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QUANTUM STATES AND LINEAR RESPONSE IN d ANDELECTROMAGNETIC FIELDS FOR THE CHARGE CURRENT ANDSPIN POLARIZATION OF ELECTRONS AT THE Bi/Si INTERFACEWITH THE GIANT SPIN�ORBIT COUPLINGD. V. Khomitsky *Lobahevskii State University of Nizhny Novgorod603950, Nizhny Novgorod, RussiaReeived July 15, 2011An expansion of the nearly free-eletron model onstruted by Frantzeskakis, Pons, and Grioni [1℄ desribingquantum states at the Bi/Si(111) interfae with the giant spin�orbit oupling is developed and applied for theband struture and spin polarization alulation, as well as for the linear response analysis of the harge urrentand indued spin aused by a d �eld and by eletromagneti radiation. It is found that the large spin�orbitoupling in this system may allow resolving the spin-dependent properties even at room temperature and ata realisti ollision rate. The geometry of the atomi lattie ombined with spin�orbit oupling leads to ananisotropi response for both the urrent and spin omponents related to the orientation of the external �eld.The in-plane d eletri �eld produes only the in-plane omponents of spin in the sample, while both thein-plane and out-of-plane spin omponents an be exited by normally propagating eletromagneti wave withdi�erent polarizations.1. INTRODUCTIONThe knowledge of materials with high values of spin-orbit (SO) oupling parameters is the goal of manytheoretial, experimental, and devie researh groupsin ondensed matter physis and spintronis due totheir fasinating spin-related properties and possibleappliations in the information proessing and stor-age. Among the andidates that attrat onsiderableattention in the last deade are Bi/Si(111) surfae al-loys whose band struture was experimentally stud-ied for several years and reently modeled [1℄. Thismaterial, in line with other examples of �metal-on-semiondutor� systems with large SO oupling, hasbeen the subjet of many experimental and theoretialpapers beause it seems very promising to use a ma-terial ombining the large SO splitting of Bi and theonventional semiondutor tehnology of Si, whih isone of the main goals of spintronis [2�4℄. Here, wemention only some of the numerous results of researhon the properties of a Bi-overed Si surfae with var-ious rystal orientations of the Si substrate. In par-*E-mail: khomitsky�phys.unn.ru

tiular, the sanning tunneling mirosopy has beenused to determine the surfae struture of Bi/Si some18 years ago [5℄, and the analysis of the atomi ge-ometry and eletroni struture ontinued in [6, 7℄,fousing mainly on the atomi surfae geometry andspin-resolved band struture reonstrution, where themethods of angle-resolved photoemission spetrosopyhave been applied [1; 8�15℄. Other methods inludethe low-energy eletron di�ration and atomi fore mi-rosopy [16, 17℄. Besides pure Si, the Si�Ge superlat-ties have been used as a substrate for Bi overage [18℄,and the lateral Ge�Si nanostruture prepared on theSi/Bi surfae have been studied by sanning tunnel-ing mirosopy [19℄. Also, for the Bi/Si system, therewere studies of energeti stability and equilibrium ge-ometry [20℄ and the possibility of designing iron siliidewires along Bi nanolines on the hydrogenated Si sur-fae [21℄, and of the thermal response upon the fem-toseond laser exitation [22℄. It is well known thatBi is a material with a very large SO splitting, andit therefore attrats onstant interest in its potentialappliations in spintronis, where various shemes ofombining it with semiondutors are suggested, oneof the most reent being an investigation of the BiTeI848



