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ULTRASONIC ATTENUATION DUE TO THE NEUTRAL ACCEPTORMn IN GaAs
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We reporton measurementsof the ultrasonicattenuationin GaAs:Mn at
frequenciesbetween400and2000MHz andat temperaturesbetween1 and
35 K. Theresultsindicatethat thereis a level 3 meV abovethe acceptor
groundstate.

PHONONSare effectivelyscatteredby boundelectrons symmetryof the Mn site,16aswell astwo big broad
andholesin cubicsemiconductorsasfound by measure- lineswithg 6.4and2.9notreportedin references4
mentsof thermalconductivity,ultrasonicattenuation and5.
andexperimentswith heatpulsesand superconducting The ultrasonicattenuationwasmeasuredby the
tunneljunctions.However,notall the resultsare well pulse-echomethodrecordingcontinuouslywith varying
understoodby theory,especiallyin the caseof ultrasonic temperaturetheheight of severalechos.The echopat-
attenuationdueto neutralacceptors.Thismay bedueto ternwas exponentialup to I GHz. Couplingto the
the fact that the experimentalconditionsare not always electromagneticenergywasachievedby abroadband
well-defined,aswaspointedoutby Ishiguro:1wave tunablelow loss X/4 resonator.6
function overlapat highconcentrationof shallowaccep- Figure 1 showsthe temperaturedependenceof the
tors,unknowndistributionof internalstrainsandelec- attenuationof [1111longitudinal soundwavesin crystal
tric fields due to dislocationsandimpurities,uncon- I for severalfrequencies.Theriseabove20 K is dueto
trolled strainsfrom transducerscementedto the sample, piezoelectriccoupling to thermally excitedcarriersin
magneticfield effectsin the caseof magnetostrictive accordancewith themeasuredconductivity.The attenu-
transducerfilms. ationbelow20K isascribedto theMn acceptor.It is

So far, only shallow acceptorshavebeeninvesti- proportionalto w2/Tbelowabout 3 K andshowsa peak
gatedby ultrasonicexperiments.Wepresentherean ex- near8 K. Subtractingthe part ~ w2/T theheight of the
tensionof earliermeasurementson a deeperacceptor, latteris cx w. Thetemperaturedependenceof the attenu-
namelyGaAs: Mn.2 ation for crystalII is nearlyidenticalapartfrom the

In view of the above-mentioneddifficulties this sys- differencein theabsolutevaluewhich correspondsto
temhasseveraladvantages:solubility of Mn andthe thedifferencein Mn content.
smallextent of the acceptorwave function(Bohr radius To analyzethe experimentalcurveswe assumethat
about10A) allow relativelyhighdopingwithout wave thefourfold degeneratelevel is split into two doubly
function overlap;the piezoelectricityof GaAscanbe degenerateKramer’s levels dueto randomlocal fields.
usedto generateanddetecttheultrasounddirectly (presumablya splitting of the levelsdueto interactionof
without a transducer;chargestateandsite symmetryof Mn pairs canbediscarded,sincethe measuredattenu-
theMn ion canbe checkedby EPR. ation is proportionalto theMn concentration.)Sucha

Themeasurementswere madewith two Czochralsky- systemcanbetreatedin thesamewayasthe two level
grown crystals(I and II) of different Mn concentrations modelof glasses.7Thereare two different processes
addedto themelt (1.8 and3.8 x 1018cm3) anddiffer- leadingto a temperaturedependentattenuation.
entdislocationdensities(5 x l0~and S x 10~cm2). The (1) Resonanceinteractionof the ultrasonicwave
contentof otherimpuritieswas negligibleas seenfrom with level splittingsE = hw. Integratingoverthe line-
massspectroscopicanalysis.Luminescencemeasure- width of the levelsandassumingthat thedistribution of
mentsshowedthelinestypical for GaAs:Mn. The bind- E variesslowly in thefrequency(i.e. energy)range
ing energyE~was deducedfrom Hall effect measure- measuredone obtains7
mentsas99.8meV for crystalII. Fromthe dataof N(E)h

2w
2

reference3, sucha valuecorrespondsto a low content a = 4pv3k Dr
of compensatingdonors.In additionto thesix HFSlines~ B

preliminaryESRshowedfor bothcrystals15 equally wherep is thedensityof the crystal,v the soundvelo-
spacedsmall satellites,which might indicatea lowered city, Dr an appropriatedeformationpotentialconstant
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2 0800MHz Fig. 2. Frequencydependenceof thetemperatureat
which theultrasonicattenuationpeakof Fig. 1. occurs.
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K) actionof the Ramanphononsat high temperatures
Fig. 1. Ultrasonicattenuationin crystalI for severalfre- (i.e. highenergyor smallwavelength).

quenciesasa function of temperature. (c) Relaxationdue to an Orbachprocessvia an ex-

citedlevel ~ ~ Eabovethe relaxinglevels
andN(E) thespectraldensityof resonantscatterers.We
interpretthe low temperaturerise of theattenuationas r1(T) cx 1/El + exp (L1/k~T)J— exp (— L~/kBT)

due to sucha resonanceinteraction.To get a roughesti- for ~ ~‘ kT. The sametemperaturedependenceis ob-
mateof thewidth of the distributionwe assumeN(E) to tamedfor thermalactivationover a barrier(Arrhenius
be constantup to a maximumvalueEm~andobtain equation).
Em~= 0.04meV(~-‘h x 10 GHz) taking D ~-‘ 0.05eV.13
Varyingtheacousticpowerin a wide range(10nW/cm2 For a comparisonwith the measuredattenuation
to 0.2mW/cm2)we did not seeany saturationeffects.7 peak(w2/Tsubtracted)one shouldknow N(E)which

(2) Relaxationof theelectronicoccupationof split maybe rather complicatedevenwhenit is dueto a
levelswith E~ ho.,. