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 2011 June 10�� ������ ������������������� ����� ��������������� �������������°®¥ª² ���� #08-02-00243 Ratchet e�ects in quantum wells with a lateral superlatticeE.L. Ivchenko, S.D.Ganichev�A.F. Io�e Physical-Technical Institute RAS, 194021 St. Petersburg, Russia�Terahertz Center, University of Regensburg, 93040 Regensburg, GermanySubmitted 27 April 2011Experimental and theoretical work on the ratchet e�ects in quantum wells with a lateral superlattice excitedby alternating electric �elds of terahertz frequency range is reviewed. We discuss the Seebeck ratchet e�ectand a helicity driven photocurrents and show that the photocurrent generation is based on the combined actionof a spatially periodic in-plane potential and a spatially modulated light.1. Introduction. The subject of the present reviewis terahertz (THz) radiation induced photocurrents inlow-dimensional semiconductor systems with spatiallyperiodic noncentrosymmetric lateral potential. Suchsystems being driven out of thermal equilibrium are ableto transport particles even in the absence of an averagemacroscopic force. This directed transport, generallyknown as ratchet e�ect, has a long history and is rele-vant for di�erent �elds of physics, chemistry and biology[1{4].Ratchet e�ects whose prerequisites are simultaneousbreaking of both thermal equilibrium and spatial inver-sion symmetry can be realized in a great variety of formsranging from mechanical systems to molecular motorsor electric transport in one-dimensional semiconductorsystems. If the directed transport in an asymmetric pe-riodic system is induced by electro-magnetic radiation,it is usually referred to as photogalvanic (or sometimesphotovoltaic) e�ect [5{15], particularly if breaking ofspatial inversion symmetry is related to the microscopicstructure of the system. Thus, the studies of ratchet ef-fects are naturally related in subject to several hundredexperimental and theoretical papers on photogalvanic ef-fects.While the relationship between ratchet e�ects drivenby alternating electric �elds in arti�cially made macro-scopic systems with broken spatial symmetry and lightinduced photogalvanic e�ects in noncentrosymmetriccrystals and structures is obvious and addressed in sev-eral papers [3, 14{17], an impression sometimes arisesthat these �elds are developing independently of eachother. Experiments and theory of the ratchet e�ects

induced by THz radiation in low dimensional non-centrosymmetric heterostructures with superimposedmacroscopic asymmetric lateral potential described inthe present review builds a solid bridge between the two�elds and sets up a base for the reciprocation of ideas. Inparticular, the recently observed Seebeck ratchet causedby electron gas heating under absorption of THz radia-tion [17], provides an evidence that ratchet e�ects canbe induced even by unpolarized radiation and are simi-lar to the widely discussed thermal noisy transport [1{4,18{20].We start the review introducing the basic concepts ofratchet e�ects. Then in Sec. 3 we give a short overviewon the structures used so far for the study of THz radia-tion induced ratchet e�ects in semiconductor nanostruc-tures with a lateral one-dimensional potential. In Sec. 4we perform the symmetry analysis and obtain the polar-ization dependence of photocurrent. In Sec. 5 we presentbasics of the kinetic theory of ratchet e�ect and deriveanalytical expressions for the Seebeck and polarization-dependent photocurrents. The experimental results arepresented and discussed in Sec. 6.2. Basic concepts. For presenting basic conceptsand describing the fundamental phenomena, the trans-port of a particle in the ratchet is usually modeled byone-dimensional (1D) Newton's equation of motionm (�x+ � _x) = F (x; t) + �(t): (1)Here, x � x(t) is the particle coordinate, m is its e�ec-tive mass, dots indicate time derivatives, � is the viscousfriction coe�cient, F (x; t) is the ratchet force related tothe ratchet potential V (x; t) by F (x; t) = �@V (x; t)=@x,752 �¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



