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Exact symmetries of electron Bloch states and optical selection rules
in [001] GaAdAIAs quantum wells and superlattices
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We determined the exact symmetries of conduction and valence Bloch states in type-I and[6gf8-II
(GaAs),(AlAs), superlattices at th€ point and at some other symmetry points of the Brillouin zone of the
superlattices and derived optical selection rules. Contrary to a result widely accepted in the envelope-function
approximation(EFA), p, atomic orbitals cannot mix witlp, and p, orbitals to build Bloch states. The
phonon-assisted transitions involving thgoint as an initial or final state are allowed both without and with
taking into account the spin-orbit interaction whatever are the symmetries of the initial and final states. The
electron band structure of the superlattices is discussed. Within the domain of validity di.EF 4or not too
small values ofm andn), a detailed analysis of the Bloch-state symmetry and selection rules is provided on
imposing invariance of the superlattice structure under the changéoof-z (the o, symmetry operation It
is shown that optical transitions between the conduction states arising frofhgta¢es of GaAs on one hand
and the conduction states arising from Ketates of AlAs on the other hand can be allowed from spin-orbit
coupling only. The correspondence is provided between the symmetry of a Bloch state and the parity with
respect too, of its associated envelope function. The effect of an electric field parallel to the growth axis is
discussed. Quantum wells do not differ from superlattices with regard to Bloch-state and envelope-function
symmetries or optical selection rules. All the above results are still valid for any pseudomorphic superlattice or
quantum well made of two binary compounds with zinc-blend structure and identical cations or anions, such
as, for example, in the GaN/AIN system.
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[. INTRODUCTION symmetry K;_4). These results from our model are valid
whatever are th@ and m values since only the number of
The space groups of ti801] (GaAs),(AlAs) , superlat-  atoms in the lattice witlC,, sige symmetry and thei coor-
tices (SL’s) have been shown to H3, for the even values dinates can vary witm andn. _ N
of m+n and D3, for the odd ones.Using a group-theory The selection rules for direct optical transitions that we

method based on site-symmetry analysis, we deterrfined derived extensively in Ref. 2 are the same atlth@able )
possible exact symmetries of extended electron st&lesh andZ(M) points since they have the sarBgy symmetry.

state$ and their symmetry relation with localizezsland p The situation is more complicated at th@pomt. Ind_eed,
. . . whereas the Bloch-state symmetry and optical selection rules
atomic orbitals at thd” point and at the other symmetry

points of the superlattice Brillouin zon€SLBZ). Among are governed by the point group at thepoint and at the

) . . SLBZ points with the same highest symmeftamong them,
these other points, we consider hereafter Zhend X points the Z(M) point in the present cagethe property does not

of SL's with theD3, space group and tHd andX points of 614 at the other SLBZ points. The space group has then to
SL's with theD3, one. These points are of particular interestpe taken into account. It can be seen that the two families of
since they are located at the surface of the SLBZ in direcS|’s differ from one another in several respects at ¥e
tions parallel and perpendicular to the growth axis,point: (i) the X point in D34 SL’s has theC,, symmetry
respeqtlvel}?. Hereafter, the point group irreducible repre- whereas it has thB, one inD34 SL'’s; (ii) in the z polariza-
sentations(irreps are labeled according to Ref. 3 and the
labeling of space group irreps follows Ref. 4. TABLE I. The selection rules for direct band-to-band optical
We start our study by focusing on the case where spintransitions at thel’ point of SL's with the D3, and D34 space
orbit coupling is not taken into account, thus putting thedroups. The labels of the irreps taken in brackets refer to the case
emphasis on the most important features of optical spectré(‘.’hen.the spin-orbit interaction is ppt taken into accoupt. .Polari.za-
At the T point, in the case when spin-orbit coupling is not tions in pare_ntheses rt_afer to transmo_ns allqwed only with |nc|L_1c_i|ng
taken into account the possible symmetries for Bloch &atedhe spln?orblt interaction; the ones in capitals refer to transitions
arel’y,I', (both generated byandp, orbitals of constituent allowed in any case.
atoms, andIl's (generated by, andp, orbitals. Thel'; and
I', symmetries are possible only for free excitons. Tii#)

