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EFFECTOFCARRIERCONCENTRATIONON THE SELFENERGYOF
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In this work we studytheeffectof free carrierson the selfenergyof short
wavelengthphononsin heavilydopedn-typemanyvalley semiconductors.
We find that the presenceof free carriersproducesa measurablethift to
lowerenergiesin thephononfrequency.Themagnitudeof the calculatedshifts
shiftsis largeenoughto warrantexperimentaldeterminationof this quantity.
Comparisonof our calculationswith experimentalmeasurementswould
yield usefulparametersdescribingtheelectron—phononinteractionfor
largeq-phonons.

RECENTLY, therehasbeenconsiderableinterestin H~ = f d3r ~i~’(r, t) it,°t’(r, t) ~i”(r, t) (1)
the effect of free carrierson phononselfenergy.
The experimentalwork was concentratedin determining where ~1i(r,t) [i~t(r, i)] is the destruction(creation)
the energyshift andlifetime broadeningsproducedby electronfield operator,andthesuperscriptv deter-
the free carrierson theRamanfrequencies(long wave- minesthevalley in k-space,and4°”(r,t) is the electron
lengthsoptical phonons)of diamondtype semiconductors. phononinteractiongiven by
With theadvanceof high resolutionneutrondiffraction cI°~(r,t) = — ~ u,(r,t) . VU

1 (2)
techniques,measurementsof thesamephysicaleffects where
canbe carriedouton phononsof finite momentum.
In this work we performa theoreticalcalculationof u1(R, t) =

the influenceof free carrierson the selfenergyof ~ ( h 1/2

~ 2pV ‘~ (e~~)b~~exp [i(q• R— w~~t)]
shortwavelengthphononsin heavilydopedn-type
manyvalley semiconductors. exp [il/IX] + c.c. (3)

For n-typematerials,the free electronsconcentrate where i/i~~= ir for opticalbranchesandzerofor
on the lowestvalleys of theconductionband.These acousticbranches.Here,q andA denotethemomentum
valleys occuralong the~Ill) directionsof k-spaceat andpolarizationof thephonons,e~xis a unit vector
the zoneboundary(L1 points)for Ge andalongthe in the directionof polarizationof the phonons,p is
(lOO} directions(~ipoints),nearthezoneboundary the ion density,w~is the phononfrequency,and
in Si.

4’5 Since the momentumtransferinvolved in bqx(b~qx)is the destruction(creation)operatorof a
scatteringan electronfrom oneconductionbandvalley phononof momentumq andpolarizationA. Although
to anotherequivalentoneis of theorder of theedge equation(3) is strictly valid only for oneatomper
of theBrillouin zone,suchscatteringmust be assisted primitive cell, thefinal resultswill notbe affectedin
by a shortwavelength(of the orderof the lattice con- our case.However,thecalculationcaneasilybe
stant)elementaryexcitation.We considerthe scattering extendedto materialsof thezincblendestructure.If
of electronsvia phonons.The interactionHamiltonian we expandtheelectronfield operator
canbe written as:

= E ak ‘~k(~) (4)
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whereak is the creationoperatorof an electronof f d~k G°(k) ~ + q) (11)
j —;;--~

momentumk andcIk(r) are the normalizedeigenfunc-
tionsof the non-interactingHamiltonian,the interaction valley
Hamiltonianbecomes herewe haveneglectedvertexcorrectionsinceq VF

\ 1/2 > ~ where VF is theelectronFermivelocity.
H~ = i kVkV’,C?(2Pv ) e~.(~‘+ q) u(~’+ ~i) The electron—electroninteractioninsideeachvalley is

QX alsoneglectedbecauseof its smallsize for largeq;9qXj

exp(—ii~’ RJ)a~vak’vbQxAkvWv+ c.c. (5) althoughwe restrictour calculationto very low tern-

where peratureswe neglectthe possibilityof a superconduct-
ingtransition.In this casetheelectronGreen’sfunction

Akv,k’v = f d~r~ Ø~V(r)~k.v(r) (6) is givenby:( cv,~ whenk’~’= k~’+ q and k” belongto G~’(~)= — e(p) + th sgnw (12)
= equivalentvalleys, e(p) = -p-—

