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Description of bulk inversion asymmetry in the effective-bond-orbital model
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We have extended the effective-bond-orbital ma@BOM) method[Y. C. Chang, Phys. Rev. B7, 8215
(1988] to include the effects of the bulk inversion asymmefByA) present in zinc blendes. This is accom-
plished without adding to the number of basis states or extending the range of interaction. We have also
investigated a variant form of the EBOM proposed in the original formulation that offers improved zone-center
behavior, but may also generate spurious solutions in heterostructure calculations due to poor description of
bulk zone-boundary band structure. We offer suggestions for avoiding this problem so that this variant form of
EBOM may be used safely. In general, we find that the addition of BIA effects in EBOM results in improved
descriptions of zone-center band structure, but also in a loss of accuracy far from the Brillouin-zone center. We
illustrate the use of the BIA extension with band-structure calculations for bulk GaSh. We show that the spin
splitting predicted by the extended EBOM method for an AlSb/GaSb superlattice is in good agreement with
k- p calculations that include BIA effects.
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. INTRODUCTION degenerate with—k, 1), the Kramers degeneracy condition
thatE(k,T)=E(k,]) is obtained, and all bands are at least
The tight-binding methodTB) has been used extensively doubly degenerate. This is the case for group-IV elements
to compute band structures of bulk metafls and such as diamond, Si, Ge, ardSn. Since zinc blendes do
semiconductor$? and heterostructurés, yielding a good not possess inversion symmetry, this allows ¢k, 1)
compromise between accuracy and ease of implementatios: E(k,|), which is of course realized only when the spin-
It is a full zone method and, as such, has been used to derbit interaction is included and the basis chosen for the
scribe situations where states corresponding to more thamand-structure computation reflects the inversion asymmetry
one extremum are needed, such as short period superlatticése., the basis states are not parity eigenstates
or X-point tunneling influence on the escape time of elec- As originally developed, the EBOM method does not ac-
trons inside leaky quantum wefis. count for the BIA present in zinc blendes, predicting doubly
One of the difficulties tight-binding users encounter is thedegenerate bands in structures where BIA lifts the degen-
choice of material parameters. Usually, tight-binding parameracy caused by the combination of time-reversal and inver-
eters bear only an indirect relation with measurable quantision symmetry operatior. In Sec. Ill, an extension to
ties, and their determination normally requires a tedious fitEBOM capable of describing BIA effects in the conduction
ting procedure. The effective-bond-orbital mod&BBOM)  band is presented. In Sec. IV the method is applied to bulk
method by Chanty'® summarized in Sec. Il provides a way GaSb. Finally, Sec. V shows the application of the method to
of matching the TB parameters with the measurdblg pa- a symmetric AISb/GaSb superlattice, predicting the appear-
rameters using a reduced bond-orbital basit mtated on a  ance of spin splitting in the conduction band. This is in con-
fce lattice. This method is often used for studying semicon-rast to standar&- p implementations or the original EBOM
ductor heterostructuréd.The limited number of bands and formulation, which would predict the absence of splitting.
the focus on accurate band description near the zone cent&€hese results are shown to agree wWittp calculations that
make it less adequate for full zone band features than théo account for BIA:®
empirical TB or pseudopotential metholfsOn the other
hand, because it is based on a full zone method, its validity
range extends further into the Brillouin-zone boundary than
its associated multibanl- p, making it better suited than The basic idea of the EBOM method is to take the TB
k- p for short period superlattices or narrow quantum wells.Hamiltonian expressed in a bond-orbital model basis set, se-
Bulk inversion asymmetryBIA) in IlI-V semiconductors  ries expand it for smalk’s, and then compare the matrix
refers to the lack of an inversion center in the zinc-blendeelements with thek-p matrix element® to obtain the TB
structure. The time-reversal symmetry requires that a statearameters in terms of tHe p parameters.
|k, 1) be degenerate with a stdtek,|). When this is com- Following Changd’, the orbitals are located at points of a
bined with the inversion symmetry requirement that ) be  fcc lattice. A state at a sitR with a=s,x,y,z character is

