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Photogalvanic current in a parabolic well
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We study the in-plane stationary photocurrent in a parabolic potential well. The well has vertical asym-

metry due to inhomogeneous distribution of scatterers. The electric field of light has both vertical and in-

plane components. The photogalvanic effect originates from the periodic vibration of electrons in a vertical

direction caused by the normal component of the alternating electric field with simultaneous in-plane ac-

celeration/deceleration by the in-plane component of electric field. The problem is considered in classical

approximation assuming inhomogeneously-distributed friction. Photocurrent has a resonance character. Res-

onance occurs at light frequencies close to a characteristic well frequency. The effect of in-plane magnetic field

is also studied.
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1. Introduction. Since the first studies on the pho-

togalvanic effect (PGE), a wide literature devoted to

this subject has appeared [1–3], see also reviews [4–9].

The activity in this field still persists (see, for example,

[10–18]). There are different variants of PGE in con-

fined systems: the stationary in-plane photocurrent in

classical [19] and quantum [20, 21] films, and the cur-

rent along solid-state surface [22–24]. This photocurrent

exists even if crystal asymmetry is negligible, but the

quantum well is oriented (directions across the well are

not equivalent). The current along the surface occurs if

the electric field of the light has both in- and out-plane

components.

The phenomenology of surface PGE in the absence

of magnetic field is determined by the relation for cur-

rent density

j = αs(E− n(nE)(nE∗) + c.c.) + iαa[n[EE∗]], (1)

where n is the normal to the quantum well, E(t) =

= Re(Ee−iωt) is the alternating electric field of light.

Real constants αs and αa describe linear and circu-

lar photogalvanic effects, correspondingly. The origin of

this current can be understood if to consider the out-of-

plane electric field component as modulating the quan-

tum well conductivity with a simultaneous driving of

electrons by the in-plane field.

In a quantum well the vertical component of the elec-

tric field of light can cause the transitions between dif-

ferent quantum subbands. In the presence of scattering

this gives birth to the effective pumping of the in-plane
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momentum to the electronic system. The light plays the

role of the energy and asymmetry source, while the scat-

terers produce in-plane acceleration of electrons. The

situation is, in a certain sense, similar to the motion of

a car where the friction forces the car to move.

The purpose of the present article is to study the

mechanism of PGE in a parabolic classical well U(z) =

= mΩ2z2/2. This is a classical limit of a wide quan-

tum well. Such wells are simulated by means of a het-

erostructure with multiple quantum wells of an alter-

nating width (see, e.g. [25, 26]). The PGE needs the

vertical asymmetry of the system. In the present pa-

per we suppose that this asymmetry is produced by in-

homogeneous distribution of electron scattering across

the channel. In the approach of classical dynamics, scat-

tering is simulated by an inhomogeneous liquid friction

force.

The proposed scheme of experiment is shown in

Fig. 1. The effect under consideration is illustrated by

Fig. 1. The sketch of the proposed experimental setup. The

parabolic well confines electrons near the (x, y) plane. The

electric field of light E(t) is tilted to z axis. The stationary

current flows in the (x, y) plane

Fig. 2, obtained using the Newton equation of motion

(Eq. (2), see below). The alternating electric field forces
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Fig. 2. Examples of trajectories for the linear (a), (b) and circular (c), (d) polarized electric field according to Newton Eq. (2)

at initial conditions r(0) = 0, ṙ(0) = 0. Cases (a) and (b) differ by the sign of Ez; ω = Ω. In cases (c) ω = 0.9Ω, (d) ω = 1.1Ω

and the sign of circular polarization is the same, i.e. the sign of detuning determines the direction of the steady-state drift

(shown by arrows)

an electron to vibrate or rotate, in dependence on the

phase shift between electric field components (linear

or circular polarization) and the detuning relative to

the well frequency. The friction, inhomogeneous in z-

direction, leads to a different stalling in upper and lower

sides of the well. This, in turn, leads to the drift of elec-

trons along the in-plane projection of the alternating

electric field.

The paper is organized as follows. First, we consider

a classical dynamic model of the effect without magnetic

field and its analytical perturbative solution. Then, we

show the numerical results for different field amplitudes.

After that we analytically study the system with an in-

plane magnetic field.

2. Analytical solution without magnetic field.

We consider a simple classical model of electrons in an

oscillatory well with confining in z-direction potential

mΩ2z2/2. We consider electrons with a quadratic en-

ergy spectrum affected by alternating electric field with

z and x components, E = (Ex, 0, Ez).

The classical Newton equation for an electron reads

r̈+Ω2n(nr) + γṙ = eE/m. (2)

Here, γ = γ0 + γ1f(z) is the coefficient of liquid fric-

tion. The dependence of the friction on f(z) takes into

account the assumed weak asymmetry (γ0 ≫ γ1) of the

well in z-direction. Here we shall use f(z) = tanh(z/b),

where b is the characteristic size. If b → ∞, f(z) con-

verts to linear function f(z) = z/b.

