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ABSTRACT

We report an approach in time-domain terahertz (THz) spectroscopy for measuring the dielectric response of liquids based on inherent
properties of spintronic THz emitters (STEs). The THz electric field radiated from the STE is inversely proportional to the sum of the com-
plex refractive indices of the media surrounding the thin metallic stack of the STE and the stack’s conductivity. We demonstrate that by
bringing a liquid in contact with the emitter, its complex refractive index and accordingly its dielectric response are imprinted into the radi-
ated electromagnetic field from the emitter. We use water as the test liquid and ascertain its dielectric loss and permittivity in the range of

~0.3-15THz.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0056909

Terahertz time-domain spectroscopy (THz-TDS) is a powerful
technique for exploring low-energy excitations in solids,"” rotational
transitions of molecular gases,” and intermolecular dynamics of con-
densed molecular systems and liquids.”” By employing short THz
pulses and measuring their transmitted or reflected electric fields,
THz-TDS enables direct access into the complex refractive index and
the complex permittivity of matter.'””"” For a relatively narrow spec-
tral range, namely, from ~0.5 up to ~3 THz, commercial THz-TDS
setups are available and routinely employed to measure the THz
response of various systems.'’”'> However, this narrow frequency win-
dow is often insufficient to capture the entire collective motions and
intermolecular dynamics of molecular liquids and other systems. For
many interesting molecular liquids such as water, aqueous ionic solu-
tions, and biological systems, the intermolecular dynamics cover an
ultrabroad frequency range and extend beyond 10 THz. Despite signif-
icant progress,  technical challenges for the generation of ultrabroad-
band THz pulses limit the accessible THz frequency window within
the reach of only one technique; hence multiple spectroscopic techni-
ques are generally employed to measure the desired response over the
entire THz window.'”

Recently, a spintronic THz emitter (STE) was introduced,'®"’
whose radiation bandwidth is extremely large and covers the THz
frequency window of ~0.3-30THz continuously, surpassing the

radiation bandwidth of traditional THz emitters such as photoconduc-
tive antennas™’ and electro-optic semiconductor crystals.”"** STE is a
nanometers-thick metallic stack consisting of a ferromagnetic (FM)
layer sandwiched between two nonmagnetic (NM) layers, where the
in-plane magnetization of the FM layer is saturated by an external
magnetic field. Upon excitation with a femtosecond laser pulse, elec-
trons in the metallic stack gain kinetic energy and due to the different
transport properties of the electrons in the FM and NM layers, a spin
current along the laser propagation direction (z direction) is generated.
In the FM layer, the majority spin-up electrons have significantly
larger density, band velocity, and lifetime compared to those of the
minority spin-down electrons.”” As such, the spin-current is strongly
spin-polarized,”* and by crossing into the NM layer, the spin-up and
-down electrons are deflected in opposite directions.””® Accordingly,
the spin-current in the z direction is converted into a net charge cur-
rent in the xy plane. The latter in-plane current causes the radiation of
a broad THz electromagnetic pulse, whose electric field is given by

B(o) = %

]C(w)7 (1)

where J.(w) is the in-plane charge-current, #;(w), i = 1,2 are the
refractive indices of the media surrounding the metallic stack, and
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Zy ~377Q is the vacuum impedance and the parameter C = Z,G,
where G =7.78 x 10°Q"! is the conductance of the metallic
stack,””*" obtained from THz transmission spectroscopy. Note that
the in-plane current J.(®) causes the radiation of THz pulses along
(and also opposite) the laser pulse propagation direction. As discussed
below, this feature is essential for developing a spectroscopic technique
based on the STE to resolve the ultrabroadband dielectric response of
liquids.

To fully employ the broad radiative bandwidth of the STE for
dielectric spectroscopy, one may recall the challenges with commonly
used transmission and reflection THz-TDS approaches. In the trans-
mission geometry, multiple internal reflections of the THz wave inside
the media and their frequency-dependent complex refractive indices
make the pattern of the transmitted THz waveform and accordingly
its Fourier spectrum highly complicated to disentangle.”” Although
this difficulty is relieved in the reflection geometry, the amplitude of
the THz signal is drastically reduced due to the transmission and the
reflection losses at the surfaces of the THz-optical elements, conse-
quently reducing the effective bandwidth of the measured THz
response.