Il. THE EBOM METHOD
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labeled|R,a). The bond orbitals are taken to be thewdin
symmetrized orbitalé that most closely resemble the top of |‘I’k>:§ Uk, @). (6)
the valence and bottom of the conduction-band states. The
requirement that they originate from linear combination of The coefficientsi, are found by seeking stationary values of
atomic orbitals in a unit cell does not need to be made. ThéW/H| W )/(¥,|¥\), which leads to the diagonalization of
success of the methothnd of thek-p method as wel]l @ Hamiltonian with matrix elements
comes precisely from the fact that the exact form of the wave
functions is not needed to compute the Hamiltonign matrix (k,a|H|k,a’>=£ 2 eik~(R’—R)<R'a|H|R/’a,>
elements. Instead, these matrix elements are considered em- N 2R
pirical parameters'® to be fitted to experimental data or to
more accurate band structures obtained by computationally :z eik~R’<R:O'a|H|R1,a/>. @
more expensive methods. Y

The interaction between thp-type orbitals|R,3) and o .
IR",B") (B=x.y,2) for the fcc lattice is given by For the p sub-block, substituting Eq(l) into Eq. (7)

yields
(R,BIHIR".B")=Eor rr g

Hp g (K)=Epdg g+ 2 € {Eyrsms (1= 8440)
+2 5R’—R,T{Exy7'ﬁ7ﬁ’(1_5,&[3’) !

+[Exxm5+ B 1-175)185 5} ®)

+[Exma+ E,(1— 72185 1} 1 . .
R A @) Similarly, it is easy to see that
where E,, is the on-site energy anH,,,E,,, andE,, are
different nearest-neighbor interaction parameters. The vec- _ ik 7

. . Ho(k)=E¢+ e E 9
tors 7 join the 12 fcc nearest neighbors, and they can have ss(k)=Es ET ss ©

values
and

a
T=§([i1,i1,0],[i1,0,i 1],[0,£1,=17), (2 Hs,ﬁ(k)=2 eik'TESXTB. (10)

with a being the lattice constant. _
The interaction of orbitals is simply In order to find values for the EBOM parameters, the

sums over first neighbors in Eq8)—(10) are evaluated. For
example, it is easy to see that
(RSIH|R",$)=ESrp+ X Esdrr-rsr (3

7 Hsx=4iEgy siné(cosy+cosy), (11
with Eg and Egs being the on-site and the nearest-neighbor,,
interaction parameters, respectively. The remaining interagy,
tion is between the- andp-like orbitals at nearest-neighbor
sites:

hereé=k,a/2, n=kyal2, and{=k,a/2. This agrees with
e value in Table Il of Ref. 1, provided that terms occupied
in the simple cubic but not in the fcc lattices are disregarded.
Then, the matrix elements are series expandedttsp to sec-
’oa\ ond order ink and compared td-p matrix elements to
(RSIHIR".8)=Eox7pOr -R.r- @ obtain the relations listed in Table I. The values of khe
At this point, a clarification must be made. The lack of in- parameterd.’,N’ in terms of the more commoh,N are
version asymmetry in the ordinary EBOM method and itsavailable, for example, E¢13) in Ref. 20. Note that the last
inability to describe the reducedy symmetry of zinc entry in that table is not totally determined. Takirky,
blendes does not originate from the basis set being located P/4a might seem the sensible thing to do, but it produces
on a fcc lattice, but rather on the fact that a basis with aspurious solutions. Instead, the auxiliary constraintEg,
definite parity has been used to obtain E(9—(4). In the  —E,,)=X,/8, whereX,, is the heavy-hole-light-hole sepa-
following section this assumption is relaxed, yielding theration at theX point, is used. Settiny, at theX point allows
correction necessary to describe spin splitting in the conduahe conditionEg,= P/4a to be approximately satisfied for