The forced solution of the Newton equation is found

by expanding in powers of γ1:

r = r0 + r1 + ...,

z0(t) = Re
eEz

m(−ω2 +Ω2 − iγ0ω)
e−iωt,

x0(t) = Re
eEx

m(−ω2 − iγ0ω)
e−iωt,

and

ż1 = 0,

ẋ1 = −
γ1
γ0

f [z0(t)]ẋ0(t). (3)

Here the overline denotes time averaging:

F (t) ≡
ω

2π

∫ 2π/ω

0

F (t)dt.

Consider the case of f(z) = z/b. After time averaging

we have

ẋ1 =
γ1e

2

2bγ0m2
Im

E∗

xEz

(ω − iγ0)(ω2 − Ω2 + iγ0ω)
. (4)

The PGE current density is determined by jx =

= ensẋ1, where ns is the surface concentration of elec-

trons. Finally, the PGE coefficients take the form

αs = −α0
γ2
0Ω

4

(ω2 + γ2
0)[(ω

2 − Ω2)2 + γ2
0ω

2)]
, (5)

αa = −α0
γ0ωΩ

2(ω2 − Ω2 + γ2
0)

(ω2 + γ2
0)[(ω

2 − Ω2)2 + γ2
0ω

2)]
, (6)

where

α0 =
e3nsγ1

4m2bγ2
0Ω

2
. (7)

Eqs. (5)–(6) determine the quadratic in field response.

They are valid for any function f(z) in the limit of weak
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electric field. In a more general situation the response

remains to be linear in Ex, but it becomes some func-

tion of Ez. The dependence of αs,a on the frequency is

demonstrated in Fig. 3.

Fig. 3. Photogalvanic coefficients αs (solid) and αs

(dashed) versus frequency. Parameter γ0 = 0.07Ω

Eqs. (5), (6) show that at ω → 0 αs → const (maxi-

mum) and αa → 0. The linear PGE conserves the sign

for any light frequency, while the circular PGE changes

the sign at ω2 = Ω2 − γ2
0 .

Let damping γ0 be small. Then the mean veloc-

ity has a resonance at ω = Ω. The frequency behav-

ior near this point depends on the kind of electro-

magnetic field polarization: delta-like peak for the lin-

ear polarization and antisymmetric Fano-like resonance

∝ (ω − Ω)/[(ω − Ω)2 + γ2
0 ] for the circular polariza-

tion. In accordance with Eqs. (5), (6) the maximum of

αs and the sign change of αa(ω) occur at ω = Ω. The

origin of this behavior is explained by the character of

the electron motion in the zero approximation. Indeed,

if γ1 = 0, for linear polarization, the electron rotates in

the exact resonance and vibrates along a straight line

out of resonance. For circular polarization the behavior

is opposite.

Liquid friction force −γṙ does not affect the direc-

tion of vibrating motion; therefore it does not produce a

drift. At the same time, due to γ1, a rotating particle dif-

ferently brakes at the opposite (upper and lower) sides

of the circle that produces a translational displacement,

and as a result, the mean drift. In the case of circular-

polarized light, the direction of the motion depends on

the sign of polarization and the sign of resonance detun-

ing. The value of the drift velocity near resonance does

not depend on the friction strength, but it depends on

ratio γ1/γ0.

Parameter α0 determines the maximal value of the

current at small γ0, namely max(αs) = α0, max(αa) =

= α0/2. The estimation of α0 for a quantum well with

ns = 1012 cm−2, Ω = 1.6 · 1012 s−1, γ0 = γ1 = 0.1Ω, the

Fermi energy εF = 10meV, b = 10−5 cm, m = 0.07m0

yields α ∼ 5 µA·cm/V2.

The photogalvanic effect in the considered model has

a purely classical nature. In particular, the circular PGE

does not need the spin pumping as in spin-related cir-

cular PGE.

It should be emphasized, that the PGE current in

a parabolic well is closely connected with the photoin-

duced electron gas magnetization [27, 28]. The pho-

toinduced rotation of electron, at the same time, in

the presence of inhomogeneous friction, gives birth to

the electron drift being proportional to the induced

magnetic momentum. The mean photoinduced electron

magnetization in the considered geometry is My =

= ens[z0(t)ẋ0(t)− x0(t)ż0(t)]/2c. This yields the con-

nection between the magnetization and the PGE

j =
cγ1
eγ0b

[Mn].