I'[I'1] I7[I] I'e[I's] I'7[T's]

point of SLBZ has the same symmet® ;) as thel point. Ig[I4] (x,y) (x,y)Z X, Y X Y(2)
It makes the possible symmetries for Bloch states to be r.[T,] (x,y)Z (x,y) X,Y(2) X,Y
Z,(M,) and Z,(M,), both generated bg and p, orbitals, Te[Ts] X,Y X,Y(2) x,y) (x,y)Z
andZs(Ms), generated by, andp, orbitals. Finally, at the I[Ts] X,Y(2) X,Y (x,y)Z (x,y)

X point of SLBZ,s andp orbitals can induce states with any
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tion, direct transitions between twy states with the same
index (X;_,) are forbidden in theD3, SL’s, whereas they
are allowed in theD3; SL’s (note that theX irreps refer to
theC,, group iand SL'’s and to theD, group iand SL’s);
(i) in the (x,y) polarization, the selection rules obey the
relations with the same indices in both families of SL’s, di-
rect transitions being allowed froxd; and X, states toX;
and X, ones?

When spin-orbit coupling is taken into accodnE; is
transformed intd'g, ', into I';, andT'5 is split intoI"g and
I'; (Fig. 1. Any transition previously forbidden in the,y)
polarization becomes weakly allowétlable ). In the z po-
larization, a transition betweenlg(1";) state arising from
I's on one hand and B,(I'g) state arising fron1',(I";) on

ing into account the spin-orbit interaction and whatever are
the symmetries of the involved initial and final stafes.

II. EXACT SYMMETRIES OF BLOCH FUNCTIONS AT
THE I" POINT

It is widely accepted that the lowest conduction band is
built from s orbitals at thd™ point of bulk GaAs, whereas the
upper valence bands originate frgmorbitals and present a
pronounced maximum in energy at this point. It is therefore
reasonable to assume that the maximum in energy for upper
valence bands in SL'’s is located at thepoint of SLBZ.
Bulk AlAs is an indirect-gap semiconductor with the mini-
mal energy value in the lowest conduction band lying at the
X points of BZ, the corresponding Bloch states being built
from s andp orbitals® The SL's have generally been studied

the other hand also becomes weakly allowed from spin-orbitising the envelope-function approximatitBFA) and start-
coupling. The same transformations of irreps and modificaing from properties of bulk GaAs and AlAs. Within EFA, it
tions of selection rules are induced by spin-orbit coupling ais generally accepted that the lowest conduction Bloch in

the Z(M) point. At the X point, there is only one double-
valued irrepXs for both families of SL's. Any transition

type-ll SL’s states originate fronX states of AlAs slabs:
either theX, state or theX, andX, states depending on time

becomes allowed in any polarization. Of course, transition&ind m values Besides, W|th|n EFA the heavy-hole Bloch
allowed from spin-orbit interaction only are expected to havestates at th& point of SLBZ are assumed to be built fraog
weak intensities. The experiments with light polarized in thegnd py orbitals only whereas the light- and spin-orbit-split-
(x,y) plane are particularly important since they are easier taff-hole Bloch states are built from the thrperbitals’ The

perform than those in the polarization (light propagating
along thez axis can be used in the former case

assumption thap, orbitals contribute to light- and split-off-
hole Bloch states makes the optical transition to the conduc-

Finally, it should be mentioned that any phonon-assistedion band allowed in the polarization. To our knowledge,

transition between th€ point and theZ or X point of SL's
with the D3, space grougithe M and X point of SL’s with
the D3 5q Space groupis allowed both without and with tak-

this last prediction has never been experimentally verified.
On the contrary, our results show that orbitals cannot
mix at theI" point with p, and p, ones since they induce
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Bloch states with different symmetriésOur theory allows D4n=D,4XCs. (1)

us to assign, as possible exact symmetries in the vicinity of

band gap, thd’; andI', symmetries for conduction states  In the same manner, the space groups are transformed as
arising from's and p, orbitals and thel's symmetry for follows:

heavy-, light-, and split-off-hole states arising frqm and 5 1 9 -

p, orbitals. We assume the conduction states arising foipm D2¢XCs=Dzp,  D3gXCs=Djp. 2
andp, orbitals (their possible symmetry iEs) to be higher . _ . .