ÆÝÒÔ, òîì 141, âûï. 5, 2012 Quantum states and linear response in d : : :bulk material where the SO splitting reahes the veryhigh value 0.4 eV [23℄.It is evident from the list of papers mentioned abovethat the geometri properties of atom arrangement andthe resulting band struture have already been studiedfor Bi/Si systems by many experimental and theoreti-al groups. But muh less attention has been given sofar to the predition and observation of di�erent e�etsaused by the eletron system response to an externalexitation, inluding the basi properties suh as theharge urrent and spin polarization in a d �eld, whihare often onsidered the starting point of the responsealulations, espeially for systems with an importantrole of SO oupling [24�27℄. Besides the response to thed eletri �eld, the optial properties of an SO-splitband spetrum have always attrated signi�ant at-tention starting from the onventional semiondutorstrutures with a large SO oupling [28�32℄. In ourprevious papers, we have observed an important roleof SO oupling in onventional InGaAs-based semion-dutor superlatties in the energy band formation [33℄,whih diretly a�eted both harge and spin responsefor the exitation by eletromagneti radiation [34, 35℄and by a d eletri �eld [36℄. It is known that the spinpolarization on�gurations in semiondutors may havea rather long relaxation time [4, 37, 38℄, whih makesthem as important as the onventional harge urrentsetups for appliations in nanoeletronis and spintron-is.While there is no doubt that the eletron propertiesin Bi-overed Si interfae di�er from those in onven-tional semiondutor strutures with strong SO ou-pling, the questions regarding their SO-dependent re-sponse to external d and eletromagneti �elds remainvery important beause we are still in the beginning ofour way toward understanding and utilizing suh novelmaterials with the giant SO oupling as Bi/Si.The goal of this paper is to apply a modi�ed and ex-panded version of the simple but adequate nearly freeeletron model [1℄ for the band struture of eletrons inBi overing the Si(111) surfae, whih allows alulat-ing various physial harateristis of this material inthe linear response regime, inluding the harge urrentand spin polarization aused by a d eletri �eld withdi�erent orientations, and also obtaining the responseof nonequilibrium spin polarization exited by an ele-tromagneti �eld with various polarizations. Indeed,suh physial quantities an be among the �rst mea-sured in the nearest experiments on Bi/Si, and hene itis interesting to alulate them beforehand both qual-itatively and, when possible, quantitatively. Beausewe do not urrently know many material parameters

of the eletron system in Bi-overed Si interfae ex-atly, inluding the parameters suh as the eletron sur-fae onentration and mobility, the dieletri tensor,the relaxation rates for harge and spin, we sometimesannot alulate the e�ets in the absolute measurableunits and use the standard label �arbitrary units� in-stead. Still, we believe that the omparison of the out-put results for the same physial parameter alulatedunder di�erent onditions always has a value beauseit allows prediting their relative signi�ane when theonditions are varied. We �nd both ommon and dis-tint features of the harge and spin system responsein Bi/Si ompared to the well-known GaAs or InGaAssemiondutor strutures. Thus, we believe that our�ndings an be a good starting point for further theo-retial and experimental studies of the harge and spinresponse in the Bi/Si system in various external �elds.This paper is organized as follows. In Se. 2, we in-trodue an expanded version of the nearly free eletronHamiltonian for Bi/Si and disuss the band strutureand spin polarization in the energy bands. In Se. 3,we solve the kineti equation and alulate the hargeurrent and spin polarization in a d eletri �eld. InSe. 4, we study the exited spin polarization in theframework of the linear response theory for di�erentpolarizations and frequenies of the inident eletro-magneti wave. We give our onlusions in Se. 5.2. HAMILTONIAN AND QUANTUM STATESSeveral theoretial models for the band struturealulation of Bi/Si eletron surfae states proposedreently [1℄ provided a variety of hoies for studiesof the orresponding Hamiltonian and quantum states.Here, we start with the simplest nearly free eletron(NFE) model that was initially proposed for the de-sription of the band struture mainly in the viinityof the M point on the surfae Brillouin zone (SBZ) ofBi/Si having a hexagonal shape shown by the dashedontour in Fig. 1. We desribe it here only brie�y be-ause the detailed derivation and disussion is availablein the original paper [1℄. The hoie of the reiproallattie vetors was initially restrited to three vetorsG1, G2, and G6 onneting four equivalent gamma-points �(0), �(1), �(2), and �(6). In the framework ofthe NFE approah for eah gamma-point, the standard2 � 2 Rashba Hamiltonian of a free eletron in the �̂zbasis has been written with the origin of the quasimo-mentum at the orresponding �(n) point. As a result,an 8� 8 matrix is derived giving the energy bands and4 ÆÝÒÔ, âûï. 5 849
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Fig. 1. Surfae Brillouin zones of Bi/Si of hexagonalshape shown by solid lines and the reiproal lattie(hollow) vetorsG1; : : : ;G6 onneting the equivalentgamma-points �(0); : : : ;�(6) of the nearest-neighborapproximation for the NFE model. The spin-splitRashba paraboloids are entered in eah of the gammapointstwo-omponent eigenvetors (the Rashba spinors) thatdesribe spin polarization in the reiproal spae.We use an expanded version of this model by in-luding the remaining reiproal vetors G4, G5, andG3 into our basis of nearest-neighbor sites onnet-ing the entral gamma-point �(0) with all surround-ing points �(1); : : : ;�(6), as is shown by hollow vetorsG1; : : : ;G6 in Fig. 1, where several hexagonal SBZsare shown by solid ontours, thus reating a 14 � 14Hamiltonian matrix. We assume the previously de-termined [1℄ values of geometrial parameters �M == 0:54Å�1 and �K = 0:62Å�1. Suh an expansionallows treating a muh wider area of the SBZ om-pared to the region near theM point [1℄ and to keep thesymmetry of the nontrivial hexagonal Bi/Si(111) trimerstruture with one monolayer of Bi atoms [1, 6, 7, 13℄.Our Hamiltonian an thus be desribed via its ma-trix elements in the formHnn0 = HR(k +Gn)Ænn0 + Vnn0 ; (1)and the eletron spinor wavefuntion is onstruted as	k(r) =Xn ank nk(r); (2)

