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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 *Loba
hevskii State University of Nizhny Novgorod603950, Nizhny Novgorod, RussiaRe
eived July 15, 2011An expansion of the nearly free-ele
tron model 
onstru
ted by Frantzeskakis, Pons, and Grioni [1℄ des
ribingquantum states at the Bi/Si(111) interfa
e with the giant spin�orbit 
oupling is developed and applied for theband stru
ture and spin polarization 
al
ulation, as well as for the linear response analysis of the 
harge 
urrentand indu
ed spin 
aused by a d
 �eld and by ele
tromagneti
 radiation. It is found that the large spin�orbit
oupling in this system may allow resolving the spin-dependent properties even at room temperature and ata realisti
 
ollision rate. The geometry of the atomi
 latti
e 
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
 ele
tri
 �eld produ
es only the in-plane 
omponents of spin in the sample, while both thein-plane and out-of-plane spin 
omponents 
an be ex
ited by normally propagating ele
tromagneti
 wave withdi�erent polarizations.1. INTRODUCTIONThe knowledge of materials with high values of spin-orbit (SO) 
oupling parameters is the goal of manytheoreti
al, experimental, and devi
e resear
h groupsin 
ondensed matter physi
s and spintroni
s due totheir fas
inating spin-related properties and possibleappli
ations in the information pro
essing and stor-age. Among the 
andidates that attra
t 
onsiderableattention in the last de
ade are Bi/Si(111) surfa
e al-loys whose band stru
ture was experimentally stud-ied for several years and re
ently modeled [1℄. Thismaterial, in line with other examples of �metal-on-semi
ondu
tor� systems with large SO 
oupling, hasbeen the subje
t of many experimental and theoreti
alpapers be
ause it seems very promising to use a ma-terial 
ombining the large SO splitting of Bi and the
onventional semi
ondu
tor te
hnology of Si, whi
h isone of the main goals of spintroni
s [2�4℄. Here, wemention only some of the numerous results of resear
hon the properties of a Bi-
overed Si surfa
e with var-ious 
rystal orientations of the Si substrate. In par-*E-mail: khomitsky�phys.unn.ru