tion band. narrow-gap materiaf3.
From the Lavdin functions|R, ), Bloch sums can be Spin-orbit effects have been introduced in the TB model
written in the form by Chadi?! In the EBOM method, they are simply intro-

duced by adding spin to the basis states, performing a change
_ iR of basis on the Hamiltonian into g,m) basis, and then
|k1“>_\/_ﬁ ER: IR, ), (5 modifying the diagonal components of the energies to in-
clude the spin-orbit splitting. This procedure reproduces, by
where N is the number of unit cells in the sample. Eachconstruction, the spin-orbitSO) splitting at thel’ point. In
eigenstate with a wave vectkris written as a linear combi- the case of GaSb, it predicts a SO splitting at lthgoint A ;
nation of Bloch sumg? of 0.49 eV, vs an experimental vafifeof 0.45 eV, while
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TABLE |. Relationship between the EBOM parameters
and thek-p parameters.

Parameters

A’ +4212m,
Ee=Ec+12————
a
A'+#42/2m,
T2
3#212mg+2L" +4M
E,+2 >
a
h212my+2L"
2a?
h212mg—2L" +4M
2a?

E

P

XX

zz—

’

N
Ey=En(110)=~—

P
@ Esxzﬁ or (b) (Ezz—Ex,) =Xn/8=0.5 eV

overestimating<;, — Xg, by a factor of 2 with respect to the
nonlocal pseudopotential vald@.

IIl. INCLUSION OF BULK INVERSION ASYMMETRY
EFFECTS IN EBOM

As previously indicated, the EBOM Hamiltonian in zinc
blendes reproduces &, point group symmetry rather than

the reducedTy because the basis states are implicitly as-

sumed to be parity eigenstates. Specifically, thestates,

which are the strongest components in valence-band states,
have negative parity. The simplest way to introduce an inver-

sion symmetry-breaking component consistent with Ihe
symmetry? of the valence states is to add soheharacter
to the p states. The reason for this is tiistates are close
energetically t states, and a finitd contribution to top of
the valence-ber¥B) states is found indeed ispds’ TB
calculations(see, for example, Fig. 4 in Ref. 4, where fthe
contribution to the top of the VB is=20%). Thus, the sub-
stitutions

IR, x)—Cp|R,x) +C4|R,yZ),
IR.y)—cplR,y)+Cd[R,2X),

|R,z)—¢cp|R,2) + c4|R,XY), (12

are made, where, andcy are real constants that measure

the importance of the odd and evamder inversioh com-
ponents in the new state, respectively.

Using the matrix elemeritls , as an example, the change
in the states will transform it to

Hsx=Cp(k,s|H[k,x)+cq(k,s|H|k,y2). 13

Looking up again in Table Il of Ref. 1, one can see that

Hsx=4iEg, siné(cosn+cosl) —4Eg,y sinnsing,
(14

PHYSICAL REVIEW B58, 235319 (2003

where the coefficients; have been absorbed into the adjust-
able parameterk; . Now, comparing Eq(14) with the cor-
responding element in the- p Hamiltonian in Ref. 18,

st,k-p:ipkx+BkykZ, (15)
one sees that the parameR(Ref. 18
ﬁz F15$VB S u; u; Z
B2l S (slpyfuj)(uj|pylz) 16
m T Al(Ec+E,)/2]-Ej}

describing the BIA in the&k-p formalism can be introduced
in EBOM by taking
—B/a?. (17

Therefore, the inclusion of BIA is made at a negligible
computational cost and its implementation is straightforward
because we are only adding a supplemental matrix element.
On the other hand, describing BIA and its associated spin
splitting by using anion and cation orbitals and on-site spin-
orbit matrix elements would require extending the dimen-
sionality of the basis set. An additional property of the
present method is that the number of neighbors included in
the calculation is not increased.

