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Terahertz Time-Domain Observation of Spin Reorientation in Orthoferrite ErFeO;
through Magnetic Free Induction Decay
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Terahertz time domain spectroscopy was performed on orthoferrite ErFeOs. Through the emission from
the two magnetic resonance modes, we succeeded in observing the spin reorientation transition.
Depending on the orientation of the single crystal, the reorientation can be detected as either mode
switching between the two modes or polarization change of the emission. This method enables picosecond
resolved observation of the reorientation without disturbances such as electronic excitation and heating,
and it is expected to open the doorway to observe ultrafast reorientation with the terahertz pulse.
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Ultrafast optical control of spins is one of the promising
methods for development in spintronics and information
processing technologies. For this reason, a number of studies
on such control with a high intensity femtosecond visible
laser has been reported [1-11]. Although these experiments
revealed interesting magnetic phenomena such as an ultra-
fast manipulation of spins through thermally induced spin
reorientation transition [1-3], ultrafast demagnetization in
colossal magnetoresistance manganites [4], the inverse
Faraday effect [2,3,5-9], the inverse Cotton-Mouton effect
[5,6], and the magnetic difference frequency generation
[10,11], in an applicative point of view, the generation of
excess heat and unwanted electronic excitation may be a
hindrance. On the other hand, direct impulsive excitation of
spin precession motion by means of a magnetic field com-
ponent of the terahertz (THz) pulse [12-14] is free from
electronic excitations because of small photon energy in this
spectral region. In addition, since the pulse energy of the
THz pulse emitted from photoconductive antennas excited
with a femtosecond oscillator is typically on the order of
femtojoule, thermal effect is also negligible. The excitation
of precession by the THz magnetic field is described by the
Bloch equation

amM
ar YM X (Hry, + Hg),

where M, Hry,, H .5, and y are the magnetic moment, THz
magnetic field component, effective magnetic field, and
gyromagnetic ratio, respectively. As a THz magnetic pulse
enters, spins are tilted because of the torque applied by the
magnetic pulse. Tilted from their equilibrium orientation,
spins start to coherently precess in the effective magnetic
field. Because of this motion of spins, magnetic dipole
radiation is induced and can be detected as free induction
decay signals. Thus, by performing a THz time domain
spectroscopy (TDS), both excitation and sub-picosecond
resolution real time observation of spin precession can be
done simultaneously.
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PACS numbers: 75.78.Jp, 75.30.Kz, 76.50.+g, 78.20.Ls

Some orthoferrites, ErFeO; for example, are known to
show temperature-induced phase transition called spin
reorientation transition, where spins rotate 90 degrees
from one direction to another [15—18]. To the best of our
knowledge, an observation of the spin reorientation tran-
sition with the THz TDS method has not been reported
in the past. Here, we propose the observation method of
spin reorientation with the THz TDS method, and we
demonstrated this with ErFeO;. The method used in this
study is expected to enable detection of spin reorientation
with picosecond time resolution and may be applied for
studying the underlying mechanism of ultrafast spin reor-
ientation owing to inertia driven spin switching [9] and
ultrafast heating [1-3], which are a part of the intriguing
phenomena found by the spin manipulation with the femto-
second laser.

Orthoferrite RFeO; (R denotes Y and rare-earth-metal
elements) is classified as a weak ferromagnet where anti-
ferromagnetically ordered spins cant toward one direction
and have a macroscopic magnetization. ErFeO; shows
weak ferromagnetism below Néel temperature Ty =
643 K [16]. In this weak ferromagnetic phase, orthoferrites
have two optically active magnetic resonance modes in
the sub-THz region, namely quasiferromagnetic mode
(F mode) and quasiantiferromagnetic mode (AF mode).
F mode resonance can be interpreted as a precession of
the macroscopic magnetization. AF mode, on the other
hand, can be seen as a fluctuation in magnitude of the
magnetization. These two magnetic resonances are known
to be excited only by a magnetic field pulse with a specific
polarization: magnetic field perpendicular to the magneti-
zation for exciting the F mode, and magnetic field
parallel to the magnetization for the AF mode [19,20]. In
the case of ErFeOs;, the resonant frequency for F and AF
modes at room temperature are 0.377 THz and 0.673 THz,
respectively [18]. The spin reorientation transition in
ErFeO; is described in Fig. 1. In the temperature range
higher than 96 K (high temperature phase), the easy axis
of Fe3' spins is in the a axis and the macroscopic
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FIG. 1 (color online). Schematic of spin configurations in
ErFeO; for high-temperature and low-temperature phases. The
blue arrows indicate Fe** spins, and the red arrows indicate
macroscopic magnetization, which results from canting of the
Fe?" spins.

