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Ultrafast terahertz transmission ellipsometry of YMn,O5 electromagnons
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Terahertz time-domain polarization measurement experiments probe the electomagnon excitations
in an orthorhombic multiferroic YMn,Os. Spectral phase rotation function measured from the
mutually orthogonal polarization components of transmitted probe pulses sensitively resolves the
electromagnon resonances which appear unresolvable in conventional transmission spectroscopy.
The retrieved oscillator parameters based on electro-optic effects in a lossy birefringent material
show good agreement with the previously reported Fourier transform infrared spectroscopy data.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4772206]

Terahertz time-domain spectroscopy (THz-TDS) has
been widely adopted as a linear polarization spectroscopic
tool because of its robust, compact, and sensitive spectro-
scopic capability compared to other far-infrared means.'™
The broad spectral range of THz-TDS is efficient to extract
oscillator parameters, especially, when being coupled with
FT-IR measurements.>*° Also, its time-domain and field detec-
tion scheme makes it available to extend the realm of research
to time-domain polarization study. Researchers have consid-
ered polarization-dependent THz-TDS for investigations of
ultrafast polarization states,”® material birefringency,” polar-
ization sensitive imaging,'® Kerr effect in topological insula-
tors,'' Faraday rotation in cuprate superconductors,'? as well
as conventional transmission ellipsometry."?

In this letter, we present a oscillator parameter extrac-
tion method, based on polarization-specific spectral phase
measurements in a THz-TDS setup with a pair of cross polar-
izers, as shown in Fig. 1. This method, in particular useful
for strongly absorbative birefringent materials, takes advant-
age of the fact that the phase of E,(w)/E,(w), where E, ,()
are the spectral amplitudes of the x- and y-polarization com-
ponents of a transmitted THz pulse, rapidly shifts near an
absorption frequency. In experiments carried out with an
orthorhombic multiferroic YMn,Os single crystal, two reso-
nant absorption peaks at 490 and 590 GHz are observed,
which is in qualitative agreement with the electromagnon
modes in the incommensurate magnetic and ferroelectric
phase of this material at temperature below 20 K."*

We consider a linearly polarized THz pulse is normally
incident on a target medium with a slightly tilted polarization
angle of 0 from the slow axis, which is crucial in this experi-
ment. The spectral amplitude of the THz pulse after through
the medium is then given by

E(0)(fat2e™%¢cos § — i 1,6/ sin 0), (1)

where d is the thickness of the medium, c is the speed of light,

fip=4n,/(1+ ﬁu)z are the Fresnel coefficient for trans-
mission, 711, and 7, are the directions and the refractive
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indexes of the fast and slow axes, respectively. After the THz
pulse is projected on to two polarization directions X and y,
respectively, by an analyzing polarizer, where for simplicity
the angle between & (¥) and 7i, is chosen as ©/4 (—n/4), we
measure the polarization components E,(w) and E, (o) to
obtain their phase difference A¢(w) = tan~!(E, /E.), where

11 Az .
1 + Leidiod/c an

E)’(w) _ 19} (2)
E. () 1 iNiod/e
1 — =4/ tan 0
£}

with Ani = 7ii; — 7ii;. When the birefringent medium is loss-
less, A¢(w) remains near zero for any frequency but, when a
large spectral absorption in riy(y) is introduced, on the other
hand, the phase of E,(w)/E (w) starts to rapidly shift near
the absorption frequency.

In a YMn,Os crystal, there exist three magnetic phases:
an incommensurate magnetic and ferroelectric phase (LT1)
below 20 K; a commensurate magnetic and ferroelectric phase
(LT2) from 20 to 40K; and a paramagnetic-paraelectric phase
above 45K (LT3).15 ‘16 It has been reported that in the lowest
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FIG. 1. Ultrafast THz transmission ellipsometry configuration. The analyzer
polarization is set to *n/4 for acquiring the complete three-dimensional
profile of THz pulses. Inset shows the polarization angles of the optical
probe and THz pulses.
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temperature phase of LT1, there are three resonant absorption
peaks in THz frequency range, so called electro-magnons at
216, 500, and 610 GHz, respectively, which are electric-dipole
active only along the b (slow) crystal axis.'* Thus, the perme-
ability is g, = 1 and the permittivity ¢,(w) is given as a sum
of Lorentz oscillators, i.e.,

S;
2
»* —iwy;

ep(w) = ep(00) + Z o (3)

where €,(c0) is the high frequency permittivity, S;, ®;, and
7; are the oscillator strength, the resonant frequency, and the
line width of jth oscillator, respectively.

Experiment was performed in a conventional THz-TDS
setup with an additional pair of polarizers for polarization
analysis, as shown in Fig. 1. The laser source was an ultrafast
laser oscillator operating at a pulse repetition rate of 80 MHz
to produce 100-fs-short pulses. The laser spectrum was cen-
tered at a wavelength of 850 nm. The generation and detec-
tion of THz pulses were carried out by a photo-conductive
antenna (PCA) and a ZnTe electro-optic sampler, respec-
tively. When the PCA being biased by square electrical
pulses modulated at a frequency of 65 kHz was illuminated
by ultrafast optical pulses, linearly polarized THz pulses
with a broad spectrum in 0.1-1.5 THz were produced. The
emitted THz pulses were then guided by four off-axis para-
bolic mirrors and spectroscopy was performed at the configu-
ration focus. The sample was mounted on the liquid helium
cooled finger-type transmission cryostat. Before and after the
cryostat, a pair of wire-grid terahertz polarizers of 10 um
wire thickness and 25 um spacing were installed. The first
polarizer set incident THz polarization and the second was
used to record the polarization information of the propagat-
ing THz pulses. The THz pulses were then focused on to the
[110]-cut 2-mm-thick ZnTe crystal simultaneously over-
lapped with an optical probe beam. After the probe beam
was split into two by a Wollaston prism, a balanced lock-in
amplification detection was performed seeded by the THz
modulation frequency. The whole setup was covered by an
acryl box and purged with dry air to eliminate water vapor
absorptions. In an electro-optic sampling for THz electric
field measurement by a ZnTe crystal, the electric field ampli-
tude is given by