Ratchet e�ects in quantum wells with a lateral superlattice 753� is a randomly 
uctuating thermal-noise force. Theratchet force is assumed to be periodic in space withperiod d and vanish after averaging in space and time.The force � is modeled by a Gaussian noise of vanishingmean, h�(t)i = 0, satisfying the 
uctuation- dissipationrelation h�(t0)�(t)i = 2m�kBT�(t0 � t) with T being theabsolute temperature, in the following the Boltzmannconstant kB is set to unity. The state variable x is re-ferred to an e�ective \Brownian particle" which in manycases is relevant to the position of true particles. How-ever, this variable can also represent a di�erent typeof the system degree of freedom, e.g., the total phase'(t) across the ring in an asymmetric SQUID (super-conducting quantum interference device) threaded by amagnetic 
ux [21]. Very often, the dynamics of smallsystems is approximately described by an overdampedLangevin equation with m�x! 0.In order to present brie
y the simplest ratchet mod-els, we start from the ratchet with the time-independentpotential V (x). At thermal equilibrium in spatially peri-odic potential there is no systematic preferential motionof the particle, _x = 0, no matter what are the sym-metry properties of V (x). For a potential with brokenspatial symmetry (non-existence of a point x0 whereV (x � x0) = V (x0 � x)), a directed transport arisesin the system driven away from thermal equilibrium.In the so-called temperature ratchets the breaking ofequilibrium is achieved by subjecting the system tem-perature to periodic temporal modulations. In anotherkind of the temperature ratchets, called also the See-beck ratchets, the system is driven out of equilibriumby introduction of a space-dependent temperature pro-�le T (x) of the same periodicity d as the potential V (x)[3, 18, 19, 22]. In the latter case both the potential V (x)and the temperature pro�le T (x) can possess centers ofinversion but, in an asymmetric system, these centersmust not coincide which means that the space averageof the product T (x)dV (x)=dx is nonzero. The next typeof ratchets, the tilting ratchet, is a system with the func-tion F (x; t) of the form �dV (x)=dx + F (t) where thezero-mean force F (t) is a stochastic or periodic functionof time, the former system carries the name 
uctuat-ing force ratchet and the latter is the rocking ratchet,see [3, 23, 24]. In the pulsating ratchets the periodic orstochastic non-equilibrium perturbation F (x; t) inducesa time-dependent variation of the potential keeping itsspatial periodicity. Particularly, in the pulsating on-o�ratchets, F (x; t) is set to f(t)dV (x)=dx with f(t) takingon only two possible values, one of them being 0 (poten-tial \o�"). Another example of time- dependent varia-tion of the potential shape, without a�ecting its spatialperiodicity, is given by

F (x; t) = �dV (x)dx + F (t)P (x); (2)where F (t) is periodic in time and the periodical func-tions V (x) and P (x) have the same period d.As a possible realization of the temperature (See-beck) ratchet, Blanter and B�uttiker [19] proposed to usea superlattice (SL) irradiated by light through a maskof the same period but phase shifted with respect tothe SL yielding a directed current due to local electrongas heating. The force F (x; t) acting on free electronshas the form of Eq. (2) where F (t)P (x) = eE(x; t), eis the electron charge, E(x; t) is the electric �eld of theelectromagnetic �eld, F (t) oscillates in time at the lightfrequency ! and P (x) = P (x+ d) is the in-plane modu-lation of the electric-�eld amplitude caused by the mask.The radiation-induced heating of the electrons leads to aperiodic temperature pro�le T (x) and allows the ratchete�ect. Thus, the pulsating model (2) can be mappedonto the Seebeck ratchets.In the recent publications [17, 25, 26] we have re-ported an experimental realization of the original ideaof Blanter and B�uttiker, with some modi�cations. Thephotocurrent induced by THz radiation has been ob-served in semiconductor quantum-well structure witha 1D lateral periodic potential induced by etching anoncentrosymmetric grating into the sample cap layer.Hence, the in-plane