ti
ular, the s
anning tunneling mi
ros
opy has beenused to determine the surfa
e stru
ture of Bi/Si some18 years ago [5℄, and the analysis of the atomi
 ge-ometry and ele
troni
 stru
ture 
ontinued in [6, 7℄,fo
using mainly on the atomi
 surfa
e geometry andspin-resolved band stru
ture re
onstru
tion, where themethods of angle-resolved photoemission spe
tros
opyhave been applied [1; 8�15℄. Other methods in
ludethe low-energy ele
tron di�ra
tion and atomi
 for
e mi-
ros
opy [16, 17℄. Besides pure Si, the Si�Ge superlat-ti
es have been used as a substrate for Bi 
overage [18℄,and the lateral Ge�Si nanostru
ture prepared on theSi/Bi surfa
e have been studied by s
anning tunnel-ing mi
ros
opy [19℄. Also, for the Bi/Si system, therewere studies of energeti
 stability and equilibrium ge-ometry [20℄ and the possibility of designing iron sili
idewires along Bi nanolines on the hydrogenated Si sur-fa
e [21℄, and of the thermal response upon the fem-tose
ond laser ex
itation [22℄. It is well known thatBi is a material with a very large SO splitting, andit therefore attra
ts 
onstant interest in its potentialappli
ations in spintroni
s, where various s
hemes of
ombining it with semi
ondu
tors are suggested, oneof the most re
ent being an investigation of the BiTeI848
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 : : :bulk material where the SO splitting rea
hes 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 stru
ture have already been studiedfor Bi/Si systems by many experimental and theoreti-
al groups. But mu
h less attention has been given sofar to the predi
tion and observation of di�erent e�e
ts
aused by the ele
tron system response to an externalex
itation, in
luding the basi
 properties su
h as the
harge 
urrent and spin polarization in a d
 �eld, whi
hare often 
onsidered the starting point of the response
al
ulations, espe
ially for systems with an importantrole of SO 
oupling [24�27℄. Besides the response to thed
 ele
tri
 �eld, the opti
al properties of an SO-splitband spe
trum have always attra
ted signi�
ant at-tention starting from the 
onventional semi
ondu
torstru
tures with a large SO 
oupling [28�32℄. In ourprevious papers, we have observed an important roleof SO 
oupling in 
onventional InGaAs-based semi
on-du
tor superlatti
es in the energy band formation [33℄,whi
h dire
tly a�e
ted both 
harge and spin responsefor the ex
itation by ele
tromagneti
 radiation [34, 35℄and by a d
 ele
tri
 �eld [36℄. It is known that the spinpolarization 
on�gurations in semi
ondu
tors may havea rather long relaxation time [4, 37, 38℄, whi
h makesthem as important as the 
onventional 
harge 
urrentsetups for appli
ations in nanoele
troni
s and spintron-i
s.While there is no doubt that the ele
tron propertiesin Bi-
overed Si interfa
e di�er from those in 
onven-tional semi
ondu
tor stru
tures with strong SO 
ou-pling, the questions regarding their SO-dependent re-sponse to external d
 and ele
tromagneti
 �elds remainvery important be
ause we are still in the beginning ofour way toward understanding and utilizing su
h 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 freeele
tron model [1℄ for the band stru
ture of ele
trons inBi 
overing the Si(111) surfa
e, whi
h allows 
al
ulat-ing various physi
al 
hara
teristi
s of this material inthe linear response regime, in
luding the 
harge 
urrentand spin polarization 
aused by a d
 ele
tri
 �eld withdi�erent orientations, and also obtaining the responseof nonequilibrium spin polarization ex
ited by an ele
-tromagneti
 �eld with various polarizations. Indeed,su
h physi
al quantities 
an be among the �rst mea-sured in the nearest experiments on Bi/Si, and hen
e itis interesting to 
al
ulate them beforehand both qual-itatively and, when possible, quantitatively. Be
ausewe do not 
urrently know many material parameters

