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 2011 October 25Spin-related phenomena in InAs/GaSb quantum wellsA. Zakharova+, I. Semenikhin+, K.A.Chao��+Institute of Physics and Technology RAS, 117218 Moscow, Russia�Department of Physics, Lund University, S-22362 Lund, Sweden�Department of Physics, Chemistry and Biology, Link�oping University, S-58183 Link�oping, SwedenSubmitted 14 July 2011Resubmitted 13 September 2011We have studied theoretically the in
uence of symmetry breaking mechanisms: structural inversion asym-metry, bulk inversion asymmetry, relativistic and non-relativistic interface Hamiltonian and warping on spinsplit of levels �E and optical absorption of linearly polarized light in asymmetrical quantum wells made fromzinc-blende materials grown on [001] direction. The AlSb/InAs/GaSb/AlSb broken-gap quantum wells withhybridized electron-hole states sandwiched by the AlSb barriers have been considered. We have obtainedsubstantial contributions of these e�ects into the absolute values of spin split of electron and hole states andspin-
ip optical transitions for the initial state in-plane wave vectors along low symmetry directions such as [12].Since the pioneering work by M. Altarelli [2] on theenergy band structures of InAs/GaSb superlatticies, thebroken-gap heterostructures have been studied exten-sively experimentally [3{7] and theoretically [1, 8{15].Such structures are very interesting from the point ofview of fabrication di�erent electronic devices especiallylight emitted diodes and lasers [4, 10]. However, theycan be used also for quantum computing because of largespin split of levels in the InAs/GaSb quantum wellssandwiched by the two AlSb barriers originated fromthe Rashba and Dresselhaus e�ects [15, 16]. In thesequantum wells, the InAs conduction band edge is belowthe GaSb valence band edge even at zero external bias.For this reason, the electron states in the InAs layer ofthe quantum well can hybridize with the light hole andheavy hole states in the GaSb layer. These hybridizationis especially strong when the lowest electron-like level 1eat the zone center (in-plane wave vector kk=0) is lowerthan the highest heavy hole level 1hh. In this case, the1e and 1hh states anticross with the in-plane wave vec-tor increasing and the hybridization gap appears in thein-plane dispersion [2, 6, 7, 9, 10, 12]. The hybridiza-tion mixes the electron and hole states and in
uencesthe optical matrix elements for the transitions betweendi�erent subbands [9, 10]. Di�erent symmetry breakingmechanisms such as bulk inversion asymmetry (BIA),structural inversion asymmetry (SIA), relativistic andnon-relativistic interface Hamiltonian (IH) with spin-orbit interaction also in
uences the energy level posi-tions, wave functions and, hence optical matrix elementsand absorption coe�cients [1, 9, 13{15]. They give riseto a considerable spin split of subbands and intensity ofspin-
ip inter-subband infrared transitions for di�erent

directions of initial state in-plane wave vectors. The aimof this paper is to investigate these e�ects for di�erentvalues and directions of electron or hole state in-planewave vector including low symmetry directions.We use the Burt{Foreman envelope function the-ory [17, 18] and eight-band Hamiltonianwhich takes intoaccount the conduction band states, light hole states,heavy hole states and the states in the split-o� band pre-cisely. The other remote band are treated with perturba-tion theory. Hamiltonian includes the strain-dependentterms resultant from the lattice-mismatch, BIA and IH.The warping, which also creates the subband anisotropyespecially for the valence band states, appears in themodel due to the inequality of second and third Lut-tinger parameters. The energy level positions, spin spitof two dimensional electron and hole states and opti-cal matrix elements are investigated with account ofthe self-consistent potential created by carriers in theInAs/GaSb quantum well and contact layers. We havefound a substantial enlarge of spin split of levels due toBIA and IH and the intensity of spin-
ip optical tran-sitions for the light polarized along the [001] growth di-rection due to combined e�ect of warping and symmetrybreaking.We will consider the InAs/GaSb quantum wellsgrown on InAs along the [001] crystal direction whichwe will de�ne as the z-axis. The x-axis is along the[10] direction in the plane of the quantum well, and they-axis is along the [01] direction. The eight-band Burt{Foreman k�p Hamiltonian can written using a set a basisfunctions near the � pointS "; X "; Y "; Z "; S #; X #; Y #; Z # : (1)704 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011



