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Spin splitting in a p-type quantum well with built-in electric field
and microscopic inversion asymmetry
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The strain dependence of the spin splitting of hole subbands in modulation-doped asymmetric lattice-
matched I5Ga, _,As/In,Ga, _,As,P,_, quantum wells on lattice-mismatched,®a, _,As,P;_, substrates
is investigated theoretically using ax@ Luttinger-Kohn Hamiltonian. The influence of the built-in electric
field, the microscopic inversion asymmetry of the zinc-blende lattice, and the strain are taken into account and
analyzed for different widths of the quantum wells. The spin splitting is dominated by the effects of the electric
field for compressive strain and small tensile strain. For large tensile strain the microscopic inversion asym-
metry is the most important origin of spin splitting. A local maximum of spin splitting is located at small
tensile strain. For large compressive strain the spin splitting is strongly suppressed whereas for large tensile
strain the spin splitting increases with the absolute value of strain. However, the spin splitting vanishes
completely in some directions for tensile strdi80163-182807)06616-2

I. INTRODUCTION When the absolute value of strain increases, this effect will

di ional icond h h become more and more important. A study of this effect, in
In two-dimensional semiconductor heterostructures the,,icylar the influence of high values of strain, has been

coupling between the heavy-hole and light-hole bands leadgade by Silveret al? In that paper a symmetric QW was

to strongly nonparabolic dispersions of the hole subbandsonsidered. The terms due to strain-independent microscopic

This is often regarded as a complication but it also gives th@symmetry were ignored since their influence is small. Espe-

opportunity to modify the subbands in a controllable mannecially the light-hole(LH) subbands are split and therefore

with the use of strain and doping. In particular the use ofthese terms have the most important effect under biaxial ten-

strain has been useful to improve the properties of quanturflon. ] o

well laserst? In quantum wells under biaxial compression ~ For both cases of asymmetry the spin degeneracy is lifted

the increased energy separation between the uppermd® finite values ofk;, the wave vector parallel to the inter-

heavy-hole subband and the light-hole subbands decreas es. For the case of a modulation-doped interface, this has

the interaction between them and decreases the parallel ma: gen verified experimentalfy. . N

of this heavy-hole subband. This has been found to decrea In our paper we are concerned with the situation when
y . ' A%ffere is a built-in electric field over a strained,®a,; _,As

the threshold current in lasers. In quantum well lasers wit

h tve | d fficiently st biaxial tension th uantum well, which means that we also have a mesoscopic
€ aclive layer unaer suificiently strong biaxial 1ension N€;qymmetry. Zhu and Chahdpave studied the spin splitting

uppermost subband is light-hole type. This gives modifica:4sed by both microscopic and mesoscopic inversion asym-

tions of the matrix elements for optical transitions, which arémetry, in particular the angular dependence of the spin split-

also beneficial for the properties of lasers. ting. They showed that the microscopic inversion asymmetry
It is worthwhile investigating if other properties than the changes the symmetry of the spin splitting in the plane of the

parallel masses of the hole subbands can be modified bgw and that it may either increase or decrease the spin split-

strain. In this paper we examine to what extent one can inting. Zhu and Chang did not study the influence of deliber-

fluence the subband spin splitting by strain. In a symmetricately strained QW's, which is the main subject of this paper.

potential each hole subband has a twofold spin degeneracy.

Let us denote the asymmetry due to an asymmetric potential Il. METHOD

on a scale of several lattice periods as mesoscopic asymme- The valence-band structure is calculated self-

try. Such an asymmetry occurs for a modulation-doped inj, yhe myltiband envelope-function approximation using the
terface. A similar potential appears in a quantum WW) | inger-kohn 6<6 Hamiltoniar® It incorporates the
intentionally doped on one side only. In this case we havgeayy-hole(HH), light-hole (LH), and spin-orbit split-off