modulation of the pump radiationappears not via a mask with periodic structures but dueto near-�eld e�ects of the THz radiation propagatingthrough the grating. In this system the electron movesfreely in two dimensions, x and y, where we use theCartesian coordinate frame (x; y; z) with the z-axis par-allel to the structure growth direction. This means that,in terms of the classical stochastic dynamics, the scalarequation (1) should be replaced by the similar vectorequation for the two-dimensional (2D) position vector rwith the components x; y and the two-component forceF(x; t) = �dV (x)dx ox + eE(x; t); (3)where V (x) is the ratchet potential, ox is the unit vectoralong the x axis, and E(x; t) is the in-plane time- andx-dependent electric �eld with two components Ex(x; t)and Ey(x; t). Since the light-induced Seebeck ratchetcurrent arises due to the heating this current is light-polarization independent. It can be shown, however,that in addition to the Seebeck ratchet e�ect, the force(3) induces a polarization- dependent directed transportsensitive to the radiation circular polarization (circularratchet) and linear polarization in the axes x0; y0 rotatedby 45� with respect to the axes x; y (linear ratchet)�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



754 E. L. Ivchenko, S.D.Ganichev[17, 26]. The mechanisms of these ratchet e�ects areunrelated to the electron-gas heating.3. Experimentally studied lateral structures.Ratchet e�ect crucially depends on the structure's de-sign. Thus, to be speci�c in the discussion of phenom-enological (Sec. 4) and microscopic (Sec. 5) theory, we�rst brie
y introduce the structures under study. Ex-perimentally THz radiation induced ratchet e�ects inlateral low-dimensional semiconductor structures havebeen observed employing two types of lateral SL grat-ings [17, 25, 26]. The gratings have been prepared onmolecular-beam epitaxy (001)-grown Si-�-doped n-typeGaAs=AlxGa1�xAs heterostructures with electron mo-bilities and carrier densities at room temperature in therange of 3�6 � 103 cm2/Vs and 1011�1012 cm�2, respec-tively. At room temperature the electron mean free pathle is about 0:5�m and, hence, the condition le � d holds.The studied superlattices mainly di�er in the design ofthe gratings providing the asymmetric potential.The �rst type of superlattice (ST1) consists of asym-metrically etched grooves oriented along the [100] cubicdirection with a SL period d of 2.5 �m. Grooves with0.5 �m width were obtained by electron beam lithog-raphy and subsequent reactive ion etching using SiCl4.Care was taken not to etch through the 2D-electron sys-tem. A corresponding sketch of the grating and an elec-tronic micrograph are shown in Figs. 1b and d, respec-tively. The asymmetric modulation of the lateral po-tential comes from the shape of the grooves: the av-erage depth on the right side of a groove is smallerthan that on the left side. The degree of asymmetryin these structures is due to anisotropic etching andmay vary from sample to sample being dependent onthe orientation of the grooves with respect to crystal-lographic axes. For the photoelectric experiments weused 5 � 5mm2 square shaped samples oriented alongthe [110]- and [1�10]-directions. To measure photocur-rents, pairs of ohmic contacts were alloyed in the middleof each sample edge.The second set of superlattices (ST2) allows muchbetter control of the asymmetry and enables both trans-port and photocurrent measurements in one and thesame device. The latter is achieved by using of a Hallbar geometry. Here the SL is produced by e-beam lithog-raphy and deposition of micropatterned gate �ngers us-ing 15 nm Ti and 120 nm Au. The schematics of thegate �ngers, consisting of stripes having three di�erentwidths A = 1 �m, B = 0.6 �m and C = 0.3 �m withratio A:B:C = 10:6:3, and separated by A, B, and C,is shown in Fig. 1c and a corresponding electron micro-graph in Fig. 1e. This asymmetric supercell is repeatedto generate an asymmetric but periodic potential super-