of the ele
tron system in Bi-
overed Si interfa
e ex-a
tly, in
luding the parameters su
h as the ele
tron sur-fa
e 
on
entration and mobility, the diele
tri
 tensor,the relaxation rates for 
harge and spin, we sometimes
annot 
al
ulate the e�e
ts 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 physi
al parameter 
al
ulatedunder di�erent 
onditions always has a value be
auseit allows predi
ting their relative signi�
an
e when the
onditions are varied. We �nd both 
ommon and dis-tin
t features of the 
harge and spin system responsein Bi/Si 
ompared to the well-known GaAs or InGaAssemi
ondu
tor stru
tures. Thus, we believe that our�ndings 
an be a good starting point for further theo-reti
al 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-trodu
e an expanded version of the nearly free ele
tronHamiltonian for Bi/Si and dis
uss the band stru
tureand spin polarization in the energy bands. In Se
. 3,we solve the kineti
 equation and 
al
ulate the 
harge
urrent and spin polarization in a d
 ele
tri
 �eld. InSe
. 4, we study the ex
ited spin polarization in theframework of the linear response theory for di�erentpolarizations and frequen
ies of the in
ident ele
tro-magneti
 wave. We give our 
on
lusions in Se
. 5.2. HAMILTONIAN AND QUANTUM STATESSeveral theoreti
al models for the band stru
ture
al
ulation of Bi/Si ele
tron surfa
e states proposedre
ently [1℄ provided a variety of 
hoi
es for studiesof the 
orresponding Hamiltonian and quantum states.Here, we start with the simplest nearly free ele
tron(NFE) model that was initially proposed for the de-s
ription of the band stru
ture mainly in the vi
inityof the M point on the surfa
e Brillouin zone (SBZ) ofBi/Si having a hexagonal shape shown by the dashed
ontour in Fig. 1. We des
ribe it here only brie�y be-
ause the detailed derivation and dis
ussion is availablein the original paper [1℄. The 
hoi
e of the re
ipro
allatti
e ve
tors was initially restri
ted to three ve
torsG1, G2, and G6 
onne
ting four equivalent gamma-points �(0), �(1), �(2), and �(6). In the framework ofthe NFE approa
h for ea
h gamma-point, the standard2 � 2 Rashba Hamiltonian of a free ele
tron 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. Surfa
e Brillouin zones of Bi/Si of hexagonalshape shown by solid lines and the re
ipro
al latti
e(hollow) ve
torsG1; : : : ;G6 
onne
ting the equivalentgamma-points �(0); : : : ;�(6) of the nearest-neighborapproximation for the NFE model. The spin-splitRashba paraboloids are 
entered in ea
h of the gammapointstwo-
omponent eigenve
tors (the Rashba spinors) thatdes
ribe spin polarization in the re
ipro
al spa
e.We use an expanded version of this model by in-
luding the remaining re
ipro
al ve
tors G4, G5, andG3 into our basis of nearest-neighbor sites 
onne
t-ing the 
entral gamma-point �(0) with all surround-ing points �(1); : : : ;�(6), as is shown by hollow ve
torsG1; : : : ;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 geometri
al parameters �M == 0:54Å�1 and �K = 0:62Å�1. Su
h an expansionallows treating a mu
h 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) trimerstru
ture with one monolayer of Bi atoms [1, 6, 7, 13℄.Our Hamiltonian 
an thus be des
ribed via its ma-trix elements in the formHnn0 = HR(k +Gn)Ænn0 + Vnn0 ; (1)and the ele
tron spinor wavefun
tion is 
onstru
ted 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 fun
tions  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 spe
trum E(k) = ~2k2=2m� �Rk. We
ontinue using the known values of material parame-ters for Eqs. (1)�(4) and 
onstants used in the initial
onstru
tion [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 spe
trum E = Es(kx; ky), wheres = 1; 2; : : : labels the energy bands of ele
trons in theBi/Si(111) system. A three-dimensional plot of the en-ergy band stru
ture is presented in Fig. 2 for the fourlowest bands labeled 1 to 4. These lowest bands seemto be of the primary importan
e for the ele
tron re-sponse analysis be
ause the Fermi level is reportedlylo
ated [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 spe
trum in Fig. 2, stemming from the latti
e geo-metry, is the hexagonal symmetry of the energy bandsin k-spa
e, whi
h implies, among other things, the ab-sen
e of the kx $ ky symmetry, leading to ri
h pro-perties of the spin response phenomena, as we see be-low. We note that the 
ross se
tions of our 3D bandplot shown here a

urately repeat the 2D plots for theenergy dispersion lines along various dire
tions in theSBZ that were studied previously in the framework ofthe NFE model [1℄. We here add just some new quan-titative data: the 
ross se
tions of the energy band sur-fa
es along the ��M dire
tion reported previously [1℄may have 
reated an impression of a large energy gapin the whole spe
trum between bands 2 and 3, whilethe 
omplete 3D presentation of these bands in Fig. 2indi
ates that the global stru
ture of the energy bandsin the whole 2D SBZ leaves this gap open but with850
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Fig. 2. Energy band stru
ture of ele
trons on the Bi-
o-vered Si(111) surfa
e for the four lowest bands labeled1 to 4. The Fermi level is lo
ated 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 se
tionsof the 3D band plot shown here a

urately repeat the2D plots for the energy dispersion lines along variousdire
tions in the SBZ, whi
h were studied earlier in theframework of the NFE model [1℄a mu
h smaller width around 0:1 eV. Of 
ourse, thepre
ise values of energy gaps may vary from model tomodel and 
an be spe
i�ed more pre
isely in the futureexperimental and theoreti
al analysis.Another important 
hara
teristi
 of quantum statesin a system with signi�
ant SO 
oupling is the spin po-larization of the eigenstates  k in the Brillouin zone,whi
h 
an be de�ned as the ve
tor �eld in the re
ipro
alspa
e with the 
omponents (m = x; y; z)Sm(k) = h kj�mj ki; (6)where �m are the Pauli matri
es.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,whi
h 
reates a spe
i�
 ve
tor �eld pattern for ea
hof 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 spe
trum 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

