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Single-pulse terahertz coherent control of spin resonance in the canted antiferromagnet YFeQj3,
mediated by dielectric anisotropy
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4DTU Fotonik, Technical University of Denmark, @rsteds Plads 343, DK-2800 Kgs. Lyngby, Denmark
(Received 8 January 2013; published 25 March 2013)

‘We report on the coherent control of terahertz (THz) spin waves in a canted antiferromagnet yttrium orthoferrite,
YFeOs;, associated with a quasiferromagnetic (quasi-FM) spin resonance at a frequency of 0.3 THz, using a
single-incident THz pulse. The spin resonance is excited impulsively by the magnetic field component of the
THz pulse. The intrinsic dielectric anisotropy of YFeO; in the THz range allows for coherent control of both the
amplitude and the phase of the excited spin wave. The coherent control is based on simultaneous generation of two
interfering phase-shifted spin waves whose amplitudes and relative phase, dictated by the dielectric anisotropy
of the YFeOs; crystal, can be controlled by varying the polarization of the incident THz pulse with respect to
the crystal axes. The spatially anisotropic decay of the THz-excited FM spin resonance in YFeOs3, leading to an
increasingly linear polarization of the THz oscillation at the spin resonance frequency, suggests a key role of
magnon—phonon coupling in spin-wave energy dissipation.

DOI: 10.1103/PhysRevB.87.094422

I. INTRODUCTION

Ultrafast control of spins in solids has been receiving
increasing attention because of its potential applications
in spintronics and spin-based information processing.! The
direct, magnetic field—induced, ultrafast excitation and control
of spin waves is most advantageous for these purposes.
However, due to the lack of efficient ultrafast sources of
direct magnetic excitation, the ultrafast magnetization dy-
namics in magnetically ordered materials was until recently
initiated and controlled indirectly, using various optically
activated mechanisms. For example, the inverse Faraday
effect based on Raman-type nonlinear optical process,”™
dynamic momentum-space distribution of photoexcited spin-
polarized carriers,” optical Stark effect,® thermal magnetic
anisotropy change,’ and lattice distortion® has been employed
to excite the spin systems on femtosecond and picosecond
timescales. In most of these cases, the spin excitation by
ultrashort laser illumination of materials is accompanied by
an undesirable thermal contribution, usually associated with
electron dynamics that mediate the excitation of spin waves in
the laser-induced process. Ideally, the ultrafast excitation and
manipulation of spin dynamics in future spintronic systems
should be heat-free, i.e., not leading to any thermal load on
the device. In this paper, we directly use the magnetic field
component of an ultrashort terahertz (THz) pulse in a THz
time-domain spectroscopy (THz-TDS) experiment to create
and manipulate the spin wave on an ultrafast timescale.

II. THz EXCITATION AND COHERENT CONTROL OF
SPIN RESONANCES VIA ZEEMAN TORQUE

THz-TDS has become an invaluable tool in experimental
materials science studies.”'? It is based on direct amplitude-
and phase-resolved measurement of ultrashort and broadband,
usually single-cycle, electromagnetic transients with the fre-
quency spectrum covering the THz band, transmitted through
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the materials under study. The key advantage of this technique
is that the subcycle temporal resolution in the detection of
propagating THz transients allows direct observation of the
dynamics of light-matter interaction. Traditionally, phenom-
ena of dielectric origin, i.e., related to the coupling of the
electric field component of the THz transient to electronic
or ionic systems, have been studied, such as linear!"12 and
nonlinear'3~13 electron response in semiconductors and polar
lattice vibration in crystals.'®!” Recently, the ultrafast THz
spectroscopy also proved to be an effective experimental
method of detection and manipulation of magnetization in
materials utilizing the magnetic field component of the THz
transient through magnetic dipole transitions.!®22 In this
fashion, the ultrafast magnetization dynamics in ferromagnetic
(FM)?? and antiferromagnetic (AFM) materials’*~>’ have been
investigated.

The mechanism of observation of magnetization dynamics
in a THz-TDS experiment is based on the free induction
decay (FID) of an impulsively excited spin precession, as
shown in Fig. 1(a). The magnetic field component of the THz
pulse By, oriented orthogonally to the material macroscopic
magnetization vector M, induces a Zeeman torque T o
M x B on the M vector. As a result of the impulsive Zeeman
torque, the tilted macroscopic magnetization vector M starts
precessing around its unperturbed orientation at the Larmor
frequency, leading to circularly polarized electromagnetic
emission Eqy, oc 32M /312 (where ¢ is time) from the rotating
magnetic dipole, in the direction of an unperturbed M vector,
at the Larmor frequency.”*?’