where the onventional form of the Rashba Hamilto-nian is used,HR(k) =  ~2k2=2m �R(ky + ikx)�R(ky � ikx) ~2k2=2m ! (3)(�R is the Rashba parameter), and the matrix ele-ments of the periodi potential oupling the free ele-tron states areVnn0 = h njXm V0 exp(iGm � r)j n0 i: (4)The basis funtions  nk(r) in Eq.(2) are the well-known Rashba spinors  nk =  k+Gn , where k = eik�rp2  1� exp [iArg(ky � ikx)℄ ! ; (5)and the ��� sign orresponds to two eigenvalues for theRashba energy spetrum E(k) = ~2k2=2m� �Rk. Weontinue using the known values of material parame-ters for Eqs. (1)�(4) and onstants used in the initialonstrution [1℄ of the NFE model for Bi/Si, namely,we put m = 0:8m0, �R = 1:1 eV�Å, and V0 = 0:3 eV.After diagonalization of Hamiltonian (1), we ob-tain the energy band spetrum E = Es(kx; ky), wheres = 1; 2; : : : labels the energy bands of eletrons in theBi/Si(111) system. A three-dimensional plot of the en-ergy band struture is presented in Fig. 2 for the fourlowest bands labeled 1 to 4. These lowest bands seemto be of the primary importane for the eletron re-sponse analysis beause the Fermi level is reportedlyloated [1℄ in the middle of them at EF = 1:6 eV, i. e.,between the band No. 2 and the band No. 3, as an beseen in Fig. 2. One of the most important features ofthe spetrum in Fig. 2, stemming from the lattie geo-metry, is the hexagonal symmetry of the energy bandsin k-spae, whih implies, among other things, the ab-sene of the kx $ ky symmetry, leading to rih pro-perties of the spin response phenomena, as we see be-low. We note that the ross setions of our 3D bandplot shown here aurately repeat the 2D plots for theenergy dispersion lines along various diretions in theSBZ that were studied previously in the framework ofthe NFE model [1℄. We here add just some new quan-titative data: the ross setions of the energy band sur-faes along the ��M diretion reported previously [1℄may have reated an impression of a large energy gapin the whole spetrum between bands 2 and 3, whilethe omplete 3D presentation of these bands in Fig. 2indiates that the global struture of the energy bandsin the whole 2D SBZ leaves this gap open but with850
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Fig. 2. Energy band struture of eletrons on the Bi-o-vered Si(111) surfae for the four lowest bands labeled1 to 4. The Fermi level is loated at EF = 1:6 eV bet-ween band No. 2 and band No. 3, where a small globalenergy gap around 0:1 eV is formed. The ross setionsof the 3D band plot shown here aurately repeat the2D plots for the energy dispersion lines along variousdiretions in the SBZ, whih were studied earlier in theframework of the NFE model [1℄a muh smaller width around 0:1 eV. Of ourse, thepreise values of energy gaps may vary from model tomodel and an be spei�ed more preisely in the futureexperimental and theoretial analysis.Another important harateristi of quantum statesin a system with signi�ant SO oupling is the spin po-larization of the eigenstates  k in the Brillouin zone,whih an be de�ned as the vetor �eld in the reiproalspae with the omponents (m = x; y; z)Sm(k) = h kj�mj ki; (6)where �m are the Pauli matries.As is usual for the Hamiltonian with a pure RashbaSO oupling term, the out-of-plane omponent Sz ofthe spin �eld vanishes. The remaining omponentsform a 2D spin polarization distribution in the SBZ,whih reates a spei� vetor �eld pattern for eahof the energy bands. In Fig. 3 and Fig. 4, we showthe 2D spin polarization distributions (Sx(k); Sy(k))for the lowest energy bands No. 1 (Fig. 3a), No. 2(Fig. 3b), No. 3 (Fig. 4a), and No. 4 (Fig. 4b) fromthe band spetrum shown in Fig. 2, with the hexago-nal SBZ marked by a solid ontour. As for the spins intwo lowest subbands shown in Fig. 3, we an see here
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Fig. 3. Spin polarization 2D-distributions(Sx(k); Sy(k)) for the lowest energy bands No. 1 (a)and No. 2 (b) from the band spetrum shown in Fig. 2,with the hexagonal SBZ marked by a solid ontour.The initial Rashba ounterlokwise and lokwisepatterns are present in a wide area surrounding theSBZ enter, but a more ompliated vetor �eldstruture is observed near the SBZ edgethat the initial Rashba ounterlokwise and lokwisepatterns of spin diretions are present in a rather widearea surrounding the SBZ enter, but a more ompli-ated vetor �eld struture arises near the SBZ edge.The spin polarization in the higher band No. 3 and es-peially in band No. 4 shown in Fig. 4 demonstratesnew properties ompared to the free Rashba states, in-851 4*
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Fig. 4. Spin polarization distributions (Sx(k); Sy(k))for the higher energy bands No. 3 (a) and No. 4 (b)from the band spetrum shown in Fig. 2, with thehexagonal SBZ marked by a solid ontour. The spin po-larization in band No. 3 (a) and espeially in band No. 4(b) demonstrates new properties ompared to those ofthe free Rashba states, inluding both the shape of thespin vetor �eld, whih now aptures more features ofthe hexagonal geometry of the SBZ, and the our-rene of new loal vorties at various symmetry pointsof the SBZ, mainly near its ornersluding both the shape of the spin vetor �eld thatnow aptures more features of the hexagonal geometryof the SBZ, and the emergene of new loal vorties atvarious symmetry points of the SBZ, mainly near itsorners.