: P . The irreps of theD 4, point group can be combined into

n energy and the hole states originating fremndp, orbit- . e 4h : .

! gy '9inating Pz Orol pairs. Within each pair, one irrep can be labeled wittand

als (their possible symmetries aifg, andI',) to be lower. : . .
These assignments arise from comparison between wide pe other with—. The gssoc!ated]‘ states are, respectively,
ven and odd under inversion. Of course, the largernthe

experimentally checked selection rules and predictions fro

our theory. Indeed, experiments show that interband transf’imdn va_lues, the_ better the approximation, since th_e d_gtails
tions are allowed o’nly in théx,y) polarization, whereas in- of the microscopic structure become less and less significant.

traband transitions are allowed only in tlzepolarization. Correlatiyely, itis expected that for not too small valuesrpf
Correlatively, our theor¥states that, in théx,y) polarization, andn, I" irreps of theD,q group present symmetry properties

only the transitions betwedns on one hand anfi; orI', on close to those of" irreps of theD 4 group. Thus, all thd"
the other hand are allowed whereas, in thmlarization, the states of theD,q group corresponding to a given one-

allowed transitions take place betwdénandI, or between dimens_ional irrep(i.e.,.l"l or I';) ShO.UId present the same
two T'5 only (Table ). Finally, when spin-orbit coupling is approximate parity with respect to inversion. They should

taken into account, the possible symmetries Bgeand I'; ;"\1:3? %esﬁ?]t thet\sName a_gprommat)e p;fr]lty W|;th_[(esfpeg:; fo
for both the conduction and valence statese Sec.)l ote that these two parities may be difierent. 1o find a cor-

The(GaAs),(AlAs),, SL's are generally grown on GaAs respondence between th_e irreps of B and Dy, groups,
substrates. The difference in lattice parameter between Gaﬁlg should subduce the irreps of gy group onto itsD o
and AlAs crystals induces a strain in AlAs slabs only, mak-SuPgroup.
ing the AlAs lattice parameter slightly larger in taedirec- ) o . ) .
tion [it is equal to that of GaAs in théx,y) plang. This A. The spin-orbit interaction not being taken into account
changes neither the point symmetry of the SL's nor their The subduction procedure provides the following corre-

space symmetry. Moreover, atoms with gy site symme-  spondences betweeh irreps of theD,, and D,y groups
try undergo no change since they are located at the center gfig. 1):

the slab$® and atoms with th€,, site symmetry may vary

their z coordinate® Therefore any orbital of any atom in- ry r;—r,, r;rI,—I, TIiTIs—=Is. (3
duces Bloch states with the same symmetries as in the no-

strain case. The strain can only change the energy of bands The irrepsT’;_, are one-dimensional and the irrepg

and the relative contributions of atoms to the Bloch statesare two-dimensional. The irrefds] , I'; , andl'; are even
Note that the difference in energy between conduction stategith respect tos, whereas thd’;, ', , and 1“;’ irreps are
arising (according to the EFA pictujefrom the X, , andX,  odd? The subduction procedure, from the point of view of
points of AlAs BZ, has been experimentally shown to be 19symmetry, mixes states that previously had opposite parities
meV in type-Il SL's when confinement energy is not takenwith respect tos,, namely,I'; andI', as well asI'; and

into accounf. ', . It occurs becausE; andrl", have no defined parity with
respect tar,. Now we can draw conclusions on conduction
[1l. COMPARISON WITH THE ENVELOPE-FUNCTION electron states based on selection rules. The vector represen-
APPROXIMATION tation for theDy;, group isI's (x,y) +1'5(2). Of course, the

