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We report generation of ballistic electric currents in unbiased epitaxial graphene at 300 K via 

quantum interference between phase-controlled cross-polarized fundamental and second 

harmonic 220 fs pulses. The transient currents are detected via the emitted terahertz radiation. 

Because of graphene’s special structure symmetry, the injected current direction can be well 

controlled by the polarization of the pump beam in epitaxial graphene. This all optical 

injection of current provides not only a noncontact way of injecting directional current in 

graphene but also new insight into optical and transport process in epitaxial graphene. 

  



Proposals for graphene-based spintronics,
1
 valleytronics, 

2
 and quantum computing

3
 attest to 

the intense interest in graphene for future electronic device applications.
4-9

 The ability of 

graphene to support ballistic electron transport 
10-13

 is central to many applications, and thus a 

major problem is the injection and detection of ballistic currents. One solution from the field 

of optoelectronics is the use of coherent control of quantum interference between different 

absorption pathways. In this report, we demonstrate a coherent control strategy for launching 

ballistic current pulses in arbitrary directions within a graphene layer.  

 

The ability to optically inject currents in specified directions has been demonstrated in a wide 

variety of atomic gases 
14-17

 and semiconductor materials.
18-22 

In a typical experiment, two 

phase-locked beams at a fundamental (ω) and second-harmonic (2ω) frequency are incident 

on a sample. In a semiconductor, the 2ω beam generates electron hole pairs via one-photon 

interband transitions; the ω beam generates electron-hole pairs via two-photon transitions. 

The one- and two-photon absorption pathways can interfere, leading to a phase-dependent 

directional ballistic electron current injection, with constructive (destructive) interference at k 

(-k), or vice versa.  

 

The possibility of producing and detecting coherently controlled photocurrents in single layer 

graphene, although a controversial suggestion,
22,23

 is exciting for at least two reasons. First, 

the technique would provide a noncontact, all-optical way to inject directional current, 

eliminating parasitic effects due to electrical contacts for fundamental studies and possible 

applications; indeed, calculations show that the direction of the injected current can be well 

controlled by the relative polarization of the pump beams. Second, a quantitative study of the 

fate of the injected current could provide new insight into electronic scattering processes in 

graphene emitted by ballistic photocurrents generated via quantum interference between 

phase-controlled, cross-polarized fundamental and second harmonic 220 fs pulses in unbiased 

multilayer epitaxial graphene (MEG) at 300 K.  

 

For any crystalline material, a Fermi’s Golden Rule calculation
18

 predicts a current density 

injection rate of the form J = ηω:E-ω E-ω E2ω + c.c., where ηω is a fourth-rank tensor and Eω 

and E2ω are the (complex) field amplitudes, with phases φω and φ2ω respectively. Using a 

tight-binding model with isotropic bands,
6 
for a single graphene sheet subject to linearly 

polarized light at normal incidence the current injection is controlled by one independent 

parameter of the tensor ηω, given by ηω = gsgve
4
vF 2(2 ħω)

-3
, where gs,v are the spin and valley 

degeneracies, e is the electron charge, and vF the Fermi velocity. The current density injection 

takes the form  

 

 
 

where the direction  of the injected current depends on 

the angle θ between the polarization of the fundamental and second harmonic beams and is 

independent of the orientation of the graphene crystal axes; here eˆ2ω identifies the 

polarization of the second harmonic and eˆ⊥2ω  is a vector in the graphene plane perpendicular 

to eˆ2ω. Thus even in MEG samples, where the orientation of the crystal axes can vary from 



one graphene layer to the next, the injected ballistic current can be controlled in both 

magnitude and direction by adjusting the beam parameters. The coherent injection of ballistic 

carriers with ultrashort pump pulses leads to a current surge that is damped by a combination 

of scattering (momentum relaxation) and the build-up of space charge. This transient current 

is directly observed via the emitted terahertz radiation.
19,22

  

 

The specific experimental conditions are as follows. A 250-kHz Ti:sapphire 

oscillator/amplifier (Coherent RegA) operating at 800 nm is used to pump an optical 

parametric amplifier (OPA), followed by a differential frequency generator (DFG) to generate 

2-4 mW of 3.2 or 4.8 µm (ω beam) with 220 fs pulse width. The ω beam passes through an 