the possibility of introducing strain across a layer of finite (5o hand. Even if we are interested in subband energies that
width without causing dislocations. Spin splitting is also are small compared to the spin-orbit splittidgit is impor-
caused by the asymmetry on a microscopic scale in materiatgint to take the SO band into account because of its strain-
with zinc-blende crystal structure where the inversion syminduced coupling with the LH band. Since we deal with I1I-V
metry is broken. We denote this kind of inversion asymmetrymaterials we include terms due to the microscopic inversion
as microscopic asymmetry. In unstrained materials this effecisymmetry. The strain-independent terms linear knare

is very small for 1ll-V compounds, but a more important normally so small that they can be safely ignored. We have
effect comes from the combination of inversion asymmetryverified that this can be done in our case. The Hamiltonian
and the distortion of the lattice when the material is strainedwith strain terms but without the inversion asymmetf is

consistently
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where tained for the alloys from linear interpolation of appropriate
P=P +P., 0=0Q+Q., R=R.+R., effective masses and are given in Table I. These input pa-
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To the right of the matrix the values dfandM , are giverf

rameters including interpolation procedures for the band
edges are taken from Ref. 4 is the spin-orbit splitting,

a, is the hydrostatic deformation potential, abndandd the
tetragonal and rhombohedral shear deformation potentials,
respectively. We will only consider axial strain where

€xx=€yy and €;=0, i#],

which givesR_=S,=0. The effect of change in volume
(P,) only shifts the band edges of the well and barriers. The
difference of this shift between well and barriers is less than
2 meV and is not included. We find it convenient to use the
energy shift of the HH band edgénoring theP, depen-
dence as the measure of straiB= Q.= —be,,, Whereey,

is the axial strain defined by,,= €, — €. This S should not

be confused withS in H.

With inversion asymmetry there are also terms propor-
tional to k. With 6H being the terms proportional to both
strain andk, and H, being the terms proportional o but
not to strain, we get

H:H0+ 5Hek+ 5Hk! (3)

Here vy, ¥,, y3 are the Luttinger parameters, which are ob-where

OoH (0)=— C:4€a><k||
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and
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0 — Eel kH kz — 76 IHk” 0 O
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3 . 1
SH(6)=C k, gewk 0 —5€% 0 0 )
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_Temk” _kz —Ee_lgku 0 0 0
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C, andC are defined in Ref. 7. The values lofandC, are the lattice constant is intermediate between that of GaAs and
given in Table I. They were taken from Ref. 3 and since thdnP. Mesoscopic inversion asymmetry is achieved by letting
variation is small between the materials compared to theipne  barrier ~ have intentional p-type  doping
accuracy they were taken to be the same in both well anéiN,=3x10'® cm™®) while the other barrier has amtype
barriers. background Ky=10" cm™3). The carrier concentratioN

6 is the angle betweeky= (k,,k,) and the(10) direction i the well isNg=3X 10" cm? in all the cases.
(the k, direction in thekk, plang. For the self-consistent Calculations have been made for six different well widths
calculation we use the axial approximation in whighand ~ between 50 and 300 A. By varying the composition of the
v3 in the termsRy in Eq. (2) are replaced by(y,+ y3). This ~ barriers we could vary the strain in the quantum well but at
influences the situation in they plane but the modification the same time the barrier heights would change. In order to
of the potential in the direction due to this approximation is study the “pure” effect of strain in the quantum well we
assumed to be small. The potential obtained by the axidnstead consider thin barriers lattice matched to the quantum
approximation is used for calculations with more accuratevell with the p-type barrier grown on a lattice-mismatched
Hamiltonians. The hole density of states is calculated nuln,Ga —xAs,P;_, substrate with a combination of andy
merically from the actual dispersion curves without assumsuch that the valence-band edge is the same in the barrier and
ing parabolicity. The temperature is 0 K in all calculations. the substrate. By varying the composition of the substrate

The subband dispersiori&(k)) are calculated by means under this conditionto avoid complications with the band
of a self-consistent variational method describedbending the lattice mismatch and hence the strain of both
elsewheré? The spin splitting discussed below is the energythe quantum well and the thin barriers is tuned. The effect of
separation between two solutions at the same valke ahd ~ the strain obtained in this way is essentially equivalent to
which are degenerate kit=0. In this paper we are primarily applying extemal stress. The Iatt|.ce mls_match and well v_wdth
interested in the spin splitting at moderate valuek,gfartly ~ are kept sufficiently small that dislocations can be avoided.
sincekg~1.5x 10° cm™ when all states of the first subband Ns is kept constant through all choices of materials by ad-
with k<kg have a higher energy than the states with
k>Kkr . Another reason is that this is also the region where
the spin splitting due to the mesoscopic asymmetry normally
has a maximum. For definiteness we have chosen to consider ol
the spin splitting ak;=1.6x10° cm™.

