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Resultsfor the influenceof electron—phononinteractionon thecyclotron
effectivemassandtheresonancelinewidth in a two-dimensionalelectron
gasare presented.Thetemperatureandmagneticfield dependenceis
studiedandthe existenceof quantumoscillationsis demonstrated.It is
shownthat therelevantphononfrequencyin typical MOSinversionlayers
is very smallsothatmagneto-transportpropertiesare temperaturedepen-
dentevenat a few degreesKelvin. Resultsare consistentwith the observed
temperature,magneticfield and frequencydependencein Si(100)inver-
sionlayers.

THE AIM OF THIS PAJ’ERis to presentsomeresults theoryfrom threeto two dimensions,whenapplied[3]
andconsiderationsof the influenceof electron—phonon to inversionlayersin the appropriaterangeof their
interactionon themagneto-opticpropertiesof two- applicability,provesufficientreasonsto suspectsigni-
dimensionalelectrongases.Experimentalrealization ficante—phcontributions.Forthe compoundsemi-
andstudy [1] of two-dimensionalchargedgaseshas conductorsit hasbeenarguedby oneof us thatthe
beenfound mostlyin theinversion/accumulationlayers polarnatureof thematerialssuggests,apriori, a stronger
createdin the semiconductorat the semiconductor— electron—phononcouplingin the inversion/accumulation
oxideinterfaceof a metal—oxide—semiconductor region.In addition,very low valuesof r1 indicateinsigni-
(MOS)sandwich.Most suchstudiesarebasedon inver- ficante—einteractioneffects.In eithercase,a realistic
sionlayersin silicon,althougha fewisolatedstudieson understandingof thee—pheffects,smallor large,
compoundsemiconductorshavealsobeenreported.It requiresa meaningfulandrealisticinvestigationof its
hasbeennotedthat the ability to continuouslyvary the influenceanddistinguishingfeatures.
carrierdensity,alongwith usualparameterslike With this aim,in this paperweconsiderthe simplest
temperature,appliedmagneticfield, etc. affordsa model— a singleparabolic2-dimensionalelectronband
ratheruniqueopportunityfor the studyof basicinter- interactingwith bulkphononsin the presenceof static
actionphenomenain two dimensions.However,the magneticfield appliednormal to the planeof the elec-
knowledgegainedfrom suchstudiesdepends,amongst tron gas.Evenfor this simplestof all situations,the
otherthings,uponthe useof appropriatetheoretical resultspresentedherearethe first andrevealsignificant
formulationfor the interpretationof the particular dependenceson temperature,magneticfield,etc. The
experiment[2]. Of thetwo basicinteractionsintrinsic particularresultsobtainedarethe positionof the main
to sucha system,namelyelectron—electronand cyclotronresonancepeak,aswell asits linewidth.The
electron—phonon,a considerableemphasishasbeen density,temperatureandmagneticfield dependenceof
placeduponstudiesinvolving only theformer, to the bothis investigated.In contrastto popularbelief,but
neglectof thelatter.To a largeextentthis hasbeen consistentwith relevantexperiments,it is shownthat
motivatedby the expectedandclaimeddominanceof significanttemperaturedependencecanbepresentat
thee—einteractionoverthe electron—phononinter- very low temperaturessincethe frequencyof relevant
actionin silicon inversionlayers,althoughno defmitive acousticphononsis of the orderof a few degreesKelvin.
evidencefor this hasbeenpresented.On thecontrary, It is alsofoundthat in the regimewheretheintrinsic
extensionsof certainwell knownresultsof Fermi liquid Landaulevelwidth is dominatedby shortranged

impurityscatters,thecyclotronresonancelinewidthdue
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electron—phononinteractionsin inversionlayersby pro- incorporatingthe finite extensionof the electronwave
vidingboth,temperatureandmagneticfield dependence functionin the zdirectionas discussedin [5], we esti-
of the linewidthin conformitywith relevantdata. mateA to be of order0.03.Usingthe Laguerrepoly-

Theeffectivemassappearingin themain cyclotron nomials,9’~(x),the coupling(for n’ > n) canbe
resonanceis foundto havea leadingorderenhancement written as [6]
givenby a dimensionlesselectron—phononcoupling
strength,confirminganearliersuggestion[3] madeby gq ,~72~ 2

