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We report on the observation of the Seebeck ratchet effect. The effect is measured in semiconductor

heterostructures with a one-dimensional lateral potential excited by terahertz radiation. The photocurrent

generation is based on the combined action of a spatially periodic in-plane potential and a spatially

modulated light, which gives rise to a modulation of the local temperature. In addition to the polarization-

independent current due to the Seebeck ratchet effect, we observe a photon helicity dependent response

and propose a microscopic mechanism to interpret the experimental findings.

DOI: 10.1103/PhysRevLett.103.090603 PACS numbers: 05.40.�a, 05.60.Gg, 73.63.Hs, 78.67.De

Terahertz (THz) radiation incident on a two-dimensional
electron system (2DES) generates a current whose direc-
tion depends on the symmetry of the system, the geometry,
and the light’s polarization state [1,2]. Nonequilibrium
spatially periodic noncentrosymmetric systems are able
to transport particles in the absence of an average macro-
scopic force. The directed transport in such systems,
known as the ratchet effect, has a long history and is
relevant to different fields of physics [3–11]. If this effect
is induced by electromagnetic radiation it is usually re-
ferred to as a photogalvanic effect [12–14]. A novel situ-
ation emerges if a lateral superlattice (SL) is superimposed
upon the 2DES: THz radiation, shining through a periodic
grating, drives an additional current through the modulated
2DES. This directed current constitutes a ratchet effect
which is closely related to the one investigated theoreti-
cally by Büttiker and Blanter [15]. These authors have
shown that irradiation of a lateral SL by light through a
mask with slits of the same period but with a shifted phase
with respect to the SL results in a directed current due to
local electron gas heating. In the experiment described
below, the mask is replaced by a one-dimensional array
of grooves etched into the top cap of a semiconductor
heterostructure. The effect of the periodic grooves is two-
fold: (i) they generate a weak one-dimensional periodic
potential superimposed upon the 2DES and (ii) they modu-
late, due to near-field diffraction [1], the intensity of the
incident light field, which is hence spatially periodic in the
plane of the 2DES. The modulated light field in turn causes
a periodic modulation of the effective electron tempera-
ture. As the ratchet discussed below is based on a spatial
modulation of the temperature it is called a Seebeck ratchet
[5]. The phase shift of the mask relative to the periodic
potential of the geometry of Blanter and Büttiker geometry
is replaced by asymmetric grooves which have the same
effect as a shifted phase and cause a directed current flow.
Both geometries are compared in Figs. 1(a) and 1(b): The
effect of the phase shifted mask in Fig. 1(a) is the same as

the asymmetric profile of the grating in Fig. 1(b) as both
cause a phase shift of the spatially periodic near-field
intensity with respect to the periodic potential acting on
2DES. In addition, to this photothermal ratchet effect,
which is manifested by a remarkable photocurrent for
unpolarized radiation, we have observed in our experi-
ments two additional photocurrent contributions being
sensitive to the photon helicity and to the plane of linear
polarization. Our theoretical analysis, expanding the one of
Refs. [15] to the case of polarized radiation, enables us to
propose new mechanisms of the observed effects.
We study photocurrents in (001)-GaAs=Al0:3Ga0:7As

MBE grown n-type quantum well (QW) structures with
superimposed lateral grating.We used a single modulation-
doped QW of 30 nm width, exhibiting at temperature T ¼
4:2 K (300 K) a mobility � � 5� 106 cm2=V s (�6�
103 cm2=Vs) at a carrier density N � 2� 1011 cm�2

(�1:2� 1011 cm�2). The values of electron mean free
path, le, are �35 �m and 0:1 �m at T ¼ 10 K and
300 K, respectively. One-dimensional grooves of 0:5 �m
width with a period of 2:5 �m are obtained by electron
beam lithography and transferred into the cap layer by
subsequent reactive ion etching using SiCl4. A correspond-
ing electron micrograph is shown in Fig. 1(c). Care was
taken not to etch through the QW. To get a large patterned
area 64 squares, each 150� 150 �m2 in size, were