It remains to be seen how the remaining matrix elements
are affected by the substitutiofs2). Hs ¢ is left unchanged,
while the other diagonal elements become

Es,xy:

Hyx=[|Cpl*4Ext |cal *4Exy (01D ](cosécosy
+cosé cos{) +[|cy|?4E,,
+Cq|?4E,y xy(110) ]cosy cos{
=4E,,(cosécosy+ cosécosd) +4E, cosn cos?,
(18

where in the last stel,, andE,, have been redefined so that
Table | still holds. The other diagonal elements can be ob-
tained by the appropriate cyclic permutations.

The nondiagonal elements betwdenstates also change:

Hy.y= = 4LlCo|Exy+[CalExyxo 01D Isiné sin
—4icpCol Exxy(011)
—Exxy(110)]sin{[ cosé—cosn]
=—4E,,(110sin¢sinp

—4iE,,(011)sin{[ cosé—cosn], (19

with the usual redefinition of parameters in the last stép

and H,, are obtained by cyclic permutations. The results
here obtained for the tight-binding zinc-blende matrix ele-
ments agree with those of Hass$ al.?® which correct the
misprints in Table V of Ref. 1.

Comparison with the&-p Hamiltonian does not provide
the value of theE,,(011) parameter because it only intro-
duces terms of ordek® or higher when the corresponding
matrix element is expanded. This should not be a concern
when we seek only properties of states nearlthgoint. A
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FIG. 1. Band structure of GaSb calculated with EBOM under different assumptions for the parameters. The dotted lin@)irisplot
obtained under the original requiremeftef. 9 that the separatioX;,;=4.0 eV is used to obtaii,. The solid line is obtained taking
Esx=P/4a. A term describing BIA has been included in the solid line for gt which otherwise uses the same set of parameters as in the
calculations represented by the solid line in gt The spin split bands along ti¥ line can be observed. The dotted lines in glotare
results from nonlocal pseudopotential calculations from Ref. 13 shown for comparison.

look at the matrix elements reveals that the contribution ofaccurate zone-center band-structure description, it should be
E.y(011) reaches its peak near the K point. Since we aréised with some caution. In tie model, the position of the
only interested in properties near the zone center, its valugsO band at theX point is very sensitive to the value of the

will be set to zero for the following calculations. CB effective mass. For example, changimg/m,—where
my is the free-electron mass—in InAs from 0.025 to 0.024
IV. BULK BAND STRUCTURE changes the position of the SO band from abeui0 eV to

. . . . —6.5 eV. Going on further illustr in Fig.
The considerations above are illustrated with a samplabOUt 6.5 eV. Going one step further, as illustrated 9

e ) .
calculation of bulk GaSb. Close to the zone center of a zin?‘ sgttmgmc =0.023n, causes the SO band tq anticross with
blende, spin-orbit causes cubic splitting of the conductiorf® llght-nole band at some point along theline, and the
and the SO bana‘é15along the[110] direction. It also causes spurious valence-band crossing descrlped in Ref. 9.appears.
a linear splitting of the heavy-holgdH) and light-hole(LH) All these values compare favorably with the experimental
bands alond110], a linear splitting of only the HH bands Valu€® mg ,,=0.024n,. Therefore, it is reasonable to as-
along [111] and makes both the HH and LH have a finite sume that very small changes in the value of thg/m,
slope alond100] while keeping the double degeneréty. parameter can get rid of spurious solutions present irPthe
Figure 1 shows bulk GaSb band structures calculated usnodel for some materials. In particular, this avoids the case
ing EBOM, both with and without BIA effects, and com- where the LH band would create at valley in the gap
pared to pseudopotential calculations. The solid and dottetegion that might originate spurious superlattice bafids.
lines in plot(a) correspond to the EBOM model without the good procedure to avoid these complications would be to
zinc blende symmetry corrections. The dotted line is ob-<create a plot as in Fig. 2 for each of the constituent bulk
tained under the original requiremérthat the separation materials, and to make sure that the LH-HH crossing does
Xn=4.0 eV is used to obtaik,,. We will call this theX  not take place.
model. The solid line is obtained taking the alternative The solid line for plot(b) in Fig. 1 is generated under the
prescriptiodl E¢,= P/4a, with P obtained from the value of same conditions as modg| but with BIA effects turned on
the effective mass. This will be called tieemodel. With the by letting Eg ,,= — B/a?. This will be called theP B model.
parameters used, looking at theand L points, in theP  In agreement with predictions from the character tables for
model the conduction ban@B) and split-off(SO) band are  the T4 group?’ the bands become spin split in tBedirec-
pushed further away than in thémodel. tion because of the breakdown of Kramers degeneracy. How-
Although theP model could in principle provide a more ever, the correct description of the zinc-blende symmetry is
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FIG. 2. Bands for bulk InAs along th& line. It is observed how :c;ms g
a slight change of the value of the conduction-band effective mass | 00059
while keeping the rest of the parameters constant, induces the ar
pearance of a spurious crossing of the LH and HH baddsted 0000 o000
line).
) -005 -004 -003 -0.02 -001 000 -0.05 -0.04 -003 -0.02 -0.01 0.00
k [2r/a] k [2n/a]