magnetization is parallel to the ¢ axis. At 87 K or lower
(low temperature phase), the ¢ axis becomes the easy axis
with macroscopic magnetization in the a axis direction.
Between 87 and 96 K, the easy axis continuously rotates
between the a axis and the ¢ axis [15-18].

Transmission-type THz TDS measurements were cond-
ucted at various temperatures. For generation and detection
of the THz pulse, low temperature grown GaAs photo-
conductive antennas that emit and detect THz waves with
a horizontally polarized electric field component were
used. The antennas were excited using mode-locked Ti:
sapphire femtosecond laser pulses (12 fs, center wave-
length at 800 nm, and repetition rate of 75 MHz). THz
signals in the polarizations perpendicular to the antenna
were obtained from the difference of the signals in =45°
polarization angles [12,13]. Two kinds of samples were
used in this study. One is a c-cut plane parallel plate of
single crystal ErFeO; grown by the floating zone method,
hereafter referred to as the c-plane sample. The directions
of the crystal axes were determined by x-ray Laue analysis.
The thickness was approximately 1.3 mm. The other sam-
ple is a 1.6 mm thick sintered pellet of ErFeO; powder. The
average diameter of grains in the pellet was about 8 um.
Both samples were fixed onto a 4 mm diameter metal
aperture during the measurements. The samples were
magnetized before each measurement and have residual
magnetization. No static magnetic field was applied to the
samples during the measurements. In the measurements
conducted below room temperature, a cold finger cryostat
(Oxford Instruments) was used.

Figure 2(a) shows the transmitted temporal waveforms
of the THz pulse obtained with the c-plane single crystal
sample magnetized along the ¢ axis. The measurement was
performed at room temperature. In the polarization parallel
to the incident THz pulse, the main pulse of the THz pulse
is followed by an oscillating component that corresponds
to magnetic dipole emission because of magnetic reso-
nance. In the perpendicular polarization, only the oscillat-
ing component owing to the resonance can be observed
without overlapping of the THz main pulse. By inverting
the direction of the magnetic pole, the phase of the oscil-
lation in perpendicular polarization is shifted by
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FIG. 2 (color online). (a) Temporal waveforms of transmitted
THz wave through ¢ plane ErFeO; single crystal. (b) Spectra
obtained by Fourier transformation of temporal waveforms in
(a). (c) Electric field component trajectory of emission at
0.377 THz calculated from (a).

meaning that the helicity change between the left hand
circular emission and the right hand circular emission
occurred. This explains that these oscillations are free
induction decay signals emitted from the precession of
macroscopic magnetization. Because the emissions in
perpendicular polarization from antiparallel magnetic
domains cancel one another, the perpendicular component
can be detected only when the sample is magnetized.
Spectra obtained from Fourier transformation of the tem-
poral waveforms with a time window from O ps to 60 ps in
Fig. 2(a) are shown in Fig. 2(b). Reflecting the oscillations
in temporal waveforms, a dip and a peak appear in the
parallel component and the perpendicular component,
respectively. Both structures appear at around 0.377 THz,
which coincides with the F mode resonance at room tem-
perature, indicating that the F mode resonance is impul-
sively excited by the THz pulse. Note that since single
crystal ErFeO; is a birefringent medium (in the THz
region), the optical path length in the a axis and the b
axis are different. In our measurement, the refractive indi-
ces in the THz region were n, = 5.1 and n;, = 4.9. For this
reason, the phase difference between parallel and perpen-
dicular polarization is not 7r/2. Figure 2(c) shows the
radiation trajectory of emission at 0.377 THz obtained
from the ellipticity and rotation angle computed with the
well-known formulas [21]. The principal axes of elliptic
radiation are not parallel to the a axis and the b axis
because of the birefringence. The reason that the radiation
is elliptic is threefold. First of all, the F mode precession

