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Abstract
We report on the nonlinearmagnetization dynamics of aHoFeO3 crystal induced by a strong terahertz
magneticfield resonantly enhancedwith a split ring resonator andmeasuredwithmagneto-optical
Kerr effectmicroscopy. The terahertzmagnetic field induces a large change (∼40%) in the
spontaneousmagnetization. The frequency of the antiferromagnetic resonance decreases in
proportion to the square of themagnetization change. Amodified Landau–Lifshitz–Gilbert equation
with a phenomenological nonlinear damping termquantitatively reproduced the nonlinear
dynamics.

1. Introduction

Ultrafast control ofmagnetization dynamics by a femtosecond optical laser pulse has attracted considerable
attention from the perspective of fundamental physics and technological applications ofmagnetic recording and
information processing [1]. Thefirst observation of subpicosecond demagnetization of a ferromagnetic nickel
film demonstrated that a femtosecond laser pulse is a powerful stimulus of ultrafastmagnetization dynamics [2],
and it has led to numerous theoretical and experimental investigations onmetallic and semiconductingmagnets
[3–8]. The electronic state created by the laser pulse has a strongly nonequilibriumdistribution of free electrons,
which consequently leads to demagnetization or evenmagnetic reversal [1, 2, 9–11]. However, the speed of the
magnetization change is limited by the slow thermal relaxation and diffusion, and an alternative technique
without the limits of such a thermal control andwithout excessive thermal energy would be desirable.

In dielectricmagneticmedia, carrier heating hardly occurs, since no free electrons are present [12].
Consequently, great effort has been devoted to clarifying the spin dynamics inmagnetic dielectrics bymeans of
femtosecond laser pulses. A typicalmethod for nonthermal optical control ofmagnetism is the inverse Faraday
effect, where circularly polarized intense laser irradiation induces an effectivemagnetic field in themedium.
Recently, newoptical excitationmethods avoiding the thermal effect such as themagneto-acoustic effect is also
reported [13, 14]. In particular, these techniques have been used inmany studies on antiferromagnetic
dielectrics because comparedwith ferromagnets, antiferromagnets have inherently higher spin precessional
frequencies that extend into the terahertz (THz) regime [12, 15]. Additionally, ultrafastmanipulation of the
antiferromagnetic order parametermay be exploited in order to control themagnetization of an adjacent
ferromagnet through the exchange interaction [16]. TheTHzwave generation technique is possibly a newway of
optical spin control through directmagnetic excitationwithout undesirable thermal effects [17–19]. As yet
however, no technique has been successful in drivingmagneticmotion excited directly by amagnetic field into a
nonlinear dynamics regime that would presumably be followed by amagnetization reversal [20–22].

In our previous work [23], we demonstrated that the THzmagnetic field can be resonantly enhancedwith a
split ring resonator (SRR) andmay become a tool for the efficient excitation of amagnetic resonancemode of
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antiferromagnetic dielectricHoFeO3.We applied a Faraday rotation technique to detect themagnetization
change but the observed Faraday signal averaged the information about inhomogeneousmagnetization induced
by localized THzmagnetic field of the SRR over the sample thickness [23]. In this letter, we have developed a
time-resolvedmagneto-optical Kerr effect (MOKE)microscopy in order to access the extremelyfield-enhanced
region, sample surface near the SRR structure. As a result, themagnetic response deviates from the linear
response in the strong THzmagnetic field regime, remarkably showing a redshift of the antiferromagnetic
resonance frequency that is proportional to the square of themagnetization change. The observed nonlinear
dynamics could be reproducedwith amodified Landau–Lifshitz–Gilbert (LLG) equation having an additional
phenomenological nonlinear damping term.

2. Experimental setup

Figure 1 shows the experimental setup ofMOKEmicroscopywith a THz pumppulse excitation. Intense single-
cycle THz pulses were generated by optical rectification of near-infrared pulses in a LiNbO3 crystal [24–26]; the
maximumpeak electric fieldwas 610 kV cm−1 at focus. The sample was aHoFeO3 single crystal polished to a
thickness of 145 μm,with a c-cut surface in the Pbnm setting [27]. (The x-, y-, and z-axes are parallel to the
crystallographic a-, b-, and c-axes, respectively.)Before the THz pump excitation, we applied aDCmagnetic
field to the sample to saturate itsmagnetization along the crystallographic c-axis.We fabricated an array of SRRs
on the crystal surface by using goldwith a thickness of 250 nm. The incident THz electric field, parallel to the
metallic armwith the SRR gap (the x-axis), drove a circulating current that resulted in a strongmagnetic near-
field normal to the crystal surface [23, 28, 29]. The SRR is essentially subwavelength LC circuit, and the current
inducesmagnetic fieldBnr oscillatingwith the LC resonance frequency (theQ-factor is around 4). The right side
of the inset infigure 1 shows the spatial distribution of themagnetic field of the SRR at the LC resonance
frequency as calculated by the finite-difference time-domain (FDTD)method. Around the corner the current
density in themetal is very high, inducing the extremely enhancedmagneticfield in theHoFeO3 [29].