made at the cost of the loss of accuracy for the CB and SO

bands, specially along thA line, where they take values FIG. 3. (@ Bands close to the zone center showing the spin
quite far from pseudopotential calculatiolfgepresented by  splitting, calculated with EBOM(b) Amount of CB splitting and its
the dotted line. The inclusion of a finitB in the EBOM  k® dependence at low values kf(c) As in (b), but with respect to
calculations does not change substantially the HH and LHhe SO band.

bands. The preference of having a correct description of th

ba.n.ds near the point or thea 'Ilne including spln—.wnh S result is of the same order of magnitude as the calculations
ability to describe short period (100) superlattices—or y Cardonaet al®

more accurate full zone description will determine the model ~ 1o only qualitative aspect of the bulk bands that the
to be used. The inclusion of second nearest-neighbor matrigytension in Sec. Il cannot incorporate is the linear spin
element&® might reconcile the energy values at thpoint in splitting in the valence bands close to the zone céftbr.
the PB model with the pseudopotential calculations and ex+k. p, this is described by a parame@coming from second-
perimental findings? _ _ order mixedk-p and spin-orbit terms in the perturbation
Figure 3a) shows the bands in more detail close to theexpansiort®*° It can be seen from the LH bands plotted in
zone center, with the spin splitting in the bands along theFig. 3 that the splitting that we obtain for that band is cubic
[110] direction. Plot(b) shows the splittings in the conduc- in k—the splitting for the HH bands is also cubic in

Sware of any experimental measurementygf,, but this

tion band along th&. line for the CB, and a fit using k—while it should be linear for both bands if the effects®f
3 were properly described in our extension. In the tight-
S=yk°, (20) binding method it is possible to include the effects of both

the B parameter* and theC parametet! using additional
matrix elements defined in the anion-cation basis. However,
the reduced EBOM basis set makes it difficult to include the
gffects of C in a straightforward manner. In any case, the
effects ofC are normally small, and its importance for het-
erostructures is studied, for a particular case, in the following
section.

where 7y, is the k® splitting proportionality constant. The
value used fory, is 186 eV A%, in good agreement with the
measuretf value of 187 eV R. This shows that the param-
eterB determines the CB splitting near the zone center in th
PB model in the same way as it does in thep method, as
expected from the derivation in Sec. Ill. A look at FighB
reveals that, for GaSh, expressi@@0) is good until about
2% of the zone edge. Figuréc3 shows that, as expectéd],
the behavior of the splitting for the SO band is described by
vsok® close to the zone center. The range of validity of the
cubic expression is extended with respect to the CB case. In The extension of the EBOM method in Sec. Il is tested
our calculation we find thatyso=196 eV AS. We are not with the calculation of the band structure of a symmetric