Spin-related phenomena in InAs/GaSb quantum wells 705The Hamiltonian is given byĤ =  Ĥ4 00 Ĥ4 !+ Ĥso + Ĥ� + Ĥ�k + ĤB + Ĥk: (2)The 4�4 matrix Ĥ4 depends on the conduction bandedge EC , the valence band edge EV , the momentumoperators, the interband momentum matrix elementsP (z), and the modi�ed Luttinger parameters. The sec-ond term Ĥso and the third term Ĥ�, which are inde-pendent of the momentum operators, describe, respec-tively, the e�ect of spin-orbit interaction and the lattice-mismatched strain on energy levels and wave functions.These terms are listed in Ref. [12]. The next two termsĤ�k and ĤB appear due to BIA. The term Ĥk is theIH, which has relativistic and non-relativistic part. Theoperators in Ĥ�k are proportional to the strain tensorcomponents �ij and the momentum operator componentsk̂l. The operator ĤB depends on Kane's B parameters.The BIA and IH terms are listed in Ref. [1]. The IHis nonzero only at the interfaces and in
uences only theboundary conditions at the heterojunctions. However,the BIA terms e�ect not only the boundary conditionsbut also the optical transition operator giving rise to aspeci�c interface contribution to the optical matrix ele-ments [1].The energy level positions and wave functions can befound from the Schr�odinger equationĤ	 = E	 ; (3)where 	 is the multi-component envelope function andE the energy. We use the basis expansion method [19]to solve the Schr�odinger equation self-consistently withthe Poisson equation. Using the obtained energy levelsand wave functions, we will �nd the spin split of lev-els and optical matrix elements for the transitions fromthe initial states having the in-plane wave vectors alongdi�erent directions such as [10] and [12].The probability of optical transition between thestate l in one subband and the state k in the other sub-band cause by polarized light with e as the unit vectorof polarization can be de�ned in terms of the velocityoperator v̂ = 1~ @Ĥ@k̂ : (4)Then the optical transition operator e � v̂ determinesthe optical matrix elementM = (2m)1=2 h	kje � v̂j	li; (5)where m is a free electron mass. If in the operator Ĥin Eq. (4) we keep only the terms proportional to the