= m (~2l2)n’_n_n’~q2l2~2
oneof us on thebasisof the analogywith theresultof
Fermiliquid theoryin threedimensions.However,of x exp (— ~q2l2). (4)
equalsignificanceis the appearanceof quantumoscil-
lationscausedby the Fermienergypassingthrough Fromthis relationwecanobtain usefulinformation
variousLandaulevelsasthemagneticfield is varied. abouttherelevantphonons.Fora magneticfield of
Finally, the effectivemassis foundto increasewith tern- H— 7 T, (as in the typical experiment[7—9])! 100A.
peraturein agreementwithrelevantexperiments. Thusthe exponentialfactor in equation(4) is extremely

We considera two-dimensionalelectrongaswith a small unlessq S (~/2/l).The prefactorin equation(4)
parabolicbandandin a perpendicularmagneticfield H shiftstheimportantq to highervalues.This is significant
interactingwith phonons,the systembeingcharacterized if n nearthe Fermilevel is high,e.g.in 3-D systems
by theHamiltonian, n iO~andall the phononsmust be considered.How-

ever,for typical inversionlayerswith electrondensityof
~ hw~,(n+ ~)c~,kcfl.k + ~ Wqb~bq n

8 1012cm
2,only a few Landaulevelsare filled

q ( 2 levelsforH-~7 T, m~= 0.2 x electronmass).In
this situationthe exponentin equation(4) dominates
andthe importantphononshavefrequency w

0, where+ ~ gq.n,n~cfl.kcn.,k_q~(bq+ b~q). (1) ~0 = v8~I2/l.Typically, thereforethetemperature
nfl,

dependenceassociatedwith theexcitationof these
Thefirst term describesfreeelectronsin a magnetic phononsshouldbeobservabledownto temperaturesof

field witha wavefunction[4] e~’~’u~(x+ k1
2),where a few degrees.

I = ch/eHandu~is the harmonicoscillatoreigenfunc- M a specificexampleof theseconsiderationswe
tion. Thefree electronenergiesare hc~(n+ ~) where, evaluatethe cyclotronmassand linewidth to lowest

= (eH/m~c),isthe barecyclotronfrequencyand orderin A. A straightforwardperturbationtheorygives
m~thebandeffectivemass.Theenergiesare indepen- divergenttermsat w = c’~andonehasto suminfinite
dent of k, leadingto adegeneracyof (1 /irl2). The series.Instead,we usethe memoryfunction technique
secondandthirdtermscorrespondto bulk phononsand [10] which is equivalentto summationof theseinfinite
their interactionwith the electrons.Fortypical inversion series,althoughit involvesjustthe lowest orderpertur-
layerstheelectronwavefunctionin thezdirection is bation calculation.Thecurrentoperatoris,
spreadovermanylattice constants;thusweexpectthe
bulkphononswith smallq~momentumto couple J.~.= (J~+ iJ~)= iV(2mw~)~ -~J(n+ 1)c~+lkcflk,
stronglywith theelectrons.Theinteractingphononsare k

theneffectively2-D with thecouplingconstant
(5)

gq,n,n’ = g(q)Jdxun(x)ex~2)un~(x— q~l2) (2) andL = j~t,The conductivity,which is relatedto the
L, J~correlationfunction,iswritten in theform

whereg(q)is theelectron—phononcouplingwhenelec-
tronsare representedby planewaves.Forbulk-like a_÷(w,H, T) = 2iNe2 1 (6)

m w—w~+M..+(wH,T)
phonons[5], Ig~I2 q sothatwecandefinea dimen-
sionlesscouplingA by Forw * w~onecanexpandwith respecttoM and

identify it to a givenorderin perturbationtheory.
A = g(q) 2 N(EF) = Ig(q) 2 (~) (3) Howeverthe form (6) hasthe correctresonancestruc-

