interac-
tion, D ¼ 0.86 cm−1 is the Dzyaloshinskii–Moriya inter-
action, Aaa ¼ −0.1 cm−1 and Acc (temperature dependent)
are the magnetic anisotropy of the second order along the
a and c axis, respectively, A4 ¼ 7 × 10−4 cm−1 is the
anisotropy of the fourth order, and BSRR is the terahertz
magnetic field. The calculation results [Fig. 2(c)] clearly
show macroscopic magnetization alignment synchronized
with the terahertz-induced magnon dynamics, in good
agreement with the experiment.
While the original spin precession amplitude was almost

linearly dependent on the incident terahertz field amplitude,
the final-state magnetization clearly saturated at high inci-
dent terahertz field strengths [Fig. 2(d)]. The maximum
value of generated magnetization, as determined from the

value of Faraday rotation, corresponds to the ratio ofþc- and
−c-oriented spins reaching up to 82%∶18% (see Sec. S3
of Supplemental Material [29]). Considering the finite
absorption coefficient (sample thickness¼100μm, α800 nm∼
2 × 102 cm−1), this branching ratio would be even higher
near the front surface, which undergoes greater heating.
Nevertheless, from these facts, it can be unambiguously
concluded that a macroscopic amount of magnetization was
uniformly aligned toward a selected direction within the
photoirradiated area, due to transient symmetry breaking
caused by irradiation of SRR-enhanced terahertz magnetic
field. When measured inside and outside of the SRR
structure [Fig. 2(e)], the sign of the dt waveform was
observed to invert. This agrees with the spatial distribution
of the out-of-plane magnetic near field BSRR caused by the
current circulating in the SRR stripe [16] and clearly
indicates that the magnetization alignment was induced
by the magnetic near field around the SRR structure.
Next, in order to obtain deeper insight into the process

of symmetry breaking, we detuned the resonance frequency
of the spin system from that of the SRR by changing the
sample temperature to 81 K. At this temperature, fprec ¼
0.1 THz and fSRR ¼ 0.06 THz. Figure 3(a) shows the
measured spin precession signal and the corresponding
dt waveform. The time window from 115 to 280 ps was
expanded to display the most relevant range for discussion.
In contrast to the precession in the previous case of 84 K,

FIG. 2. Experimental results. (a) Faraday waveforms measured at 84 K for typical values of dt ¼ 57 ps (red) and dt ¼ 63 ps (blue)
and measured without an optical pump pulse (“t waveform,” black curve). Observed (b) and calculated (c) Faraday signal plotted as a
function of t and dt. The top graph (black curve) shows the original spin precession (t waveform), and the right graph (red curve) shows
the final value of Faraday rotation plotted against dt (“dt waveform”). (d) Terahertz amplitude dependence of t (black circle) and dt
waveforms (red square) measured for fixed probe and pump times at t ¼ 387 ps and dt ¼ 38 ps. Here, 100% corresponds to a peak
terahertz electric field of 300 kV/cm. (e) The dt waveforms measured inside or outside the SRR structure. The inset microscope images
show the probe spot positions.
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the precession is off resonant with the SRR and lasts within
its original lifetime (τprec ∼ 180 ps) after terahertz irradi-
ation. This lifetime is shorter than the SRR lifetime
(τSRR > 300 ps). At an earlier stage of time evolution
t < τprec [region (i)], the corresponding dt waveform
oscillates at 0.1 THz, the same frequency as the spin
precession. In contrast, after t > τprec, the amplitude of
the 0.1 THz precession component in the t waveform is
decayed and only fainter oscillation at 0.06 THz remains
[region (ii)], while in the dtwaveform, the magnetization is
almost saturated and oscillates at 0.06 THz. As observed
in the wavelet transformations in Figs. 3(b) and 3(c), the
frequency of the dt waveform switches from fprec to fSRR
around this delay time dt ∼ τprec. Similar behavior was
reproduced in the results of LLG simulation, as plotted in
Figs. 3(d) and 3(e).
The detailed processes of symmetry breaking expected

in these two regions are summarized in Figs. 4(a) and 4(b).
Judging from their oscillation frequencies, the spin pre-
cession signal in the two regions (i) and (ii) is dominated by