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Fig. 1. Sample design. (a) Blanter and B�uttiker's geom-etry. (b) The experimental geometry of the �rst set ofsamples (type 1, ST1) with an asymmetric groove pro�le.(c) The geometry of the second set of samples (type 2,ST2) with supercells ABCABC... of metallic stripes ontop of the sample. (d) Electron micrograph of the �rst setof samples (ST1). (e) Electron micrograph of the secondset of samples (ST2). Here, the widths of the patterns A,B and C are 1 �m, 0.6 �m and 0.3 �m, respectivelyimposed upon the 2D electron system. The asymmetricsupercells ABCABC::: are patterned on a 500 �140�m2area and generate a strain-induced potential in the 2DESwith a period d of 3.8�m. The gate �ngers, all con-nected and grounded, are oriented along the y-direction,perpendicularly to the Hall bar.In order to compare the data of modulated and un-modulated 2D electron systems reference samples havebeen used for both types of SL. As reference samplesfor ST1 unpatterned samples R1 and/or structures R2with grooves very close to h110i have been used. Thecross section of the latter grooves is rather symmetric.The reference sample for ST2 set of structures have beenobtained by preparation of Hall bars consisting of a pat-terned region as well as of an unpatterned reference part.4. Symmetry analysis. In this section, we willanalyze symmetry restrictions imposed on the polariza-tion dependence of the ratchet currents. The SL shownin Fig. 1 have the point group symmetry Cs consistingof the identity element and the re
ection � in the planeperpendicular to the channels (y-axis). It follows thenthat the current density components jx; jy are related tocomponents of the polarization unit vector e = E0=jE0jby four linearly independent coe�cientsjx = �I [�1 + �2(jexj2 � jeyj2)]; (4)jy = �I [�3(exe�y + eye�x)� 
Pcircêz] ;�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



Ratchet e�ects in quantum wells with a lateral superlattice 755where Pcircê = i(e� e�), �I is the average light intensityNote that in the described geometry the light propaga-tion direction and the z axis are anti-parallel causingthe minus sign in the second equation of Eqs. (4). TheSeebeck ratchet e�ect is connected to the coe�cient �1,while the remaining three coe�cients describe the linear(�2; �3) and circular (
) ratchet e�ects.Equations (4) should be compared to the ones ofcorresponding unpatterned samples, called referencesamples below, or structures with a symmetric poten-tial. One-sided modulation-doped QWs, grown alongthe crystallographic [001] direction of zinc-blende-latticesemiconductors have point-group symmetry C2v whichexcludes in-plane currents for normal incidence whereE0z = 0, in contrast to the ratchet currents (4), al-lowed for this geometry. Under oblique incidence, thereference samples admit directional photogalvanic elec-tric currents perpendicular to the plane of incidence [8]jx0 = I [�x0x0z (ex0e�z + eze�x0) + 
x0y0Pcircêy0 ] ; (5)jy0 = I [�y0y0z �ey0e�z + eze�y0�+ 
y0x0Pcircêx0 ] ;which are caused by the lack of an inversion center inthe reference samples at the atomic level. Here, x0 andy0 denote the axes [�110] and [110], respectively, � and 
are a third-order tensor and a second-order pseudoten-sor describing the linear (LPGE) and circular (CPGE)photogalvanic e�ects, respectively. Equations (5) showthat in reference samples a photocurrent can be gener-ated only at oblique incidence (z-component of the radi-ation electric �eld is needed). This is in contrast to theasymmetric lateral structures where the current givenby Eqs. (4) reaches a maximum at normal incidence.Since the lateral superstructure is responsible for thephotocurrents observed at normal incidence, see Sec. 4,then one can, while developing a theory of the normal-incident currents, ignore the initial (microscopic) sym-metry C2v of the reference heterostructure, disregardmechanisms of photocurrents related to the lack of aninversion center in the unstructured sample and relyonly on the symmetry of the superstructure potentialV (x) and the in-plane intensity modulation. In thiscase Eqs. (4) can be applied for any orientation of theaxes x; y irrespectively to the crystallographic directions[1�10], [110]. At oblique incidence, the photocurrentcan be naturally described by a sum of superstructure-induced and intrinsic contributions, Eqs. (4) and (5).In the both patterned samples ST1 and ST2,obliquely incident light generates both the ratchet cur-rent (4) and the photogalvanic current (5). This allowsto compare the contributions to the photocurrents due tothe lack of inversion symmetry on the atomic (intrinsic