Figure 1. Schematic setup of THz pump-visibleMOKEmeasurement. The left side of the inset shows the photograph of SRR
fabricated on the c-cut surface of theHoFeO3 crystal and thewhite solid line indicates the edge of the SRR. The red solid and blue
dashed circles indicate the probe spots for theMOKEmeasurement. The right side of the inset shows the spatial distribution of the
enhancement factor calculated by the FDTDmethod, i.e., the ratio between the Fourier amplitude at νLC of the z-component ofBnr (at
z=0) and the incident THz pulseBin.
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At room temperature, the twomagnetizationsmi (i=1, 2) of the different iron sublattices inHoFeO3 are
almost antiferromagnetically aligned along the x-axis with a slight canting angleβ0(=0.63°) owing to the
Dzyaloshinskiifield and form a spontaneousmagnetizationMS along the z-axis [30]. In the THz region, there are
two antiferromagnetic resonancemodes (quasiantiferromagnetic (AF) and quasiferromagnetic (F)mode [31]).
Themagnetic fieldBnr generated along the z-axis in our setup causes AF-modemotion; as illustrated in
figure 2(a), the Zeeman torque pulls the spins along the y-axis, thereby triggering precessionalmotions ofmi

about the equilibriumdirections. The precessionalmotions cause themacroscopicmagnetization
M=m1+m2 to oscillate in the z-direction [32, 33]. The resultantmagnetization changeΔMz(t)modulates the
anti-symmetric off-diagonal element of the dielectric tensor xy

a
yx
a( )e e=- and induces aMOKE signal (Kerr

ellipticity changeΔθ) [34, 35] (see appendix A for the detection scheme of theMOKEmeasurement). The
F-mode oscillation is also excited by THzmagnetic field along the x- or y-axis. However, themagnetization
deviations associatedwith the F-mode,ΔMx andΔMy, do not contribute to theMOKE in our experimental
geometry, where the probe light was incident normal to the c-cut surface ofHoFeO3 (the xy-plane) [34, 35]. In
addition, the amplitude of the F-mode ismuch smaller thanAF-mode because the F-mode resonance frequency
(νF∼0.37 THz) differs from the LC resonance frequency (νLC∼0.56 THz). To detect themagnetization
change induced only by the enhancedmagnetic field, theMOKE signal just around the corner of the SRR
(indicated by the red circle infigure 1’s inset), where themagnetic field is enhanced 50-fold at the LC resonance
frequency, wasmeasuredwith a 400 nmprobe pulse focused by an objective lens (spot diameter of∼1.5 μm).
Furthermore, although themagnetic field reaches amaximumat the surface and decreases along the z-axis with
a decay length of lTHz∼5 μm, theMOKEmeasurement in reflection geometry, in contrast to the Faraday
measurement in transmission [23], can evaluate themagnetization change induced only by the enhanced
magnetic field around the sample surface since the penetration depth of 400 nmprobe light for typical
orthoferrites is on the order of tens of nm [35]. (The optical refractive indices of rare-earth orthoferrites in the
near ultraviolet region includingHoFeO3 are similar to each other, regardless of the rare-earth ion species,
because it ismostly determined by the strong optical absorption due to charge transfer and orbital promotion
transitions inside the FeO6 tetragonal cluster [35].)All experiments in this studywere performed at room
temperature.

Figure 2. (a)Upper panel: incidentmagneticfield of the THz pumppulseBin estimated by electro-optic sampling (dashed line) and
the THzmagnetic near-fieldBnr calculated by the FDTDmethod (solid line). The illustration shows themagnetizationmotion for the
AF-mode. Lower panel: theMOKE signal for a pump fluence of 292 μJ cm−2 (100%). (b)Comparison of twoMOKE signals for
different pumpfluences, vertically offset for clarity. (c)The FFT power spectrumof themagnetic near-fieldBnr (black solid line). The
spectra P(ν) of theMOKE signals for a series of pumpfluences obtained at the corner (solid lines) and at the center (blue dashed circle
in the inset offigure 1) for a pumpfluence of 100% (dashed line). Each spectrumof theMOKE signal is normalized by the peak
amplitude at the corner for a pumpfluence of 100%. (d) Intensity dependence of the center-of-mass frequency (open circles) and the
integral (closed circles) of theP(ν).
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3. Results and discussions

Figure 2(a) (upper panel) shows the calculated temporalmagnetic waveform togetherwith the incident
magnetic field. Themaximumpeak amplitude is four times that of the incident THz pulse in the time domain
and reaches 0.91 T. Themagnetic field continues to ring until around 25 ps after the incident pulse has decayed
away. The spectrumof the pulse shown infigure 2(c) has a peak at the LC resonance frequency (νLC=0.56 THz)
of the SRR,which is designed to coincide with the resonance frequency of the AF-mode ( 0.575 THz .AF

0 )n =
Figure 2(a) (lower panel) shows the time development of theMOKE signalΔθ for the highest THz excitation
intensity (pumpfluence I of 292 μJ cm−2 andmaximumpeakmagnetic fieldBmax of 0.91 T). The temporal
evolution ofΔθ is similar to that of the Faraday rotationmeasured in the previous study and themagnetization
oscillates harmonically with a period of∼2 ps [23], implying that the THzmagnetic field coherently drives the
AF-modemotion.

