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Spin splitting in a p-type quantum well with built-in electric field
and microscopic inversion asymmetry

O. Mauritz and U. Ekenberg
Theoretical Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

~Received 14 August 1996!

The strain dependence of the spin splitting of hole subbands in modulation-doped asymmetric lattice-
matched InxGa12xAs/InxGa12xAsyP12y quantum wells on lattice-mismatched InxGa12xAsyP12y substrates
is investigated theoretically using a 636 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 strain.@S0163-1829~97!06616-2#
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I. INTRODUCTION

In two-dimensional semiconductor heterostructures
coupling between the heavy-hole and light-hole bands le
to strongly nonparabolic dispersions of the hole subban
This is often regarded as a complication but it also gives
opportunity to modify the subbands in a controllable man
with the use of strain and doping. In particular the use
strain has been useful to improve the properties of quan
well lasers.1,2 In quantum wells under biaxial compressio
the increased energy separation between the upper
heavy-hole subband and the light-hole subbands decre
the interaction between them and decreases the parallel
of this heavy-hole subband. This has been found to decr
the threshold current in lasers. In quantum well lasers w
the active layer under sufficiently strong biaxial tension
uppermost subband is light-hole type. This gives modifi
tions of the matrix elements for optical transitions, which a
also beneficial for the properties of lasers.

It is worthwhile investigating if other properties than th
parallel masses of the hole subbands can be modified
strain. In this paper we examine to what extent one can
fluence the subband spin splitting by strain. In a symme
potential each hole subband has a twofold spin degener
Let us denote the asymmetry due to an asymmetric pote
on a scale of several lattice periods as mesoscopic asym
try. Such an asymmetry occurs for a modulation-doped
terface. A similar potential appears in a quantum well~QW!
intentionally doped on one side only. In this case we ha
the possibility of introducing strain across a layer of fin
width without causing dislocations. Spin splitting is al
caused by the asymmetry on a microscopic scale in mate
with zinc-blende crystal structure where the inversion sy
metry is broken. We denote this kind of inversion asymme
as microscopic asymmetry. In unstrained materials this ef
is very small for III-V compounds, but a more importa
effect comes from the combination of inversion asymme
and the distortion of the lattice when the material is strain
550163-1829/97/55~16!/10729~5!/$10.00
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When the absolute value of strain increases, this effect
become more and more important. A study of this effect,
particular the influence of high values of strain, has be
made by Silveret al.3 In that paper a symmetric QW wa
considered. The terms due to strain-independent microsc
asymmetry were ignored since their influence is small. Es
cially the light-hole ~LH! subbands are split and therefo
these terms have the most important effect under biaxial
sion.

For both cases of asymmetry the spin degeneracy is li
for finite values ofki , the wave vector parallel to the inter
faces. For the case of a modulation-doped interface, this
been verified experimentally.4

In our paper we are concerned with the situation wh
there is a built-in electric field over a strained InxGa12xAs
quantum well, which means that we also have a mesosc
asymmetry. Zhu and Chang5 have studied the spin splitting
caused by both microscopic and mesoscopic inversion as
metry, in particular the angular dependence of the spin sp
ting. They showed that the microscopic inversion asymme
changes the symmetry of the spin splitting in the plane of
QW and that it may either increase or decrease the spin s
ting. Zhu and Chang did not study the influence of delib
ately strained QW’s, which is the main subject of this pap

II. METHOD

The valence-band structure is calculated self-consiste
in the multiband envelope-function approximation using t
Luttinger-Kohn 636 Hamiltonian.6 It incorporates the
heavy-hole~HH!, light-hole ~LH!, and spin-orbit split-off
~SO! band. Even if we are interested in subband energies
are small compared to the spin-orbit splittingD it is impor-
tant to take the SO band into account because of its str
induced coupling with the LH band. Since we deal with III-
materials we include terms due to the microscopic invers
asymmetry.7 The strain-independent terms linear ink are
normally so small that they can be safely ignored. We ha
verified that this can be done in our case. The Hamilton
with strain terms but without the inversion asymmetry is8
10 729 © 1997 The American Physical Society
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To the right of the matrix the values ofJ andMJ are given.
8

Hereg1, g2, g3 are the Luttinger parameters, which are o
 -

tained for the alloys from linear interpolation of appropria
effective masses and are given in Table I. These input
rameters including interpolation procedures for the ba
edges are taken from Ref. 9.D is the spin-orbit splitting,
av is the hydrostatic deformation potential, andb andd the
tetragonal and rhombohedral shear deformation potent
respectively. We will only consider axial strain where

exx5eyy and e i j50, iÞ j ,

which givesRe5Se50. The effect of change in volume
(Pe) only shifts the band edges of the well and barriers. T
difference of this shift between well and barriers is less th
2 meV and is not included. We find it convenient to use t
energy shift of the HH band edge~ignoring thePe depen-
dence! as the measure of strain:S5Qe52beax, whereeax
is the axial strain defined byeax5e'2e i . ThisS should not
be confused withS in H0.