mechanisms) and on the micron scale (periodic grating)experimentally.5. Kinetic theory. We consider a quantum well(QW) structure modulated by a 1D periodic lateral po-tential V (x). In addition to the static potential V (x), the2D electron gas is subjected to the action of an in-planetime-dependent electric �eld E(x; t) = E!(x)e�i!t+c:c:with the amplitude E!(x) modulated along the x axiswith the same period as the static lateral potential. Ingeneral, the modulated �eld amplitude and lateral po-tential can be presented in the formE!(x) = E0 "1 + 1Xn=1hn cos (nqx+ 'E;n)# ; (6)V (x) = 1Xn=1Vn cos (nqx+ 'V;n) ;where q = 2�=d. Hereafter, for simplicity, we take themodulation in the formE!(x) = E0[1 + h1 cos (qx+ 'E)] ; (7)V (x) = V1 cos (qx+ 'V ) :Presenting the �nal results we will show what form theytake for the general modulation (6).We will describe the ratchet e�ects by using the clas-sical Boltzmann equation for the electron distributionfunction fk(x; t), namely,� @@t + vk;x @@x + F(x; t)~ @@k� fk(x; t) +Qk = 0: (8)Here, k = (kx; ky) and vk = ~k=m are the 2D electronwave vector and velocity, the force F(x; t) is given byEq. (3), and Qk is the collision integral responsible forelectron momentum and energy relaxation. Equation (8)is valid for a weak and smooth potential satisfying theconditions jV (x)j � "e and q = 2�=d � ke, where keand "e are the typical electron wave vector and energy,the latter being much larger than the photon energy ~!.The quantity of central interest is the average electroncurrent j = 2eXk vk�fk; (9)where the factor 2 takes into account the electron spindegeneracy and the bar means averaging over the spatialcoordinate x and time t. The ratchet currents can be ob-tained by solving the kinetic equation (8) in third orderperturbation theory, i.e., second order in the electric-�eld amplitude and �rst order in the static lateral po-tential. In this work, we use the collision integral Qk�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



756 E. L. Ivchenko, S.D.Ganichevin the convenient form of a sum of the elastic scatteringterm Q(el:sc)k and the energy relaxation term Q". Theformer is taken in the simplest formQ(el:sc)k = fk(x; t) � hfk(x; t)i� ; (10)where the brackets mean the average over the directionsof k, and � is the momentum scattering time assumedto be constant. The term Q" is treated in the approxi-mation of e�ective temperature.The electron distribution function is expanded inpowers of the light electric-�eld up to the second order,fk(x) = f (0)k (x) + f (1)k (x; t) + f (2)k (x; t); (11)where f (0)k (x) is the equilibrium distribution function.Here we consider the limit of high temperatures and as-sume that the electron gas obeys a non-degenerate sta-tistics. Then, retaining terms of zero and �rst orders inthe lateral potential, we can approximate the equilibriumdistribution function byf (0)k (x) = �1� V (x)T0 � exp��0 � "kT0 � ; (12)where "k = ~2k2=2m, T0 is the equilibrium temperatureand �0 is the chemical potential.The �rst-order correction is time-dependent and canbe written as a sum of two complex-conjugate mono-harmonic terms f (1)k (x; t) = e�i!tf (1)k! (x) + c:c: For thesecond order correction, it is su�cient to retain the time-independent contribution f (2)k (x) � �k(x) only and toreduce Eq. (9) to j = 2eXk vk ��k : (13)By the successive iteration of the kinetic equation,substitution of fk(x) into Eq. (9) and summing over kwe arrive atj = �e(�N(x)dV (x)dx ox + 2jejRe[E�!(x)�N!(x)]) :(14)Here �e is the electron mobility jej�=m� and we intro-duced the spatially- modulated electron densities�N(x) = 2Xk �k(x) ; �N!(x) = 2Xk f (1)k! (x): (15)The further development of the theory is based onadditional assumptions: (i) the energy relaxation time�" is assumed to exceed the time � and the inverse fre-quency !�1, (ii) the electron mean free path le = vT �

and energy di�usion length l" = vTp��" are both smallcompared with the SL period d, where vT is the ther-mal velocityp2T=m, (iii) we neglect the in
uence of acdi�usion on the �rst-order amplitudes f (1)k! (x) which isvalid if vT q � !. On the other hand, no restrictions areimposed on the value of the product !� .The �rst term in the right-hand side of Eq. (14) de-scribes the Seebeck ratchet photocurrent. To calculatethis current we need to �nd a static correction �N(x) ofthe spatially modulated electron density. This correc-tion, together with local non-equilibrium temperatureT (x), current density jx and energy 
ux density J (x),satisfy the following macroscopic equationsjx = �e �N(x)dV (x)dx + ddx [T (x)N(x)]� ; (16)J = [2T (x) + V (x)] jxe + �ee N(x)dT 2(x)dx ;dJdx = ~!G(x)N(x) � T (x)� T0�" N(x) ;and djx=dx = 0. Here, we introduced the energy relax-ation time �" and the generation rate G(x) de�ned as theDrude absorption rate per particle,G(x) = 4�e2mn! �1 + !2�2 I(x)~! ;where the light intensity is de�ned byI(x) = cn!2� (jE!;x(x)j2 + jE!;y(x)j2) ;c is light velocity in vacuum, n! is the refractive index.Under homogeneous optical excitation, G(x) � G0,Eqs. (16) have the following solutionT = T0 + ~!G0�" ; N(x) = N0e�V (x)=T ;where N0 is x-independent. For this solution, both jxand J vanish. The current jx becomes nonzero only ifthe generation rate G varies spatially. For the simplespatial modulation (7) of the electric �eld with a smallcoe�cient h1, we haveG(x) = G0[1+2h1 cos (qx+ 'E)].Neglecting the energy di�usion term in Eqs. (16) we ob-tain that the steady-state generation produces a station-ary periodic electron temperature T (x) with T (x)�T �� �T (x) = �"~![G(x)�G0]. From the �rst equation (16)it follows that this temperature modulation is accompa-nied by a light-induced periodic correction to the elec-tron density �N(x) � �N0�T (x)=T .For the lateral potential given by Eq. (7) where thesymmetry of the system is broken by a phase shift be-tween V (x) and �(x), the �nal result readsjx = �S1�I = � 4�e2~cn! ~qm� �eN0��"1 + !2�2 �IV1T ; (17)�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011



Ratchet e�ects in quantum wells with a lateral superlattice 757where � = h1 sin ('V � 'E) is the asymmetry parame-ter related to the inhomogeneous photoexcitation. Fora more complicated spatial modulation (6), the product�qV1 should be replaced byPn nqVnhn sin ('V;n � 'E;n).The Seebeck ratchet current (17) is polarization indepen-dent and increases with decreasing temperature.Now we turn to the polarization dependent mecha-nisms of the currents and discuss the linear and circularratchet e�ects described in Eqs. (4) by the terms pro-portional to �2; �3 and 
. We show that these ratchetcurrents can also be generated in a lateral SL with theout-of-phase periodic potential V (x) and electric �eldE!(x). For this purpose we consider the second termin Eq. (14). The oscillation �N!(x) entering (14) andde�ned by Eq. (15) satis�es the continuity equation�i!�N!(x) + @j!;x(x)@x = 0 ; (18)where j!;x(x) is the amplitude of current oscillations atfrequency !. Since �N!(x) = 0 then, in order to calcu-late the current given by the second term in Eq. (14), itis su�cient to �nd a contribution to �N!(x), linear inthe lateral potential and a non-modulated electric �eldE0x.The function f (1)k! (x) is conveniently rewritten asf (1)k! (x) = eE0vk�!kBT f (0)k (x) + Fk!(x); (19)where �! = �=(1� i!�). Neglecting the ac di�usion andcalculating the correction Fk!(x) in �rst order in thelateral potential we �nd after summation over k�N!(x) = ie�!N0!m�kBT dV (x)dx E0x: (20)Substituting Eq. (20) to Eq. (14) and averaging overx we obtain the ratchet photocurrents, which, togetherwith the polarization independent current (17), can bewritten asjx = �I [�1 + �2(jexj2 � jeyj2)]; (21)jy = �I [�3(exe�y + eye�x)� 
Pcircêz];with coe�cients�2 = �3 = �!�
; �1 = �S1 � !�
 (22)and 
 = � �e2~cn! ~qm� V1kBT �eN0�!(1 + !2�2) ; (23)being in full agreement with the phenomenologicalEqs. (4).