The excitation of spin waves by an impulsive, (sub-)
picosecond, magnetic field transient can be considered quasi-
instantaneous. However, the natural decay of the spin waves,
which can be assigned to magnon—magnon or magnon—phonon
interactions,?>?® usually takes place on the timescale of tens to
hundreds of picoseconds.??*" Potential applications in ultrafast
spin-based information processing and spintronics require

©2013 American Physical Society
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FIG. 1. (Color online) (a) Mechanism of THz emission by spin
resonance in a c-cut YFeOjs crystal. (b) THz waveform transmitted
through crystal at selected azimuthal angles of 6 = 0°, 45°, and 90°,
vertically offset for clarity. Orientation of the THz pulse polarization
with respect to the crystal axes of YFeOs crystal is shown in the lower
inset of (b). (¢c) A zoom of the oscillating part of the THz electric
field in the time window of 10-35 ps, together with the curve-fitting
results (solid lines). Dashed lines are single-exponential decay fits.
The vertical dotted line emphasizes the phase difference between
the different THz traces. The Fourier amplitude of the oscillatory
component (Egy) at & = 0° is shown in the upper inset of (b).

active manipulation of the amplitude or the phase, or both, of
transient magnetization on a much faster picosecond timescale.

Such active ultrafast manipulation over an otherwise
long-lasting spin excitation can be achieved using coherent
control.?! This technique usually utilizes a pair of controllably
delayed excitation pulses. The first pulse (pump) excites a
long-lasting spin wave, while the time-delayed second pulse
(control) excites yet another, phase-delayed replica of this spin
wave, making it interfere with the first one. The relative phase
between these two spin waves is governed by the time delay
between the pump and the control pulses: if this time delay
equals an even number of half-periods of spin precession,
the constructive interference between these two partial waves
leads to enhancement of the spin excitation by the action of
the control pulse; whereas if this time delay equals an odd
number of half-periods, destructive interference quenches spin
excitation. Recently, Kampfrath et al. reported the coherent
control of spin waves by using a pair of intense copolarized
THz pulses for pump and control, and by using a time-delayed
optical probe pulse for the observation of the spin waves in
the antiferromagnet NiO.?* Similarly, an all-THz experiment
involving a pair of much weaker THz pulses was used for
coherent control of the spin precession in yttrium orthoferrite
(YFeO3).”’

In this paper, we show the coherent control of the quasi-FM
spin resonance at the frequency of 0.3 THz in the canted
AFM crystal YFeO; using only a single incident THz pulse.
The amplitude and the phase of the THz spin waves can
be controlled coherently by choosing the polarization of the
incident THz pulse with respect to the symmetry axes of the
anisotropic crystal. The dielectric anisotropy of the crystal
leads to the decomposition of an incident THz field into
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phase-shifted ordinary and extraordinary rays. We demonstrate
that the polarization-dependent interference of these rays can
be used to control both the amplitude and the phase of the
resulting spin oscillation. The efficient materials for ultrafast
spintronics with spin resonances in (sub-)THz range, such as
rare-earth orthoferrites, are strongly anisotropic. Through our
approach, we add polarization as a novel degree of freedom for
coherent manipulation of ultrafast magnetization dynamics.

III. SAMPLE AND EXPERIMENT

Our YFeOj crystal was grown by the floating zone method,
was polished on both sides, and had a thickness of d =
1.33 mm. All our measurements were performed at room
temperature, i.e., well below the Néel temperature of Ty =
645 K. The magnetic properties of YFeO3 with orthorhombic
structure depend on the crystal orientation and are governed by
the magnetization of the Fe®* sublattice. The electron spins
associated with the nearest-neighbor Fe3* ions along the ¢
axis and a axis are aligned, respectively, in a parallel and an
antiparallel fashion. This results in the existence of quasi-FM
and quasi-AFM spin modes in the crystal.*> The resonant
frequencies of FM and AFM spin modes in YFeOj3 are 0.30 and
0.53 THz, respectively.® In this paper, we study the dynamics
of the FM spin mode in YFeOj3 designated as Mgy in Fig. 1(a).
The AFM magnetization vector is not plotted in the schematic
and is not important in this paper for reasons related to the
excitation geometry, as explained later.