It an be onluded from the analysis of the spin po-larization in the energy bands of the Bi/Si system thatertain properties of the initial basis of Rashba statesremain visible. But the hange of the spae symmetryto the hexagonal type without an element of the axialsymmetry and without the x $ y symmetry may leadto both ommon and distint features in the urrentand spin response to the appliation of various exter-nal �elds, ompared to the well-known properties of2D eletron gas with the Rashba SO oupling. Thisassumption is on�rmed and illustrated below.3. CHARGE CURRENT AND SPINPOLARIZATION RESPONSE FOR A DCFIELDIt is known that the response of a 2D eletron gaswith SO oupling to a onstant eletri �eld may beaompanied not only by the harge urrent but alsoby spin polarization [26, 27, 36℄. The most signi�-ant properties of this response for a pure Rashba SOterm (3) in the Hamiltonian is the ourrene of the in-plane transverse polarization, i. e., the Sy(x) spin om-ponent when the eletri �eld is applied along the x(y)diretion, while the out-of-plane Sz omponent is ab-sent in the ase of the aurately inluded relaxationproesses, whih is sometimes also related to the ab-sene of the spin Hall e�et for a k-linear Rashba modelin the presene of disorder [39℄. It is therefore naturalto start the analysis of the eletron system responsewith the alulation of the harge urrent and �eld-indued spin.We start with the alulation of the nonequilibriumeletri-�eld-indued distribution funtion ~fm(k; Ei) inthe mth energy band. If the system is subjeted to aonstant and uniform eletri �eld Ei parallel to theith axis, then the kineti equation for ~fm(k; Ei) an bewritten in the ollision frequeny approximation as [36℄eEi � ~fm(k; Ei)�ki = ��[ ~fm(k; Ei)� fm(k)℄; (7)where � is the ollision rate andfm(k) = �1 + exp�Em(k) � �kBT ���1is the Fermi equilibrium distribution funtion in themth band. Beause the Bi/Si energy spetrum is har-aterized by a very large SO splitting and the bandwidths of the order of 1 eV, it may be a promis-ing andidate for spin-dependent phenomena visible atroom temperature. In what follows, we assume that852



ÆÝÒÔ, òîì 141, âûï. 5, 2012 Quantum states and linear response in d : : :T = 293 K and onsider the value � = 1012 s�1. As wehave noted, the estimate for the ollision rate as wellas for many other material parameters for the Bi/Sisystem is presently based on the assumptions ratherthan on solid experimental fats beause we are stillin the beginning of the investigation of this new ma-terial. Still, we believe that our qualitative and some-times quantitative results an be useful for preditingsome novel properties of the eletron and spin systemresponse.The mean harge urrent density ji(Ei) measuredfor a 2D system in the units of urrent divided by theunits of transverse system size and the mean spin po-larization Sj , j = x; y; z, an be found as [36℄ji(Ei) = enXm;kh mkjvij mki ~fm(k; Ei); (8)Sj(Ei) =Xm;kh mkj�j j mki ~fm(k; Ei); (9)where n is the surfae onentration of eletrons onthe Bi-overed Si surfae, and the veloity operatorvi = �H=�ki inludes the SO part proportional to theRashba parameter �R and ats on spinor wavefun-tions (2) via the matriesvx =  �i~rx=m i�R=~�i�R=~ �i~rx=m ! ; (10)vy =  �i~ry=m �R=~�R=~ �i~ry=m ! : (11)To take a loser look on the expetations of theharge urrent density, we alulate jx(Ex) and jy(Ey)as well as Si(Ex) and Si(Ey) (i = x; y; z) by ap-plying Eq. (8) for the eletron surfae onentrationn = 1014 m�2, whih may be reasonable beause thesurfae density of atoms on the Bi-overed Si(111) sur-fae is estimated to be of the order of 1015 m�2 a-ording to experimental observations [9, 10℄.The results for harge urrent density (8) and spinpolarization (9) are shown in Fig. 5. We an see a on-ventional linear dependene of the harge urrent onthe applied eletri �eld throughout the whole rangeof �elds up to 2 kV/m, and an almost linear depen-dene for the signi�ant nonzero indued spin ompo-nents Sy(Ex) and Sx(Ey). The other in-plane ompo-nents Sx(Ex) and Sy(Ey) are also present in Fig. 5, buttheir magnitude is muh lower ompared to Sy(Ex) andSx(Ey), and the out-of-plane Sz omponent is negligi-bly small. It is evident that the lattie asymmetry with

0 0:5 1:0 1:5 2:0E; kV/mSy(Ex)
Sx(Ey)

�0:12�0:08�0:0400:02Sm; arb. un.0 0:5 1:0 1:5 2:0E; kV/m0:040:080:120:160:20 jy(Ey)jx(Ex)a

b Sx(Ex) Sy(Ey)

j; mA�m

Fig. 5. (a) Charge urrent density (8) and (b) spin po-larization (9) indued by a d eletri �eld applied alongx (solid urves) and y (dashed urves). The onven-tional linear dependene of the harge urrent on theapplied eletri �eld in the whole range of �elds and analmost linear dependene for the signi�ant nonzero in-dued spin omponents Sy(Ex) and Sx(Ey) are visible.The other in-plane omponents, Sx(Ex) and Sy(Ey),are also present but their magnitude is muh lower, andthe out-of-plane Sz omponent is negligibly smallrespet to the x $ y interhange leads to a slight butdistint asymmetry in the urrent amplitude around12%, and the dominant Sy(Ex) and Sx(Ey) induedspin omponents demonstrate the well-known trans-verse in-plane harater of the indued spin for the lin-ear Rashba SO oupling. We note that the loal probemeasurements of indued spin polarizations (or magne-tization) may detet a nonzero stati and dynami loalmagnetization [40℄ in the spot under the probe even inthe ase of total zero mean spin value (9). The exam-ples of suh systems with the zero total spin polariza-tion but a nonzero spin spatial distribution (spin tex-tures) an be found among the models of semiondutorsuperlatties with SO oupling both with [35℄ and with-out [34, 36℄ an external magneti �eld, but their experi-853