é/_ector representation that is odd with respect to inversion can

EFA has been shown to be, in many respects, a very us nly connect states of opposite parities with respect to this

ful tool to study electron states in SL's except perhaps in th%’r

cases where very thin laye¢sf the order of a few monolay- i ansftc))rrtr:,\?tlon.tg hetst?lectlpn+rull? s for ?j'ltef: ! optlcalt transi-
ers are involved. We try to determine hereafter how the ions between the states wiffy , I'; , andl's symmetries

results from EFA can be compared with those from our?® the same as those between the Sta’Fe_SFM!thF; , and
theory. In EFA, any plane perpendicular to the growth axisl's Symmetries, respectively. No transition is allowed be-
and located at the center of any slab is imposed as a symmsveenl’y (or I';) andI'; (or I';) (Table I). Finally, the
try plane for the structure. However, in fact, these symmetryselection rules betweeli; , I'; , andT'2 +T'5 , as well as
planes do exist at a microscopic level neither forfgy nor ~ betweenl', , I'; , andl's +T'Z , are the same as those be-
for the D3, space group. When introducing thecy)- tweenl';, I';, andTs irreps of theD,q groud (Table ).
symmetry plane(hereafter referred to as the, symmetry  This shows that there are two sets of possible approximate
operation, the point group of the structure is transformed symmetries for conduction electrons at thepoint, one be-
from D,q into Dyy,. As a result, the number of symmetry ing '] andl'; , the othed”, andl', . Each set presents one
elements becomes IBcluding inversion instead of 8. The even and one odd possible symmetries with respect,to
D4y, group is the direct product of the,4 group and theC;  Transitions between the two sets are forbidden even iz the
group (the C group consists of identity and, operation polarization whatever are the parities with respectrioof
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TABLE II. The selection rules for direct band-to-band optical ~ TABLE Ill. The selection rules for direct band-to-band optical
transitions at the’ point of SL’s with theD,, point symmetry transitions at thé point of SL’s with theD ,;, point symmetry(with

(without including the spin-orbit interaction including the spin-orbit interaction

ry r; ry r; ry rs rg Iy r; rsy
ry z X,y g X,Y,Z X,y
ry z Xy I's XY,z X,y
s X,Y X,y z r; X,¥Y X,Y,Z
r, z X,y rs X,y XY,z
ry X,y z
rs X,y z Xy

with respect tar, remain approximately the same as those of
single-valued irreps from which they originate. It is noted
the two states considered for a transition. Both sets of poghat EFA also does take into account the spin-orbit
sible approximate symmetries therefore cannot be assignérjteractioﬁ and provides envelope functions with a defined
to the same type of electron state. For lower energyparity with respect tar,.

conduction bands, we assign one set to electrons originating The spinor irrep in thd® 4, groups is's . When the spin-
from I states in GaAgin the EFA picture and the other set orbit interaction is taken into account, the subduction of ir-
to electrons originating fronX states in AlAs. The GaAs and reps of theD,, group onto itsD,q subgroup provides the
AlAs slabs play the same role from the point of view of following correspondence&ig. 1):

symmetry, therefore both sets of electrons differ only in

symmetry properties by a half-SL-period translation along g I';—Tg, T'g,I'7—T5. (4)

the z axis. The assignment of a set of symmetries to a set of

electrons depends only on the choice of origin on zlexis Besides, the correspondences between the single- and
(in the center of a GaAs or AlAs slab double-valued irreps of thB,, group are(Fig. 1:

As the T Bloch states in thé,, groups have a defined
parity with respect to inversion, it follows that the associated ~ I'1 =T, I';—=T;, Tz—Is, T;=I7, (5
envelope functions should also have this property. Thus, the
question arises of the relation between the parity with respect Fi—Tg+T7, Tg—Tg+T7.
to o, of a Bloch wave function and the parity of the corre- ] ]
sponding envelope function in SLs. It is widely known from Therefore, the two sets of conduction states mentioned above
selection rules predicted in EF{Ref. 7) and verified experi- have thel's andT'g symmetries and th&; andT'; sym-
mentally that interbandintraband transitions are forbidden Mmetries, respectively. The possible symmetries for valence
between states whose envelope functions have the opposhtates ard’y , I's, I'; , andl'; . As mentioned above, it is
(the samg parities with respect ter,. Obviously, an even probably a good approximation to assume thgt andI';
Bloch function "y, I'; , orI's) can correspond to an even are even with respect te, as they originate front’; and
envelope function only. Furthermore, considering the selecF; , respectively, wheredS; andI'; are odd as they origi-
tion rules displayed in Table Il within each set of conductionpate froml'; andl', , respectively. The former states would
states and between each set of conduction states and valengen correspond to even envelope functions and the latter
states, one must conclude that the envelope functions assétates to odd ones. The selection rules are listed in Table Il
ciated withT';, T, , andI's Bloch states are odd with We now deal with the two sets of conduction states. In Table
respect tar,. Therefore, in EFA, a Bloch state and its asso-1V, to provide a presentation of results corresponding to that
ciated envelope function have the same parity with respect tef Table II, the contributions of' g and ' irreps arising
o,. The results appear in Fig. 1. Moreover, it can be defrom T'; have been added, as well as thosd gf andT'5
duced from experiment thdt conduction states, at least in jrreps arising froml's . It can be seen that transitions be-
type | SL’s for which numerous experimental results have;gme weakly allowed in théx,y) polarization between two
been published, present alternatively even or odd symmetrie§aies belonging to different sets of conduction states when

with increasing values of energy. they have opposite parities with respect to inversion but tran-
sitions remain forbidden in all cases in tepolarization.
B. The spin-orbit interaction being taken into account Next, the selection rules betwedi , I'y , andT'g +T'g

The double-valued irreps of thR,, group have a defined +I'7 +I'7, as well as betweed’; , I';, and I'g +I'g
parity with respect to inversion and may also be labeled with+ I'; +T'; , are identical. They are close to those between
a + or — index. Unlike single-valued irreps, double-valued I', I';, andT'¢+T'; of the D,q4 groug (Table ). The only
irreps have no defined parity with respectdg (this arises  difference is that transitions between two states with the
from the rotation of the spjn Nevertheless, the spin-orbit same symmetryI{s or I';) is weakly allowed in theD,
interaction being only of a perturbative order of magnitude,group from spin-orbit interactidnTable ) whereas they are
it is probably a good approximation to assume that the symforbidden in theD,;, group as any state there has a defined
metry properties of double-valued irreps of thbg, group  parity with respect to inversiofiTable Ill). The difference
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TABLE IV. The selection rules for direct band-to-band optical transitions at'tpeint of SL’s with the
D, point symmetry. The notations are the same as in Table I.

[g[T1] Tgll]l (Te+T7)[Ts] T7(I,] T[] (Fg+T7)[Ts]

Iglly] (x.y)Z X,Y(2) (x.y)
Ig[l'5] (x,y)Z (x.y) X,Y(2)
T +T)ITs]  X,Y(2) X,Y(2) (xy)Z
7,1 (xy) (x,y)Z X,Y(2)
r7[r;] (x.y) X,Y(2) (x.y)Z
(Tg+T7)IT5] X,Y(2) (x,y)Z X.Y(2)