As shown infigure 2(b), as the incident pumppulse intensity increases, the oscillation period becomes
longer. The Fourier transform spectra of theMOKE signals for different pump intensities are plotted in
figure 2(c). As the excitation intensity increases, the spectrumbecomes asymmetrically broadened on the lower
frequency side and its peak frequency becomes redshifted. Figure 2(d) plots the center-of-mass frequency (open
circles) and the integral (closed circles) of the power spectrumP(ν) as a function of incident pulsefluence. The
center frequencymonotonically redshifts and P(ν) begins to saturate. As shown in figure 2(c), theMOKE spectra
obtained at the center of the SRR (indicated in the inset offigure 1) does not show a redshift even for the highest
intensity excitation, suggesting that the observed redshift originates from the nonlinearity of the precessional
spinmotion rather than that of the SRR response.We took the analytic signal approach (ASA) to obtain the time
development of the instantaneous frequency ν(t) (figure 3(c)) and the envelope amplitude ζ0(t) (figure 3(d))
from themeasuredmagnetization change ζ(t)=ΔMz(t)/|MS| (figure 3(b)) (see appendix B for the details of the
ASA). As is described in the appendix C, theMOKE signalΔθ(t) is calibrated to themagnetization change ζ(t) by
using a linear relation, i.e., ζ(t)=gΔθ(t), where g (=17.8 degrees−1) is a conversion coefficient. The time
resolved experiment enables us to separate the contributions of the appliedmagnetic field andmagnetization
change to the frequency shift in the time domain. A comparison of the temporal profiles between the driving
magnetic field (figure 3(a)) and the frequency evolution (figure 3(c)) shows that for the low pumpfluence (10%,
closed blue circles), the frequency is redshifted onlywhen themagnetic field persists (t<25 ps), and after that, it
recovers to the constant AFmode frequency ( 0.575 THz .AF

0 )n = This result indicates that the signals below
t=25 ps are affected by the persisting driving field and the redshiftmay originate from the forced oscillation. As
long as themagnetic response is under the linear regime, the instantaneous frequency is independent on the
pumpfluence.However, for the high pump fluence (100%) a redshift (amaximum redshift of∼15 GHz relative

Figure 3. (a) FDTDcalculatedmagnetic fieldBnr for pumpfluence of 100%. (b)Temporal evolution of themagnetization change
obtained from the experimental data (gray circles) and the LLGmodel (red line). (c) Instantaneous frequencies and (d) envelope
amplitudes for pumpfluences of 100% and 10%obtained by the analytic signals calculated from the experimental data (circles) and
the LLG simulationwith nonlinear damping parameter (α1=1×10−3, solid lines) andwithout one (α1=0, dashed line).

4

New J. Phys. 18 (2016) 013045 YMukai et al

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



to the constant frequency AF
0 )n appears in the delay time (t<25 ps) and even after the driving field decays away

(t>25 ps) the frequency continues to be redshifted as long as the amplitude of themagnetization change is
large. These results suggest that the frequency redshift in the high intensity case depends on themagnitude of the
magnetization change, implying that its origin is a nonlinear precessional spinmotionwith a large amplitude.

The temperature increase due to the THz absorption (forHoFeO3ΔT=1.7×10−3 K, for gold SRR
ΔT=1 K) is very small (see appendixD). In addition, the thermal relaxation of the spin system, which takes
more than a nanosecond [36], ismuch longer than the frequencymodulation decay (∼50 ps) infigure 3(c).
Therefore, laser heating can be ignored as the origin of the redshift.

Figure 4 shows a parametric plot of the instantaneous frequency ν(t) and envelope amplitude ζ0(t) for the
high pumpfluence (100%). The instantaneous frequency shift for t>25 ps has a square dependence on the
amplitude, i.e., C1 .AF AF

0
0
2( )n n z= - To quantify the relationship between the redshift andmagnetization

change, it would be helpful to have an analytical expression of theAFmode frequency νAF as a function of the
magnetization change, which is derived from the LLG equation based on the two-latticemodel [32, 33]. The
dynamics of the sublatticemagnetizationsmi (i=1, 2), as shown in the inset offigure 2(a), are described by

R
R B B R

R B B
t

t

t

d

d 1
, 1

i
i i i

i i

2 eff,

eff,

( )
( [ ( ) ]

( [ ( ) ])) ( )

g
a

a=-
+

´ + -

´ ´ +

whereRi=mi/m0 (m0=|mi|) is the unit directional vector of the sublatticemagnetizations,
γ=1.76×1011 s−1 T−1 is the gyromagnetic ratio,V(Ri) is the free energy of the iron spin systemnormalized
withm0, and B ieff, is the effectivemagnetic field given by V Ri-¶ ¶/ (i=1, 2) (see appendix E). The second term
represents themagnetization dampingwith theGilbert damping constantα.