In this work, we take advantage of an inherent attribute of the
STE, namely, the Fabry-Pérot interference of the THz pulse inside the
metallic stack, to demonstrate an approach in THz-TDS by which we
obtain the broadband dielectric response of liquids. As shown in
Fig. 1, the metallic stack of the STE is sandwiched between two media,
whose complex refractive indices strongly differ from that of a metal;
hence, the radiated THz wave undergoes many internal reflections. As
a result, the refractive indices of the surrounding media directly con-
tribute to shaping the waveform of the emitted THz pulse. We use this
effect to extract the complex refractive index of a liquid in contact with
the metallic side of the STE. As given in Eq. (1), the emitted THz
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electric field is inversely proportional to the complex refractive indices
of the surrounding media plus a constant that refers to the conductiv-
ity of the thin metallic stack. Therefore, by choosing diamond, whose
refractive index is real and constant over the entire THz frequency
range as the STE substrate’ and by measuring the THz electric field,
we determine the complex refractive index of a liquid in contact with
its metallic side.

As a proof of principle, we obtain the complex dielectric permit-
tivity and refractive index of liquid water. The intermolecular dynam-
ics of water are ultrabroad and extend well beyond 10 THz. Moreover,
because of its importance in various research disciplines, high quality
dielectric data of water are available to which we can compare our
results. For instance, using Fourier-transform infrared spectroscopy,
optical constants of water in the far-infrared region were deter-
mined.”” ** THz-TDS in reflection”” * and transmission™* ** geome-
tries has also been employed for measuring the low-frequency
dielectric permittivity of water. More recently, high power laser sour-
ces were employed to generate THz pulses with ultrabroad spectral
bandwidth. Using a THz-plasma source, Wang et al. performed THz-
TDS and reported the ultrabroad dielectric response of water.” In
another study, Folpini et al. used amplifier laser systems to generate
intense THz pulses via optical rectification in an organic crystal and
reported the ultrabroadband absorbance of water.””*' In the current
work, we show the feasibility of measuring the ultrabroad dielectric
response of liquids, such as water, with femtosecond oscillator laser
systems.

The schematic of the experiment is illustrated in Fig. 1. A short
laser pulse (~10 nJ pulse energy, ~20 fs duration, 80 MHz repetition
rate at 800 nm central wavelength) generated by a Ti:sapphire oscilla-
tor is split by a ratio of 80:20 as the pump and probe pulses, respec-
tively. The pump laser pulse is focused by an off-axis parabolic mirror
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FIG. 1. Schematic of the THz time-domain spectroscopy setup based on unique inherent features of the STE. A femtosecond laser pulse with ~1.5 nJ energy is focused by an
off-axis parabolic mirror (OPM) on the STE from its diamond side. The backward THz emission of the STE is collected and collimated by the same OPM and reflected to the sec-
ond OPM with two indium tin oxide (ITO) coated glass slides to be focused on the electroptic (EO) medium. The transient THz electric field is resolved by measuring the induced
ellipticity of an optical probe pulse, using a quarter waveplate (4/4), a Wollaston prism (WP), and two balanced photodiodes (PDs). A static magnetic field of 10 mT magnetizes
the feromagnetic (FM) layer of the STE. The enlarged box shows the FM of the STE sandwiched between two nonmagnetic (NM) layers. The waveform of the emitted THz pulse
is affected by the refractive indices of the surrounding media, diamond, and water via multiple internal reflection of the THz pulse inside the metalic stack.
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(OPM, reflective focal length f = 2in.) on the STE from its diamond
side. The emitted THz radiation in the backward direction (from the
diamond side) is collimated by the same OPM and guided by two
indium tin oxide (ITO) plates to the second OPM (f =2") and
focused on an electro-optic medium.