FIG. 1 (color). Sample design. (a) Blanter and Büttiker’s ge-
ometry. (b) Our experimental geometry. (c) Electron micrograph.
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stitched together. The gratings are oriented either along
h010i (sample 1) or close to h110i (samples 2, 3) crystallo-
graphic directions. Below we will use the notation a for SL
period and x, y for the in-plane axes oriented, respectively,
perpendicular and parallel to the direction of the grating.
Then the SL potential is a periodic function of x, namely,
Vðxþ aÞ ¼ VðxÞ. While the cross section of the grooves
etched into the GaAs cap of samples 2 and 3 is essentially
symmetric, the groove profile of sample 1 is asymmetric,
Fig. 1(b). This asymmetry is due to the etching anisotropy
along [110] and ½1�10� directions [16]. We also prepared an
unpatterned reference sample 4. The photocurrents were
generated at T ¼ 300 K and 10 K applying free carrier ab-
sorption of THz radiation. For optical excitation we used
NH3 laser [1] operating at a wavelength � ¼ 280 �m, with
power P ’ 2 kW and pulse duration �100 ns. The photo-
current was measured by the voltage drop across 50 �
resistor using a pair of contacts centered on opposite
sample edges (Fig. 2). The peak voltage was recorded
with a storage oscilloscope. The radiation helicity was
varied by using a �=4 plate as Pcirc ¼ sin2’, where ’ is
the angle between the initial polarization plane and plate
c axis.

First we discuss how the ratchet effect manifests itself in
experiment. Figure 2 shows the photocurrent of sample 1
as a function of angle ’, assigning the helicity, for differ-

ent angles of incidence �0 (Fig. 3). The photocurrent is
maximal at normal incidence, which is in contrast to the
unpatterned reference sample 4, where under normal inci-
dence the signal vanishes (see inset of Fig. 2). Moreover,
while under oblique incidence, the current in the reference
sample follows a simple dependence J ¼ Aref sin�0 sin2’,
the photocurrent behavior in the SL sample is more com-
plex and can be fitted by

J ¼ A sin2’þ B sin4’þ C cos4’þD; (1)

where A, B,C, andD are fitting parameters. Such behavior,
phenomenologically well described by symmetry argu-
ments (see below) was found in all SL samples. In case
of the reference sample 4 we observed that B, C, D � 0;
furthermore, parameter A vanishes at �0 ¼ 0. In sample 1
with the grooves oriented along h010i the magnitude of the
photocurrent detected at �0 ¼ 0 is comparable and even
larger than the one obtained in the reference sample at
large �0. The observed helicity dependence holds for the
temperature range from 300 to 10 K. With decreasing
temperature the photosignal increases, a corresponding
trace taken at 10 K is included in Fig. 2. As the microscopic
theory presented below is only applicable at elevated tem-
peratures we focus in the following on room temperature
data. In samples 2 and 3 with the grooves oriented along
h110i, however, the photocurrent at �0 ¼ 0 is about an
order of magnitude smaller than that detected in sample
1. We ascribe this to the grooves profile being strongly
asymmetric in sample 1 while nearly symmetric in
samples 2 and 3.
Now we analyze our results from the viewpoint of

phenomenological theory. Our unpatterned QWs have the
point-group symmetry C2v excluding in-plane photocur-

FIG. 2. Photocurrent as a function of the angle ’ measured in
sample 1. Full lines are fits to Eq. (1). Insets show the experi-
mental geometry (left) and Jð’Þ in the reference sample 4
(right). Doted lines are fits to J ¼ Aref sin�0 sin2’. The ellipses
on top illustrate the polarization for various angles ’.

FIG. 3 (color online). Angle of incidence dependence of the
photocurrent.d and�: Jcirc measured in sample 1 and reference
sample 4, respectively. j, h, and m are current contributions
proportional to B, C, and D. Dotted line is the fit after J ¼
D cos�0. Solid and dashed lines are fits to J / ðAref sin�0 þ
A cos�0Þ.
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rents under normal incidence [1,17]. Indeed no current is
observed in reference sample 4 at �0 ¼ 0 (see inset in
Fig. 2). An asymmetric SL potential has the point-group
symmetryCs and overrides theC2v symmetry of the under-
lying unpatterned QW. In such structures the normal-
incidence excitation can induce photocurrents both along
and normal to the grooves given by

jx ¼ I½�1 þ �2ðjexj2 � jeyj2Þ�;
jy ¼ I�3ðexe�y þ eye

�
xÞ þ I�Pcirc;

(2)

where ex, ey are the components of the light’s polarization

unit vector e, I is the light intensity, �1–3 and � are
phenomenological parameters. For the geometry used in
experiment, in which the current is measured under an
angle of 45� with respect to the axes x and y (see Fig. 2),
the normal-incidence photocurrent is an equal superposi-
tion of the currents jx and jy. If the initial laser light is

polarized along the line connecting the contacts then

Eqs. (2) reduce to Eq. (1) with the coefficients A ¼
�=

ffiffiffi
2

p
, B ¼ ��2=2

ffiffiffi
2

p
, C ¼ �3=2

ffiffiffi
2

p
, D ¼ Cþ �1=

ffiffiffi
2

p
.

