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Abstract:

Ionic motion significantly contributes to conductivity in devices such as memory, switches,
and rechargeable batteries. In our work, we experimentally demonstrate that intense
terahertz (THz) electric-field transients can be used to manipulate ions in a superionic
conductor, namely Na’ B-alumina. The cations trapped in the local potential minima are
accelerated using single-cycle THz pulses, thereby inducing a macroscopic current flow on a
sub-picosecond time-scale. Our results clearly show that single-cycle THz pulses can be
used to significantly modulate the nature of superionic conductors and could possibly serve

as a basic tool for application in future electronic devices.
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Recent advances in ultrashort laser technology have enabled the control of carrier-
envelope phases of few-cycle pulses, which play critical roles in non-perturbative,
nonlinear phenomena [1-7]. Such studies provide possibilities for petahertz science with
attosecond light fields, generation of high harmonics, and field-induced tunneling.
However, most of these phenomena are dominated by the ultrafast electron dynamics of
materials, and the non-perturbative responses of ions have rarely been investigated. This is
because the greater the mass of ions compared to that of electrons, the more difficult it
becomes to manipulate these ions over a substantial distance from their equilibrium
position. In addition to electron motion, ionic motion is a key factor affecting the atomic
arrangements in solids [8,9]. Thus, it is important to investigate the possibility of

controlling the ionic motion in non-perturbative regimes using external light fields.
An intuitive consideration of ionic motion based on the electron—proton mass ratio
(m,/m, =1840) and electron—electron scattering time in femtoseconds (fs) suggests that

the dynamics of ions should evolve on picosecond (ps) time-scales corresponding to the
THz frequency range. Therefore, intense phase-locked THz waves at sufficiently high field
strengths could possibly be used to generate a non-perturbative ionic response, which may
be useful for controlling material properties in future electro-ionic devices [10]. To
demonstrate the field control of ionic motion, this paper focuses on a superionic conductor
in which the current is normally carried by cations in the periodic potential minima in the
lattice. We show that a field-driven ionic motion is induced by applying an intense THz
field, generating a macroscopic current that depends on the polarity of the applied THz
field.

As Na' ion control is one of the key technologies for next-generation power sources,
such as rechargeable rare-metal-free batteries [11-13], we investigate stoichiometric
crystalline Na' B-alumina, which is a superionic conductor wherein Na' ions move in the
two-dimensional space between the spinel layers perpendicular to the c-axis [14]. At room
temperature, the shape of the energy potential for Na“ ion capture can be simply
approximated using a cosine function in the ion propagation direction [14], enabling a

simplified and intuitive analysis of the ion dynamics.

Figure 1 shows the schematic of the experimental setup used in this study. We used
stoichiometric crystalline Na™ B-alumina as the sample [14,15]. The dimensions of the
sample are 23 um (thickness, c-axis direction) x 1 mm (width) x 2 mm (electrode spacing).

The intense THz field was generated using a tilted-pulse-front method via a LiNbOj3 prism



[16,17]. The THz field strength was varied using a pair of wire-grid polarizers. The THz
pulse was incident normal to the sample surface, and the polarization of the field was kept
parallel to the direction of electrode spacing and perpendicular to the c-axis. As the radius
of the THz beam incident on the sample is 0.5 mm, nearly 40% of the sample was exposed
to intense THz radiation. The applied THz field stimulated the trapped Na" ions at a laser
repetition rate of 1 kHz, and the resultant THz-field-induced direct electric current was
measured using an ammeter. The experiments were carried out under a nitrogen

atmosphere at room temperature.

We applied a THz pulse with a peak field strength ranging from 15 to 300 kV/cm.
Figure 2(a) shows the dependence of the THz-induced direct current on the peak THz field
strength (E) in Na' B-alumina. Although the THz pulse carries no direct-current

components, a THz-induced direct current is detected using the ammeter at a high electric
field strength. The current is detected only above a threshold field of |E | ~ 50 kV/cm. The

maximum current measured is approximately 2 pA, and more importantly, the sign of the
current depends on the polarity of the THz field. This indicates that the current is neither

induced by ionic diffusion nor by electron excitation; in fact, it originates from the direct
flow of ions induced by the THz electric field. When |E | <50 kV/cm, the Na" ions vibrate

around the local potential minima, as the energy supplied by the THz pulse is not high
enough to overcome the peak potential barrier (see the left portion of Fig. 2(b)).

Consequently, the Na" ions remain trapped and are immobile, and no current is induced.
When |E| >50 kV/cm, the Na™ ions become mobile, as their kinetic energy exceeds the

barrier height (see the right portion of Fig. 2(b)). In this case, the Na' ions move within the
sample, inducing a detectable macroscopic current.