The probe pulse is delayed by an oscillating retroreflector (fre-
quency of 5Hz) for sampling the THz wave by means of the electro-
optic sampling (EOS) technique.””*’ As the EOS media, we use a
250 um thick gallium phosphide (GaP, 110 cut) crystal to cover fre-
quencies up to ~7 THz and a 10 um thick ZnTe (110 cut) crystal to
cover frequencies up to 15 THz. The thin ZnTe crystal is attached to a
300 um thick THz-inactive ZnTe crystal for stability. The liquid cell is
built on the metallic rear side of the STE, which is constructed by sput-
ter deposition of 2.0nm thick tungsten (first NM layer), 1.8nm
CoyoFesoB, (FM layer), and 2.0 nm thick platinum (second NM layer)
on 1.2mm thick polycrystalline diamond. We use ultrapure liquid
water (Milli-Q from MILLIPORE Q-POD) as our testing liquid.
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To make a direct comparison between the dielectric response of water
obtained with this approach and that obtained with an established
method, we developed a reflection THz-TDS implemented in the
same experimental setup, see the supplementary material and Fig. SI.
All measurements are performed inside a box purged with nitrogen.

The THz signals from the STE with and without water on its rear
side (hereafter called sample and reference signals, respectively) mea-
sured with the GaP and the thin ZnTe crystals are shown in Figs. 2(a)
and 2(c). The reference and sample signals bear large and clearly dis-
tinguishable amplitudes. The latter difference is more pronounced in
the Fourier spectra of the pulses, see Figs. 2(b) and 2(d). In the Fourier
domain, we have determined the dynamic range (DNR) of our signals
as well. As shown in Fig. S2, DNR reaches ~40 and ~30dB in the
GaP and ZnTe measurements, respectively. The phase shifts of
the sample signals relative to the reference signal phase are shown in
the upper panel of Figs. 2(b) and 2(d). In both cases, the absolute value
of the phase shift decreases with increasing frequency.
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FIG. 2. THz emissions from the STE. (a) THz electric fields with (blue line) and without (red line) water on the rear side of STE, measured with 250 um GaP as the EOS
medium. (b) Amplitude spectra of the reference and sample signals. The upper panel shows the phase difference between the sample and reference signals. (c) and (d) As in
panels (a) and (b), measured with 10 um ZnTe. The measured signals with the ZnTe crystal are subjected to a Norton-Beer apodization (FWHM = 2.0) (for details, see
Ref. 53). The signals at around —13 ps in panels (a) and (c) are the phase markers (see the text for details). The dashed area in panel (d) indicates the Reststrahlen-band

around 5.5 THz in the ZnTe crystal.
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Note that, although the phase shift of the THz pulse upon intro-
ducing the liquid on the STE’s rear side is small, the high signal-to-
noise ratio of the STE signals allows measuring the small phase shifts
with high accuracy. The THz waves measured with the thin ZnTe
crystal are almost five times weaker than those measured with the
GaP crystal, due to its lower thickness. The shaded area in Fig. 2(d)
around 5.5THz marks the frequency range that is affected by the
Reststrahlen-band in the ZnTe crystal."* The feature around the time
delay equal to —13 ps is the phase marker, and as described below, it is
devised to lock the mechanical phase fluctuations of the THz pulses.
The phase marker results from the third-order nonlinear optical Kerr
effect (OKE) response of the EOS crystal induced by the back-reflected
pump pulse from the air-diamond interface. As the 800 nm pulse is
reflected from the same diamond that the STE is deposited on and
propagates along the same path that THz pulse travels to, its induced
instantaneous electronic OKE signal carries all mechanical phase fluc-
tuations and laser drifts that are also modulated on the THz pulse. As
a result, the temporal position of the THz pulses can be corrected with
the accuracy on the same order as the cross correlation of the optical
pump and the probe pulses, i.e., ~20 fs. For the selected 1.2 mm thick
diamond, the OKE signal appears at —20 ps (relative to the THz pulse
position) and its first echo signal at —13 ps, as shown in Fig. 2. Note
that the time delay of the latter echo signal matches the thickness of
the indium tin oxide (ITO) coated glass slides.