ky

kx

ky

kx

a

b

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 spe
trum shown in Fig. 2,with the hexagonal SBZ marked by a solid 
ontour.The initial Rashba 
ounter
lo
kwise and 
lo
kwisepatterns are present in a wide area surrounding theSBZ 
enter, but a more 
ompli
ated ve
tor �eldstru
ture is observed near the SBZ edgethat the initial Rashba 
ounter
lo
kwise and 
lo
kwisepatterns of spin dire
tions are present in a rather widearea surrounding the SBZ 
enter, but a more 
ompli-
ated ve
tor �eld stru
ture arises near the SBZ edge.The spin polarization in the higher band No. 3 and es-pe
ially 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 spe
trum shown in Fig. 2, with thehexagonal SBZ marked by a solid 
ontour. The spin po-larization in band No. 3 (a) and espe
ially in band No. 4(b) demonstrates new properties 
ompared to those ofthe free Rashba states, in
luding both the shape of thespin ve
tor �eld, whi
h now 
aptures more features ofthe hexagonal geometry of the SBZ, and the o

ur-ren
e of new lo
al vorti
es at various symmetry pointsof the SBZ, mainly near its 
orners
luding both the shape of the spin ve
tor �eld thatnow 
aptures more features of the hexagonal geometryof the SBZ, and the emergen
e of new lo
al vorti
es atvarious symmetry points of the SBZ, mainly near its
orners.

It 
an be 
on
luded from the analysis of the spin po-larization in the energy bands of the Bi/Si system that
ertain properties of the initial basis of Rashba statesremain visible. But the 
hange of the spa
e symmetryto the hexagonal type without an element of the axialsymmetry and without the x $ y symmetry may leadto both 
ommon and distin
t features in the 
urrentand spin response to the appli
ation of various exter-nal �elds, 
ompared to the well-known properties of2D ele
tron 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 ele
tron gaswith SO 
oupling to a 
onstant ele
tri
 �eld may bea

ompanied 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 o

urren
e of the in-plane transverse polarization, i. e., the Sy(x) spin 
om-ponent when the ele
tri
 �eld is applied along the x(y)dire
tion, while the out-of-plane Sz 
omponent is ab-sent in the 
ase of the a