With inversion asymmetry there are also terms prop
tional to k. With dHek being the terms proportional to bot
strain andk, anddHk being the terms proportional tok but
not to strain, we get

H5H01dHek1dHk , ~3!

where
dHek~u!52C4eaxki1
0
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C4 andC are defined in Ref. 7. The values ofb andC4 are
given in Table I. They were taken from Ref. 3 and since
variation is small between the materials compared to th
accuracy they were taken to be the same in both well
barriers.

u is the angle betweenki5(kx ,ky) and the~10! direction
~the kx direction in thekxky plane!. For the self-consisten
calculation we use the axial approximation in whichg2 and
g3 in the termsRk in Eq. ~2! are replaced by12(g21g3). This
influences the situation in thexy plane but the modification
of the potential in thez direction due to this approximation i
assumed to be small. The potential obtained by the a
approximation is used for calculations with more accur
Hamiltonians. The hole density of states is calculated
merically from the actual dispersion curves without assu
ing parabolicity. The temperature is 0 K in all calculation

The subband dispersionsE(ki) are calculated by mean
of a self-consistent variational method describ
elsewhere.10 The spin splitting discussed below is the ener
separation between two solutions at the same value ofki and
which are degenerate atki50. In this paper we are primarily
interested in the spin splitting at moderate values ofk, partly
sincekF'1.53106 cm21 when all states of the first subban
with k,kF have a higher energy than the states w
k.kF . Another reason is that this is also the region wh
the spin splitting due to the mesoscopic asymmetry norm
has a maximum. For definiteness we have chosen to con
the spin splitting atki51.63106 cm21.

III. RESULTS

In this paper we have studied In0.25Ga0.75As quantum
wells with lattice-matched In0.38Ga0.62As0.73P0.27 barriers.
The valence-band offset between these materials is 100
according to Ref. 9. This choice of well material permits
to achieve either tension or compression in the well beca

TABLE I. Material parameters.

g1 g2 g3 b(eV) C4 ~eV Å!

In0.25Ga0.75As 8.133 2.633 3.46321.72 4.71
In0.38Ga0.62As0.73P0.27 6.577 1.841 2.648 21.72 4.71
e
ir
d

al
e
-
-
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eV

se

the lattice constant is intermediate between that of GaAs a
InP. Mesoscopic inversion asymmetry is achieved by lettin
one barrier have intentional p-type doping
(Na5331018 cm23! while the other barrier has ann-type
background (Nd51015 cm23!. The carrier concentrationNs
in the well isNs5331011 cm22 in all the cases.

Calculations have been made for six different well width
between 50 and 300 Å. By varying the composition of th
barriers we could vary the strain in the quantum well but
the same time the barrier heights would change. In order
study the ‘‘pure’’ effect of strain in the quantum well we
instead consider thin barriers lattice matched to the quantu
well with the p-type barrier grown on a lattice-mismatched
InxGa12xAsyP12y substrate with a combination ofx and y
such that the valence-band edge is the same in the barrier
the substrate. By varying the composition of the substra
under this condition~to avoid complications with the band
bending! the lattice mismatch and hence the strain of bo
the quantum well and the thin barriers is tuned. The effect
the strain obtained in this way is essentially equivalent
applying external stress. The lattice mismatch and well wid
are kept sufficiently small that dislocations can be avoide
Ns is kept constant through all choices of materials by a

FIG. 1. Band diagram for a 200-Å In0.25Ga0.75As quantum well
between In0.38Ga0.62As0.73P0.27 barriers. The substrate material is
In0.37Ga0.63As0.74P0.26, which gives a lattice mismatch of about
0.1% andS522 meV.
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justing the width of the spacer layer. The width varies fro
96 to 117 Å in the case of a 200-Å well. The band diagra
of the 200-Å-wide well under small biaxial tension is show
in Fig. 1.

In Fig. 2 we display the subband structure for three ty
cal cases. Using the estimated value 3.4 meV ofC for GaAs
~Ref. 11! the influence ofdHk is of the order of 0.1 meV. It
does not depend directly onS. The influence ofdHek is a
contribution to the spin splitting of the highest subband ra
ing from 0.0 to 1.6 meV in the~10! direction and 0.0–
1.2 meV in the~11! direction in the range ofS considered. It
is worth noting that with inclusion of microscopic inversio
asymmetry the dispersions are not the same in the~11! and
~11̄! directions. This is discussed further in Ref. 5.

The spin splittings for the highest subband are given
different well widths in Fig. 3. The spin splitting reaches
maximum for the wells that are between 200 and 250 Å w
whereas it is much smaller for the 50-Å- and 100-Å-wi
wells. The electric field is nearly the same in all cases si
it is determined by the doping. However, for the narrow
wells the left barrier confines the wave function and the d
ference in potential is limited in the region of the wave fun
tion and hence decreases the spin splitting. In the follow
we will only consider the 200-Å-wide well.

