
Solid StateCommunications,Vol. 27, pp. 397—400. 0038—1098/78/0722—0397$02.00/0
© PergamonPressLtd. 1978.Printedin GreatBritain.

k-LINEAR COUPLING AND THE E TRANSITIONSIN GaAs
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The k-linear intravalenceandintraconductionbandcouplingtermsalong
the (Ill) directionsare shownto explain the anomalouslylargestrength
of theE~structurerelativeto E + ~ and also the largeenergyseparation
betweenthem.Quantitativeagreementbetweentheoryandexperimentis
obtainedusingintrabandcouplingvaluescalculatedfrom k - p perturbation
theory.

E~STRUCTURESobservedin modulationspectrain matrix elementspreviouslycalculatedin a 15-bandk- p
materialswith moderatespin-orbitsplittingsaie charac- expansion[13], or by fitting to experimentalreduced
teristicallydoublets,with theE structuremuchlarger masses[14].
than that of E + ~, andthe observedenergysepar. BecauseA~1couplesprimarily toA~andA~we
ation ~ largerthanthe spin—orbit splittings~ and t~ divide the full five-band(111)Hamiltonianinto a three-
of the valenceand secondconductionbandsat k = 0 band partcontainingA~~, A~,andAs”, anda two-band
[1—3]. Both featuresare surpnsingwhenviewedfrom part containingA~and As”. InteractionsamongA” and
the perspectiveof simple two- or three-bandmodels[4] ACU are treatedby second-orderperturbationtheory.Let
of the bandstructurealong (ill). Althoughthecon- k,0 expressthe magnitudeanddirectionof k perpen-
dition ~‘, > ~ hasbeeninterpretedasevidencethat the dicularto [1111as
E andE~+~ criticalpointsdonotlieexactlyon ke18 = k ‘+ik ‘ I
(111) [1,3,51 thereasonfor sucha local distortionhas X 3P

not previouslybeenunderstood. wherek~’andk
3’ are thex’ andy’ componentsof k in a

Recentcalculationsfor Si [6] showedthat the coordinatesystem2’ = (2 — 9)/...J~9’= (2 +9 — 22)/
intravalencebandcoupling [7] along(ill) betweenthe \/~2’ = (2 + 5’ + 2)/..J~Thenusingthe standard
uppervalencebandsA~andA~(k-linearterm)signifi- orbital representations
cantly increasesthe transverseinterbandreducedmass, V CU . ,~, ~—

A6 A6 ~X + 1)’ )IV 2 ~2a
PT’ of A6 with thelower conductionband,A6 , and
reducesit for A~5.The effect is largein Sibecause~ is A5, A~”S (x’ —iy’)/~/~, (2b)
extremelysmall (- 0.029eV [8]). Because~ is also AC! (2c
small for mostmaterials[9], with suggestiveexceptions 6

suchas~ — Sn [10] and InSb [11] whereE structural the three-bandHamiltomanmatrix in atomicunits
anomaliesare not seen,it hasbeenpostulated[12] that (Ii = me= aa= 1)is
theE~structuralanomaliesin small ~ materialsare also / k

2 kP kP .~

causedby k-linearterms.The purposeof this noteis to /E~+ ~- —~ e~0 e
show thatthis hypothesisis supportedquantitativelyby ~ V -

theory. I -~- ~ ______ I —ikll e18
~ ~ 2 3~E(k)j V

1. BAND MODEL — k2 4Q2

To describek-linear effectsin E transitionsa e~ ikll~e10 — ~ + ~ — 3~(k)]
minimumof five bandsalong(111) mustbeincluded
explicitly: A~,A~,A~’,andthe secondconduction (3)
bands/.4U~ ~4U Interactionswith otherbandsareless whereE, is the A~—A~’separationat k = 0, and
significantandwe includethem by usingmomentum = ,, ,, I I (4

X ~Px;5
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are k- p averagesover theactive80% of the (111)axes.
Otherparameterswere takenfrom the literaturewith

-1 TS\\ the exceptionof E, which was adjustedto fit ERspectraaswill be discussed.
“ “ The effect of H~in thetwo-bandHamiltonian is to

I causeA~5andA~to repeleachother for increasingk.
0 0.05 0.10 0.15 For A~5the effect is finally overcomeneark =

k/G0 0.057hG0by the freeelectronterm and the interaction
with A~.Thesebandsare essentiallyindependentof 0.

