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Rectifying the Optical-Field-Induced Current in Dielectrics: Petahertz Diode
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Investigating a theoretical model of the optical-field-induced current in dielectrics driven by strong
few-cycle laser pulses, we propose an asymmetric conducting of the current by forming a heterojunction
made of two distinct dielectrics with a low hole mass (m; < m}) and low electron mass (m; < myj,),
respectively. This proposition introduces the novel concept of a petahertz (10" Hz) diode to rectify the
current in the petahertz domain, which should be a key ingredient for the electric signal manipulation
of future light-wave electronics. Further, we suggest the candidate dielectrics for the heterojunction.
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High-intensity subfemtosecond laser sources with wave-
form controllability have opened up a new horizon to the
nonlinear and extreme ultrafast dynamics of matter [1]. For
instance, single attosecond (1 as = 107'® s) pulses in the
extreme ultraviolet (XUV) frequency range have allowed
new time-domain insight into the fundamental electronic
processes in atoms, molecules, and solids at the time
scale of 10-1000 as [1-12]. Among those, subfemtosecond
electronic processes in the solid state are found particularly
interesting because of their potential relevance to petahertz
(10'5 Hz) signal processing [4,10-12].

Recently, Schiffrin et al. [13] have demonstrated that a
strong few-cycle optical waveform induces the macro-
scopic charge separation and electric current in SiO,, a
large band-gap dielectric. Although the observations of
optically controlled currents have been reported in the
diverse nanostructures [14—16], this finding is remarkable
in that the reversible and robust transient current is driven
in the bulk solid state below the optical breakdown
threshold. This picture of optical-field-induced currents
in dielectrics or wide band-gap semiconductors has been
studied based on the independent particle models [17,18].
In addition to that, the adiabatic and reversible band
response has been discussed in a limit of the strong field
intensity [19]. Further, very recently Wachter et al. [20]
investigated the nonlinear generation of the optical-
field-induced currents in the bulk insulators in terms of
the first-principles simulation of the time-dependent
density functional theory (TDDFT).

One of the open questions may be whether the optical-
field-induced current could be directly accessible to the
signal processing. In modern electronics based on semi-
conductor technology, the diode made of a heterojunction
with the p-type and n-type semiconductors plays the most
fundamental role for the purpose [21]. In sharp contrast
to the p-type or n-type semiconductors (where holes or
electrons are chemically doped, respectively), however, the
optical pumping (or optical doping) creates holes and
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electrons simultaneously in the dielectrics, both of which
could participate in inducing and carrying the current.

In this Letter, we devise an asymmetric conduction to
rectify the optical-field-induced current in dielectrics under
the optical pumping by strong few-cycle laser pulses.
A theoretical model of the heterojunction is suggested,
which is composed of two different dielectrics with a low
hole mass (m; < my) and low electron mass (m; < m}),
respectively. We find that the tunneling current across the
junction flows along one direction from the low-hole-mass
dielectric to low-electron-mass one. This finding consti-
tutes the petahertz diode, which should possibly pave the
way for petahertz signal processing of light-wave electron-
ics in the future. We also advise the candidate dielectrics
for forming the desired heterojunction.

We start with a standard tight-binding Hamiltonian H,
describing the band electrons in a dielectric. It is combined
with the optical pumping H'(7) by the linearly polarized
optical field A(r), which makes the problem effectively
one dimensional; i.e., the crystallographic planes stacked
say along the field polarization ( Z) define the lattice sites.
Thus, we have Hy = H,, + H'(7),

= SCZc;c, + stled,
A?

4+ — ZCIC[+1+HC +Tde[+l+HC)
1

chd‘—i—Hc (1)

!

H (7)) = A(D)je +A(0)j, +Alz

where ¢} (¢c;) and d] (d)) are the electron and hole
operators with the energy levels €. and ¢, at the lattice
site [, respectively, and A, and A, are their hopping
parameters. Indices of ¢ and » mean the conduction and
valence bands. The few-cycle optical field A (), i.e., A(7) =
Agexp(—12/7%)cos(wt+¢p)2=—A(r)Z and hence E(7) =
0/0tA(r)Z, with the carrier envelop phase ¢ [22] is assumed.
The intraband transitions are given by the current operators
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= i1,y (cler —elyye) and j, = —it, > (d]dyyy —
d1+1d1) with 7, fdzu (D) P2tte(vya41(2) and the

interband trans1t10n by d = fdzu:;l(z)pzuv;,(z). Ue(1)(2)
is the [-centered localized orbital. If we express the
Hamiltonian H in the k space, the band features become
transparent:

ZEC Cka + ZEU

+A(z dz cid', +d_ep), (2)
k
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where Ef(z) and EY,(7) are the effective electron and
hole energies given by Ef(z) = & —t.A(7)sin(ka) and
E’,(7) = €] — t,A(7) sin(ka) with the lattice constant a.
e, and ¢ are the tight-binding bands, & =¢, +
(A./2)cos(ka) and €] = &, + (A,/2) cos(ka).