137204-2



PRL 110, 137204 (2013)

PHYSICAL REVIEW LETTERS

week ending
29 MARCH 2013

itself is elliptic [19]. Second, phase mismatch because
of the birefringent effect between the incident THz
pulse and the emission in perpendicular polarization also
degrades the emission in perpendicular polarization.
Finally, while the emissions from antiparallel domains
add up in parallel polarization, they cancel out in perpen-
dicular polarization. Therefore, the amplitude of the emis-
sion in parallel polarization is proportional to the saturation
magnetization I, whereas in perpendicular polarization,
it is proportional to the residual magnetization /,.

Next, temperature dependence of resonant frequencies for
F and AF modes were obtained (Fig. 3). While the AF mode
frequency changes gradually, the F mode frequency changes
significantly near the reorientation temperature. These
behaviors of the frequencies are described by

(ha)FM)2 = [4E/(2S)2][(Axx -

(hopr) = HE/2SPY 5 (A + 42

1
+=(A, —A,,)cos20 — K, cos40],

A,;)cos26 — 4K, cos4d],

2

where A,, and A, are the second order anisotropy
energy, K, is the fourth order anisotropy energy, 6 is the
angle between the ¢ axis and the weak ferromagnetic
moment, E is the exchange constant, and S is the sublattice
magnetization magnitude [17]. Near the spin reorientation
temperature region, the term (A,, — A,,) approaches zero
and the F mode frequency softens. In the AF mode fre-
quency, the term (A, + A,,), which is 2 orders of magni-
tude larger than the fourth order anisotropy, is dominant
and suppresses the softening of the AF mode frequency,
resulting in the gradual change observed in the measure-
ment. The temperature dependence shown here also agrees
with the resonant frequency obtained with the backward
wave oscillator [18]. No notable difference between
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FIG. 3 (color online). Temperature dependence of F and AF
mode resonant frequencies in ErFeO;. Circle markers show
frequencies obtained with the sintered pellet, and triangle
markers show frequencies in a single crystal sample with (001)
surface. Two vertical lines indicate higher and lower transition
temperatures at 96 K and 87 K.

frequencies in the sintered pellet and the single crystal
sample was present.

Spectra in Fig. 4(a) show peaks that correspond to
radiation owing to magnetic resonance excited with the
THz magnetic field parallel to the a axis in the c-plane
single crystal. As described in Fig. 4(b), in the high tem-
perature phase (250 K), the magnetic field component of
the THz pulse is perpendicular to the macroscopic magne-
tization, resulting in excitation of the F mode. As the
sample goes through the reorientation transition into the
low temperature phase, Hyy, polarized in the a-axis direc-
tion becomes parallel to the magnetization, resulting in
excitation of the AF mode resonance. The spectra in
Fig. 4(a) clearly reflect this behavior, which verifies that
the reorientation phase transition can be detected through
magnetic resonance mode switching. In addition, returning
the temperature to 250 K simply caused the radiation mode
to switch back to the F mode, which shows that this
switching is a reversible phenomenon. Because this change
occurs in parallel polarization, this behavior can also be
observed in the absence of the residual magnetization.
In the temporal waveforms, observation of the half-cycle
of the oscillation is sufficient for distinguishing the F mode
and AF mode resonance. Therefore, by focusing on the
existence of the AF mode (oscillation period T,r =
1.33 ps), the phase of the spins can be determined with
0.67 ps resolution.