interband momentum matrix element P (z), our Eq. (5)reduces to the commonly used equation for the opticalmatrix elementM = � 2m�1=2 h k je � p̂j li; (6)where  k and  l are the Bloch functions, and p̂ the mo-mentum operator. We should point out that in the ex-pression Eq. (6), the e�ect of remote bands is neglectedin the optical transition operator. Consequently, in thisoperator the e�ect of BIA is ignored and the interfacelocalised contribution to the optical matrix element isdisregarded.We will investigate the energy level positions, spinsplit of states, and optical matrix elements for the opti-cal transitions cause by light polarized along the growthdirection in an InAs/GaSb quantum well with a 10 nmInAs layer and a 10 nm GaSb layer. It is sandwichedby the two 10 nm wide-gap AlSb barrier layers and thetwo n-type InAs contact layers. We take the materialand structure parameters: interband momentum matrixelements, Lattinger parameters, split-o� energies in dif-ferent layers, band o�sets at the heterojunctions, BIA-and IH-parameters, etc. the same as in Refs. [11, 12].We set the donor concentration in each InAs contactlayer to 1018 cm�3.First we will consider the results on the energylevel positions of the electron and hole states in theInAs/GaSb quantum well. Then the optical propertieswill be investigated for the mid-infrared transitions be-tween the states of di�erent subbands of size quantiza-tion and di�erent spin orientations. The energy levels inthe quantum well with a 10 nm InAs layer and a 10 nmGaSb layer are shown in Fig. 1 in solid curves. TheFermi level in the quantum well is marked by dashedline. All results in Fig. 1 are obtained using our fullHamiltonian. The levels at kk=0 are assigned by labels1hh, 2hh, and 3hh for the �rst, second, and third heavy-hole-like subbands, respectively, 1e and 2e for the �rstand second electron-like subbands. The 1lh label is forthe states of the �rst light-hole-like subband. At kk �0.14 nm�1 the 1e and 1hh subbands anticross and thehybridization gap forms in the in-plane dispersion. Weshow in Fig. 1, for example, the dispersions for the [10]and [12] directions of quasiparticle in-plane wave vec-tor. The anisotropy of dispersions is weak, however theanisotropy of spin split of levels can be large for di�erentelectron-like and hole-like subbands that in
uences themixing of electron and hole states with di�erent spinsand optical matrix elements due to e�ects of SIA, BIA,relativistic IH, and non-relativistic IH.�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011
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Fig. 1. (Color online) The subband dispersions in theInAs/GaSb quantum well shown in solid curves. TheFermi level is shown in dashed lineThe spin split of the 1e, 2e, 1hh, and 2hh subbandstates is presented in Figs. 2 and 3. Just these statesparticipate in the optical transitions (1e{2e, 1hh{2e,
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Fig. 2. (Color online) Absolute values of spin split of the1e (a) and 2e (b) subband states shown in solid, dashed,dotted, and dash-dotted curves for the di�erent models
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Fig. 3. (Color online) Similar plots as in Fig. 2, but for thespin split of the 1hh (a) and 2hh (b) subband states2hh{2e) near the absorption edge for the incident mid-infrared radiation. In the following consideration in re-gion of small kk, the lower dispersion branch of eachsubband will be assigned with a subscript a and the up-per with a subscript b. The spin split for the 1e statesin Fig. 2 obtained with full Hamiltonian is shown insolid curves for the [10] and [12] directions of in-planewave vector. On the other hand, dash-dotted curve inthis �gure has been obtained with neglect BIA and IH.The di�erence between the values of spin split shown insolid and dash-dotted curves is small for the [10] direc-tion of in-plane wave vector, however it is considerablefor the low symmetry [12] direction. The main contri-bution to this di�erence comes from the BIA-terms inHamiltonian. The e�ect of IH on the spin split of the1e subband states is small. The two peaks of �E ap-pear near the 1hh{1e subband anticrossing points. Theresults for the spin split of the 2e levels obtained usingfull Hamiltonian are shown in solid curves. The Hamil-tonian, where the non-relativistic IH is neglected, hasbeen used to obtain dashed curves. Full IH is disre-garded to found the spin split of the 2e levels shownin dotted curves. BIA and IH are neglected for the re-�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011



Spin-related phenomena in InAs/GaSb quantum wells 707sults represented by dash-dotted curve. The spin splitof the 2e subband states is mainly due to SIA and BIA.However the e�ect of IH is also important. The spinsplit enlarges considerably with the in-plane wave vec-tor increasing and is greater for the [12] direction of thein-plane wave vector than for the [10] direction.In Fig. 3, the solid, dashed, dotted, and dash-dottedcurves correspond to the same models as in the lowerpanel of Fig. 2. The spin split of the 1hh, 2hh, and 1estates is much less than that of the 2e levels. This is be-cause the e�ect of BIA on �E enlarges with the energylevel position increasing due to terms of type k̂zBk̂j ,k̂jBk̂z , with j = x or y. The dash-dotted curve for the[10] direction of in-plane wave vector, which representsthe spin split of the 1hh states due to the SIA only,coincides with the horizontal axis at some point nearhybridization gap. Then the spin split is zero, becausethe dispersion curves for the 1hha and 1hhb states crossand the 1hha energy level becomes higher than the 1hhbenergy level. This means than the spin split states inthis case do not mix and do not interact. The e�ect ofwarping terms in Hamiltonian results in transformationof the crossing point into the anticrossing point for the[12] direction of the in-plane wave vector. With accountof the BIA and IH, the states of the 1hh subband withdi�erent spins interact and their states hybridize thatresults in the transformation of level crossing into thelevel anticrossing.The BIA and IH contribute considerably to the spinsplit of the 1hh subband both for the [10] and [12] direc-tions in the plane of the quantum well. However, the IHalmost does not in
uence the spin split of the 2hh sub-band states. The mixing and interaction of states withdi�erent spins result in a substantial contribution of thespin-
ip inter-subband transitions into the total opticaltransition probability.We will consider the optical transitions between thestates of the 1e- and 2e-subbands and the states of the1hh- and 2e-subbands when the initial state in-planewave vector is along the [10] or [12] direction. Sincethe states with di�erent spins mix and interact becauseof BIA and IH, the originally forbidden spin 
ip 1hh{2e-and 1e{2e-transitions for the kk along [10] direction canbe essential [1, 13]. However, the nonzero but very smallmixing of states with di�erent spins resultant only thewarping occurs when the initial state in-plane wave vec-tor is along some low symmetry direction such as [12].Then the spin-
ip transitions can take place even withneglect BIA- and IH-terms, but the intensity of thesetransitions is small. The combined e�ect of warping,BIA, and IH leads to considerable enlarge of the inten-sity of spin-
ip transitions. They become much more