Turning on the strong optical field A(z), for which
T=41fs and w = 1.7 eV will be used hereafter unless
mentioned otherwise, electrons and holes are excited and
the relevant dynamics are initiated. Such dynamics can
be described by the time-dependent Schrodinger equation

i(0/07)|¥(2)) = Ho|¥ (1)),

|¥(2)) = C(7) —k) 3)
with |¥(0)) = ]0,0). We here simplified the notation as
|a. b) = |a) |b),. that is, k), = ¢|0), and [k), = d}|0),.

From the solution of the time-dependent Schrodinger
equation, we calculate the optical-field-induced current
J<T)’ Le., J(T) = <\IJ(T)|(JC + J1))|\IJ(T>> = Zk{tc sin(ka)+
t, sin(ka)]|C(k,)|*.

In Figs. 1(a) and 1(b), we provide the results of J(z) in a
dielectric with an energy gap E, = 8 eV (e.g., for Si0O,) at
¢ =0 and z/2. With this, the light-matter interaction is
reversible in the adiabatic limit (0w < E) [19] and the
experimental observation of the current [13] is reproduced.
As illustrated in Fig. 1(c), in terms of E{(z) and —E”,(7),
the displacements of the conduction and valence bands
are caused, which makes the population unbalanced
between k > 0 and k < 0 and eventually drives the current.
Total charge transfer Q in Fig. 1(d) is calculated by
Q = [® drJ(z). This is consistent with an actual meas-
urement in the principle experiment [13].

Now we extend our consideration to an interesting
heterojunction composed of two distinct dielectrics.
Figure 2(a) displays that the heterojunction in our consid-
eration should consist of a dielectric with the low hole mass
(m; < my) in the left side and the other with the low
electron mass (m, < mj) in the right side. One may then
expect the shifts of the effective conduction and valence
bands of dielectrics depending on A(z) > 0 and A(7) <0
as shown in Fig. 2(b). We aim to examine the tunneling
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FIG. 1. (a),(b) Optical-field-induced current at ¢ = 0 and /2.
Necessary parameters are taken as follows: e, =5eV, A,.=-3¢eV,
e,=5eV,A,=—1eV, 1, /wo=1.76A,1,/w=0.59A, d/w=1.6A,
and E, = Agw = 0.43 V/A. (c) Displacements of the effective
conduction and valence bands Ef(7) and —E?, (7) at an instant of
A(r) > 0 (gray dashed bands). Black solid bands are at A(z) = 0.
Feynman diagrams describe the physical processes of creation of
the optical-field-induced current, where the wavy line denotes the
optical field. e~ (shaded ball) and A" (empty ball) represent
the photoexcited electron and hole, respectively. (d) Total charge
transfer Q with respect to ¢.

current across the heterojunction under the high intensity
optical pumping in the same way as the previous homo-
geneous dielectric.

To explore the tunneling problem across the hetero-
junction of Fig. 2(a), we now consider an extended
Hamiltonian H

H:HL+HR+HT, (4)

where H; and Hp are corresponding to H,, of Eq. (2) for
the dielectrics in the left (L) and right (R) sides, respec-
tively, and the tunneling term 7, across the junction

Hr = ﬂchZ(CL (CRik F ChoxCLi)
Kk
+ /lTvv (d};:de:k’ + dz;de:k’)
Kk’
+}“Tc1; (cz:kd;:k’ +dR:kCL:k’)
kK
+ AT Y (Crapdp.p + d;;kC;;k/)- (5)
k!
CZ(R):k or ¢y gy, and d L(R):k OF di(r):x are electron and
hole operators in the dielectric of the left (right) side
of the junction. 7., T,,, T.,, and T, are the tunneling
matrices and A is a controlling parameter. Dynamics of
the heterojunction under the optical pumping can be also
described by the time-dependent Schodinger equation
i(0/07)|¥(7)) = H|¥(7)). |¥(7)) is now written as
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FIG. 2. (a) Heterojunction made of two different dielectrics in
the left (L) and right (R) sides. (b) A dielectric with the low hole
mass (mj, < my) is assumed to be in the left side and the other
with the low electron mass (m; < mj) in the right side. Effective
conduction and valence bands shift according to an oscillation of
the optical field.
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where [a, b) (g) stands for |a).|b), of the left(right)-side
dielectric. Solving the time-dependent Schrodinger
equation for |U(7)), one may evaluate the
electron and hole occupations of both left and right