arises from theo, element that is imposed in EFA. The symmetry (X and 1d Wyckoff positions in theD3, space
existence of two sets of possible approximate symmetries fagroup and t in the ng group, s and p, orbitals exchange
conduction states at tHe point, namely's andI'y on one  the indices of the Bloch states they induce when going from
hand andl'; andI'; on the other hand is thus confirmed. theT point to theZ(M) point.
Finally, if one assumes that an approximate parity with re- In EFA, using a tight-binding model and considering di-
spect too, can be assigned to double-valued irreps, comparrect optical transitions in théx,y) polarization® it has been
ing Egs.(4) and (5) draws the conclusion that the ground shown that a type | allowe¢forbidden transition at thel’
state of hole of any typéheavy, light or split-off or electron  point is also allowedforbidden at theZ or M point of the
(belonging to either of the two sg¢tsan have only th& or ~ same miniband. On the contrary, for a type-II transition of an
the [‘;’ symmetry since in EFA the ground state is a|Wayse|eCtl’0n originating from th&, point of bulk AlAs, the char-
associated with an even envelope function. acters are opposite at each end of the miniband. This result
To conclude, it must be stressed that the main feature dlrises from the spatial configuration of electron and hole en-
EFA consists of imposing thez Symmetry on the structure Velope functions. The parlty of envelope functions under the
of SL's. In addition, both barriers and wells in EFA are as- o operation is the same at tieandZ(M) points?
sumed to be made of materials completely defined by the In our model, compatibility relatiofisshow that within
values of the band gap and the carrier-effective masses. Gheé same minibandl’; and I', can be in correspondence
the contrary, when introducing the, symmetry in our With both Z,(M,) and Z,(M;) andT's in correspondence
theory, we kept all symmetry elements of tBg, or D3,  With Z5(Ms). The symmetry properties of th&,(M,),
space group. These elements are not included in the crude(M2), andZs(Ms) irreps are the same as those of the
assumptions of EFA. As a result, we may expect some disl’2, andl's irreps, respectively, and they therefore obey the
crepancies between EFA and our model even after adding t8&me selection rules. It can be concluded that type-I transi-
the latter the invariance with respectdg. For example, we tions correspond td'; —Z;(M;) or '~ Z5(M3) minibands
found that any optical transition at tHe point of SLBZ is  Whereas type-II transitions correspond g —Z,(M,) or
forbidden in thez polarization between the two sets of con- I'>—Z1(M1) minibands. When the spin-orbit interaction is
duction states. This property is not a feature of EFA wherdaken into account, atoms with either tBgy or C,, site
intraband transitions between states with envelope functionsymmetry can induce Bloch states with any possible symme-
of opposite parities with respect te, are allowed in thez  try at thel’ andZ(M) points. Compatibility relatiorfsshow

polarization. that, within the same miniband’s andI"; can be in corre-
spondence with botiZg(Mg) and Z,(M-). The symmetry
IV. BAND STRUCTURE properties ofZg(Mg) andZ,(M-) are the same as those of
I's andI';, respectively, and they obey the same selection
A. T'-Z(M) bands rules. As above, it can be concluded that type-l transitions

To study the symmetry behavior of electron bands, ongorrespond tol'g—Zg(Mg) or I';—Z7(M7) minibands
should determine which atoms in the primitive cell of the Whereas type-Il transitions correspond lfg—Z7(M7) or
SL's mainly contribute to them. The only atoms wib,y  I'7—Ze(Mg) minibands.
site symmetry in any SL are those located at the center of
each slaiGaAs or AlAS.28 The influence of such atoms on
electron band structure and optical properties of SL’s there-
fore decreases as the thickness of the slabs is increased. ForThe X point of SLBZ has different symmetry properties in
other atomgall of them have the&C,, site symmetry, when  each family of SL's(see Sec.)l When the spin-orbit inter-
the spin-orbit interaction is not taken into account, any or-action is not taken into account, atoms with eitherhg or
bital (s,px,py.P,) inducesI’ and Z(M) Bloch states with C,, site symmetry can induce Bloch states with any possible
the same possible symmetrfedlote that this result also symmetry. Compatibility relatioffsshow that, iand SL’s,
holds when one takes into account the atoms with@hg I'; andI’, can be, within the same miniband, in correspon-
site symmetry that are located at the Wyckoff position in  dence withX; and X5, andT's with X;_,, whereas irD3,
both space groups. For the other atoms with hg site  SL’s, I'; is in correspondence wit; and X5, I', with X,

B. I'-X bands
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andX,, andI's with X;_,. Obviously, for sufficiently large TABLE V. The selection rules for direct band-to-band optical
values ofm and n, the optical properties of each family transitions at thd™ point of SL's with theC,, point group. The
should converge to one another. Nevertheless, it is difficulpotations are the same as in Table I.