D. V. Khomitsky ÆÝÒÔ, òîì 141, âûï. 5, 2012mental observation and devie appliation are urrentlylimited by the probe and manipulation tehnology ofthe size of arti�ial superlatties and quantum wellsrather than probing and utilizing the spatial magnetion�gurations on the sale of individual atoms in thelattie. As regards the predited nonzero mean valuesof the indued spin, suh as those predited here forBi/Si, they are related to the whole sample and shouldtherefore be detetable. We believe that the preditionsof the harge urrent and spin polarization generationmade in this setion an be useful in designing novelspintroni devies where the indued spin omponentsare oupled in a well-de�ned manner to the diretionof the applied eletri �eld, and this e�et survives atroom temperature and �nite ollision rate.4. SPIN POLARIZATION EXCITED BY ANELECTROMAGNETIC FIELDThe response of the spin system in materials withsigni�ant SO oupling to the appliation of an exter-nal eletromagneti radiation is among the most im-portant and straightforwardly obtained harateristisbeause the optial manipulation of spins is one of themain goals of spintronis in general, and the linear re-sponse theory for the eletromagneti radiation e�etsis well established and easily applied. It was foundin various papers that the spins with di�erent polar-izations an be exited, depending on the symmetryof the eletron Hamiltonian, the type and strength ofthe SO terms, and the polarization of inident radia-tion [2; 3; 28�31; 34; 35℄. As in the preeding setion,we alulate the response funtions for the room tem-perature and for a realisti ollision broadening, be-ause the relatively large sale of energy bands and SOsplitting in the Bi/Si eletron system ompared to theonventional GaAs, InGaAs, or pure Si semiondutorstrutures an make Bi/Si a promising andidate forthe observation and ontrol of the predited radiation-indued e�ets in the devies operating even at roomtemperatures, as we hope.The eletromagneti wave is onsidered to be prop-agating normally to the Bi/Si(111) interfae along thez axis, and is haraterized by the polarization of theeletri �eld vetor E = E0 exp[i(k � r � !t)℄ in the xyplane, E0 = (E0x; E0y; 0). In the dipole approxima-tion, the interation of the eletromagneti �eld withthe eletrons is desribed by veloity operators (10)and (11), whih inlude the SO part. We start withthe alulation of the absorption oe�ient