C~)q yr tureevenat Wc,providedM is a well behavedfunction at
where(m/ir) is the densityof statesfor a free 2-D elec- ‘-k. ThereforeifM_+(w) from low orderperturbation
tron gas.Notethat the phasespacereduction,restricting theory is well behavedat w = w~,onecanassume
phononsto havesmallqz,yieldsa smallerA for the same analyticcontinuationanduseM_+(~a.~~)in equation(6).
g(q)thanthe correspondingA in 3-D systems.Utilizing We proceedto evaluateM_~(w)to first orderin A by
the deformationpotentialof bulk silicon and usingthe equationof motionprocedure[101.We
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obtain [‘-‘ exp (— c~/w~)2].However,if we assumethat the
contributionsof the electron—phononandelectron-

M_+(c~,,H, ~‘) = 2Nrnc.., -~:‘~— = 0)] (7) impurity interactionsleadto additivecorrectionsfor
M(c.~)(thisis correct [10] to leadingorderin An,,

where whereflj is the impurity concentration)thenthe
impurity contributiontothe resonancewidthis given

~ H, T) = mc&~ ~ q~{f(n)[1 —f(n’)] by thepreviouscalculations[11], while the electron—
11 phononeffectincludescorrectionsdueto impurities

X [1 +N((~)q)1 —f(n’) [1 —f(n)] N(COq)) (leadingto a I.andaulevelwidth of FL) without the
impurity vertexcorrections.Thereforewe candefinea

x {[~,~(n— n’)— ~ + w]’ resonancewidth dueto impurity correction,F
0

+ [~~(n n’)— ~ — ‘~‘J~}Igq,n’nl
2 (8) [11] andusethis widthin theevaluationofM(w~).The

temperaturedependentpartof equation(9) doesnot
f(n) isthe Fermifunction at energyt~~(n+ 1/2),and changewhen1’~is introduced(if Fo~ c~).Thee—ph
N(wq) is theBose function, contributionto theresonancewidth for c~,~ T ~‘ ~

In generalthe renormalizedcyclotronfrequency r
0 is then,

c~is givenby the pole of equation(6). Howeverif the
frequencydependentM_+(o.)is usedto solvefor the I’~I%’ = 2XT(c~~/r0) (10)
pole,~ will includehigherordertermsin A whichare so that,thetotalresonancewidthis givenby
beyondthevalidity of our approximations.Consequently

e-Ihweevaluatew = ~-‘~ — ReM(~~).Notethat for
1’RES = r~g’~+ r~s (11)

impurity scattering[10—121the resultis similar to Thusthewidthis a linearfunctionof temperature,down
equation(8)exceptthatin the denominatorc~qis to very low temperaturesof a few degrees(“-‘ o.~).For
replacedby zero.In thatcaseM_~(~)isnot well r ( ~.

0,itdepartsfrom lineardependenceandsaturates
behavedat ~ = ~ andthe memoryfunctiontechnique at a valuegovernedby thee-impurityscattering(and
is not useful;directsummationof perturbationseriesis e—e,if appropriate).
necessary[11]. The acousticphonondispersionprovides Equations(9) and(10)provide the density,tern-
a continuumenergyvariableinequation(8) sothat peratureandmagneticfield dependenceof thecyclotron
M_+(~~)is well behavedatw~. effectivemassandresonancelinewidth,respectively.The

Weevaluatew for temperatures~o ‘~ T ~ C”c’ 50 cyclotroneffectivemassshowsa leadingordercorrec-
that the Fermifactorsare temperatureindependent, tiongivenby A. In analogywith the well knownresultof
whileN(w~)= (T/~~)sincetheimportantphonons the Fermiliquid theoryin 3-dimensions,sucha leading
have~q ~ ~. Also, sincetypically -‘, 10 to 40K and order correctionwaspredictedby oneof usto occurin

2—5 K, the assumedrangeof temperaturescovers two dimensionsaswell, andemployed[3] to placean
mostof therelevantexperimentaltemperatures. upperboundon A viacomparisonwith theobserved
Neglectingtermswith (w~/~c)-~ 1, weobtain, massenhancement,Thesecondandthirdtermsinside

thesquarebracketsreflectthe correctionsdue to mag-
* ~ [l (2v+ f(v)[1 ~f’ + ~.! netic field andtemperaturedependence.Theseterms(~) = i + A — l) v + f(v) ~c involve the Fermifunctions thusgi~grise to anoscil-\mb