To elucidate the change in the ion dynamics observed in the THz-induced current
measurements, we carried out field-dependent THz time-domain spectroscopy (THz-TDS)
measurements. The generated THz field is incident on the sample, and the transmitted field
is measured using an electro-optic (EO) sampling method (see the left portion of Fig. 3(a)).
Figure 3(b) shows the THz field dependence of the energy absorbance. With weak THz
pulses, the absorption peak is clearly observed on the broad background at ~1.8 THz; this
peak corresponds to the vibrational mode of the Na' ions oscillating at the bottom of the
potential well at room temperature [14]. As the THz field strength increases, the peak

drastically diminishes before finally vanishing at £ = 300 kV/cm. To better understand



this result, we plot the field dependences of the normalized absorbance and center
frequency associated with the Na’ ion vibrations, as shown in Figs. 3(c) and 3(d),
respectively. Here, to isolate the contribution of the vibrational mode, we performed the
fitting using two Gaussian curves: one was used for evaluating the vibrational mode with a
center frequency of approximately 1.8 THz, and the other was used for evaluating the
broad background with a center frequency of ~1.2 THz. Although the origin of the
background remains unclear, we found that neither the absorbance nor the center frequency
of the mode at 1.2 THz depend on the THz field strength, implying that the background is
independent of the THz-field-induced phenomena. The peak absorbance for fields greater
than 150 kV/cm is almost 10 times lower than that for a field of 38 kV/cm. As the peak
absorbance is proportional to the density of the trapped Na' ions, this result implies that
most of the Na' ions are promoted to the conduction mode when the peak THz field
exceeds 150 kV/cm. Assuming that all the Na' ions are in the vibrational mode under a
weak electric field of 38 kV/cm and in the conduction mode under a high electric field of
300 kV/cm, the THz-field-induced current is proportional to the fraction of Na' ions in the
conduction mode multiplied by the THz field strength. Figure 3(c) shows the plot of the
THz-induced current with respect to the change in the absorbance, indicating a strong
correlation between these phenomena. In addition, a slight frequency softening of the
absorption peak is observed (see Fig. 3(d)), which is expected as the shape of the energy
potential has a smaller slope at high energies. From the spectral analyses shown in Figs.
3(c) and (d), the spectral change, shown in Fig. 3(b), provides a strong evidence for the
THz-field-induced ionic motion. As the THz-induced current is also proportional to the
distance travelled by the ions from their original positions, the total time during which the
ions remain mobile is significant. To experimentally investigate the total time, we
employed intense THz pump—THz probe spectroscopy (see the right portion of Fig. 3(a)).
The peak THz electric field of the probe beam is approximately 5 kV/cm, which is weak
enough to avoid the stimulation of Na" ion motion. Figure 3(e) shows the time dependence
of the transmittance intensity of the THz probe pulse averaged over a frequency range of
0.4-2.2 THz as a function of the pump—probe delay. The middle of the figure shows the
THz pump waveform. As shown in this figure, the transmittance decreases only when the
electric field of the THz pump is sufficiently high regardless of the polarity of the THz
pulse and recovers immediately (~ sub-ps order) following THz pump illumination. The
lack of change in the transmittance with respect to the zeroth time suggests that the

conductivity changes only when the THz pump is present and that the ions remain trapped



in the absence of the field. From the above results, the mechanism involved in the current
generation can be qualitatively understood as follows. In the absence of a THz field, the
Na' ions are trapped in the periodic potential minima in the lattice. If the Na' ions are not
given sufficient energy to overcome the potential barrier, the ions will vibrate at the bottom
of the potential well, as shown in the left portion of Fig. 2(b), and no current will be
detected. However, with a high THz field, the vibrational frequency decreases because of
the anharmonicity brought on by the cosine shape of the energy potential. If the additional
energy provided by the THz field is sufficient to overcome the potential barrier, the Na"
ions will be transported until the supplied energy is relaxed. The net current can be

detected using a conventional ammeter.

To understand the observed ion dynamics, we examined two simple simulation
models: a standard transport model based on the equation of motion of Na' ions
(Supplemental Material [18] and a thermally excited transport model [19]. The former
model can qualitatively explain the ion dynamics, particularly the time transient of the
position in real space (Fig. 1S). However, this model predicts much higher field (~30
MV/cm) for the delocalization of Na" ions than the experimentally observed depinning
field (~ 50 kV/cm), whose discrepancy might come from factors excluded from the model
such as thermal activation of Na’ ions and many-body effect. In the latter model, therefore,

we introduce the thermally excited current driven by the THz electric field expressed by

I(E)=f,% I Snﬂqdvexp(—Z—OTJXZSinh[%jdt, (1)

B B

where § (=1 mm x 23 pm) is the cross section of the sample, 7 (=1x10* m™ [20]) is the
Na' ion density, 3 is the adjustable effective factor [21, 22], ¢ =e(>0) is the charge on the
Na'" ions, d (= 6.4 A) is the potential period [14], V (= 1.8 THz) is the vibrational
frequency of the Na" ions, V, (= 0.5 eV) is the height of the potential barrier [14], k; is the