In our experiments, the YFeO; crystal was ¢ cut, and the
propagation direction of incident THz radiation was coaligned
with the ¢ axis, i.e., along the magnetization vector Mgy, of
the crystal. This geometry has two important consequences.
First, the magnetic field component of the THz pulse, whose
magnetic field vector Bry, belongs to the plane defined by
the a and b axes, is always orthogonal to Mgy;. Therefore,
independent of its polarization with respect to the a and b
axes, the THz pulse incident along the ¢ axis always has
the strongest interaction with the ¢ axis—oriented Mgy via
maximum Zeeman torque T o« Mgy x By, [see Fig. 1(a)
and the preceding discussion of the THz spin-wave excitation
principle]. Second, in this geometry, the THz excitation of
precession of the a axis—oriented AFM magnetization vector
does not enable FID emission along the ¢ axis (i.e., in the
direction of propagation of the THz pulse), thus excluding the
presence of the AFM effect in our measurement.

The YFeOj crystal, like other rare-earth orthoferrites,?? has
a sizeable dielectric anisotropy at THz frequencies along the a
and b axes, producing both birefringence and dichroism.**3
This anisotropy might be attributed to the eigenvectors of
unstable I'-point phonon modes, the I'js and I';s modes,
which involve off-centering of the Y cation and oxygen dis-
placements, respectively.*® This phonon-originated dielectric
anisotropy of YFeOj3, crucially important for the single-pulse
coherent control effect, is characterized in detail later.

Our experiments were performed in a standard linear
transmission-mode THz-TDS configuration. The single-cycle
THz pulses were generated using optical rectification of
800-nm, 100-fs Ti:sapphire laser pulses, and detected
by free-space electro-optic sampling, in (110)-oriented
ZnTe crystals.>'® The THz pulse spectrum covered the
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range 0.1-2.7 THz, typical for this kind of experimental
arrangement. The THz electric field strength did not exceed
the value of ~1 kV/cm; therefore, the peak magnetic field
was under 0.3 mT. The THz beam path in the spectrometer
was purged with dry nitrogen in order to minimize absorption
of THz radiation by atmospheric water vapor. The electric field
of the incident THz pulse was linearly polarized in a horizontal
plane. In addition, a THz polarizer with a horizontally oriented
transmission axis was placed after the sample, ensuring that
only this component of the THz field was detected. In the
following, by the THz polarization orientation, we always refer
to the orientation of the electric field vector of the THz signal.

Figure 1(b) shows the THz waveforms transmitted through
the YFeOs; crystal oriented at different rotational (azimuthal)
angles 6 between the polarization of an incident THz pulse
and the b axis of the crystal, which is shown in the lower
inset of Fig. 1(b). The azimuthal angles 8 = 0° and 6 = 90°
correspond to the THz polarization along the b and a axis of the
crystal, respectively. The measured THz waveforms consist of
two components: the main part of the broadband THz pulse
centered ~0 ps time delay and a slowly decaying oscillation
caused by the FID emission of the FM spin resonance at
a frequency of 0.30 THz. The Fourier transform of this
oscillation (Egy) at & = 0° is shown in the inset of Fig. 1(b).
The YFeOs crystal birefringence causes a time delay between
the THz pulses polarized along the b and a axes of the crystal
(i.e., 8 = 0° and 90°). When the THz polarization is oriented
at = 45°, the THz pulse experiences maximum anisotropy;
as a result, its main part is composed of two delayed parts.

IV. DATA ANALYSIS AND DISCUSSION

The implications of changing the angle 6 between the
crystal axes and the polarization of an incident THz pulse on
the spin-wave FID THz emission are emphasized in Fig. 1(c).
The solid lines are exponentially decaying sine-wave fits to
the experimental data. The dashed lines show the exponential
decay of the amplitude of the oscillation. The experimental
data, apart from the FM spin resonance at 0.3 THz, features
signature of residual water vapor absorption in the THz
spectrometer beam path, adding a small modulation to the
FM-mode signal. From the THz traces shown in Fig. 1(c), it is
apparent that both the amplitude and the phase of the THz FM
resonance signal strongly depend on the rotational angle 6.
The amplitude of the FID signal from THz spin waves can be
changed by about a factor of two, and its phase can be shifted
by a little over /2.