urately in
luded relaxationpro
esses, whi
h is sometimes also related to the ab-sen
e of the spin Hall e�e
t for a k-linear Rashba modelin the presen
e of disorder [39℄. It is therefore naturalto start the analysis of the ele
tron system responsewith the 
al
ulation of the 
harge 
urrent and �eld-indu
ed spin.We start with the 
al
ulation of the nonequilibriumele
tri
-�eld-indu
ed distribution fun
tion ~fm(k; Ei) inthe mth energy band. If the system is subje
ted to a
onstant and uniform ele
tri
 �eld Ei parallel to theith axis, then the kineti
 equation for ~fm(k; Ei) 
an bewritten in the 
ollision frequen
y 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 fun
tion in themth band. Be
ause the Bi/Si energy spe
trum is 
har-a
terized 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
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 : : :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 fa
ts be
ause 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 predi
tingsome novel properties of the ele
tron 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 surfa
e 
on
entration of ele
trons onthe Bi-
overed Si surfa
e, and the velo
ity operatorvi = �H=�ki in
ludes the SO part proportional to theRashba parameter �R and a
ts on spinor wavefun
-tions (2) via the matri
esvx =  �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 expe
tations of the
harge 
urrent density, we 
al
ulate jx(Ex) and jy(Ey)as well as Si(Ex) and Si(Ey) (i = x; y; z) by ap-plying Eq. (8) for the ele
tron surfa
e 
on
entrationn = 1014 
m�2, whi
h may be reasonable be
ause thesurfa
e density of atoms on the Bi-
overed Si(111) sur-fa
e 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 dependen
e of the 
harge 
urrent onthe applied ele
tri
 �eld throughout the whole rangeof �elds up to 2 kV/
m, and an almost linear depen-den
e for the signi�
ant nonzero indu
ed 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 mu
h lower 
ompared to Sy(Ex) andSx(Ey), and the out-of-plane Sz 
omponent is negligi-bly small. It is evident that the latti
e 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) indu
ed by a d
 ele
tri
 �eld applied alongx (solid 
urves) and y (dashed 
urves). The 
onven-tional linear dependen
e of the 
harge 
urrent on theapplied ele
tri
 �eld in the whole range of �elds and analmost linear dependen
e for the signi�
ant nonzero in-du
ed 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 mu
h lower, andthe out-of-plane Sz 
omponent is negligibly smallrespe
t to the x $ y inter
hange leads to a slight butdistin
t asymmetry in the 
urrent amplitude around12%, and the dominant Sy(Ex) and Sx(Ey) indu
edspin 
omponents demonstrate the well-known trans-verse in-plane 
hara
ter of the indu
ed spin for the lin-ear Rashba SO 
oupling. We note that the lo
al probemeasurements of indu
ed spin polarizations (or magne-tization) may dete
t a nonzero stati
 and dynami
 lo
almagnetization [40℄ in the spot under the probe even inthe 
ase of total zero mean spin value (9). The exam-ples of su
h systems with the zero total spin polariza-tion but a nonzero spin spatial distribution (spin tex-tures) 
an be found among the models of semi
ondu
torsuperlatti
es with SO 
oupling both with [35℄ and with-out [34, 36℄ an external magneti
 �eld, but their experi-853
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e appli
ation are 
urrentlylimited by the probe and manipulation te
hnology ofthe size of arti�
ial superlatti
es and quantum wellsrather than probing and utilizing the spatial magneti

on�gurations on the s
ale of individual atoms in thelatti
e. As regards the predi
ted nonzero mean valuesof the indu
ed spin, su
h as those predi
ted here forBi/Si, they are related to the whole sample and shouldtherefore be dete
table. We believe that the predi
tionsof the 
harge 
urrent and spin polarization generationmade in this se
tion 
an be useful in designing novelspintroni
 devi
es where the indu
ed spin 
omponentsare 
oupled in a well-de�ned manner to the dire
tionof the applied ele
tri
 �eld, and this e�e
t 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 appli
ation of an exter-nal ele
tromagneti
 radiation is among the most im-portant and straightforwardly obtained 
hara
teristi
sbe
ause the opti
al manipulation of spins is one of themain goals of spintroni
s in general, and the linear re-sponse theory for the ele
tromagneti
 radiation e�e
tsis well established and easily applied. It was foundin various papers that the spins with di�erent polar-izations 
an be ex
ited, depending on the symmetryof the ele
tron Hamiltonian, the type and strength ofthe SO terms, and the polarization of in
ident radia-tion [2; 3; 28�31; 34; 35℄. As in the pre
eding se
tion,we 
al
ulate the response fun
tions for the room tem-perature and for a realisti
 
ollision broadening, be-
ause the relatively large s
ale of energy bands and SOsplitting in the Bi/Si ele
tron system 
ompared to the
onventional GaAs, InGaAs, or pure Si semi
ondu
torstru
tures 
an make Bi/Si a promising 
andidate forthe observation and 
ontrol of the predi
ted radiation-indu
ed e�e
ts in the devi
es operating even at roomtemperatures, as we hope.The ele
tromagneti
 wave is 
onsidered to be prop-agating normally to the Bi/Si(111) interfa
e along thez axis, and is 
hara
terized by the polarization of theele
tri
 �eld ve
tor E = E0 exp[i(k � r � !t)℄ in the xyplane, E0 = (E0x; E0y; 0). In the dipole approxima-tion, the intera
tion of the ele
tromagneti
 �eld withthe ele
trons is des
ribed by velo
ity operators (10)and (11), whi
h in
lude the SO part. We start withthe 
al
ulation 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 ve
tor for thein
ident wave, v = (vx; vy ; 0) is given by velo
ity oper-ators (10) and (11), fnk and fn0k are Fermi equilibriumdistribution fun
tions, 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 exa
t values of many material parame-ters for Bi/Si, in
luding the diele
tri
 