sides like n 4 (4.7) = >5, (¥ ()|cL CLr):kY (7)) =
POleaaiC: )\2 + S |CE @ + |DZZrM (T)|2] and
further 1A =2 (U] )iy i (7)) =
Zklck ( )‘2+Zkk’[|ckk’( )|2+‘DZIL<’“) ( )] and obtain,

in a limit of A = 0,

Ny gy(47) = ng ) (0,7) + AZNE(R) () + -,
nZ(R) (/1’ T) = nZ(R) (0, T) + AZN;;(R) (T) 4+ (7)

At the end of the calculation, putting 4 = 1, we guarantee
that N7 4, (z) and N (7) should be band occupations
relevant to the lowest-order tunneling between two dielec-
trics. Now the tunneling current J;(7) across the junction
can be simply given by [23]

@  ap<o An>o (D)
E(1) E(7) Eo=1.32 V/A
— 4]

L R L R
()
Ey=1.32 \//A
4
=, ] 0= rt/2 A G
S-2
4 TR LY
T T T T T T T T T T T T T T
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
T (fs) T (fs)
(e) ()
E,=1.32 V/A 10
4 —
2 5] ¢:3nﬂ2 ; é 1.05
; 04 L y g 1.00 d eeeee—
5*2— ’ "__‘:_: i .__. ",.-'. ) \)_ 0.95 -
1 T 0-90 7 T T T 1
-6 -4 -2 0 2 4 6 -1.0 -0.5 0.0 0.5 1.0
1 (fs) o (M)
FIG. 3. (a) Schematic drawings of the tunneling conduction

across the junction under the strong optical pumping. Gray-
colored areas mean the bandwidths and E is the Fermi level of
the junction. Left panel depicts the worst situation and right panel
the best situation for the tunneling conduction. Thickness of
red arrows may be understood as the current density. (b)—(e)
Tunneling current J;(7) and transferred charge P(7) with respect
torat¢=0,7x/2 x and 37/2 and E, = 1.32 V/A. Rectified
optical-field-induced currents are obtained. (f) Total transferred
(tunneling) charge Q7 with respect to ¢ at E, = 1.32 V/A.
0 0
J T(T) or P ( ) aT[

L0 =Ni(@]  (®)

where P(7) = =N¢ (7) + NV (7) = N§ () = Nj (7).

For an actual calculation, we ideally arrange the extreme
low-hole-mass dielectric and the extreme low-electron-
mass dielectric symmetrically such that the hole band
of the former should have the same width as the electron
band of the latter, and the converse. We thus have
5., =€ + (A1/2)cos(ka), €}.,=¢€] +(Ag/2)cos(ka),
&% =%+ (Ag/2)cos(ka), and €h., =eh+ (A /2)cos(ka),
where &) = (A—Ag)/2, € =A/2, e, =A/2, and
er=(A—-Ag)/2 with A=8¢eV, Aj=-6¢V, and
Ay = —=0.5 eV. Thus, hole (electron) and electron (hole)
bandwidths of the low-hole(electron)-mass dielectric cor-
respond to and the energy gap is
7.75 eV for both dielectrics. This is schematically illus-
trated in Fig. 3(a), where the gray-colored areas mean the
bandwidths. We also adopt #5 /o = 0.3 A, 1! /o = 3.4 A,
to/o =34 A, th/o =03 A, and d;g)/w = 1.5 A. For
the tunneling, in addition, we adopt 7', = T, = 340 meV
and7,.,=T,. =68 meV,ie., T, LT, and T, . < T,,.
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FIG. 4. Tunneling currents J;(7) at the electric field strengths
Ey=1.32, 0.88, and 0.44 V/A and ¢ = 0. Inset shows the
behavior of |Q| [for an homogeneous dielectric, i.e., Fig. 1(d);
blue empty squares] and Q7 (red empty squares) with respect to
the electric field strength E at ¢ = 0. Blue and red filled squares
indicate |Q| x 500 and Q x 5000, respectively.