SinceBeff, i depends on the sublatticemagnetizationsmi and the product of these quantities appears on the
right side of equation (1), the LLG equation is intrinsically nonlinear. If the angle of the sublatticemagnetization
precession is sufficiently small, equation (1) can be linearized and the twofixedAF- and F-modes for theweak
excitation can be derived.However, as shown infigure 3(b), the deducedmaximummagnetization change ζ
reaches∼0.4, corresponding to precession angles of 0.25° in the xz-plane and 15° in the xy-plane. Thus, the
magnetization changemight be too large to use the linear approximation. For such a largemagnetization
motion, assuming the amplitude of the F-mode is zero andα=0 in equation (1), the AFmode frequency νAF in
the nonlinear regime can be deduced as

K D

1 tan
, 2AF AF

0 0
2 2

0

( )
( )n n

z b
=

-

Figure 4.Relation between instantaneous frequency ν and envelope amplitude ζ0 obtained from themagnetization change; for
t<25 ps (open circles) and for t>25 ps (closed circles), the analytic solution (blue line) and second order expansion of the analytic
solution (green dashed line). Errors are estimated from the spatial inhomogeneity of the drivingmagnetic field (see appendixH).
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whereK(D) is the complete elliptic integral of thefirst kind, rAF (»60) is the ellipticity of the sublattice
magnetization precession trajectory of theAF-mode (see appendix F), and ζ0 is the amplitude of the ζ(t). As
shown infigure 4, the analytic solution can be approximated by the second order expansion

r1 tan 1 4AF AF
0 2

0 AF
2

0
2( ( ) )n n b z» - - / andmatches the observed redshift for t>25 ps, showing that the

frequency approximately decreases with the square of ζ(t). The discrepancy of the experimental data from the
theoretical curve (t<25 ps)may be due to the forced oscillation of the AF-mode caused by the driving field.

To elaborate the nonlinear damping effects, we compared themeasured ζ(t)with that calculated from the
LLG equationwith the damping term. As shown infigures 3(c) and (d), the experiment for the high intensity
excitation deviates from the simulationwith a constant Gilbert damping (dashed lines) even in the t>25 ps
time region, suggesting nonlinear damping becomes significant in the large amplitude region. To describe the
nonlinear damping phenomenologically, wemodified the LLG equation so as tomake theGilbert damping
parameter depend on the displacement of the sublatticemagnetization from its equilibriumposition,α
(Ri)=α0+α1ΔRi. As shown infigures 3(b)–(d), themagnetization change ζ(t) derivedwith equation (1)
(solid line)with the damping parameters (α0=2.27×10−4 andα1=1×10−3)nicely reproduces the
experiments for both the high (100%) and low (10%) excitations6. These results suggest that the nonlinear
damping plays a significant role in the large amplitudemagnetization dynamics.Most plausiblemechanism for
the nonlinear damping is fourmagnon scattering process, which has been introduced to quantitatively evaluate
themagnonmode instability of ferromagnet in the nonlinear response regime [37].

4. Conclusions

In conclusion, we studied the nonlinearmagnetization dynamics of aHoFeO3 crystal excited by a THzmagnetic
field andmeasured byMOKEmicroscopy. The intense THzfield can induce the largemagnetization change
(∼40%), and themagnetization change can be kept large enough to induce the redshift even after the field has
gone, enabling us to separate the contributions of the appliedmagnetic field andmagnetization change to the
frequency shift in the time domain. The resonance frequency decreases in proportion to the square of the
magnetization change. Amodified LLG equationwith a phenomenological nonlinear damping term
quantitatively reproduced the nonlinear dynamics. This suggests that a nonlinear spin relaxation process should
take place in a strongly driven regime. This study opens theway to the study of the practical limits of the speed
and efficiency ofmagnetization reversal, which is of vital importance formagnetic recording and information
processing technologies.
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AppendixA.Detection scheme ofMOKEmeasurement

We show the details of the detection scheme of theMOKEmeasurement. A probe pulse for theMOKE
measurement propagates along the z-direction. By using the Jones vector [38], an electric field E0 of the probe
pulse polarized linearly along the x-axis is described as

E 1
0

. A.10 ( ) ( )=

The probe pulseE1 reflected from theHoFeO3 surface becomes elliptically polarizedwith a polarization
rotation anglef and a ellipticity angle θ. It can bewritten as

6
The damping parameterα0 (=2.27×10−4) and conversion coefficient g (=17.8 degrees−1) are determined from the least-squares fit of the

calculated result without the nonlinear damping parameterα1 to the experimentalMOKE signal for the lowpump fluence of 29.2 μJ cm−2.
The nonlinear damping parameterα1 (=1.0×10−3) is obtained by fitting the experimental result for the high intensity case
(I=292 μJ cm−2)with the values ofα0 and g obtained for the low excitation experiment. The estimated value of g is consistent with the
staticMOKEmeasurement; theKerr ellipticity induced by the spontaneousmagnetizationMS is∼0.05 degrees (g∼20 degrees−1). See
appendixG for details on the static Kerrmeasurement.
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The reflected light passes through the quarter wave plate, which is arranged such that its fast axis is tilted by
an angle of 45° to the x-axis. The Jonesmatrix of thewave plate is given by

R MR
4 4
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Thus, the probe lightE2 after the quarter wave plate is described as follows
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TheWollaston prism after the quarter wave plate splits the x and y-polarization components of the probe
lightE2. The spatially separated two pulses are incident to the balanced detector and the detected probe pulse
intensity ratio of the differential signal to the total corresponds to theKerr ellipticity angle as follows

E E

E E
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x y

x y

2,
2

2,
2

2,
2

2,
2

| | | |
| | | |

( )q
á ñ - á ñ

á ñ + á ñ
= -

In themain text, we show theKerr ellipticity changeΔθ=θw−θwo, where the ellipticity angles (θw and
θwo) are respectively obtainedwith andwithout the THz pump excitation.