onstant ", andwe therefore fo
us mainly on the dependen
e of (12)on the in
ident wave frequen
y and s
ale the absolutevalue of absorption in arbitrary units, whi
h 
an alwaysbe res
aled when the values of material parameters are
lari�ed in future experiments.The se
ond quantity whose frequen
y dependen
ewe present together with the absorption is the indu
edspin polarization Sm(!), whi
h 
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 mth
omponent operator S(m)n0n (k) = h n0kj�̂mj nki as wellas the matrix elements for the lth 
omponent of ve-lo
ity operators (10) and (11) enter depending on thein
ident wave polarization l = x; y and on the desirableoutput for the spin 
omponent, ~!nn0(k) = Enk�En0k,the parameter � is the level broadening, whi
h we taketo be equal to the 
ollision rate introdu
ed in the pre-
eding se
tion. As before, we assume that T = 293 Kand � = 1012 s�1, whi
h should provide us with real-isti
 estimates for the absorption and the indu
ed spindependen
e on the in
oming photon energy.The results for the photon energy dependen
e ofabsorption 
oe�
ient (12) and indu
ed spin polariza-tion (13) are shown in Figs. 6�9 for the in
ident wavelinearly polarized along x (Fig. 6) and y (Fig. 7) di-re
tions, and for 
ir
ular �+ (Fig. 8) and �� (Fig. 9)polarizations. The photon energy interval is 
hosen to
over the whole energy band range of the four lowestbands shown in Fig. 2, where the most e�e
tive tran-sitions o

ur between the states below and above theFermi level. We 
an see that both the in-plane spin
omponents Sx and Sy and the out-of-plane 
omponentSz 
an be ex
ited on a 
omparable s
ale, whi
h is a854
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Fig. 6. (a) Absorption 
oe�
ient and (b)�(d) 
ompo-nents of the indu
ed spin density in the Bi/Si surfa
eele
tron gas shown as a fun
tion of the in
oming pho-ton energy for the linear x-polarized in
ident radiationpropagating normally to the interfa
e plane. The grea-test absorption and most of the spin polarization peaksare indu
ed at the photon energy ~! � 0:5 eV 
orre-sponding to the transitions between the highest o

u-pied band 2 and the lowest uno

upied band 3 of theele
tron energy spe
trum shown in Fig. 2. Both the in-plane spin 
omponents Sx and Sy and the out-of-plane
omponent Sz 
an be ex
ited
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Fig. 7. The same as in Fig. 6 but for y-polarized in-
ident radiation. The x $ y latti
e and energy bandasymmetry in the hexagonal geometry is re�e
ted inthe di�erent shapes and amplitude for the absorption
oe�
ients in this �gure and in Fig. 6. The Rashbaterm in the SO 
oupling is re�e
ted in the dominantex
ited Sx 
omponent in this �gure and the dominatingSy 
omponent in Fig. 6
855
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ir
ular �+-pola-rized in
ident radiation. The 
ommon features of theresponse to both x-polarized and y-polarized in
omingwaves in Fig. 6 and Fig. 7 
an be seen on the spin
omponent �guresdistinguishable feature of the lower hexagonal symme-try 
ombined with the Rashba SO 
oupling 
omparedwith one-dimensional [26, 34, 36℄ or two-dimensionalsquare [35℄ latti
es with the Rashba SO 
oupling.If we 
ompare the results for x- and y-polarized ra-
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Fig. 9. The same as in Fig. 6 but for 
ir
ular ��-po-larized in
ident radiation. The absorption 
oe�
ient isun
hanged 
ompared with the �+ 
ase in Fig. 8a, butthe ex
ited spin 
omponents demonstrate quantitativedi�eren
es while maintaining the same type of shapefor the photon energy dependen
ediation in Fig. 6 and Fig. 7, we see that similarly tothe d
 