These observations cannot be fully explained by the simple
mechanism of THz spin-wave excitation described earlier.
From the geometry of spin-wave excitation shown in Fig. 1(a),
we would expect polarization of the THz pulse in the plane of a
and b axes to produce a maximum Zeeman torque, resulting in
an equally strong FM spin mode precession, which is clearly
not observed. In order to understand the dependence of the
amplitude and the phase of the spin waves on the azimuthal
angle 6, we need to consider the complex dielectric function of
the YFeOjs crystal. Fig. 2(a) and 2(b) shows the refractive index
and the absorption spectra of our c-cut crystal measured along
a and b axes, respectively. In retrieving the optical constants,
we assumed the magnetic susceptibility u & 1, justified by
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FIG. 2. (Color online) (a) Refractive indices n(w) and (b)
absorption coefficients « (w) of a c-cut YFeOs crystal measured

with THz polarization along a (blue curves) and b axes (red curves),
respectively.

a much smaller contribution of magnetic susceptibility to the
complex refractive index compared to the dielectric one, even
at the magnetic resonance frequency in orthoferrites.?’

The refractive index and the absorption spectra shown in
Fig. 2 have two contributions: an isolated FM resonance feature
at a frequency of 0.3 THz?>*?’ and the dispersive feature
covering the entire frequency window of an experiment—
the low-frequency tail of the resonances corresponding to
unstable I'-point phonon modes in the crystal at frequencies
~10 THz.*® These phonon resonances cause the strong THz-
range dielectric anisotropy of YFeOs. The birefringence of our
sample along a- and b-crystal axes An = n, — n; is found to
be ~0.2 over the whole spectral range of our experiment.

Let us consider the interaction of a linearly polarized
THz pulse with FM spin resonance in such an anisotropic
material. The electric field of the incident THz pulse E&
enters the crystal at an arbitrary polarization angle 6 [inset
of Fig. 1(b)]. Propagating through the anisotropic crystal,
the output THz pulse ES}, is represented by a sum of two
orthogonal components coupled to a (E,) and b axes (E;) of
the crystal:

EY, = E, + E,
: . _agdy (; ongd
E, = EX, sin(f)e 2 el &)

. apd . onpd
E, = Elfj,cos (0) e~ % el ™)

1)

where «, ;, and n, j are the frequency-dependent absorption
coefficients and refractive indices in the plane of a and b axes,
respectively; d is the crystal thickness; and c is the speed of
light in vacuum. These two orthogonally polarized broadband
THz signals excite two spin waves at the frequency of FM
resonance via their magnetic field components B, , = E, ;/c.
According to Eq. (1), these two spin waves have (1) different
amplitudes according to the electric field projections on a and
b axes defined by the azimuthal angle 0 and the attenuation in
the crystal defined by anisotropic absorption coefficient ¢, j
and (2) different phases according to the anisotropic refractive
index n, ;. The phase difference, accumulated during the
propagation of these two spin waves through the entire crystal,
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combined with different amplitudes of these two partial waves,
results in their interference, leading to either enhancement or
quenching of the resulting oscillation at the spin resonance
frequency, i.e., to a coherent control effect. The preceding
mechanism of THz spin-wave generation is most efficient if
the driving THz field and the generated spin wave are perfectly
phase matched. We estimate the refractive index mismatch
between the driving THz field and the generated spin wave to
be Anpism = 0.02-0.06, depending on the crystal orientation.
This estimate is based on the difference of measured refractive
indices precisely at the spin resonance frequency of 0.30 THz,
and ~50-100 GHz away from the resonance (Fig. 2). Based
on such an index mismatch, we calculate the coherence length
at the spin resonance frequency (the propagation distance at
which the spin wave and the driving THz field acquire a relative
phase of ) to be l.on, = 825 mm, which is much longer than
the thickness of our crystal d = 1.33 mm. Therefore, the
assumption of perfect phase matching between the spin wave
and the driving THz field can be well justified.

As mentioned earlier, in our experiment we detected the
THz signal transmitted through the sample in the same
(horizontal) polarization as the excitation THz pulse. By
using the Jones matrix formalism, the horizontal and vertical
components of the THz electric field at the position of the
THz detector are given by EMriz = E, cos (9) + E, sin () and
E"" = E,; sin (0) — E, cos (0), respectively. As a result, the
angular dependence of the amplitude of the THz field detected
in the horizontal axis is

|Eh0riZ| — |E’i_[l‘1HZ|e(—%Olbd)[COSZ (9) eiAl"e—Aad + Sin2 (9)] (2)

whereAa = o, —ap and AT =T, — T, = 22 An are, re-
spectively, the absorption coefficient difference and the phase
retardation between two orthogonal polarization components
of THz pulses, and hence between the excited spin waves.
Eq. (2) therefore is our coherent control function, with a
rotational angle 6 between the incident THz polarization and
the b axis of the crystal as a control parameter.