After performing the phase correction, we calculate the complex
refractive index of water 1, by forming the ratio between the sample
E,(w) and reference E, () complex field amplitudes using Eq. (1)

Es(w) — |E5(w)‘ ei(p(w) — Mdia + 1 +ZOG(w)
E(w) |E ()] Ndia + i + ZoG (@)
where ng;, is the refractive index of the diamond and ¢(w) is the

phase shift of the sample signal relative to that of the reference signal.
Solving this equation for #,, we obtain
E, :
_ A‘ (CU)| eft(p(w) _ 37 (3)

(W) = A=
|Es())|
where A = 1+ ngy + ZoGandB=A — 1.
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The real part of 71,,(w) = n(w) + ix(w) is indeed the refractive
index, and its imaginary part is related to the absorption coefficient via

o(w) =4n K(f), with Z being the wavelength of light. Therefore, the
latter two quantities are obtained
E,
n(w) = A= ()] cos p(w) — B, (4a)
ES(CU)|
an |E (o) .
=——A= . 4b
o(w) 7 e o) sin @ () (4b)

The real and imaginary components of the complex refractive index
are also related to the complex dielectric permittivity through
(w) = & (w) + ie" (o) = A, (w)’;" hence, the dielectric permittivity
¢ () and loss &’ () can be determined

/ 2|Ar(w)| _ E,(w)‘ 2
g(w)=A As(w)|2 cos2¢(w) —2AB ES(a)ﬂcos@(a))—i-B , (5a)
" 2 |Er(0)] E (o)
) =—A sin AB+— sin . b
(o) = =" 2 P ssindolo) + 24B 57 Ssinofo). (G

Next, we use Egs. (4) and (5) and the spectral amplitudes and
phase shifts shown in Fig. 2 to determine &' (), ¢’(w), n(w), and
o(w) of water. The results are shown in Fig. 3 and demonstrate the
broad dielectric response of water determined in the range of
~0.3-7 THz.

It is important to note that by introducing the liquid on the STE’s
metallic rear side, the optical pump absorption by the STE metallic
stack slightly reduces, which causes an amplitude drop in the emitted
THz pulse. As this effect only influences the amplitude of the THz sig-
nal, we can correct it by implementing a scaling factor, ie.,
’ES(w)| = fV|Egm(w))|, where ’Es(w)| is the THz spectrum after the
amplitude correction and |E; ()| is the original THz spectrum dis-
played in Figs. 2(b) and 2(d). We determine this factor by comparing
the dielectric loss amplitude of water obtained via Eq. (4) with the
same quantity measured with the reflection cell approach. Following
both procedures, the scaling factor equals f = 0.93. Note that f can
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FIG. 3. Left, dielectric loss and permittivity of water obtained by the STE THz emission according to Eq. (5). Right, absorption coefficient and refractive index of water obtained
according to Eq. (4). The STE results are compared with the measurement results from the silicon reflection cell and with the results from Ref. 31. The error bars indicate the

standard deviation between the results from three consecutive scans, see Fig. S3.
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also be determined by comparing the STE’s light absorption with and
without the liquid on its rear side.

We also compare the complex dielectric and refractive index
obtained via Eqs. (4) and (5) with those reported in the work by Afsar
and Hasted’' and also our own measurement with the reflection cell.
As shown in Fig. 3, the agreement among the latter three results proves
the soundness of extracting the superimposed dielectric response of
liquids in contact with the STE from its radiated THz pulse.
Additionally, we provide a comparison with more reference data in
Figs. $5-S7 for completeness.'”*"*°

Although the extracted complex dielectric and refractive index
data of water up to ~7 THz are already a considerable achievement,
we further exploit the broad STE emission bandwidth and extend the
extraction of the complex dielectric and refractive index of water
beyond 10 THz. To this end, we analyze the results obtained with the
thin ZnTe crystal. The latter crystal has a very broad THz response,
extending far beyond 10 THz with only a narrow Reststrahlen-band
around 5.5 THz.** Using Egs. (4) and (5), we calculate the complex
refractive index and permittivity of water in the range ~0.3-15 THz.
As displayed in Fig. 4 (left panel), while & () matches well with the
results of Ref. 31, ¢’(w) deviates from the same reference at high fre-
quencies. Note also that the drop in the amplitude of the THz signals
at high frequencies hinders the use of the reflection cell approach to
obtain &(w) above ~7 THz.