to make predictions about these properties due to the con=

plexity of the situation, in particular, the fact thaf'a state Fe[I4] I's[I's] I's[T'4]
can be in correspondence with Anstate with any possible Te[T,] (x.y)Z Y (2) X(y.2)
symmetry ,_,) within the same valence miniband. When Te[T5] (x)lY(z) (x.y)Z (x y' 2)

the spin-orbit interaction is taken into account, any Bloch Te[T4]
state at theX point of the SLBZ has th&s symmetry and S
can be in correspondence within a miniband either withya

or I'; state’ dition to the two vertical symmetry planes. Such results are
Band-structure predictions should pOSSibly be modified ||']n agreement with properties previous|y obtained when
the case of band crossings since these could modify the synatydying the valence-band structure of quantum wells
metry correspondence between the points at each end of tI@@WfS) under an electric field?
miniband. The subduction procedure provides the following corre-
spondences between therreps of theD 4, andC,, groups
V. EFFECT OF AN ELECTRIC FIELD when spin-orbit is not taken into accoursee Eq.(8)] and
when it is[see Eq.(9)]:

X(y,2) (x,y,2) (x,y)Z

Application of an electric field along thedirection lifts
the SL translational invariance along the growth akizhis
statement could not be true in the special case of a SL with a
periodic field, embedded in a structure presenting the same

ry ry—r,, r,r;—r, TiTIs—=Is (8

type of doping at both ends and/or submitted to an applied I'g I'g—I7, T7,[7-Ts. C)
voltage. Periodic fields can arise from the difference in lat-
tice parameter between the well and barrier mate(jzitszo- It can be seen that there are no longer two separate sets of

electric field or from difference in spontaneous conduction-electron states. Indeed, due to the electric field,
polarizability1° Periodic fields are forbidden from symmetry the GaAs and AlAs slabs no longer play equivalent roles
in the present SL’s and we therefore do not consider thigrom the symmetry point of view. The electric field mixes
case] The full symmetry is kept in théx,y) plane. The elec- states that previously had opposite parities with respeet to
tric field removes theS, symmetry elements as well as the (I'; and'; on one hand anfi, andI'; on the other hand
two-fold symmetry axes lying in théx,y) plane. The point when the spin-orbit is not taken into account, didandT" g
group become€,, , a subgroup of th®,4 point group of  as well ad"; andI'; when it i9. Of course, any Bloch state
the SL when no field is applied(4=C,, X S,, where the or envelope function no longer has a defined parity with
S, group consists of identity an§, along thez axis opera- respect tor, as theC,, group does not include the, sym-
tions). The space symmetry of the structure is then describeehetry operation. Such a result has been shown directly for
by the three-dimensional diperiodic space gro(lpyer envelope functions in the case of the Wannier-Stark effect.
group DG23 (P2mm). The diperiodic groupgDG’s) re- The optical selection rules for direct transitions at the
ferred to in the present paper follow the notations of W&bd. point are given in Table V for th€,, group* Those for the
The 2D BZ of the DG is the cross-sectiok,&0) of the 3D C,, group are given in Table Mithe spinor irrep id";). The

BZ of the corresponding 3D group. The states from the sympossible symmetries in th&,, (C,,) group arel’; (I'; and
metry lines parallel to thek, axis are projected onto the T',) for conduction states anb; andI", (I's) for valence
(kx,ky) plane. This causes, for example, theM) point of  states. These assignments arise from the above subduction
SLBZ to be located at thé& point whereas the< point of  procedures. In the andy polarizations, for both groups,
SLBZ remains in the same location. In the present case, théirect transitions between conduction and valence states re-
x andy axes are no longer equivalent. The subduction promain fully allowed(both without and with the account of the
cedure provides the following correspondences between thgpin orbib, just as they were when no electric field was ap-
I' irreps of theD,yq andC,, groups, respectively, when the

spin-orbit is not taken into accoufgee Eq(6)] and when it TABLE VI. The selection rules for direct band-to-band optical

is [see Eq(7)]: transitions at thd” point of SL’s with theC,, point group. The
notations are the same as in Table |. Polarizations in brackets refer