Boltzmann constant, 7 (= 290 K) is the lattice temperature, and E(?) is the applied electric
d d
field. The electric field modifies the height of the potential barrier by —QEE (+q5E) for

(against) the electric field, and resultantly, the mean velocity of the ion is given by

V. . qdE v
dvexp| —% |x2sinh , where ——o_| corresponds to the frequency factor that
xp[ P TJ (Zk T] Vexp[ P T] p q y

B B B

thermally climb over the potential barrier. The effective parameter S modifies either the



charge or the potential period, i.e. hopping length of the Na" ions. Here, we simply assume
that the THz electric field has a positive and negative oscillatory square waveform with 3
ps as shown by a broken line in Fig. 3(e). By taking the square-shaped THz electric field
with a repetition rate of 1 kHz (fi, = 1 kHz) into consideration, we could remove the
direct-current components from our analysis and simply calculate the total current /(E). By

using the parameter value of f# = 62, we could quantitatively reproduce the experimental
data as shown by a solid curve in Fig. 2 (a). The large value of B implies that either the

charge or the hopping length is somewhat enhanced due to the implicit factors such as
collective and many-body effects. Despite the simplicity of our simulation models, most of
the experimental results could be reproduced, and the models can provide useful insight
into the underlying physics of ion dynamics in superionic conductors; the standard
transport model based on the equation of motion provides the qualitative ionic dynamics in
real space, while the thermally excited current model numerically reproduces the
macroscopic ionic current induced by the applied THz electric field. The obtained
experimental and simulation results strongly suggest that the ions in a superionic conductor
can be driven non-perturbatively to induce a current and that the ions travel several

nanometers on sub-picosecond time-scales.

In conclusion, we experimentally accelerated the ions in a Na" B-alumina superionic
conductor by applying intense THz fields and then measured the induced macroscopic
direct current. Through THz-TDS measurements, we observed a reduction in the
vibrational absorption because of the absence of vibrating ions. In addition, we
implemented two simple analyses to understand the observed ion dynamics. By using the
equation of motion of Na' ions, we could simulate ion movements in real space and
clarified that the response of Na™ ions to the THz field was due to a change in their
dynamics from a vibrational mode to a conduction mode. By calculating the thermally
excited current driven by the THz electric field, the THz-field-induced macroscopic current

could be quantitatively explained using the enhancement factor of S . Although a

sophisticated theorem to quantitatively explain the overall ion dynamics is still required,
we believe that our finding — macroscopic current flow in a superionic conductor driven

by single-cycle THz pulses —will pave the way for the future ultrafast electronics.
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Figures and Figure Captions

Figure 1

Setup used for measuring the ionic current induced by the THz pulse. The induced macroscopic
current is measured using an ammeter. The Na' ions in the sample move in the two-dimensional

space between the spinel layers perpendicular to the c-axis.

Figure 2
Response of an ion in the sample under THz-field illumination. (a) THz intensity dependence of
the ionic current averaged 103 times, measured using an ammeter. The current direction changes

based on the polarity of the THz field. The solid curve is the best fit of Eq. (1). (b) Configuration
of the ion and local potential in real space for Na* B-alumina at room temperature. The left side

of the figure shows the Na* ion in the vibrational mode under weak THz-field illumination,
whereas the right side shows the ion in the conduction mode under intense THz-field

1llumination.

Figure 3

(a) Outline of the experimental setup of THz time-domain spectroscopy (THz-TDS). The
generated THz field is incident on the sample, and the transmitted field is measured using an
electro-optic (EO) sampling method (left side). The THz pump—THz probe spectroscopy used in
this study is shown on the right side of (a). The experiments shown in (a) are carried out under a
nitrogen atmosphere at room temperature. (b) THz intensity dependence of the absorbance for
the sample. The peak at 1.8 THz corresponds to Na™ ion vibrations; the peak vanishes as the THz
field becomes more intense. (c) THz intensity dependence of the normalized absorbance of Na*
ions (red line and open circle). As the THz field becomes more intense, the absorbance decreases
drastically, implying that the ions are trapped in their local potentials under weak THz fields,
whereas they escape from their local potentials under intense THz fields. In other words, the
motion of Na™ ions changes from a vibrational mode to a conduction mode. The THz intensity

dependence of the current obtained by an estimation stated in the main text is also shown in this



figure (blue line with solid circles); the results are in good qualitative agreement with that shown
in Fig. 2(a). (d) THz intensity dependence of the center frequency of the Na™ ion absorption. The
center frequency decreases as the THz field becomes more intense. (¢) THz transmittance
measured using intense THz pump—THz probe spectroscopy. The transmittance of the probe THz
pulse decreases only when the sample is illuminated by an intense THz field (shaded area),
implying that the ions move only when the pump THz field is incident on the sample. The scaled

THz electric field with a square waveform used for the calculation is also shown.
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