
 

Abstract 

 We studied response of calcium fluoride single crystal 

against intense optical field. It undergoes transition into 

semimetal, ensured by detecting optical-field-induced 

current. The transient conductivity jumps by 16 orders of 

magnitude within sub-femtosecond time scale. 

I.  INTRODUCTION  

Advance in laser technology has enabled to control the 

phase of optical fields within an envelope of laser 

pulses[1]. This capability of controlling waveform made 

it suitable to study light-matter interaction. Thanks to this 

advancement, the first demonstration of semimetal 

transition of fused silica induced by strong light field is 

reported by Schiffrin, et. al., opening up the possibility of 

light-field-driven electronics. This transition was 

explained by Wannier-Stark localization followed by 

Zener type tunneling[2]. 

Here we studied the light-induced current in calcium 

fluoride in order to clarify if Wannier-Stark localization 

can indeed account for the current. Three types of the 

investigation have been carried out to address the 

following questions: can the current be controlled by the 

field of the laser?  How fast can the current be switched 

from one direction to the opposite? And how does the 

amount of the current change with the field strength? 

II.  TECHNICAL WORK PREPARATION 

A.  Carrier-envelope-phase(CEP)-stabilized few-cycle 

laser 

Commercial Ti:sapphire chirped pulse amplifier laser 

system (Femtopower
TM

 Compact
TM

 Pro HR CEP, 

Femtolasers Produktion GmbH) generates CEP-stabilized 

23fs, 900μJ pulses at a rate of 3kHz. The output is 

focused and coupled to the tip of a hollow core fiber 

filled which is filled with Neon gas and guided along the 

fiber resulting in spectral broadening. It covers from 

450nm to 1000nm. By compensating group delay 

dispersion using chirped mirrors and a pair of glass 

wedges, CEP-stable ~4 femtoseconds, 400uJ pulses are 

obtained. 

 

B.  CEP-controllable cross-polarized interfometer 

CEP-stable, ~4fs pulses are split into two and 

combined to form an interferometer with a controllable 

time delay. The two pulses are polarized perpendicularly 

to each other. Each arm of the interferometer is equipped 

with a motorized wedge pair so that the waveform of the 

two pulses can be manipulated independently by adding 

arbitrary phase. Then by using an off-axis parabolic 

mirror, the beams are focused on the same spot of the 

sample.  

 
Fig. 1 Schematic drawing for experimental apparatus. Symbols in the 
figure stand for the following. CM : chirped mirror, I : iris diaphragm, 

BS : beamsplitter, MW : motorized wedge pair, P : periscope, M : 
mirror, RR : retro reflector with adjustable time delay, OAP : off-axis 

parabolic mirror, S : sample and  IVC : current-to-voltage converter. 

C.  Detecting current & amplification 

Due to the laser field illuminated on the sample, 

electrical charges are populated inside the media and 

conveyed towards electrodes, facing to each other. 

Depending on the shape of waveform, the amount of 

charges collected by electrodes may be unequal, resulting 

in net current. The current is amplified by 10
8
 times via a 

current amplifier, and converted into a voltage signal. 

 

D.  CEP flipping & lock-in amplifier 

In order to remove optical-field-independent 

components out of total transferred charge, we introduce 

a modulation to CEP at half a repetition rate (the CEP of 

every laser pulse is shifted by π) with a lock-in amplifier 

referenced at the CEP modulation frequency. In this way, 

CEP-independent components (such as an unequal 

number of photoelectrons emitted from gold electrodes) 

are eliminated and only CEP-dependent components are 

detected. 

 

E.  Concept of internal field 

It is the field inside a material that interacts with 

matter. The relation between the laser field strength in the 

air and in the media is determined by reflection of the 

incident wave at the surfaces, which self-consistently 

depends on the polarization inside. 
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F.  Single pulse measurement 

Amount of transferred charge as a function of CEP of 

incident optical pulse at critical field is depicted in Fig.2. 

The transferred charge oscillates at a period of 2π radian 

of CEP. It implies that it is dependent on waveform of 

electric field. 

 
Figure 2 Transferred charge per pulse as a function of the change in 

propagation length in a fused silica wedge pair for incident laser field 

strength of 1.83V/Å . 

Transferred charge with respect to peak field strength 

is displayed in Fig. 3. Its exponential-like increase is 

accounted for Zener type tunneling between Wannier-

Stark states[3] localized in the same lattice sites. Under a 

strong field, the WS states in a valence band (VB) and a 

conduction band (CB) are put together for overlapping, 

where electrons have good chance to flow from VB to 

CB via Zener type tunneling. Zener type tunneling rate[4] 

is given by  

where e is the unit charge, F is the field strength inside a 

material, a is the lattice constant, m is the electron mass 

and Δg is the band gap. The excellent fitting (red curve in 

Fig. 3) is noted, implying that Zener type tunneling 

between WS states is valid in CaF2. 

 
Figure 3 Maximum transferred charge with respect to the field 

strength(black symbols) and fitted curve according to the Zener type 

tunneling rate (red solid curve) 

 

G.  Pump-probe measurement 

To study how fast the optical-field-induced current can 

be switched, a series of pump-probe experiments are done, 

using two crossly polarized pulses from the 

interferometer. Two pulses are spatially put together with 

a controllable time delay. The trigger field with a peak 

strength of 1.9V/Å  is polarized parallel to the gap. Its 

CEP is fixed to the zero-crossing near Δl=0 in order to 

suppress a residual current. The driving field, which is a 

replica of the trigger field with an order of magnitude 

lower field strength than the trigger field (0.24 V/Å ), can 

steer the charge carriers populated by a trigger field 

toward electrodes because it is polarized perpendicularly 

to the gap of the electrodes. The time delay between the 

trigger and the driving field determines the timing of the 

injection of charge carrier with respect to the arrival of 

the driving field. Since the instantaneous strength of the 

driving electric field exerting on populated charges is 

dependent on the time delay, the transferred charge can 

be controlled by adjusting time delay. 

As shown in Fig. 4, transferred charge QP(T) oscillates 

at the carrier frequency of driving field in the vicinity (±1 

cycle) of temporal overlap, where the temporal overlap is 

maintained and the field amplitude is strong. The sign of 

QP is reversed when the sign of the waveform of driving 

field is inverted within the temporal region of  ±1 cycle. 

These confirm that the charge transfer is field-induced. 

 
Figure 4 Transferred charge per pulse versus time delay between the 

trigger and driving field. For a negative delay, the driving pulse 

precedes the trigger pulse. 

The current emerges from zero to the peak value 

within a quarter of optical period, or 0.7 femtoseconds. 

Considering field strength, cross section and amount of 

charge, transient conductivity is estimated to be ~1(/Ω·m). 

Compared to typical conductivity of insulators, it jumps 

by roughly 16 orders of magnitude within sub-

femtosecond time scale and it can be controlled at optical 

frequency.  Hence it is implied that the insulator-to-

semimetal transition takes place in sub-fs or femtosecond 

time scale. 

III.  CONCLUSIONS 

We demonstrated that a sizable current can be 

optically induced and controlled by an optical field in 

calcium fluoride. The excellent fitting of the transferred 

charge by Zener type tunneling rate formula indicates that 

the formation of Wannier-Stark states and their 

localization are responsible for the dynamics of the 

optical-field-induced current. By observing the temporal 

profile of optical-field-induced current, we concluded that 

semimetal transition occurs within optical sub-cycle to 

enhance conductivity by 16 orders of magnitude. 
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