Figure 2 illustrates the generation of circular-ratchetphotocurrent under circularly polarized excitation. Wechoose the phases 'V = 0, 'E = ��=2 in which caseone has V (x) = V1 cos qx andEx(x; t) = 2 cos!t E0x(1 + h1 sin qx);Ey(x; t) = 2 sin!t E0y(1 + h1 sin qx)with E0y = E0x. The equilibrium electron concentra-tion can be represented by N0(x) = N0 + �N0(x) with�N0(x) = �(V1N0=T0) cos qx. If the di�usion is ne-glected then the spatially modulated part of the currentinduced by the �eld Ex reads�jx(x; t) = �eN01 + !2�2 V (x)T0 � 2(cos!t+ !� sin!t)E0x:By using the continuity equation (18) we �nd the pul-sating pro�le of electron concentration�N(x; t) = �eN01 + !2�2 qV1!T0 � 2(sin!t� !� cos!t)E0x:For the circularly polarized radiation, it su�ces to takeinto account only the �rst term in the brackets becausethe second term contributes not to 
 but to �3. Lengthsof horizontal arrows in Fig. 2a indicate values of �jx(x; t)at the moment t = 0. One can see that the carriers arepushed to the point x = d=4 and o� the point x = 3d=4.At the moment t0 = �=(2!) (one fourth of the period)both the concentration contrast and the electric �eld Eybecome the largest. Since the pro�les of modulationof �N(x; t0) and Ey(x; t0) coincide, the electric currentjy(t) = jej�e�N(x; t)Ey(x; t) in the y direction reachesits maximum value, see vertical arrows in Fig. 2b. At themoment 2t0 the electric �eld Ex changes its sign and sodoes the current �jx. But since Ey(3t0) = �Ey(t0), thecurrent jy(3t0) coincides with jy(t0) and the average jyvalue is nonzero and described by 
.6. Experimental results and discussion. Theexperiments on ratchet e�ects in lateral superlatticeshave been performed applying alternating THz �elds offar-infrared laser radiation [17, 25, 26]. A high powerpulsed molecular THz laser [27, 28] has been used asa radiation source in the spectral range between 90 �mand 280 �m. The power of P ' 5 kW was controlled bythe linear photon drag detector [29]. The correspond-ing photon energies ~! lie in the range of 13.7 meV to4.4 meV. For this radiation, the photon energies are lessthan the energy gap or energy separation between sizequantized subbands in 2DEG so that in experimentscarried out at room temperature the radiation excitesonly indirect optical transitions (Drude absorption) inthe lowest subband. Radiation could be applied at both�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011
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 loadresistor in a closed-circuit con�guration. The voltagewas recorded with a storage oscilloscope.As it follows from the discussion above the Seebeckratchet can be induced even by unpolarized light. Bycontrast, the linear and circular ratchet e�ects requirepolarized radiation. Optically pumped molecular lasersemit linearly polarized radiation whose orientation is de-termined by the polarization of the pump radiation andin the reviewed experiments was set to E k y [9]. Tostudy polarization behaviour of the radiation inducedcurrents the polarization of the laser beam has beenmodi�ed applying crystal quartz �=4- and �=2-plates.By rotating the �/4 plate, one transfers the linearinto elliptical polarization. The polarization states aredirectly related to the angle ' between the initial linearpolarization of the laser light and the optical axis of the

plate, resulting in Pcirc = sin 2' for the degree of circu-lar polarization and for the bilinear combinations of thepolarization vector componentsS1(') � jexj2 � jeyj2 = � cos2 2'; (24)S2(') � exe�y + eye�x = �12 sin 4':If the plane of polarization of linearly polarized light in-cident upon a �=2 plate is at an angle '�=2 with respectto the slow axis the plane of polarization of the trans-mitted light is rotated by an angle � = 2'�=2 and theabove bilinear combinations are given byS1(�) = � cos 2�; S2(�) = � sin 2�: (25)We note, that parameters S1, S2 and S3 � Pcirc repre-sent the radiation Stokes parameters and describe thedegree of linear polarization in the coordinate axes x; y(S2), within the system rotated about an angle of 45�(S1) and radiation helicity (Pcirc ), respectively [30].Experimental study of the THz radiation inducedratchet