The ability to determine ¢'(w) and n(®) but not ¢” (®) and o(w)
may be explained by the relation of these quantities to the absolute
value of the phase shift ¢(w). As shown in Figs. 2(b) and 2(d), the
absolute value of the phase shift ¢(w) decreases by increasing fre-
quency, which is due to the increase in absorption and accordingly
decreases in the penetration depth of the THz pulse into the water
layer on the rear side of the STE. Analytically in accord with Eq. (5)
[same holds for Eq. (4) too], the variation of &(w) with respect to ¢

de' (w) o .
o) ~ 0, while

becomes small when ¢ approaches zero, ie., ‘:pﬂo

de" () . . " L
a0(0) | -0 approaches its maximum value. As a result, & () is highly
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sensitive to phase fluctuations of the THz pulses at higher frequencies,
whereas ¢ (w) suffers much less from such fluctuations.

In order to obtain the ultrabroadband dielectric loss &’ (w) from
our results, we use the fact that ¢’(®) and ¢'(w) are connected via
the Kramers-Kronig relation;'” "’ hence, by subjecting ¢ (w) to the
Kramers-Kronig transform, we calculate &’ (w), following the proce-
dure given in Ref. 50 and references therein. As shown in Fig. 4, the
calculated &’ () via the Kramers—Kronig transformation matches well
with the reference data from Ref. 31. Note that, the mechanical phase
fluctuation and accordingly our dependence on using the
Kramers-Kronig relation to obtain &’ () beyond ~7 THz can be miti-
gated by the miniaturization of the experimental setup and using
micro-cavities to hold the sample. The latter modifications go beyond
the scope of this work and will be addressed in a forthcoming publica-
tion. We obtain o(w) via the relation between () = i,,(w)?, see
also Ref. 36.

In conclusion, we demonstrated an approach in time-domain
THz spectroscopy to obtain ultrabroadband complex dielectric per-
mittivity of liquids using femtosecond oscillator laser systems. This
approach is based on inherent properties of the spintronic THz emit-
ter, according to which the complex refractive indices of the surround-
ing media of the emitter are imprinted on its THz emission. Using
water as our testing sample, we obtained its complex dielectric per-
mittivity and refractive index in the range of ~0.3-15 THz, for which
otherwise a few methods need to be combined to obtain the same
information."” By miniaturization of the spectrometer, the phase fluc-
tuation of the STE emission will drastically be reduced; hence, the
accessible THz bandwidth and its accuracy will increase.

In addition to ultrabroadband THz spectroscopy of liquids with fs-
oscillator laser systems, the unique features of the STE offer opportuni-
ties to employ THz spectroscopy in new applications. For instance, (i) as
the interaction volume of the THz-sample is very small (determined by
the laser spot on the STE and the penetration depth of the THz inside
the sample), one can study samples with microliter volume; crucial
in THz spectroscopy of biological systems. (ii) Spectroelectrochemistry
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FIG. 4. Left, dielectric loss and permittivity of water. Right, absorption coefficient and refractive index of water. Using a thin ZnTe crystal as the EO medium, we obtain the
dielectric response of water in the frequency interval of ~0.3-15 THz via the STE emission approach [see Eq. (4)]. While &' (w), (green squares) agrees well with the result of
Afsar and Hasted (dashed-dotted line, Ref. 31), &”(w) (empty-black circles) deviates from this reference, due to the dominance of the impacts of the phase fluctuations and
laser drifts at the high frequency part of the displayed signals. The calculated &”(w) (empty-red circles) via the Kramers—Kronig transform of ¢'(c), however, matches well
with the reference &” () obtained from Afsar and Hasted.”' To obtain the absorption coefficient, we have used data in the left panel and the relation &(w) = iy (w)2 The
dashed areas mark the Reststrahlen-band of the ZnTe crystal around 5.5 THz. The error bars indicate the standard deviation between the results from three consecutive scans,

see Fig. S4.
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can be facilitated at THz frequencies, where the metallic stack of the
emitter plays the role of the cathode, offering the opportunity for
in situ THz-TD electrochemical spectroscopy and easing the chal-
lenges in construction of THz-transparent electrochemical cells.”"
Moreover, (iii) the miniaturization of the STE may pave the way for
fabricating THz endoscopes for screening diseases that involve
molecular processes with clear THz signatures, e.g., DNA methyla-
tion in cancer cells.”

See the supplementary material for THz-TDS in reflection geom-
etry and additional results.
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