AgGeS2 (for 3.2 µm; conversion efficiency (CE) ≈ 10%) or ZnGeP2 (for 4.8 µm; CE g 10%) 

crystal (type I) to generate cross-linearly polarized pulses at 1.6 or 2.4 µm (2ω beam). The 

collinearly propagating ω and 2ω pulses pass through a CaF2 plate with tunable tilt angle to 

adjust the relative phase. The two emerging pump beams are overlapped on the sample with a 

15 µm diameter (fwhm) spot size, producing peak focused intensities on the sample of 2.8 

GW/cm-2 (at λ = 3.2 µm) and 0.45 GW/cm-2 (at λ = 1.6 µm) after losses due to intermediate 

optics. The coherently radiated terahertz pulse generated by the ballistic electrons is detected 

in the far field using electro-optic sampling in a 1 mmt hick (110)- oriented ZnTe crystal; a 

polyethylene plate transparent to terahertz radiation is used to block the transmitted mid-IR 

beam. The effective bandwidth of the electro-optic detection system is estimated to be ∼2 

THz, limited by phase mismatch between the terahertz and 800 nm sampling beams.  

 

The sample is a multilayer epitaxial graphene film produced on the C-terminated face of 

single-crystal 4H-SiC by thermal desorption of Si.
10

 Samples used have from 9 to 63 graphene 

atomic layers; such samples have been shown to have the graphene linear band structure and 

are distinct from graphite.
13,24-28

 The first few layers are heavily doped with the doping 

decreasing to zero gradually. The Fermi levels of the first four doped layers are measured in a 

separate experiment to be 365, 220, 140, and 93 meV above the Dirac point respectively.
29

 As 

shown in Figure 1, the 1.6 µm wavelength corresponding to the 2ω beam is chosen to excite 

electrons immediately above the Fermi level of the most heavily doped layer. One-photon 

absorption of the ω beam is not allowed in this doped layer due to Pauli blocking; however, 

this process would inject electrons with no net average velocity in the undoped (or slightly 

doped) layers of the sample. Such electrons are not injected in experiments on semiconductors 

when the ω beam lies within a bandgap; they are unavoidable in the graphene sample, and we 

refer to them as “bad electrons,” since they may degrade the ballistic photocurrent.  

 

Figure 2a shows the measured terahertz field as a function of time delay between the 3.2 

µm/1.6 µm pump pulses and an electro-optic sampling 800 nm probe pulse; traces are shown 

for two values of the phase difference ΔΦ = 2Φω - Φ2ω separated by π. The oscillatory temporal 

waveform is a result of the finite bandwidth of the electro-optic detection system rather than 

the dynamics of the system. As shown in Figure 2a, the terahertz field reverses sign when ΔΦ 

changes by π, which is consistent with a coherence-induced current source. The current 

amplitude and direction can be controlled through the phase parameter ΔΦ alone. Figure 2b 

shows a contour plot of the terahertz radiation field from MEG as a function of ΔΦ and the 

time delay between the 3.2 µm/1.6 µm pump pulses and 800 nm probe pulse. A typical 

terahertz pulse trace as a function of the sampling pulse time delay at constant ΔΦ is shown in 



the top panel and corresponds to the horizontal dashed line on the contour plot. The right 

panel shows the dependence of the terahertz field on ΔΦ at constant sampling pulse delay. The 

current reverses direction as the phase varies and more generally follows a sin(ΔΦ) 

dependence, consistent with the coherently controlled photocurrent description of eq 1. To 

further verify that the terahertz radiation signal is associated with the two color current 

injection process, we measured the scaling of current generation with the pump power of ω 

beam before the second harmonic generation crystal. From eq 1, we expect |ETHz| ∝ |J| ∝ 

Pω(P2ω)
1/2

 ∝(Pω)
2
. The experiment data in Figure 2c supports the expected power dependence 

and is consistent with a third order optical process.  