Next, the magnetized c-plane sample was excited with
the Hyy,|lp incident THz pulse. Figure 5(a) shows inten-
sity spectra of oscillating components obtained in this
configuration. At the high temperature phase, Fig. 5(a)
shows that the F mode radiation exists in both parallel
and perpendicular polarization. As depicted in Fig. 5(b),
this is because the F mode precession in the high tempera-
ture phase takes place inside the a-b plane. Magnetic
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FIG. 4 (color online). (a) Intensity spectra of oscillatory com-
ponents obtained with Hyy,lla-axis THz pulse excitation.
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FIG. 5 (color online). (a) Fourier spectra of oscillatory com-
ponents in waveforms obtained from Hyy,||b-axis excitation.
The red dashed line and the blue line show the oscillation in the
polarization parallel and perpendicular to the incident THz
pulse, respectively. (b) Schematic of spin precession motion
and magnetic field component trajectory of radiation emitted
from the precession in high temperature and low temperature
phases. (c) Three-dimensional trajectory plot of temporal wave-
forms at 250 K and 50 K.

dipole radiation with the wave vector in the c-axis direc-
tion, which is obtained in this experimental setup, reflects
the motion of magnetic dipole in the a-b plane, leading to
observation of elliptically polarized emission in the high
temperature phase. At 50 K, although the spectrum in
parallel polarization clearly shows the F mode peak,
Fig. 5(a) shows that no peak is present in perpendicular
polarization. This is because the precession occurs in the
b-c plane at the low temperature phase and the observed
emission with a wave vector in the ¢ axis becomes linearly
polarized, as illustrated in Fig. 5(b). The three-dimensional
trajectory plot of temporal waveforms also clearly show
that emission in 250 K is elliptic while the emission in 50 K
is linearly polarized [Fig. 5(c)]. For the ease to see, the
phase shift owing to the birefringence was compensated
with an offset of 0.37 in perpendicular polarization, which
is expected from an estimation also used in Ref. [13]. With
no static magnetic field along the ¢ axis present, when the
sample’s phase is returned to the high temperature phase
again, the oscillation in perpendicular polarization does not
reappear [Fig. 5(a)], meaning that the residual magneti-
zation is lost during the reorientation. Thus, it should be
noted that in the low temperature phase, beside the mag-
netic domain with macroscopic magnetization in the +a
direction, which is illustrated in Fig. 5(b), an equivalent
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FIG. 6 (color online). (a) Spectra obtained from Fourier trans-
formation of waveforms in perpendicular polarization with a
magnetized sintered pellet. The dashed spectra show the oscil-
latory component in the parallel polarization (arbitrary unit)
for each temperature. (b) Magneto-optical spectra of the pellet
sample at room temperature before and after cooling.

number of domains with macroscopic magnetization in the
—a direction also exists.

Observation of radiation in perpendicular polarization
was also done with the magnetized sintered pellet sample.
As Fig. 6(a) shows, phase transition into the low tempe-
rature phase results in the disappearance of the radiation,
which is consistent with the result in the single crystal
sample. However, returning the sample’s phase into the
high temperature phase revealed that a small portion of the
F mode emission remains. This shows that the residual
magnetization in the sintered pellet is not completely lost
even after the spin reorientation transition. In Fig. 6(b),
the ellipticity and rotation angle spectra at 250 K before
and after cooling clearly show that the elliptic emission
observed before cooling is partially recovered after cool-
ing. As the sign of the ellipticity indicates, the helicity of
emission in room temperature does not change even after
cooling. Therefore, a memory effect that records the direc-
tion of some portion of the magnetic domains seems to exist.
From the magnetic field strength required to magnetize the
samples, the coercive field of the pellet sample is estimated
to be over 500 kA/m, whereas in the single crystal, it is
below 10 kA/m. Considering the large difference in the
coercive field, this memory effect may be ascribed to various
reasons such as pinning of magnetic domain walls owing to
defects in the microcrystal and stress induced from lattice
defects and grain boundaries, and thus, further investigations
on the origin of the effect are required.

To summarize, THz TDS measurement was performed
on orthoferrite ErFeO;. The magnetic field component of
the THz pulse acted as a half-cycle magnetic pulse and
impulsively excited coherent precession motion of spins.
We have successfully observed the spin reorientation tran-
sition in ErFeO; through changes in precession frequency
and changes in polarization of radiation from the spins.
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Since these methods offer the ability for resolving the phase
transition within a picosecond without induction of unnec-
essary disturbances such as electronic excitation and heating,
the results introduced here open a way to observe ultrafast
reorientation dynamics with THz TDS measurement.
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