(13)0 otherwise, 2m
andandU(q + iZ’) is theFourier transformof U(r). 1 w> 0

sgncA) =

Notice that thedefinition of Ak,k’ makesuseof
the factthatall theothervalleysin the conduction m* is a conductionbandeffectivemassandCF the
bandlie muchhigherin energycomparedtoc~x.We Fermi energy.Hence,we find for ir(q, w):
definea newfunction:

m*pF l—x2 l+x)
1+ ln

M~(a,w)=.~eQ~.(~’+q)U~’+qjexp(—ii2’RJ) Reir(q,w) = 2~2h2P~( 2x 1—x
(7) 2

~ M”(q,X)l2IAkvkv,qI (14)
thereforetheHamiltonianbecomes:

withx~q/2k~,and
/ h \1/2

mt
___________ 2mpF ~IMv~qA)I2 AkvkP.QI= ~ I~2pVw~x)M”(q,A)Akvk’va~v.qakvbqx ~

+ c.c. (8)
(15)

For furthercalculationswe assumetheproduce
M(q,A)Akk’ to be a constantinsidea particular Equations(14)and(15)give the realand imagin-
valley, which is a reasonableassumptionsinceq (or ary part of theself energyof a phononconnectingtwo
kz)>> kF(wherekF is theFermiwavenumber).The equivalentconductionbandvalleysas a function of

carrier concentration.Theseresultslook similar to the
functionM(q,A) is well knownin the long wavelength phononselfenergyfor metalsderivedby Migdal.1°In
limit andis givenby Migdal’s, the sumin equation(15) is replacedby a

M~’(q.A) = ll,j (e~~q) + Z~(eL. q) (eax- er’) constant.Theseformulasare quite generaland apply
(9) to any semiconductorof thegiven family and to any

phononconnectingany equivalentpair of conduction
for acousticphonons,6wheree” is a unit vectorin the bandvalleys.In order to obtainnumericalestimatesof
directionof kv; andZd,l1 the deformationpotential this effect,we haveto restrict ourselvesto someparticu-
constants;andby lar case.Let us consideranX-point [(2ir/a) (100)]

M~’(q,A) = Do(e~x. ev) (10) transverseoptical phononin Ge; we assumeM(q, A) to
be practicallythe sameas for longwavelengthphonons

for opticalphonons.7 and takeD
0 to beapproximatelyi0

9eV/cm.’1 The

valueof IAkv,kv+Q 12 was found tobe 0.82.~’~We
The first ordercorrectionto thephononenergy obtaina decreasein the phononenergyof 6 percent

is givenby8 for a dopingof 1020 carriers/cm3.This effectwould

h be easily detectableexperimentally,suchmeasurements
ir(q, w) = 2i~

2 IM(q, A)1
2 IAkv,kv.q 2 would producevaluesof the correspondingmatrix

PWqX
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elementsand throw light on the natureof theelectron tions.Effects of similar naturehavealreadybeen
phononinteraction.Suchinformation could prove observedexperimentallyfor longwavelengthoptical
extremelyusefulin theunderstandingof several phonons.1’2Ourdevelopmentof thetheoryto short
importanteffectslike transportproperties. wavelengthphononslay thefoundationsfor future

measurementswhich shouldyield parametersof
In conclusion,we havecalculatedtheeffectof greatusefulness.

free carrierson the selfenergyof shortwavelength
phononsfor n-typematerialsof the Ge family as a
functionof carrierconcentration.We found a decrease Acknowledgements— Theauthoris gratefultoProf.
in therealpartof the phononselfenergydueto the W. Brenig for readingthemanuscript,andto Prof. M.
electronphononinteractionwhich is largeenoughto Cardonafor suggestingthis problemandhelpful dis-
be detectedexperimentallyat high carrier concentra- cussions.
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In dieserArbeit untersuchenwir denEinflussvon freien Ladungsträgemauf
die Selbstenergievon kurzwelligenPhononenin starkdotiertenn-artigen
Vieltalhalbleitern.Wir fmden, dassdie AnwesenheitderfreienLadungstrãger
einemessbareVerschiebungderPhononenfrequenzzu medrigerenFrequenzen
verursacht.Die berechnetenVerschiebungensindgrossgenugfür eineexperi-
mentelleBestimmung.DurcheinenVergleichvon Theorieund Experiment
könnteman nUtzlicheParameterderElektron—Phonon—Wechselwirkung
für grosseq bestimmen.