For S,25 meV the highest subband is light-hole typ
otherwise heavy-hole type. (S,0 corresponds to biaxial ten
sion!. Let us denote the highest hole subbandH1, the next
one H2, and so on without considering whether they a
heavy-hole type or light-hole type. The results for the s
splitting for the two highest subbands are displayed in Fig
Figure 2~b! shows the subband structure for small tens
strain,S522 meV, where we have maximal spin splittin
Here the spin splitting is dominated by the mesoscopic as
metry and it is seen that the maximal spin splitting occ
near ki'1.53106 cm21. For large values of compressiv
strain @S520 meV, Fig. 2~c!# the spin splitting has bee
reduced by a factor of 6. As long as one only considers
terms due to mesoscopic asymmetry, the spin splitting
suppressed under both tensile and compressive strain. B
dHek is included the spin splitting is suppressed in all dire
tions only for biaxial compression. Furthermore the effect
these linear terms is an increase of the spin splitting in
~10! direction and a decrease of it in the~11! direction. The
competition between mesoscopic and microscopic asym

FIG. 2. Valence subband structure in the~10! direction for a
200-Å quantum well for different values of the biaxial strain.~a! is
for strong tension, S5210 meV, ~b! for small tension,
S522 meV, where the spin splitting is maximal, and~c! for strong
compression,S520 meV.
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try can lead to complete cancellation as seen in Fig. 4~b! for
S5212 meV. The spin splitting due to the microscopi
asymmetry is much larger for LH subbands than for H
subbands since there are off-diagonalek terms@the elements
e6 iu in the matrix~4!# that couple the different LH subbands
but no corresponding terms that couple the different HH su
bands. This was also shown by Ref. 3. It is seen in Fig. 2~a!
that the spin splitting increases withki in contrast to Fig.
2~b!.

It is worth noting that the spin splittings ofH1, H2, etc.
are continuous even at the points where they change ty
i.e., at the points where two subbands coincide atki50.12

When the strain is increased the heavy- and light-ho
subbands become separated and their interaction is redu
However, it is interesting to note that the subband separat
is not the only factor determining the spin splittings. Fo
example, it is seen that the maximum splitting for the tw
highest subbands occurs atS'22 meV and not at
S525 meV, when the energy separation of HH1 and LH1
ki50 vanishes. Interestingly enough the spin splitting
much more strongly correlated with the band mixing. In Fi
5 the HH-LH mixture of the highest subband in the axia
approximation ofH0 is shown together with the spin split-
ting. The mixturej is defined as

j5
4~ if3/2,3/2i21if3/2,23/2i2!~ if3/2,1/2i21if3/2,21/2i2!

ici2 ,

where

c~ki,z!5S f3/2,3/2~ki,z!

f3/2,1/2~ki,z!

f3/2,21/2~ki,z!

f3/2,23/2~ki,z!

f1/2,1/2~ki,z!

f1/2,21/2~ki,z!

D

FIG. 3. Spin splitting atki51.63106 cm21 for the highest va-
lence subband for different well widths: 50 Å~dotted line!, 100 Å
~double dot-dashed line!, 150 Å ~long-dashed line!, 200 Å ~solid
line!, 250 Å ~dot-dashed line!, and 300 Å~dashed line!. The curves
refer to the HamiltonianH0 in the axial approximation.
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and fJ,MJ
denotes the envelope function corresponding

the orbitaluJ,MJ&.
This definition ofj ensures the mixture to be zero whe

the subband is pure HH or pure LH and reach a maximum
1 when the subbands are half HH type and half LH type. T
SO character (if1/2,1/2i21if1/2,21/2i2) is less than 0.015 for
the QW’s investigated. The role of subband mixing for th
spin splitting is clear. The spin splitting due only to the m
soscopic asymmetry is almost identical in shape with t
subband mixture. As pointed out in Ref. 5 this depends
the terms of the Hamiltonian, which are linear inki and
which couple the different subbands. When all terms in t
Hamiltonian are included the correlation between spin sp
ting and band mixing becomes somewhat weaker — es
cially for biaxial tension — since there is a linear term co
pling different LH components indHek . Still there is a
strong correlation between spin splitting and band mixing

FIG. 4. Spin splitting for the highest two subbands,H1 ~upper
curves! andH2 ~lower curves!, in the ~a! ~10! and ~b! ~11! direc-
tion. The Hamiltonians are H0 ~dashed lines! and
H01dHek1dHk ~solid lines!. Transitions from heavy-hole type to
light-hole type of the subbands atki50 are indicated by arrows.
,
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-
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-

IV. CONCLUSION

It has been shown that the spin splitting of hole subba
that occurs in asymmetric quantum wells can be stron
modified by strain. For strong compressive strain when
uppermost HH-type subband is well separated from the
subbands the spin splitting is strongly suppressed. The
splitting reaches a local maximum at a weak tensile stra
S522 meV. This is valid in all directions and due to th
electric field induced by the modulation doping. As the te
sile strain increases the spin splitting first decreases bu
creases again since the uppermost subband becomes
type, which is more sensitive to the microscopic inversi
asymmetry. In the~11! direction the spin splitting for the firs
subband vanishes atS5212 meV.
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FIG. 5. Correlation between HH-LH band mixing~dotted line!
and spin splitting forH0 in the axial approximation~dashed line!
and forH01dHek1dHk in the ~10! direction ~solid line!.
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