Appendix B. ASA and short time Fourier transform (STFT)

TheASA allows the extraction of the time evolution of the frequency and amplitude by a simple procedure and
assumes that the signal contains a single oscillator component. In our study, wemeasure only theMOKE signal
originating from theAF-mode and it can be expected that the single oscillator assumption is valid. In the ASA,
the time profile of themagnetization change ζ(t) is converted into an analytic signalψ(t), which is a complex
function defined by using theHilbert transform [39]

t t t t texp i i , B.10( ) ( ) ( ( )) ( ) ˜ ( ) ( )y z f z z= = +

t p
t

t

1
d , B.2˜ ( ) ( ) ( )òz

p
z

t
t=

--¥

¥

where the p is the Cauthy principal value. The real part ofψ(t) corresponds to ζ(t). The real function ζ0(t) andf
(t) represent the envelope amplitude and instantaneous phase of themagnetization change. The instantaneous
frequencyω(t)(=2πν(t)) is given byω(t)=df(t)/dt. In the analysis, we averaged ζ0(t) andω(t) over a ten
picosecond time range.

To confirmwhether the ASA gives appropriate results, as shown infigure B.1we compare themwith those
obtained by the STFT. As shown infigure B.1(a), the time–frequency plot shows only one oscillatory component
of the AF-mode. As shown infigures B.1(b) and (c), the instantaneous frequencies and amplitudes obtained by
the ASA and the STFT are very similar. Because theASAprovides us the instantaneous amplitudewith a simple
procedure, we showed the time evolutions of frequency and amplitude derived by the ASA in themain text.

AppendixC.Determination of conversion coefficient g and linear damping parameterα0

The conversion coefficient g and the linear damping parameterα0(=α) in equation (1) are determined byfitting
the experimentalMOKE signalΔθ(t) for the lowpump fluence of 29.2 μJ cm−2 with the LLG calculation of the
magnetization change ζ(t). Figure C.1 shows theMOKE signalΔθ(t) (circle) and the calculatedmagnetization
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change ζ(t) (solid line). From the least-squares fit of the calculated result to the experiment by using a linear
relation, i.e., ζ(t)=gΔθ(t), we obtained the parameters g(=17.8 degrees−1) andα0(=2.27×10−4).

AppendixD. Laser heating effect

The details of the calculation of the temperature change are as follows:

ForHoFeO3:

The absorption coefficientαabs ofHoFeO3 at 0.5 THz is∼4.4 cm−1 [40]; thefluence IHFO absorbed by
HoFeO3 can be calculated as IHFO=I(1−exp(−αabsd)), where d (=145 μm) is the sample thickness and I is the
THz pumpfluence. For the highest pumpfluence, I=292 μJ cm−2, IHFO is 18.1 μJ cm

−2. Since the sample
thickness ismuch smaller than the penetration depth, d ,abs

1a - we assume that the heating of the sample due
to the THz absorption is homogeneous. By using the heat capacityCp of 100 J mol−1 K−1 [27], and themolar
volume v of∼1.4×102 cm3 mol−1 [27], the temperature changeΔT can be estimated asΔT=IHFOv/
Cpd∼1.7×10−3 K.

For gold resonator (SRR):

The SRRhas an absorption band (center frequency∼0.56 THz, bandwidth∼50 GHz) originated from the
LC resonance (figure 2(c)). Assuming the SRR absorbs all incident THz light in this frequency band, the
absorbed energy accounts for 3%of the total pulse energy.Hence, for the highest THz pump fluence,
I=292 μJ cm−2, the fluence absorbed by the SRR is Igold=8.76 μJ cm−2. By using the heat capacityCp of

Figure B.1. (a)Time-dependence of the power spectrumof themagnetization oscillation for the highest THz excitation
(I=292 μJ cm−2) obtained by the STFT.Comparison of (b) instantaneous frequencies and (c) amplitudes obtained by the ASA and
STFTwith a timewindowwith FWHMof 10 ps.

FigureC.1.Experimentally observedMOKE signalΔθ (circle) and LLG simulation result of themagnetization change ζ (solid line) for
the pumpfluence of 29.2 μJ cm−2.
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0.13 J g−1 K−1 [41], the number of the SRRs per unit areaN of 4×104 cm−2, and themass of the SRRm of
1.6×10−9 g, the temperature changeΔT can be estimated asΔT=Igold/CpNm∼1 K.

Appendix E. Free energy ofHoFeO3

The free energy F of the iron spin (Fe3+) systembased on the two-latticemodel is a function of two different iron
sublatticemagnetizationsmi, and composed of the exchange energy and one-site anisotropy energy [32, 33]. The
free energy normalized by the sublatticemagnetizationmagnitude,V=F/m0 (m0=|mi|), can be expanded as a
power series in the unit directional vector of the sublatticemagnetizations,Ri=mi/m0=(Xi,Yi,Zi). In the
magnetic phaseΓ4 (T>58 K), the normalized free energy is given as follows [32, 33]:

R RV E D X Z X Z A X X A Z Z , E.1xx zz1 2 1 2 2 1 1
2

2
2

1
2

2
2( ) ( ) ( ) ( )= ⋅ + - - + - +

where E(=6.4×102 T) andD(=1.5×10 T) forHoFeO3 are respectively the symmetric and antisymmetric
exchangefield [42].Axx andAzz are the anisotropy constants. Asmentioned in appendix F, the temperature
dependent values of the anisotropy constants can be determined from the antiferromagnetic resonance
frequencies. The canting angle ofRi to the x-axis 0b under nomagneticfield is given by

D

E A A
tan 2 . E.2

xx zz
0 ( )b =

+ -

Appendix F. Linearized resonancemodes and anisotropy constants (Axx andAzz)

The nonlinear LLG equation of equation (1) can be linearized and the two derived eigenmodes correspond to the
AF and F-mode. The sublatticemagnetizationmotion for eachmode is given by the harmonic oscillation of
mode coordinates; for the AF-mode (QAF, PAF)=((X1−X2)sin 0b +(Z1+Z2)cos ,0b Y1−Y2), and for the
F-mode (QF,PF)=((X1+X2)sin 0b −(Z1−Z2)cos ,0b Y1+Y2),

Q A tcos , F.1AF AF AF ( )w=

P A r tsin , F.2AF AF AF AF ( )w=

Q A tcos , F.3F F F ( )w=

P A r tsin , F.4F F AF F ( )w=

whereAAF,F represents the amplitude of eachmode.ωAF,F, and rAF,F are the resonance frequencies and
ellipticities, which are given by

b a d c , F.5AF ( )( ) ( )w g= + -

b a d c , F.6F ( )( ) ( )w g= - +

r
d c

b a
, F.7AF

( )
( )

( )g=
-
+

r
d c

b a
, F.8F

( )
( )

( )g=
+
-

where γ=1.76×1011 s−1 T−1 is the gyromagnetic ratio, and

a A A E D2 cos 2 sin cos 2 sin 2 , F.9xx zz
2

0
2

0 0 0 ( )b b b b= - - - -

b E, F.10( )=
c A A E D2 cos 2 2 cos 2 cos 2 sin 2 , F.11xx zz0 0 0 0 ( )b b b b= - + +

d E Dcos 2 sin 2 . F.120 0 ( )b b= - -

Substituting the literature values of the exchange fields (E=6.4×102 T andD=1.5×10 T [42]) and the
resonance frequencies at room temperature (ωAF/2π=0.575 THz andωF/2π=0.37 THz) to equations (F.5)
and (F.6),Axx andAzz can be determined to 8.8×10−2 T and 1.9×10−2 T.

AppendixG.MOKEmeasurement for the spontaneousmagnetization

FigureG.1 shows time-development of theMOKE signals for the different initial conditionwith oppositely
directedmagnetization.We applied the staticmagnetic field (∼0.3 T) to saturate themagnetization along the z-
axis before the THz excitation. The spontaneousmagnetization of single crystalHoFeOa can be reversed by the
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much smallermagnetic field (∼0.01 T) because of the domainwallmotion [27]. Then, we separatelymeasured
the static Kerr ellipticity angle θoffset andTHz induced ellipticity changeΔθ for different initialmagnetization
Mz=±Mswithout the staticmagnetic field. InfigureG.1we plot the summation of the time resolvedMOKE
signalΔθ and the static Kerr ellipticity θoffset. The sings of the ellipticity offset angle θoffset for the different
spontaneousmagnetization (±MS) are different and theirmagnitudes are∼0.05 degrees. The conversion
coefficient g(=1/θ∼1/0.05 degrees) is estimated to be∼20 degrees−1, which is similar to the value determined
by the LLG fitting (∼17.8 degrees−1). In the case of the AF-mode excitation, the phases of themagnetization
oscillations are in-phase regardless of the direction of the spontaneousmagnetizationM=±Ms, whereas they
are out-of-phase in the case of the F-mode excitation.We can explain this claim as follows: in the case of AF-
mode excitation, the external THzmagnetic field is directed along the z-direction as shown in the inset of
figure 2(a), the signs of the torques acting on the sublatticemagnetizationmi (i=1, 2) depends on the direction
ofmi, however, the resultant oscillation of themacroscopicmagnetizationM=m1+m2 along the z-direction
has same phase for the different initial conditionM=±Ms. In the case of the F-mode excitationwith the
external THzmagnetic field along the x- or y-direction, the direction of the torques acting on themagnetization
M depends on the initial direction and the phase of the F-mode oscillation changes depending on the sign of the
spontaneousmagnetization±Ms.

AppendixH. Influence of the spatial distribution ofmagneticfield onmagnetization
change

As shown in the inset offigure 1, the pumpmagnetic field strongly localizes near themetallic armof the SRR and
themagneticfield strength significantly depends on the spatial position rwithin the probe pulse spot area. The
intensity distribution of the probe pulse Iprobe(r) has an elongatedGaussian distributionwith spatial widths of
1.1 μmalong the x-axis and 1.4 μmalong the y-axis (full width at halfmaximum (FWHM) intensity). The
maximummagnetic field is 1.2 times larger than theminimumone in the spot diameter, causing the different
magnetization change dynamics at different positions. To take into account this spatial inhomogeneity to the
simulation, the spatially weighted average ofmagnetization change t¯ ( )z has to be calculated as follows:

r r r

r r
t

t I

I

, d

d
, H.1

probe

probe

¯ ( )
( ) ( )