_______ latory behavior(seeFig. 1) causedby the Landaulevels~ (~— ~ v +f(v))
11 (9) sweepingpasttheFermi energyasthe magneticfield is

varied.This is theanalogueof the quantumoscillations
wherev isthe numberof filled Landaulevels,andthe found for short rangedimpurity scattering[11]. The
Fermilevel liesnearthe (v + 1) level: (theelectronden- explicit temperaturedependenceis seenin thethird
sity is N= g~(v+ f(v)] (mc~.~/ir)whereg~,is thevalley termandarisesfrom the phononoccupationfunction.
degeneracy).ForT ~c~the temperaturedependence Thelineartemperaturedependenceis a consequenceof
departsfrom linearity dueto the low temperature the regimec~< T -~ c~.Wenotethat the mass
phononoccupationfunction.At T =0, thelastterm in enhancementdueto phononsincreaseswith temperature,
equation(9)goesto zero, in conformitywith the experiments[10]. It is worth

Considernextthewidth, 1’~’, of thecyclotron notingthatin thesameregimeof temperatures,the
resonance.The summationin equation(8) corresponds electron—impurityandelectron—electroninteractions
to sharpLandaulevels.Therefore,when ~‘= ~ the give no temperaturedependence[12] while for higher
imaginarypartrestricts(i.)q to be anon-zeromultiple of temperatures,theeffectivemassis found to decrease
w~yielding averysmall contribution with temperature,bothfeaturesin contradictionto

relevantexperiment[9].
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2.~ i n’~ 8xIO’YCm~ in closeagreementwith theestimatebasedon bulk

deformationpotentialnotedearlier.Whenemployedin
equation(10), it givesa smalltemperaturedependent2.0-

U- enhancementof the mass.Thiswould be consistent0

with the dataof Kennedyeta!.,but,at facevalue,‘.5-
notwith the dataof Ktilbeck andKotthaus.However,a
valueof I’o aboutthreetimeslargerwould besufficient

~‘ .0-
* uI* ~ to explainthe dataof KtilbeckandKotthaus,if suchaE IE

significantmassenhancementwere confirmedexper-
0.5 -

imentally. This couldbethe caseif longrangeimpurity
scatteringis important,asisexpectedat low densities.In

I I I I I this case~ ~ I’0 [11] andwe cannotevaluateI’o
I 2 3 4 5 6 7 8

H (TESLA) from experimentaldata.Howeverat higherdensities
(~10~~cm2)we expectI’~~= I’~andthen one

Fig. 1.The shift in the cyclotronmassin unitsof A canestimateA from bothequations(11)and (9), yield-
[equation(10)asa functionof magneticfield for
varioustemperatures].Note the increasewith tempera- ing a teston thepresenttheory.
ture,decreasewith magneticfield (or external A significant featureof the linewidthexpression,
frequency)andthe quantumoscillations, equation(11), is its dependenceon themagneticfield.

If F
0 wereindependentof the magneticfield, the line-

Themagneticfield andtemperaturedependenceof width contributiondueto phononswould bepropor-
themassenhancementis shownin Fig. 1 for n8 = tional to themagneticfield, H. However,theresonance
8 x lO~cm

2,in unitsof the dimensionlesselectron— width causedby short rangedimpurity scatteringaccord-
phononcouplingstrength,A. Thequantumoscillations ing to Ando,is determinedby the Landaulevel width,
showthelargestvariationat lower fields andhightern- which in turn is proportionalto~ Hencein this
perature,the overallbehaviorbeinga gradualdecreasein regimethe linewidth contributiondueto phononsshall
the effectivemasswith increasingmagneticfield at a also be proportionalto i~JH.Thustheobservationof ~.JH
fixed temperature.The absolutemagnitudeof the van- dependenceof the resonancelinewidth is completely
ationsin theeffectivemassare difficult to estimatein consistentwith thephononscatteringin the presenceof
theabsenceof eithera reliablefirst principlesmodeland short rangedimpurityscattering.It is importantto note
estimateof A, or of relevantanduncontroversialdata thoughthatat n

8 ~ 7 x lO~cm
2,the resonanceline-

from which A maybeextracted.However,theonly two width showsdeparturesfrom ..,/H behavior,thusindicat-
[9, 13] reporteddataon the temperaturedependent ing that indeedA >0.026at n

8 = 5 ~7 x lO~cm
2.

linewidthare in agreementandmaybe employedto
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