'y, =Ty, Ts—=Tat+ly, (6)  to transitions allowed only without including the spin-orbit interac-
tion.
FG ,F7—>r5 . (7)
The splitting of I's into I'; and I', arises from the non- AT Fel ] Fol1's] Tl
equivalence of thex andy axes in theC,, group. r,[T4] (x,y)Z (x,y) X, Y XY (2)
When adding ther, symmetry operatiofEFA), the point [e[T5] (x,y) (x,y)Z X,Y(2) XY
group become&,,, a subgroup oD, (D4,=C4,XCy), [els] X, Y X,Y(2) (x,y)Z (x,y)[z]
and the three-dimensional diperiodic space group becomesr[I] X,Y(2) X,Y x,y)[z] (x,y)Z

DG55 (P4mm). The four-fold symmetry axis is kept in ad-
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plied. Only, thex andy polarizations can now be distin- plied andC,, and DG55 P4mm), respectively, when the
guished from one another in ti@®,, group due to the split- field is applied. At corresponding points of B8ee Sec. ¥,
ting of valence bands intd'; andI", components. In the  the possible symmetries for conduction and valence Bloch
polarization, on the contrary, for both groups the transitionsstates and envelope functions as well as the optical selection
are fully allowed between states with the same symmetryiules are the same as for the SE'spth without and with an
whereas they were previously forbidden both without ancePplied electric field.
with the account of the spin-orbit. Moreover, in th@olar-
ization, transitions betwegn conductibralence states with Vil. CONCLUSION
different symmetries were previously fully allowed. They are  We have determined the exact symmetries of conduction
now allowed in theC,, group from the spin-orbit only be- and valence-electron states in th@0l] (GaAs9,(AlAs),
tween valence statéthere is only one possible symmetry for SL's and derived the optical selection rules.
conduction statgsIn the C,, group, they are allowed only We have also established the approximate symmetry
without the account of spin-orbit between valence states, anproperties of SL’'s with not too thin slabs of constituent ma-
are completely forbidden between conduction states. Thigerials. To establish how optical selection rules based on ex-
arises because the electric field lifts the symmetry operationact Bloch functions correspond to those based on the SL
involving the transformation of in —z, namely, theS, op-  envelope functions, we have approximated the exact symme-
erations, the two two-fold symmetry axes lying in they)  try of the SL’s with not too thin slabs by a structure with the
plane, and in addition the, mirror symmetry for theD,, point symmetryD,, that reflects the SL’s structure within
group. the EFA model. We have obtained the approximate Bloch

It should be kept in mind that in some cases, for examplefunctions and shown that the conduction states form two
in the case of a uniform applied electric fidlithe Wannier-  independent sets having a one-to-one correspondence with
Stark effect>!9, the extension of the wave function along the exact conduction states in thg, group and obeying the
the z direction can be limited. Independently of the abovesame selection rules. We assigned these sets to states origi-
selection rules, which arise from symmetry, this limitation nating fromI" electrons of GaAs an¥ electrons of AlAs.
can also cause the matrix elements to vanish when the eleGomparing the selection rules for approximate Bloch states
tron and the hole are located far from one another inzhe and those rules obtained from experiment, we have estab-
direction. lished the approximate parities of the Bloch states with re-

spect to inversion and with respect to the changetof—z.
VI. QUANTUM WELLS In particular, we have shown that electron states in the con-

i i duction band always have even or odd parity with respect to

We have previously shovirthat the point group and the e change of to —z, whereas thd's hole states have both
three-dimensional  diperiodic space group di00l]  o4q and even components. The effects of the spin-orbit in-
(GaAs,,/AlAs OW's areD,4 and DG 59 P4m2), respec- teraction have been considered. The application of an electric
tively, whatever is them value (of course, an identical pic- field parallel to the growth axis induces changes in Bloch-
ture would be obtained with AlAs by merely replacimy  state and envelope-function symmetries. The optical selec-
with n). When an electric field is applied parallel to the tion rules are then dramatically modified in tlepolariza-
growth axis, these groups transform in,, and DG23 tion. We have presented the three-dimensional diperiodic
(P2mm), respectively. When adding the, symmetry op- space groups of QW’s both without and with an applied
eration (EFA), they transform into Dy, and DG61 electric field and shown that the optical selection rules for
(P4/mmm), respectively, when the electric field is not ap-QW’s do not differ from those for SL'’s.
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