( )
( )

ò
ò

z
z

=

where ζ(r, t) is amagnetization change at a position r and time t.
FigureH.1(a) shows the simulation result of the spatially averagedmagnetization change t¯ ( )z and the non-

averaged ζ(r0, t)without the nonlinear damping term (α1=0), where r0 denotes the peak position of Iprobe(r).
For the low excitation intensity (10%), t¯ ( )z is almost the same as ζ(r0,t) as shown infigureH.1(a). On the other
hand, for the high excitation intensity, the spatial inhomogeneity ofmagnetization change dynamics induces a
discrepancy between the t¯ ( )z and ζ(r0,t). This discrepancy is caused by the quasi-interference effect between the
magnetization dynamics with different frequencies and amplitudes at different positions. FiguresH.1(b) and (c)
show the instantaneous frequency and envelope amplitude obtained from the data shown infigureH.1(a) by

FigureG.1.TheMOKE signals, the temporal change of theKerr ellipticity ,q measured for different initial conditionswith oppositely
directedmagnetizations.
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usingASAwith the experimental result. For the averagedmagnetization change, the frequency redshift ismore
emphasized (figureH.1(b)) and the decay time becomes shorter (figureH.1(c)). Nonetheless, neither spatially
averaged nor non-averaged simulation reproduces the experimental result of the instantaneous frequency
(figureH.1(b))without nonlinear damping term.

References

[1] Kirilyujk A, Kimel AV andRasing T 2010Rev.Mod. Phys. 82 2731
[2] Beaurepaire E,Merle J-C,Daunois A andBigot J-Y 1996Phys. Rev. Lett. 76 4250
[3] BarmanA,Wang S,Maas JD,Hawkins AR, Kwon S, Liddle A, Bokor J and SchmidtH 2006Nano Lett. 6 2939
[4] BovensiepenU2007 J. Phys.: Condens.Matter 19 083201
[5] Wang J, Cotoros I, Dani KM, LiuX, Furdyna J K andChemlaD S 2007Phys. Rev. Lett. 98 217401
[6] FiebigM,DuongNP, Satoh T, vanAkenBB,MiyanoK, Tomioka Y andTokura Y 2008 J. Phys. D: Appl. Phys. 41 164005
[7] AuY,DvornikM,DavisonT, AhmadE, Keatley P S, Vansteenkiste A, vanWaeyenberge B andKruglyakVV 2013 Phys. Rev. Lett. 110

097201
[8] Bigot J-Y andVomirM2013Ann. Phys. 525 2
[9] Koshihara S,OiwaA,HirasawaM,Katsumoto S, Iye Y, UranoC, TakagiH andMunekataH1997Phys. Rev. Lett. 78 4617
[10] Vahaplar K, Kalashnikova A, Kimel A,HinzkeD,NowakU,Chantrell R, TsukamotoA, ItohA,Kirilyuk A andRasing T 2009 Phys. Rev.

Lett. 103 117201
[11] Ostler TA, Barker J, Evans R andChantrell RW2012Nat. Commun. 3 666
[12] Kimel AV, Kirilyuk A,Usachev PA, Pisarev RV, BalbashovAMandRasing T 2005Nat. Commun. 435 655
[13] Kim J-W,VomirMandBigot J-Y 2012Phys. Rev. Lett. 109 166601
[14] Kim J-W,VomirMandBigot J-Y 2015 Sci. Rep. 5 8511
[15] SatohT, Cho S-J, Iida R, Shimura T, KurodaK,UedaH,Ueda Y, Ivanov BA,Nori F and FiebigM2010 Phys. Rev. Lett. 105 077402
[16] LeGuyader L, Kleibert A,Nolting F, Joly L,Derlet P, Pisarev R, Kirilyuk A, Rasing T andKimel A 2013 Phys. Rev.B 87 054437
[17] Yamaguchi K,NakajimaMand SuemotoT 2010Phys. Rev. Lett. 105 237201

Yamaguchi K, Kurihara T,Minami Y,NakajimaMand Suemoto T 2013Phys. Rev. Lett. 110 137204
[18] Kampfrath T, Sell A, Klatt G, PashkinA andMährlein S 2011Nat. Photonics 5 31
[19] Wienholdt S,HinzkeD andNowakU 2012Phys. Rev. Lett. 108 247207
[20] BackCH,WellerD,Heidmann J,Mauri D,GuariscoD,Garwin E L and SiegmannHC1998Phys. Rev. Lett. 81 3251
[21] Tudosa I, StammC,KashubaAB, King F, SiegmannHC, Stöhr J, JuG, LuB andWellerD 2004Nature 428 831
[22] AfanasievD, Razdolski I, Skibinsky KM,BolotinD, Yagupov SV, StrugatskyMB,Kirilyuk A, Rasing T andKimel AV2014 Phys. Rev.