the free harmonic oscillation in an anisotropy potential
[Fig. 4(a)] and the forced oscillation by the SRR magnetic
field [Fig. 4(b)], respectively.
In region (i) [Fig. 4(a) (A–C)], the spin system impulsively

excited at the first stage precesses in the potential, at the
frequency defined by the potential curvature. Upon photo-
induced heating, the curvature continuously changes its sign
from positive to negative, making the a axis energetically
unfavorable and forcing the macroscopic magnetization to
evolve in theþc or−c direction. Therefore, the direction of
magnetization in the final state is destined by the transient
position of spin systemwith respect to the crystallographic a
axis at the moment of potential curvature change. On the
other hand, in the case of region (ii), the free precession is
damped and the spin position simply follows the potential
minima [Fig. 4(b) (A)], similar to the case of static magnetic
field bias. Therefore, the photoinduced magnetization cre-
ated in this region preserves thedirection of the transient SRR
magnetic field at the moment of curvature change [Fig. 4(b)
(B and C)]. At the time of curvature inversion (B), the
potential maxima appears on the opposite side of the a axis
from the spin position. This enhances the potential gradient at
the position of spin compared to the casewithout the external
field. In other words, at this time, the external terahertz field
constructively adds to the internal effective field that acts on
the spin to align into the favored direction. Therefore, under
the SRR magnetic field, the spin reorientation direction will
be firmly determined, even when the real spin tilting angle
with respect to the crystallographic a axis is relatively small.
Thismay explain the saturated amplitude of the dtwaveform
in t > 200 ps despite the relatively small amplitude of the
spin precession signal compared to that in the t < 180 ps
region.
It is worth mentioning that the coherent spin precession-

induced symmetry breaking model studied in this Letter

FIG. 3. Faraday waveforms measured or calculated for an
off-resonant temperature. (a) Spin precession signal measured
at 81 K without optical pump pulse (black), along with the
corresponding dt waveform (red). (b),(d) Wavelet transforms of
the spin precession measured at 81 K (b) and calculated (d), along
with the original waveforms. (c),(e) Wavelet transforms of the dt
waveforms corresponding to (b) and (d). The t and dt waveforms
shown in (b) and (c) are the same as those in (a). All color scales
are normalized within indicated regions.

FIG. 4. Dominant processes of symmetry breaking under
terahertz magnetic field: Magnetization tilt due to free spin
precession (a) [region (i) in Fig. 3(a)] and due to forced
oscillation by off-resonant field excitation (b) [region (ii) in
Fig. 3(a)]. The potential curves labeled by the indices (A)–(C)
depict the cases before the optical pumping (A), immediately (B)
and completely after the curvature change (C). Dotted curves in
(b) are the original potential curves in the absence of magnetic
field. In (b), the SRR magnetic field is applied toward the þc
direction.
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was previously proposed in the context of phenomeno-
logically explaining the magnetic domain creation in
orthoferrite, with the simultaneous excitation of spin
precession and heating by a single circularly polarized
optical pulse [6]. However, our experimental scheme to use
the terahertz magnetic field separate from the optical pulse
enables complete distinction of the two roles and is thus
advantageous, allowing for the independent phase control
of spin precession and the unambiguous verification of
such a model in the time domain.
In conclusion, we succeeded in controlling macroscopic

magnetization in ErFeO3 by dynamically breaking the
ground state spin symmetry of SRPT with terahertz
magnetic near field for the first time, to the best of our
knowledge. We obtained the final states reaching over 80%
of total magnetization at selectable directions via arrival
timing of the optical and terahertz pump pulses. Utilization
of the independent pump pulses of terahertz and near-
infrared light enabled us to completely distinguish the
influence of spin precession from the heat injection,
thereby realizing time-domain investigation and phase-
dependent control of the symmetry breaking process
of SRPT.
From the viewpoint of ultrafast spin control, the combi-

nation of our demonstrated concept with the other recently
demonstrated novel spin control schemes, such as phonon-
mediated crystal field change [38] and direct modification
of anisotropy fields by terahertz electric field [27], will also
greatly extend the potential applicability of terahertz
radiations in this rapidly developing field of ultrafast
spintronics. At the same time, the ability to independently
manipulate the ground state order dynamics apart from
strong optical agitation will be especially advantageous
in a variety of photoinduced phase transition materials
to disentangle the interplay between different kinds of
collective motions.
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