V. BULK INVERSION ASYMMETRY EFFECTS IN
SYMMETRIC SUPERLATTICES
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solid (dotted lines correspond to thie- p (EBOM) results. It

can be seen that the E1, HH1, and HH2 levels are slightly
closer to the bulk band edge levels due to nonparabolicity
124 effects. This not being the case for the LH1 band might be
due to different boundary conditions, strain implementations,

kp etc. In the inset, the amount of splitting between the E1
1.0 L5 EBOM subbands is shown, with both methods yielding similar re-
o . sults.
S 084 = 12 //
o, £ 10 // VI. CONCLUSIONS
> v 8 . .
g 064 £ / oo™ eV In conclusion, an extension to Chang’s EBOM method
5 & 4 / :;=20x10.me\,m for obtaining band structures has been presented. This exten-
04 2| » sion can describe the cubic spin splitting in the bulk zinc-
O ob  om  om  obr  obs plende condt_lction bands, but cannot describg the .Iinear' s_plit—
K1 1100] [A] ting present in bulk hole bands, where a cubic spin splitting

is incorrectly obtained. However, the lack of inclusion of this
linear splitting does not have appreciable consequences for
the subbands of the heterostructure we have studied. The
inclusion of the bulk inversion asymmetry effects is made at
—_— the cost of a loss of accuracy for the bulk bands at some
-0.04 -0.02 0.00 0.02 0.04 points far from the Brillouin-zone center. Also, we have re-
- examined the issue of spurious solutions originally discussed
kI 1100] [A'] by Chand in the context of an alternative EBOM formula-
FIG. 4. Comparison of EBOM ankl- p superlattice bands. The tion that does not constrain the HH'LH separat?on atxhe
structure is a 16/8 AlSb/GaSh SL. The sofidbtted lines are the ~ POINt. We have shown that the spurious solutions can be
k-p (EBOM) results. The bands are spin split away frbdue to ~ eliminated  with small changes in the value of the
the bulk inversion asymmetry. The inset shows, for both methods¢onduction-band effective mass. To use this variant of
the amount of splitting in the E1 band and the values for the splitEBOM for heterostructure calculation, we recommend a
ting coefficients as defined WE=2ak. careful screening of the bulk band structures of all constitu-
ent materials for anomalous behavior along the

. . direction—and fixing the problem by making small adjust-
AISb/GaSb superlatticéSL). The reduction of the symmetry ments in conductiog—bang effectiveymass ifgnecessar)J/' this

due to the confinement causes the states in the CB to become . X ’
spin split even along thg100] direction® in contrast to the will prevent the appearance of spurious solutions arising

redictions ofk- b implementations that do not include BIA from folded X point states associated with erroneous bulk
gffects pimp bands. Finally, the method has been applied to the calcula-

Figure 4 shows the comparison of the bands of a 16/E%|0n of bulk GaSb and an AISb/GaSb superlattice, and shown

0 have good agreement close to the zone center with results
AlSb/GaShb SL calculated by both thhe p and the EBOM . .
methods. In thisk-p calculation, which does include BIA from k-p calculations that include BIA effects.
effects!® the parameterB andC describing BIA are both set
to finite values for GaSb. In the EBOM calculation, as stated
previously, onlyB can be set. Control calculations have been The authors would like to thank Y.-C. Chang for helpful
performed using - p with C=0 andC+0 for this structure discussions. This work has been supported by the Office of
and for a 16/8/8 AISb/GaSb/InAs SL, and we always foundNaval Research under Grant No. NO0014-98-1-0567. A part
that the inclusion ofZ modified the splittings only by a few of this work was carried out at the Jet Propulsion Laboratory,
tenths of meV. Thus, at least for this system, the inability ofCalifornia Institute of Technology, and was sponsored by the
the PB model to describe the linear splitting in the valence Defense Advanced Research Projects Agency SpinS program
bands of bulk zinc blendes does not constitute a seriouthrough an agreement with the National Aeronautics and
drawback when studying splittings in heterostructures. Th&pace Administration.
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