Lett. 112 147403
[23] Mukai Y,HiroriH, Yamamoto T, KageyamaHandTanakaK 2014Appl. Phys. Lett. 105 022410
[24] YehK-L,HoffmannMC,Hebling J andNelsonKA2007Appl. Phys. Lett. 90 171121
[25] Hebling J, YehK-L,HoffmannMC, Bartal B andNelsonKA2008 J. Opt. Soc. Am.B 25B6
[26] HiroriH, Blanchard F andTanakaK 2011Appl. Phys. Lett. 98 091106
[27] ShaoM,Cao S,WangY, Yuan S, Kang B, Zhang J,WuA andXu J 2011 J. Cryst. Growth 318 947
[28] PadillaW J, Taylor A J,Highstrete C, LeeMandAveritt RD 2006Phys. Rev. Lett. 96 107401
[29] KumarN, Strikwerda AC, FanK, ZhangX, Averitt RD, Planken P andAdamA J 2012Opt. Express 20 11277
[30] Vorob’evGP, Kadomtseva AM,Krynetkii I B andMukhinAA 1989 Sov. Phys.—JETP 68 604
[31] BalbashovA, KozlovG and Lebedev S 1989 Sov. Phys.—JETP 68 629
[32] HerrmannGF 1963 J. Phys. Chem. Solids 24 597

FigureH.1.Comparison of the spatially averaged and non-averagedmagnetization change for the different pumpfluences of 10%and
100%. (a)Temporal evolutions of themagnetization change, (b) instantaneous frequencies and (c)normalized envelope amplitudes.
Open circles show the experimental results.

11

New J. Phys. 18 (2016) 013045 YMukai et al

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://dx.doi.org/10.1103/RevModPhys.82.2731
http://dx.doi.org/10.1103/PhysRevLett.76.4250
http://dx.doi.org/10.1021/nl0623457
http://dx.doi.org/10.1088/0953-8984/19/8/083201
http://dx.doi.org/10.1103/PhysRevLett.98.217401
http://dx.doi.org/10.1088/0022-3727/41/16/164005
http://dx.doi.org/10.1103/PhysRevLett.110.097201
http://dx.doi.org/10.1103/PhysRevLett.110.097201
http://dx.doi.org/10.1002/andp.201200199
http://dx.doi.org/10.1103/PhysRevLett.78.4617
http://dx.doi.org/10.1103/PhysRevLett.103.117201
http://dx.doi.org/10.1038/ncomms1666
http://dx.doi.org/10.1038/nature03564
http://dx.doi.org/10.1103/PhysRevLett.109.166601
http://dx.doi.org/10.1038/srep08511
http://dx.doi.org/10.1103/PhysRevLett.105.077402
http://dx.doi.org/10.1103/PhysRevB.87.054437
http://dx.doi.org/10.1103/PhysRevLett.105.237201
http://dx.doi.org/10.1103/PhysRevLett.110.137204
http://dx.doi.org/10.1038/nphoton.2010.259
http://dx.doi.org/10.1103/PhysRevLett.108.247207
http://dx.doi.org/10.1103/PhysRevLett.81.3251
http://dx.doi.org/10.1038/nature02438
http://dx.doi.org/10.1103/PhysRevLett.112.147403
http://dx.doi.org/10.1063/1.4890475
http://dx.doi.org/10.1063/1.2734374
http://dx.doi.org/10.1364/JOSAB.25.0000B6
http://dx.doi.org/10.1063/1.3560062
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.014
http://dx.doi.org/10.1103/PhysRevLett.96.107401
http://dx.doi.org/10.1364/OE.20.011277
http://dx.doi.org/10.1016/S0022-3697(63)80001-3


[33] Perroni CA and LiebschA2006Phys. Rev.B 74 134430
[34] Iida R, SatohT, Shimura T, KurodaK, Ivanov B, Tokunaga Y andTokura Y 2011Phys. Rev.B 84 064402
[35] KahnF J, Pershan P S andRemeika J P 1969Phys. Rev. 186 891
[36] Kimel A, Ivanov B, Pisarev R,Usachev P, Kirilyuk A andRasing T 2009Nat. Phys. 5 727
[37] SuhlH 1957Phys. Chem. Solids 1 209
[38] GerrardMandBurch J 1975 Introduction toMatrixMethods inOptics (London:Wiley)
[39] Cohen L 1989Proc. IEEE 77 941
[40] KozlovGV, Lebedev S P,MukhinAA, ProkhorovA S, Fedorov IV, BalbashovAMandParsegov I Y 1993 IEEETrans.Magn. 29 3443
[41] Takahashi Y andAkiyamaH1986Thermochimica Acta 109 105
[42] KoshizukaN andHayashi K 1988 J. Phys. Soc. Japan 57 4418

12

New J. Phys. 18 (2016) 013045 YMukai et al

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://dx.doi.org/10.1103/PhysRevB.74.134430
http://dx.doi.org/10.1103/PhysRevB.84.064402
http://dx.doi.org/10.1103/PhysRev.186.891
http://dx.doi.org/10.1038/nphys1369
http://dx.doi.org/10.1016/0022-3697(57)90010-0
http://dx.doi.org/10.1109/5.30749
http://dx.doi.org/10.1109/20.281190
http://dx.doi.org/10.1016/0040-6031(86)85012-2
http://dx.doi.org/10.1143/JPSJ.57.4418

	1. Introduction
	2. Experimental setup
	3. Results and discussions
	4. Conclusions
	Acknowledgments
	Appendix A.
	Appendix B.
	Appendix C.
	Appendix D.
	Appendix E.
	Appendix F.
	Appendix G.
	Appendix H.
	References