From Eq. (2) it also follows that the linearly polarized
radiation should yield a dc current which can be described,
in terms of the coefficients entering Eq. (1), as J ¼
2B sin2�þ 2C cos2�þD� C, where � is the azimuthal
angle assigning the plane of polarization. Note that, the
difference D� C actually constitutes the polarization-
independent ratchet effect proposed in [15]. We have
checked experimentally (not shown) that, indeed, a photo-
current induced under linearly polarized excitation is well
fitted by this equation.

Equations (2) yield the dependence of the photocurrent
on the angle of incidence. In Fig. 3 we plot this dependence
for all photocurrent contributions. The coefficients A, B, C,
D are extracted from fits to the data of Fig. 2, using Eq. (1).
Eye catching is the large value ofD, which as well as B and
C, is only weakly dependent on �0. Actually, theD portion
of the current is the dominating one, has its maximum at
normal incidence and can be well fitted by J / cos�0. The
contributions given by the coefficients B and C are sub-
stantially smaller than D.

Next we compare the helicity dependent contribution of
both the patterned sample 1 and the reference sample 4
under illumination with circularly polarized light. To ex-
tract the photon helicity dependent current from the total
current we used the fact that this current changes its sign
upon switching the helicity while all the other terms in
Eq. (1) remain unchanged. Taking the difference of right-
and left-handed photocurrents we obtain Jcirc ¼ ½Jð’ ¼
45�Þ � Jð’ ¼ 135�Þ�=2. Figure 3 illustrates that Jcirc in
sample 1 consists of two contributions (Aref sin�0 þ
A cos�0). Here the first term is the same as in the reference
sample while the second term is a new contribution due to
the lateral pattern.

Now we address the microscopic origin of the observed
photocurrents at normal incidence and provide micro-

scopic expressions for the relevant parameters �1 and �.
Here, we confine ourselves to the case of unpolarized
(proportional to �1) and circularly polarized light (propor-
tional to �). These two contributions are important to
understand the data summarized in Fig. 3. The microscopic
description of the remaining coefficients �2 and �3 is out
of the scope of this Letter. Our analysis of the ratchet
effects is based on the classical Boltzmann equation for
the electron distribution function fk, namely,

�
@

@t
þ vk;x

@

@x
þ F

@

@

@k

�
fkðxÞ þQðpÞ

k þQð"Þ
k ¼ 0: (3)

Here k is the in-plane electron wave vector, F is a sum of
the time-dependent electric-field force eEðtÞ ¼
2eRe½E0 expð�i!tÞ� of the light wave and the static force
�dVðxÞ=dx, ! is the light frequency, vk ¼ @k=m� is the
electron velocity, e and m� are the electron charge and

effective mass, QðpÞ
k and Qð"Þ

k are the collision terms re-

sponsible for the electron momentum and energy relaxa-

tion, respectively. The operatorQðpÞ
k is taken in its simplest

form ðfk � hfkiÞ=�, where � is the momentum relaxation
time and the brackets mean averaging over k directions.

The operator Qð"Þ
k acts on the distribution function aver-

aged over the directions of k and depends only on the
modulus k ¼ jkj. Equation (3) is valid for a weak and
smooth potential satisfying the conditions jVðxÞj � "e
and q 	 2�=a � ke, where ke is the typical electron
wave vector and "e is the typical energy assumed to be
larger than the photon energy @!.
First, we start with the polarization-independent ratchet

effect. The photocurrent contribution, insensitive to the
lights’ polarization, is given by the term proportional to
�1 in Eqs. (2) and can be related to the heating of free
carriers by the electromagnetic wave and constitutes the
ratchet effect for unpolarized radiation. At high tempera-
tures, where le � a, Eq. (3) can be reduced to the macro-
scopic equations for the 2DES density NðxÞ, local
nonequilibrium temperature �ðxÞ, current density jx and
energy flux density i";xðxÞ. Under homogeneous optical