50

—— HH band edge
---- LH band edge

50 i
Substrate

lll. RESULTS

E (meV)

In this paper we have studied glpGa ;5AS quantum 100 |
wells with lattice-matched WxdGay 6,ASy.790 07 barriers.
The valence-band offset between these materials is 100 meV
according to Ref. 9. This choice of well material permits us -150 ¢

to achieve either tension or compression in the well because RN
InO.SBGaOvGZASDJBP

027 |
I

InO.ZSGaOJSAS

In0.38Ga0.62ASDA73P017
. 200 . ‘ ‘ ‘
TABLE I. Material parameters. -200 -100 0 102 200 300 400

z(A)

b(eV) C,(eVA
N 2 s (V) Cal : FIG. 1. Band diagram for a 200-A §nGay 7sAs quantum well

INg -:G& 75AS 8.133 2.633 3.463—-1.72 4.71 between 1§ 3dGay 6ASy 780,07 barriers. The substrate material is
INg 3¢Gay 6ASy 78027 6.577 1.841 2.648 —1.72 471 INg.3/Ga 64AS0.7470.26: Which gives a lattice mismatch of about
0.1% andS= —2 meV.
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FIG. 2. Valence subband structure in tt0) direction for a
200-A quantum well for different values of the biaxial straia). is
for strong tension, S=—-10meV, (b) for small tension,
S=—2 meV, where the spin splitting is maximal, aal for strong
compressionS=20 meV.

-20 -10 0 10 20

justing the vv_idth of the spacer layer. The width varie.s from g 3 Spin splitting ak =1.6x10° cm* for the highest va-
96 to 117 A in the case of a 200-A well. The band diagramig,ce subband for different well widths: 50 @otted ling, 100 A
of the 200-A-wide well under small biaxial tension is shown (double dot-dashed line 150 A (long-dashed ling 200 A (solid
in Fig. 1. _line), 250 A (dot-dashed ling and 300 A(dashed ling The curves

In Fig. 2 we display the subband structure for three typi-refer to the HamiltoniarH, in the axial approximation.
cal cases. Using the estimated value 3.4 meXC dbr GaAs

(Ref. 1] the influence oféH, is of the order of 0.1 ch. It try can lead to complete cancellation as seen in Fil) for
does not depend directly o The influence oféH . isa g=_12 meVv. The spin splitting due to the microscopic
contribution to the spin splitting of the highest subband rangusymmetry is much larger for LH subbands than for HH
ing from 0.0 to 1.6 meV in the10) direction and 0.0—  g,phands since there are off-diagosklterms[the elements
1.2 meV in the(11) direction in the range db considered. It o=i6 4 the matrix(4)] that couple the different LH subbands

is worth noting th_at with inclusion of microscopic inversion put no corresponding terms that couple the different HH sub-
asymmetry the dispersions are not the same in(tigand  pangs. This was also shown by Ref. 3. It is seen in Fig) 2

(11) directions. This is discussed further in Ref. 5. that the spin splitting increases witt) in contrast to Fig.
The spin splittings for the highest subband are given for(p).

different well widths in Fig. 3. The spin splitting reaches a |t is worth noting that the spin splittings ®f1, H2, etc.
maximum for the wells that are between 200 and 250 A wideyre continuous even at the points where they change type,
whereas it is much smaller for the 50-A- and 100-A-Widei_e_, at the points where two subbands Coincidkuato_lz
wells. The electric field is nearly the same in all cases since \when the strain is increased the heavy- and light-hole
it is determined by the doping. However, for the narrowestsybbands become separated and their interaction is reduced.
wells the left barrier confines the wave function and the dif-However, it is interesting to note that the subband separation
ference in potential is limited in the region of the wave func-js not the only factor determining the spin splittings. For
tion and hence decreases the spin splitting. In the followingxample, it is seen that the maximum splitting for the two
we will only consider the 200-A-wide well. highest subbands occurs @~-2meV and not at