e�ects in lateral superlattices requires a care-ful choice of the experimental geometry. The chal-lenge is to exclude contributions of the photogalvanice�ects [31], which are caused by the microscopic asym-metry of the elementary excitation/scattering processesand can be excited even in unpatterned samples. For-tunately, for structures prepared on the (001)-orientedsubstrate the reduction of symmetry resulting from theasymmetric lateral potential provides a straightforwardway to achieve this goal. Indeed, while the photogal-vanic e�ects in such a structures are forbidden at nor-mal incidence the ratchet e�ects due to SL in the samegeometry achieve their maximum.Following [17, 25, 26] we focus on experiments aimedto the THz radiation induced ratchet e�ects. We startwith Hall bar samples, ST2, in which the asymmetriclateral potential has been obtained by means of mi-cropatterned gate �ngers. The structure consists of thepatterned and unpatterned areas (see inset in Fig. 3).In unpattenned area a photocurrent is only observed atoblique incidence. This �nding is in agreement with thediscussion above underlining that ratchet e�ects do notoccur in unpatterned structures. In the patterned partof the sample, however, a remarkable photocurrent Jxhas been observed at normal incidence [26]. As shownin Fig. 3, the current, which 
ows perpendicularly to theasymmetric stripes, strongly depends on the azimuth an-gle � of the light's polarization de�ned above and canbe well �tted by Jx = J1 + J2S1(�): (26)�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 11 { 12 2011
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760 E. L. Ivchenko, S.D.Ganichevx and y and can be well �tted by an equal superpositionof jx and jy of Eqs. (21) yieldingJ = J1 + J2S2(�) + J3S1(�) (28)and J = J1 + J2S2(') + J3S1(') + JCPcirc('): (29)Here, the �tting parameters Jj (j = 1; 2; 3) and JC arerelated to the coe�cients �j and �
 in Eq. (21) by thefactor �I=p2. We emphasize that, as expected from thetheory, �tting parameters Jj used for the data shown inthe panel a are the same as the ones used in the panel b.Also here, no photocurrent is observed in reference sam-ples excited at normal incidence.Figures 3 and 5 demonstrate that the dominant con-tribution to the photocurrent is polarization independentand can therefore be obtained by unpolarized radiation.In the microscopic theory this photocurrent is mostlydue to the Seebeck ratchet e�ect and is described by theterm proportional to �1 in Eqs. (21). As an importantresult, Fig. 5b also reveals that the helicity dependentphotocurrent JCPcirc('), denoted as circular transverseratchet e�ect, contributes a substantial fraction to thetotal current.Equations (21) suggest that the ratchet currents dis-play a maximum at normal incidence and are an evenfunction of the angle of incidence. This importantmacroscopic characteristic of the photocurrent has, infact, been veri�ed by measuring the polarization depen-dence of the photocurrent for various angles of incidence�0. Summary. In summary, the deposition of a lateralperiodic potential on a low-dimensional semiconductorstructure yields a new route to generate THz radiationinduced photocurrents. A periodic potential reduces thesymmetry of the structure and evokes additional mech-anisms of current formation. This directed current con-stitutes a ratchet e�ect which is closely related to theone investigated theoretically by Blanter and B�uttikerand called the Seebeck ratchet e�ect. The photocurrentgeneration is based on the combined action of a spa-tially periodic in-plane potential and a spatially modu-lated light. A further access to ratchet e�ects providesapplication of polarized radiation resulting in linear oreven circular ratchet e�ect. For the latter one the cir-cularly polarized radiation is crucially needed and thecurrent direction reverses its sign upon switching of ra-diation helicity from left- to right-handed light and viceversa. Apart from reviewing the experimental state-of-art, we have provided a detailed theoretical descriptionof THz-radiation induced ratchet e�ects in 2DES with
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