 

We next consider polarization effects on the direction of the coherent photocurrent. For linear 

polarizations, the predictions are given by eq 1, and for cocircularly polarized pump beams a 

similar calculation predicts that the phase parameter 2Φω - Φ2ω controls the direction of the 

current, again with a direction insensitive to the crystal orientation of the graphene. Since the 

ω and 2ω beams copropagate in the experiment, the polarization of the pump beams cannot be 

adjusted separately to fully test these predictions. Instead, we use a half-wave plate to rotate 

the ω beam polarization, and at the same time rotate the second harmonic crystal following the 

half wave plate to optimize the second harmonic generation; this maintains cross-linear 

polarization of the pump beams. From eq 1, the photocurrent direction and thus the terahertz 

polarization should follow the polarization of the 2ω beam. To test this we put a terahertz 

polarizer after the sample; after projecting on a fixed terahertz polarizer, the transmitted 

terahertz field should follow a sinusoidal curve. This is confirmed by the experimental data 

shown in Figure 3.  

 

Further experiments were performed using 4.8 um and 2.4 um pump wavelengths, and on 

samples with different numbers of graphene layers. Figure 4 shows the peak terahertz 

amplitude at different positions on four different samples with either 3.2 µm/1.6 µm or 4.8 

µm/2.4 µm pump wavelengths, as a function of the number of graphene layers. Even with the 

presence of some sample inhomogeneity, it is clear that the signal amplitude does not increase 

monotonically with increasing number of graphene layers. This is simply because each 

graphene layer absorbs both terahertz radiation and the mid-IR pump beams. To model this, 

we assume a flat spectrum with an absorption coefficient of 2.3% at all wavelengths,30 

appropriate for one-photon absorption. The emitted terahertz radiation should be proportional 

to |ETHz| ∝ |Eω 
2
 E2ω| from eq 1, so the enhancement factor of N layers with respect to a single 

layer is 

  
where x = (1 - 2.3%)

1/2
 is the transmission coefficient of electric field by one graphene layer. 

This fitting curve predicts an optimum layer number of 47, which is in good agreement with 

experiment, as shown in Figure 4. Now the frequency independence of the linear absorption 

coefficient 
30

 corresponds to a one-photon carrier injection rate proportional to ω
-1

; the 

corresponding two-photon absorption calculation predicts a carrier inject rate proportional to 

ω
-5

. This could indicate a different importance of the “bad” electrons at different excitation 

frequencies. But since we can fit the trend of the experimental data in Figure 4 by assuming 

an equal contribution of the signal from each graphene layer, apparently the “bad electrons” 

excited in the undoped layers do not significantly degrade the coherent current. We can also 



rule out the possibility that the highly doped layer dominates the contribution to the terahertz 

signal.  

 

In conclusion, we have injected coherently controlled electrical currents in MEG using phase-

controlled 220 fs pulse pairs at 3.2 µm/1.6 µm and 4.8 µm/1.6 µm. The ballistic current 

amplitude is determined by the relative phase between the pulses. The injected current 

direction can be fully controlled by the polarization of the pump beams and does not rely on 

sample orientation. The theoretically predicted current direction variation with linear 

polarization excitation has been verified experimentally. This opens the door to further 

experimental work to verify the purely phase controlled current direction under circularly 

polarized excitation and to exploit this effect in novel ballistic electron devices.  
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Figure  Captions 

 

FIGURE 1. Schematic energy-momentum band diagram of doped and undoped layers of 

MEG near the Dirac point. Red is associated with the ω beam, blue with the 2ω beam. 

Asymmetric electron populations at (k and hence current generation, is indicated by shaded 

patches. The dash line indicates the Fermi level of doped and undoped graphene layers. 

 

 

FIGURE 2. Phase-controlled terahertz emission from injected photocurrent. (a) Time-

dependent electro-optic signals of terahertz fields from a MEG sample with 63 layers for 

different values of ΔΦ. (b) Time-dependent terahertz radiation field from MEG as a function 

of time delay between 3.2 µm/1.6 µm pump and 800 nm probe pulse and the phase parameter, 

ΔΦ, between cross-polarized pump beams. Top panel: time-domain terahertz signal for the 

constant ΔΦ represented by the horizontal dashed line on the contour plot. Right panel: 

terahertz field ΔΦ dependence for constant time delay represented by the vertical dashed line 

on the contour plot. (c) Fundamental beam power dependence. The green line gives the 

dependence of the second harmonic power with respect to the fundamental beam power and 

the blue line gives the dependence of the generated terahertz peak field on the fundamental 

beam power. Log-log plots are used to display the power dependence. The fundamental beam 

wavelength is 4.8 µm in this experiment.  

 

 

 

 



 
 

 

 



 



 