urrent properties dis
ussed in the pre
edingse
tion, the x$ y latti
e and energy band asymmetryin the hexagonal geometry of the whole problem is re-�e
ted here in the di�erent shapes and amplitudes for856
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 : : :the absorption 
oe�
ients in Figs. 6a and 7a. Again,by looking at the relative magnitude of the ex
ited spin
omponents in Figs. 6b�6d and in Figs. 7b�7d, we 
ansee that the pure Rashba SO 
oupling is re�e
ted inthe dominant ex
ited Sx 
omponent in Fig. 6 and 
or-respondingly in the dominant Sy 
omponent in Fig. 6,i. e., in the in-plane and transverse dire
tions relativeto the ele
tri
 �eld ve
tor of the in
ident wave. As re-gards the results for the 
ir
ular ��-polarized radiationpresented in Fig. 8 and Fig. 9, the 
ommon features ofthe response to both the x-polarized and y-polarizedin
oming wave in Fig. 6 and Fig. 7 
an be seen on thespin 
omponent �gures be
ause both vx and vy oper-ators here enter expressions (12) and (13) for the re-sponse. The absorption 
oe�
ient is totally insensitiveto the dire
tion of rotation for the in
oming wave, as
an be seen by 
omparing Fig. 8a and Fig. 9a. Theshape of the photon energy dependen
e for the ex
itedspin 
omponents in Fig. 8b�d and Fig. 9b�d is di�erentfor the �+ and �� polarizations, but these di�eren
eshave a quantitative rather than a qualitative 
hara
terbe
ause the hexagonal symmetry of the latti
e and theenergy bands does not make any of these two polar-izations preferable from the standpoint of the responsequantities in (12) and (13).In 
on
lusion, the 
al
ulation and analysis of the ab-sorption and spin polarization response to mono
hro-mati
 ele
tromagneti
 radiation with normal in
iden
eand di�erent polarizations demonstrate that this ra-diation is most e�e
tively absorbed in the photon en-ergy range around 0:5 eV 
orresponding to the pho-ton wavelength � = 2:47�m, where both in-plane andout-of-plane spin 
omponents 
an be ex
ited at realisti
temperature and 
ollision broadening on a 
omparables
ale with the relative amplitudes depending on thepre
ise value of the frequen
y and polarization of thein
ident radiation. These properties 
an be useful fordesigning new opti
al and spintroni
 devi
es 
ouplingthe ele
tron spin with light and operating at room tem-perature. 5. CONCLUSIONSWe have extended the nearly free-ele
tron model [1℄des
ribing the energy bands and spin polarization forele
tron states at the Bi/Si(111) interfa
e with thegiant spin�orbit 
oupling, and applied it for the linearresponse analysis of the 
harge 
urrent and indu
edspin 
aused by a d
 �eld and by ele
tromagneti
 radi-ation. It was found that the large spin�orbit 
ouplingin this system may allow resolving the spin-dependent

properties even at room temperature and at a realisti

ollision rate. The geometry of the atomi
 latti
e 
om-bined with spin�orbit 
oupling leads to an anisotropi
response for both the 
urrent and the spin 
omponentsrelated to the orientation of the external �eld. Thein-plane d
 ele
tri
 �eld produ
es only the in-plane
omponents of spin in the sample, while both in-planeand out-of-plane spin 
omponents 
an be ex
ited bynormally propagating ele
tromagneti
 waves withdi�erent polarizations. The qualitative predi
tions ofthe 
harge and spin response in a novel and promisingBi/Si system may be useful for the forth
omingdetailed theoreti
al and experimental studies, whi
hmay lead to the development of prin
ipally newele
troni
, opti
al, and spintroni
 devi
es operating atroom temperature. Further theoreti
al and espe
iallyexperimental studies of this promising system witha large SO 
oupling allowing the spin-related e�e
tsto survive at room temperature are expe
ted tolead to new and fas
inating phenomena with bothfundamental, experimental, and devi
e-related results.The author is grateful to V. Ya. Demikhovskii,A. M. Satanin, and A. A. Perov for helpful dis-
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