For S<—5meV the highest subband is light-hole type, s= —5 meV, when the energy separation of HH1 and LH1 at
otherwise heavy-hole typeS( 0 corresponds to biaxial ten- k,—0 vanishes. Interestingly enough the spin splitting is
sion). Let us denote the highest hole subbahdl, the next  much more strongly correlated with the band mixing. In Fig.
one H2, and so on without considering whether they ares the HH-LH mixture of the highest subband in the axial

heavy-hole type or light-hole type. The results for the spingpproximation ofH, is shown together with the spin split-
splitting for the two highest subbands are displayed in Fig. 4ting. The mixture¢ is defined as

Figure Zb) shows the subband structure for small tensile

strain,S=—2 meV, where we have maximal spin splitting. 2 2 2 2
Here the spin splitting is dominated by the mesoscopic asym- ¢= Al arz.2d "+ | $orz 2 )(ZH Parznd”+ || o221 ,
metry and it is seen that the maximal spin splitting occurs 1l

near kj~1.5x10° cm % For large values of compressive

strain [ S=20 meV, Fig. Zc)] the spin splitting has been where

reduced by a factor of 6. As long as one only considers the bap,34K|;2)

terms due to mesoscopic asymmetry, the spin splitting is b AK},2)

suppressed under both tensile and compressive strain. But if 372,127

S6H . is included the spin splitting is suppressed in all direc- w(k;,2)= b3~ 112K|,2)

tions only for biaxial compression. Furthermore the effect of I b3p2,- 312K, 2)

these linear terms is an increase of the spin splitting in the b1214K),2)

(10) direction and a decrease of it in tigl) direction. The K
competition between mesoscopic and microscopic asymme- b2~ 112K}, 2)
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LT ITS 0 10 20 10 20 FIG. 5. Correlation between HH-LH band mixiridotted ling
§ (meV) § (meV) and spin splitting forH, in the axial approximatioridashed ling

and forHy+ 6H 4+ 8H, in the (10) direction(solid line).
FIG. 4. Spin splitting for the highest two subban#l (upper
curves andH2 (lower curve$, in the (a) (10) and(b) (11) direc-
tion. The Hamiltonians are Hy, (dashed lines and IV. CONCLUSION
Ho+ 8H 4+ 8H, (solid lineg. Transitions from heavy-hole type to

light-hole type of the subbands h‘FZO are indicated by arrows. It has been shown that the Spin Spllttlng of hole subbands

that occurs in asymmetric quantum wells can be strongly
and ¢; v, denotes the envelope function corresponding tomodified by strain. For strong compressive strain when the
the orbital|J,M ). uppermost HH-type subband is well separated from the LH

This definition of¢ ensures the mixture to be zero when Subbands the spin splitting is strongly suppressed. The spin

the subband is pure HH or pure LH and reach a maximum ofplitting reaches_a _Iocal _mgximum_ at a weak tensile strain,
1 when the subbands are half HH type and half LH type. The>= —2 meV. This is valid in all directions and due to the
SO character|(é 142+ || 12 - 1/4]) is less than 0.015 for electric field induced by the modulation doping. As the ten-
the QW’s investigated. The role of subband mixing for theSile strain increases the spin splitting first decreases but in-
spin splitting is clear. The spin splitting due only to the me-€réases again since the uppermost subband becomes LH
soscopic asymmetry is almost identical in shape with thdyP€, Which is more sensitive to the microscopic inversion
subband mixture. As pointed out in Ref. 5 this depends or@Symmetry. In th¢11) direction the spin splitting for the first

the terms of the Hamiltonian, which are linear kp and ~ Subband vanishes &=—12 meV.

which couple the different subbands. When all terms in the

Hamiltonian are included the correlation between spin split-

ting and band mixing becomes somewhat weaker — espe- ACKNOWLEDGMENT
cially for biaxial tension — since there is a linear term cou-
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