In Fig. 3(a) and 3(b), the symbols show the dependency of
the measured amplitude (Egy) and phase of the FID signal of
the FM-mode spin wave on the azimuthal angle 6. The mea-
sured value of the signal phase shift shown in Fig. 3(b) matches
the predicted maximum value AT" = — 1.47x very well. The
dependence of the spin-wave amplitude on the rotational angle
6 shows a modulation of approximately a factor of 2. The solid
line in Fig. 3(a) represents the normalized coherent control
function Eq. (2). Excellent agreement between the model
and the measured data is observed. In the same figure, we
show the separate contributions from the refractive index and
the absorption coefficient anisotropies to the coherent control
function Eq. (2). As dashed and dotted lines, we show this
function including only refractive index anisotropy (assuming
o, = o = 0) and only absorption anisotropy (assuming n, =
np) of the YFeOs crystal, respectively. We can see that both
index and absorption contributions play a significant role in
the observed effect.

As discussed earlier, the FM-mode spin resonance electro-
magnetic THz signal is induced by a rotating magnetic dipole
and is thus inherently circularly polarized. Surprisingly, from
the amplitude decay fits shown by the dashed lines in Fig. 1(c),
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FIG. 3. (Color online) (a) The amplitude of the Fourier transform
(Egy; circular symbols) and (b) the phase (square symbols) of the
FM spin mode emission as a function of rotational angle 6. The
normalized coherent control function Eq. (2), including full dielectric
anisotropy at the FM spin resonant frequency (solid line), only index
anisotropy (dashed line), and only absorption anisotropy (dotted line),
is also shown in (a).

we find that the decay dynamics of two orthogonal linearly
polarized components of this circularly polarized THz signal
along the b and a axes (i.e., & = 0° and 90°, respectively)
have different exponential decay time constants: 7, =40.2 +
2.2 psand t, =53.5 £ 4.0 ps, respectively. The slower decay
of the component polarized along the a axis means that the
initially circularly polarized FID signal becomes increasingly
elliptical over time, with the long axis of the ellipse oriented
along the a axis of the crystal.?® Extrapolating this trend to
long time delays, a nearly linearly polarized THz wave, i.e.,
a wave radiated by a linearly oscillating dipole (e.g., optical
phonon), survives. However, this linearly polarized signal still
oscillates at the Larmor frequency, i.e., at the frequency of
the precessing magnetic dipole. This might be explained by
the spin excitation decaying by (at least partly) transferring
its energy to the lattice, as the FM spin resonance spectrally
overlaps with the low-frequency tail of the phonon mode. The
electric field component of the FM-mode THz electromagnetic
emission can couple to the polar lattice of the crystal, leading
to its periodic distortion. Hence, the crystal lattice may be
caused to maintain the vibration at the frequency of the
spin resonance, and the lattice anisotropy could cause the
polarization orientation of a persisting lattice vibration.

V. CONCLUSIONS

We have demonstrated the coherent control of a quasi-
FM resonance at 0.30 THz in a canted antiferromagnet
YFeO; using only a single THz pulse. The coherent control
effect is mediated by the dielectric anisotropy of the YFeO3
crystal. Taking into account both the refractive index and the
absorption coefficient anisotropy of the crystal, a coherent
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control function is developed, using the THz pulse polarization
with respect to the crystal axes as a control parameter. In our
1.33-mm-thick YFeOs crystal, the THz spin-wave amplitude
could be modulated by a factor of 2 and the phase could be
shifted by about — 37 /2 simply by choosing the polarization
of an incident THz pulse with respect to the crystal axes.
A thicker crystal will allow for a stronger coherent control
effect, including complete quenching of the spin wave. As
mentioned previously, most efficient THz spintronic materials,
such as rare-earth orthoferrites, are strongly anisotropic.’>3
The suggested method can thus further expand the range of
capabilities in ultrafast THz manipulation of magnetization
by adding one more degree of freedom, polarization, to
existing coherent control schemes. Finally, significant spatial
anisotropy in decay dynamics of THz-excited spin wave was
observed, leading to transition from a circularly polarized THz
emission driven by the spin precession to a nearly linearly
polarized emission, possibly driven by the persistent lattice

PHYSICAL REVIEW B 87, 094422 (2013)

vibration, at the Larmor frequency. The latter may directly
manifest the transfer of spin-wave energy onto the lattice and
is a subject of further investigation.
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