Figure 3(a) shows what happens in the junction made
of two dielectrics under the strong optical pumping. It is
essential to note that, due to the sharp difference between
electron and hole masses (in other words, between electron
and hole mobilities), the tunneling transport should occur
mainly along the high mobility path in spite of 7, < T,
and 7., < T,.. According to Fig. 3(a), furthermore, we
know that A(7) < 0 and E(7) < O [left panel of Fig. 3(a)]
supports the worst condition for conducting the tunneling
current, while A(z) >0 and E(z) >0 [right panel of
Fig. 3(a)] the best condition. Eventually, the current flows
along one direction from the left side (the low-hole-mass
dielectric) to the right side (the low-electron-mass dielec-
tric) in spite of an oscillation of the optical field. This is
very much analogous to the carrier transport in the forward
bias and reverse bias with respect to the alternating voltage
in the semiconductor pn junction [21]. In our study,
therefore, it is naturally addressed that the heterojunction
in our consideration plays a role of the diode in the
petahertz domain, i.e., petahertz diode.

Features of the petahertz diode are nicely demonstrated
in Figs. 3(b)-3(e) at a few values of ¢b. Varied profiles
of optically induced currents with respect to ¢ confirm that
the currents are in fact rectified through the tunneling
across the junction. Meanwhile, the transferred charge P(7)
increases with 7 but with piecewise plateaus. The total
transferred (tunneling) charge Qr is calculated by Q7 =
ff°oo drJ () [24], which is an almost constant value with
respect to ¢ [see Fig. 3(f)], differently from Q of Fig. 1(d).

In Fig. 4, the tunneling currents are compared with
respect to the electric field strength E. When E, decreases,
the current decreases and in addition the rectifying effi-
ciency becomes poor because the displacements of the
effective bands are suppressed. In particular, as shown in
the inset of Fig. 4, at a fixed value of ¢, |Q| behaves like E
stably fitted with # = 6 ~7 [25], which implies the non-
linear response resulting in the optical-field-induced cur-
rent in the strong field intensity. However, O does not
follow a simple power law, as being understandable from
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FIG. 5. (a) Electronic structure of a good low-electron-mass
dielectric, @-SiO, (quartz). (b)-(d) Electronic structures of can-
didates for the low-hole-mass dielectric: (b) K,Pb,0s3, (c) ZrSO,
and (d) CaCl,. Insets show the Brillouin zone and the symmetry
directions (red lines).

the rectifying efficiency depending on the field strength.
As a matter of fact, Oy x 5000 in the vanishing field
strength is far from |Q| x 500 in the inset.

A natural forthcoming question will be which materials
could be possible candidates to realize the proposed
junction. First, the low-electron-mass dielectrics are actu-
ally common, which are already present in many devices.
However, it is rather challenging to look for good low-hole-
mass dielectrics. Hautier et al. [26] identified the design
principles of low-hole-mass oxides and suggested a few
possible oxides like PbTiO;5 (tetragonal), B4O, ZrSO,
T14V207, Ksz203, K25n203, PbZSn203, and so on.

Finally, using the density functional theory (DFT)
formulation, we calculate and provide the electronic band
structures of SiO,, K,Pb,03, ZrSO, and CaCl, in Fig. 5.
In fact, SiO,, a dielectric used in the principle experiment
by Schiffrin et al [13] is a good low-electron-mass
dielectric, as shown in Fig. 5(a). On the other hand, in
Figs. 5(b)-5(d), we suggest the effective low-hole-mass
dielectrics K,Pb,03, ZrSO, and CaCl,, whose polarities
are implied by their electronic structures. In detailed calcu-
lations, the generalized gradient approximation (GGA)
by the Perdew-Burke-Ernzerhof (PBE) functional [27] is
employed and the Green’s function perturbation theory, i.e.,
the GW approximation [28] is further applied for the
computation of Si0O,, K,Pb,05, and ZrSO.

In summary, in a theoretical investigation of dielectrics
under the optical pumping, we have proposed an asymmetric
conduction of the optical-field-induced current. For this
purpose, a heterojunction has been suggested, which consists
of two different dielectrics: one with the low hole mass
(m, < my) and the other with the low electron mass
(m; < mj). Across the junction, the tunneling current has
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been found to asymmetrically flow from the low-hole-mass
dielectric to the low-electron-mass one. This finding indi-
cates a new concept of the petahertz diode, probably a key
ingredient to advance a realization of the light-wave elec-
tronics in the solid state. Finally, we suggested the candidate
dielectrics for a proper design of the heterojunction.
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