excitation these equations have the following solution

kB� ¼ kBT þ @!G�", NðxÞ 	 Nðx;�Þ ¼ N0e
�VðxÞ=kB�,

where G is the Drude absorption rate per particle, �" is
the energy relaxation time, and N0 is x independent. For
this solution both jx and i";x are absent, but the current jx
becomes nonzero if the generation rate G varies spatially.
In patterned samples where the distance between the sur-
face pattern and the QW is smaller than the wavelength, the
required inhomogeneous distribution of the radiation elec-
tric field is expected due to near-field effects [1]. As a
result, the amplitude of a plane electromagnetic field shin-
ing through the superimposed grating becomes a periodic
function of x with the period a. In an asymmetrical SL, the
potential VðxÞ and the light intensity IðxÞ are shifted rela-
tive to each other in phase; thus, the product IðxÞðdV=dxÞ
averaged over space does not vanish and even unpolarized
radiation yields a net current.
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Let the spatial variation of G be described by GðxÞ ¼
G0 þG1 cosðqxþ ’GÞ. The steady-state generation pro-

duces a stationary periodic electron temperature �ðxÞ �
�� 	 	�ðxÞ ¼ k�1

B �"@!½GðxÞ �G0� which is accompa-
nied by a light-induced periodic correction of the space-

oscillating contribution to the electron density 	NðxÞ �
�N0	�ðxÞ= ��. In the macroscopic description the current
is given by a sum of the drift and diffusion terms,

jx ¼ �

�
NðxÞdVðxÞ

dx
þ d

dx
½kB�ðxÞNðxÞ�

�
:

Although each of the terms is dependent on x, the total
current jx is x independent. The diffusion term averaged
over the period d vanishes. Since the average of the product

Nðx; ��ÞdVðxÞ=dx is also zero the current can be calculated
as an average �½dVðxÞ=dx�	NðxÞ.

For the lateral potential taken in the form VðxÞ ¼
V1 cosðqxþ ’VÞ, the symmetry of the system is broken
due to a phase shift between VðxÞ and �ðxÞ yielding

jx ¼ �1I ¼ �N0@q

0G0

V1

2kBT
!�"; (4)

where 
 0 ¼ ðG1=G0Þ sinð’V � ’GÞ is an asymmetry pa-
rameter related to the inhomogeneous photoexcitation. The
model used to derive Eq. (4) is similar to the one consid-
ered in Ref. [15] for a ratchet with sinusoidal potential and
temperature variation, shifted in phase. We note that such
nonequilibrium asymmetric systems with a periodic poten-
tial VðxÞ and a periodic temperature profile�ðxÞ are called
the Seebeck ratchets [5]. Equation (4) shows that the
current is polarization independent and increases with
decreasing T, as observed in experiment.

Now we turn to the helicity dependent part and discuss
the term described by � in Eqs. (2) or A in Eq. (1). As this
photocurrent contribution is driven by circularly polarized
light we call it the circular ratchet effect. We show that
such currents is generated in a lateral SL with the out-of-
phase periodic potential VðxÞ and generationGðxÞ. At �0 ¼
0 the current can only be generated in the y direction. For
circularly polarized radiation the �3 term in Eqs. (2) van-
ishes and the current is given by jy ¼ 
I�, with 
 corre-

sponding to the right- and left-handed radiation,
respectively. The current reads

jy ¼ 2e2�

m� RefE�
0yðxÞ	N!ðxÞg; (5)

where 	N!ðxÞ is the electron density oscillation linear in
the THz electric field E0x. From the continuity equation
�i!e	N! þ djx;!=dx ¼ 0 and the equation for the linear-
response electric current jx;!ðxÞ modulated in space the

circular photocurrent is described by

� ¼ �e2

@cn!

 0�N0

@q

m�
�

!ð1þ!2�2Þ
V1

kBT
: (6)

The generation of a steady-state electron flow along the y

axis sensitive to the degree of circular polarization Pcirc

stems from two phase shifts with respect to the periodic
variation 	Nðx; tÞ: a spatial one, given by’V � ’G relative
to VðxÞ and a temporal one, given by arctanð!�Þ with
respect to ExðtÞ. This photocurrent is by factor of 2!�"
smaller than the polarization-independent current, in
agreement with our data shown in Fig. 3. Similarly to the
polarization-independent one this current increases with
the decreasing T, in line with the experiment.
To summarize, the lateral grating etched into the sample

surface induces a periodical lateral potential acting on the
2DES. This grating modulates the incident radiation in the
near field and hence in the plane of the 2DES, resulting in
polarization-independent, circular, and linear ratchet ef-
fects. The former effect was predicted in Ref. [15] for
unpolarized light. In this work we have additionally ob-
served helicity dependent photocurrents arising due to the
phase shift between periodic potential and periodic light
field. Our theory describes ratchet effects for a mean free
path smaller than the superlattice period. In the opposite
limit, le � a, a new approach is required, which should be
based on the microscopic Boltzmann equation with allow-
ance for an asymmetry of the lateral potential and, possi-
bly, miniband formation.
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