substantial than those for the high symmetry [10] direc-tion of the initial state in-plane wave vector.To demonstrate this e�ect, we show in Fig. 4 theabsolute values of normalized optical matrix elements
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ip transitions for kk along [10] directionshown in solid and dashed curves vanish. The main con-tribution into the absorption coe�cients from the spin-
ip transitions comes from the region around the hy-bridization gap. Then the electron and hole states with�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011



708 A.Zakharova, I. Semenikhin, K.A.Chaodi�erent spins are strongly mixed and their wave func-tions are substantial in the InAs layer and in the GaSblayer of the quantum well. The optical matrix elementsfor the spin-conserved 1hh{2e-transitions are consider-able when the states of the 1hh subband are hybridizedwith the 1e subband states or become electron-like afterthe anticrossing with the 1e-levels.Similar plots as in Fig. 4, but for the 1e{2e-transitions, are shown in Fig. 5. The solid, dashed, dot-
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Fig. 5. (Color online) Square of the absolute value of theoptical matrix elements for the 1e{2e-transitions. Thesolid, dashed, dotted, and dash-dotted curves represent,respectively, 1eb{2ea-, 1ea{2eb-, 1ea{2ea-, and 1eb{2eb-transitions. Light polarization is along the z-axis and kkis along the [12] direction and [10] directionted, and dash-dotted curves are, respectively, for the1eb{2ea-, 1ea{2eb-, 1ea{2ea-, and 1eb{2eb-transitions.Contrary to the 1hh{2e-transitions, the values of jM0j2for the 1e{2e-transitions are considerable at su�cientlysmall values of kk along [12] direction and along the [10]direction where the 1e subband states are the electron-like. The spin-
ip transitions shown in solid and dashedcurves are much more essential for the [12] direction of

the initial state in-plane wave vector than for the [10]direction for all considered optical matrix elements.In summary, we have considered theoretically the ef-fect of warping and symmetry breaking on spin split oflevels in asymmetrical quantum wells grown along the[001] direction as well as on optical matrix elements forthe transitions between the states of di�erent subbandscaused by light linearly polarized along the growth direc-tion. The considered InAs/GaSb quantum wells sand-wiched by the two AlSb barrier layers have the two-dimensional hybridized electron-hole states from whichthe optical transitions in the infrared photon energyrange can occur. The warping terms in Hamiltonian,BIA, relativistic and non-relativistic IH mix the spin-upand spin-down states of di�erent subbands, that in
u-ences the dispersion curves, spin split of levels and op-tical matrix elements. We have found a substantial in-
uence of relativistic and non-relativistic IH on the spinsplit of the heavy-hole levels. The warping, BIA- andIH-transform the subband crossing points into the anti-crossing points. Due to the combined e�ect of warpingand symmetry breaking, the intensity of spin-
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