Ety, o< cosasin2ff + 2sinocos?2 f3, 4)

where o and f§ are angles for the polarization directions,
respectively, of the THz pulse and the probe optical pulse
with respect to the [001]-direction of the ZnTe crystal.'’
When the detected signal is maximized in a configuration of
o = f3, the orthogonal polarization component of the THz
pulse is insensitive to the measurement in the given polariza-
tion scheme.”

Once the crystallographic b-axis of the crystal was
slightly tilted from the incident THz polarization by an angle
0 ~ 6°, with the two orthogonal analyzing axes, X and y,
respectively, E,(w) and E,(w) were measured to reconstruct
the complete time-domain polarization information of the
transmitted pulse. A typical three-dimensional profile of a
THz pulse is shown in Fig. 2(a). The transmission was then
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FIG. 2. (a) Time-domain profile of transmitted THz pulses through the
YMn,Os crystal with the b axis tilted by 0 = n/30 from the incident linear
polarization direction. (b and c) Experimental data of YMn,Os in three ma-
terial phases. Transmission spectrum is acquired whence the analyzer angle
is set to 0. A broad electromagnon absorption in the LT1 phase is clearly
deviated into two peaks in phase difference measurement.

measured by setting the angle of the analyzer at 0° and also
the phase difference A¢(w) were calculated from the angle
of E,(w)/E (o). Figure 2(b) shows the measured transmis-
sion spectra for the three material phases, LT1, LT2, and
LT3, along with the oscillator fitting curve for the LT1 spec-
trum. The lower frequency region below 0.35 THz is not reli-
able because of the diffraction loss due to the small size of
the sample. Within the measurable spectral range, only two
oscillators within a given frequency window are considered
here, and the lowest frequency electromagnon at 216 GHz
and the phononic absorption at 3.4 THz are not.'* Thus a
broad background absorption from phononic tales is com-
pensated by inserting a constant imaginary e, otherwise it
introduces critical mismatch in transmission spectrum.
Fig. 2(c) presents the spectral phase difference for the three
material phases, respectively, along with the oscillator fitting
of the LT1 case. The phase difference A¢(w) measurement
shows the sharp feature of the two absorption peaks, while
the transmission in Fig. 2(b) shows broad and blurred
absorption behavior.

Numerical extraction of the oscillator parameters from
the measured A¢(w) was performed as following: Starting
with the initial oscillator parameters extracted from the trans-
mission data, we calculated A¢'(w). Then, the difference
between A¢'(w) and A¢(w) was minimized adaptively by
adjusting the oscillator parameters until minimal deviation
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TABLE I. Oscillator parameters.

Case 1 2(THz) S12(THz %) 712(THz™")
Transmission 0.48 0.022 0.091
0.58 0.34 0.50
Phase 0.49 0.082 0.11
0.59 0.043 0.076
0.4 i
— Phase ~% — Exp
—Transmission| & ** — Sushkov et al. | |

19 26 33 40
Frequency (cm™) ,

Extinction coefficient

0.5

1
Frequency (THz)

FIG. 3. Extinction coefficient curves of YMn,Os, respectively, acquired
from the transmission and phase information measured at 10 K. Inset shows

comparison between the present results and Sushkov er al st

was reached. The large deviation at off-resonance frequency
range comes obviously from the high-frequency phonon
absorptions unmeasured due to the limited spectral range. The
inset shows the comparison between the previously reported
measurement'* and the present phase measurement-based fit-
ting. The obtained oscillator parameters, respectively, from the
transmission and phase measurements, are listed in Table I,
and the resulting extinction coefficients are plotted in Fig. 3.
The direct comparison clearly shows a dramatically increased
resolution in the phase measurement case.

Although unmeasurable high frequency phonon infor-
mation and the diffraction loss introduce a fundamental
inaccuracy of our oscillator parameter extraction, the compa-
rable magnitude and spectral resolution shows the phase
measurement-based oscillator parameter extraction method
works with reliability. In the present experiment, the blurred
peaks in transmission data comes mainly from the sample
thickness (1.2 mm), and thus the severe decrease of signal to
noise ratio near the absorbative range. However, in the case
of phase difference measurement, the comparison between
two polarization signals gives a kind of balancing, so an
improved resolving power is achieved. One drawback of the
presented method might be the requirement of a priori infor-

Appl. Phys. Lett. 101, 242911 (2012)

mation of the refractive index of the other axis (fast) and the
complex fitting equation. However, as demonstrated, the dra-
matical improvement in resolution of two adjacent resonant
peaks makes this method worthwhile.

In conclusion, we presented an oscillator parameter fit-
ting method utilizing the phase measurement in an ultrafast
THz transmission ellipsometry setup, and showed such a
transmission ellipsometry-type method could improve cor-
rectness of the oscillator parameters compared with the mere
transmission measurement in the case of absorbative bire-
fringent samples.
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