3. Numerical solution in an arbitrarily strong

electric field. The current in the considered model is

proportional to Ex, but, generally, it is a more compli-

cated odd function of Ez . We have made calculations of

the photocurrent in arbitrary electric field for the fric-

tion with f(z) = tanh(z/b). The current density can

be expressed via αa,s depending on Ez . The results for

current, normalized by electric field αa,s = j/2|ExEz |

are presented in Figs. 4 and 5 for γ0 = γ1 = 0.07Ω,

Fig. 4. Linear photogalvanic coefficient αs = j/2|ExEz| for

strong electric field Ex = Ez = E (in units of mΩ2b/e).

The result for the most strong electric field is shown in the

insert. The arrows indicate the ω = Ω/n peculiarities

b = 0.1
√

εF/mΩ2. The lowest electric field value cor-

responds to the perturbative analytical result, Eqs. (5),

(6). The circular current changes the sign, while the

linear current remains intact with the transformation
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Fig. 5. Circular photogalvanic coefficient αa = j/2|ExEz|

at Ex = E, Ey = iE for the same parameters as in Fig. 2

Ex → −Ex (this transformation changes the sign of the

circular polarization). The graphs show that the reso-

nance is broadened and response coefficients αa,s are

suppressed with the electric field. Besides, the electric

field growth leads to the development of additional pe-

culiarities in curves αa,s(ω) at nω = Ω (n being integer),

originating from resonances of the higher harmonics of

field frequency ω with Ω.

4. Analytical solution in magnetic field. With

the magnetic field taken into account, the general phe-

nomenological expression for the surface current is writ-

ten as

ji = α
(s)
ijkReEjE

∗

k + α
(a)
ijkImEjE

∗

k , (8)

where i = x, y, α
(s)
ijk = α

(s)
ikj , α

(a)
ijk = −α

(a)
ikj are the third-

rank tensors which can be built from vectors n and B

and invariant tensors δik and eijk.

Let us consider the case of in-plane magnetic field

B = (0, B, 0). As a result of iterative procedure, we find

the non-zero components of tensors α
(s)
ijk and α

(a)
ijk . They

read

α(s)
xxx = 2aωc(ω

2 − Ω2), α(s)
xzz = 2aω2ωc,

α(s)
xxz = aΩ2γ0, α(a)

xxz = aω(ω2 − γ2
0 − Ω2 + ω2

c ),

α(s)
yzy = aγ0

(

Ω2 +
2ω2

cω
2

ω2 + γ2
0

)

,

α(s)
yxy = aωc

(

ω2 − Ω2 −
ω2
cω

2

ω2 + γ2
0

)

,

α(a)
yyz = aω

[

ω2 + γ2
0 − Ω2 −

(ω2 − γ2
0)ω

2
c

ω2 + γ2
0

]

,

α(a)
yyx = aγ0ωωc

(

1 +
ω2
c

ω2 + γ2
0

)

, a = −α0
Ω2γ0
|D|2

. (9)

Here ωc = eB/mc is the cyclotron frequency, D =

= (ω2 − Ω2 + iωγ0)(ω + iγ0)− ωω2
c .

Unlike the case with no magnetic field, the photocur-

rent exists for the in-plane or normal electric field ori-

entation. The direction of the current is determined in

the latter case by the product of [Bn]. This is the phe-

nomenology of photomagnetic effect. Note, that the ex-

perimental preference of magnetic field is the possibility

of tuning resonance to the light frequency, which gives

an additional way to identify the effect.

According to Eq. (9), tensor components α
(s)
xxx, α

(s)
xzz,

α
(s,a)
yxy , being proportional to the magnetic field, vanish

at B = 0 and change the sign with B, while the rest

components survive at B = 0 depending on ω2
c . Compo-

nents α
(s)
xxx, α

(s)
xxz, α

(s)
yzy have finite static limit at ω → 0,

while the rest tend to 0. Tensor components α
(s)
xzz, α

(s)
xxz,

α
(s)
yzy, α

(a)
yxy do not change signs as frequency functions.

At small friction γ0 the extrema of dependences αs
ijk(ω)

correspond to the neighborhood of the hybrid frequency
√

Ω2 + ω2
c . This behavior corresponds to the physical

meaning.

5. Conclusions. We found the stationary current

along a parabolic well affected by the circular and linear-

polarized light. Without magnetic field the stationary

current originates from the periodic vibration of elec-

trons across the well caused by the normal component

of the alternating electric field with synchronic in-plane

acceleration/deceleration by the in-plane electric field

component. The inhomogeneous braking leads to an

electron drift along the well. The current has a resonant

character when the electric field frequency approaches

the well frequency, namely, the linear PGE has a sym-

metric peak, while the circular PGE has an antisymmet-

ric peak. In the presence of magnetic field the resonance

frequency converts to the combined (well + cyclotron)

frequency. The results are applicable to the classical

limit of wide parabolic quantum well. The electric field

growth leads to the resonance smearing and appearance

of resonance harmonics in the current frequency depen-

dence.

The optimal range of the frequencies is 1011–1013

s−1. We hope that the predicted value of the current

can be experimentally measured.
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