�(!) = 4�2e2m2!p"V Xn;n0;k j (e � v)nn0k j2 �� Æ(En0k �Enk � ~!) (fnk � fn0k) ; (12)where e = (ex; ey; 0) is the polarization vetor for theinident wave, v = (vx; vy ; 0) is given by veloity oper-ators (10) and (11), fnk and fn0k are Fermi equilibriumdistribution funtions, V is the sample volume, and thesummation is taken over all energy bands n, n0 and theSBZ points k. As we have already noted, we do notyet know the exat values of many material parame-ters for Bi/Si, inluding the dieletri onstant ", andwe therefore fous mainly on the dependene of (12)on the inident wave frequeny and sale the absolutevalue of absorption in arbitrary units, whih an alwaysbe resaled when the values of material parameters arelari�ed in future experiments.The seond quantity whose frequeny dependenewe present together with the absorption is the induedspin polarization Sm(!), whih an be derived by ap-plying the Kubo linear response theory [35; 41; 42℄ andhas the formSm(!) = � ieE0l8�m~ Xn;n0;k fnk � fn0k!nn0(k) �� S(m)n0n (k)v(l)nn0 (k)! � !nn0(k) + i� : (13)Here, the interband matrix elements of the spin mthomponent operator S(m)n0n (k) = h n0kj�̂mj nki as wellas the matrix elements for the lth omponent of ve-loity operators (10) and (11) enter depending on theinident wave polarization l = x; y and on the desirableoutput for the spin omponent, ~!nn0(k) = Enk�En0k,the parameter � is the level broadening, whih we taketo be equal to the ollision rate introdued in the pre-eding setion. As before, we assume that T = 293 Kand � = 1012 s�1, whih should provide us with real-isti estimates for the absorption and the indued spindependene on the inoming photon energy.The results for the photon energy dependene ofabsorption oe�ient (12) and indued spin polariza-tion (13) are shown in Figs. 6�9 for the inident wavelinearly polarized along x (Fig. 6) and y (Fig. 7) di-retions, and for irular �+ (Fig. 8) and �� (Fig. 9)polarizations. The photon energy interval is hosen toover the whole energy band range of the four lowestbands shown in Fig. 2, where the most e�etive tran-sitions our between the states below and above theFermi level. We an see that both the in-plane spinomponents Sx and Sy and the out-of-plane omponentSz an be exited on a omparable sale, whih is a854
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Fig. 6. (a) Absorption oe�ient and (b)�(d) ompo-nents of the indued spin density in the Bi/Si surfaeeletron gas shown as a funtion of the inoming pho-ton energy for the linear x-polarized inident radiationpropagating normally to the interfae plane. The grea-test absorption and most of the spin polarization peaksare indued at the photon energy ~! � 0:5 eV orre-sponding to the transitions between the highest ou-pied band 2 and the lowest unoupied band 3 of theeletron energy spetrum shown in Fig. 2. Both the in-plane spin omponents Sx and Sy and the out-of-planeomponent Sz an be exited
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Fig. 7. The same as in Fig. 6 but for y-polarized in-ident radiation. The x $ y lattie and energy bandasymmetry in the hexagonal geometry is re�eted inthe di�erent shapes and amplitude for the absorptionoe�ients in this �gure and in Fig. 6. The Rashbaterm in the SO oupling is re�eted in the dominantexited Sx omponent in this �gure and the dominatingSy omponent in Fig. 6
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Fig. 9. The same as in Fig. 6 but for irular ��-po-larized inident radiation. The absorption oe�ient isunhanged ompared with the �+ ase in Fig. 8a, butthe exited spin omponents demonstrate quantitativedi�erenes while maintaining the same type of shapefor the photon energy dependenediation in Fig. 6 and Fig. 7, we see that similarly tothe d urrent properties disussed in the preedingsetion, the x$ y lattie and energy band asymmetryin the hexagonal geometry of the whole problem is re-�eted here in the di�erent shapes and amplitudes for856
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properties even at room temperature and at a realistiollision rate. The geometry of the atomi lattie om-bined with spin�orbit oupling leads to an anisotropiresponse for both the urrent and the spin omponentsrelated to the orientation of the external �eld. Thein-plane d eletri �eld produes only the in-planeomponents of spin in the sample, while both in-planeand out-of-plane spin omponents an be exited bynormally propagating eletromagneti waves withdi�erent polarizations. The qualitative preditions ofthe harge and spin response in a novel and promisingBi/Si system may be useful for the forthomingdetailed theoretial and experimental studies, whihmay lead to the development of prinipally neweletroni, optial, and spintroni devies operating atroom temperature. Further theoretial and espeiallyexperimental studies of this promising system witha large SO oupling allowing the spin-related e�etsto survive at room temperature are expeted tolead to new and fasinating phenomena with bothfundamental, experimental, and devie-related results.The author is grateful to V. Ya. Demikhovskii,A. M. Satanin, and A. A. Perov for helpful dis-ussions and to A. A. Chubanov for tehnial assis-tane. The work was supported by the RFBR (GrantsNos. 11-02-00960a and 11-02-97039/Regional) and bythe RNP Program of the RF Ministry of Eduationand Siene. REFERENCES1. E. Frantzeskakis, S. Pons, and M. Grioni, Phys. Rev.B 82, 085440 (2010).2. Semiondutor Spintronis and Quantum Computa-tion, ed. by D. D. Awshalom, D. Loss, and N. Sa-marth, Springer, Berlin (2002).3. I. Z�uti¢, J. Fabian, and S. Das Sarma, Rev. Mod. Phys.76, 323 (2004).4. M. W. Wu, J. H. Jiang, and M. Q. Weng, Phys. Rep.493, 61 (2010).5. R. Shioda, A. Kawazu, A. A. Baski et al., Phys. Rev.B 48, 4895 (1993).6. R. H. Miwa and G. P. Srivastava, Phys. Rev. B 66,235317 (2002).7. R. H. Miwa, T. M. Shmidt, and G. P. Srivastava, J.Phys. C 15, 2441 (2003).8. T. Hirahara, T. Nagao, I. Matsuda et al., Phys. Rev.Lett. 97, 146803 (2006).857
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