Fig. 1. Calculatedbandstructureperpendicularto the For A~.5andA~,thesituation is similar for small
[ill] symmetryaxis without (----) andwith ~ k, butquitedifferent for largek owing to thestrong
k-linearcouplingeffectsincluded.Valuesof parameters
are given in thetext.The absoluteminimumof the inter- coupling to Ax’. Here,a finite U~in the three-band
bandenergy,which occursat 0.057G0 in a direction Hamiltoniangeneratesvia A~’a threefoldrotationally
towardanearestcubeedge,isshown, symmetricdistortionof the valencebandswhose

strengthis proportionalto k
3I1~P2.Maximumand

Q = (X0 I p
3’ zCu). (4b) minimumspreadingof the valencebandsoccursat

~o (x’
t’Ip~y’~’) (4c) ~ = — 30°±n 120°and+ 300 ±n - 1200,respectively.For0 = — 300 theA~bandis forcedup sufficiently so

AE(k) = E~(k)—E~°(k), (4d) that the absoluteinterbandminimum with A~
5is

~E~(k) = Er(k)—E~’5(k). (4e) pushedoff thesymmetryaxis, forming a triplet of
critical pointsat k = 0.057G0 with an interbandenergy

The two-band1-lamiltomanmatrix for AC~~Is 80 meV less that that at k = 0. The appearanceof this(E, k
2+ A + — 1 + 4Q2 ~ ikH~ei6) triplet andsuppressionof the interbandminimum

5) El + A’, and increasesA’, aboveAl, in accordancewith
2 [ 3AE~(k) greatlyincreasesthe oscillator strengthof E relativeto

experiment.
—ikH~e’~°E +— +

2 ~, 3AE(k)
~. ELECTROREFLECTANCESPECTRUM

whereE is the A~—A?
5separationat k = 0 andI1~is —

definedasfl~but usingconductionbandstates. To comparetheory to experiment[3] we calculate
The solutionsof equations(3)and(5)areshownin theEl and El + A’, electroreflectance(ER)lineshapes

Fig. 1 for H~,= H~= 0, and for l1~,= 0.161iG0, usingthe five-bandmodel.Becausethe completeFranz—

fl~= — 0.23hGofor thetwo extremaldirectionsnormal Keldyshcalculationfor nonparabolicbandsrequires
to the(111)axes:0 = — 30°±n - 120°,towarda multiple integrations[16], we use a low-field locally
nearestcubeedge,and0 = + 30°±p~ . 120°,away from parabolicapproximationwherethe interbandreduced
anearestcubeedge.The nonzerovaluesof H~,andH~ massin thefield direction is evaluatedat eachpoint k by
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the definitionp~(k) = ?I
2 d2E~(k)/dk2.We assume largevalueof A’, follow directly.

cylindricalsymmetry(infinite longitudinal mass)for an Usingliteraturevalues [17] of n andk for GaAsat
activeregioncomprising80%of the (111)axes.The 6.7 eV weestimatein the linearapproximationthat for
radialvariationistakento bethat for 0 = — 30°,which bareGaAs
somewhatoveremphasizesthe k-lineareffectsbut greatly AR/R —0.13Ae,+0.OOAe

2 (7)
simplifiesthe calculation.

With theseapproximationsthe low-field expression which differs in phaseby about50°from thenormalized
for the A~5—A~,andA~_A~Utransitionsbecomes linear combinationin Fig. 2. The phasediscrepancyis

l024vh2Q2c~2(Ry)2(ea~aa~) similar to, but less than,that found in a previousline-
= shapecomparisonfor Ge [2] , and is in thedirection

405(ao/aB)E
2 predictedby the contactexcitonapproximationto

k dk describethe effect of theelectron—holeCoulombinter-
X J p

7<k) [E — E~(k)+ jr’]
4 (6) action in modulationspectra[18]. Amplitudescanbe

comparedby usingthe factthat AR/Rwasmeasuredat
whereRy = 13.6eV, ~‘2= h2G~/(2me),a

0 is the lattice ~ 700kVcm’. Fromequations(6) and(7) andFig. 2.
constant,and I’ isthe phenomenologicalbroadening

we calculatethe negativepeakamplitude of AR/R to be
parameter.The expressionfor thetransitionsA~,5—A~
andA~—A?5is 5/4largerowing to matrix elementand 0.006, in good agreementwith experiment.Thus a
field directioneffects(a [Ill] field is assumedthrough- quantitativedescriptionis obtained.
out) The enhancementof El relativeto E + A’, is also

seenin GaPwhereA~andAl are muchless thanfor
The ERlineshapecalculatedfor I’ = 0.16eV,

� = 100 kV cm’, andE = 6.71 eV, andproperly GaAs. The actualk = 0 thresholdsof Ar” for GaPwill
alsobe underestimatedif calculateddirectly fromweightingthe four contributions,is shownin Fig. 2 with

theexperimentalspectrumAR/R.To obtain this fIt the experiment.The differencefor GaPshouldalso be of the
thresholdenergyEl at k = 0 wasadjustedto 6.71 eV, order of 80 meV as for GaAs. It is presumablyless fora—Snand the Ill-Sb compoundswherethespin—orbit
andthe normalizedlinear combinationAe = 0.78(Ae2—

0.80Ae1)wasconstructedto reproducethe ARIR splitting is muchlarger.A morecompletediscussionwill
begiven elsewhere.asymmetry.Also shown is thecurvecalculatedwith the

sameparametersbut with FL = FL = 0. It is clearthat
the k-lineareffectsaresubstantialandexplainalmost
completelythe lineshapedifferencesbetweenexper- Acknowledgement— We find it a pleasureto acknowl-
iment andthe simple theory. In particular,the enhance. edgethehospitality of the Universityof Campinas,
ment of E relativeto E + A’, andthe anomalously Brazil,wherepart of this work was performed.
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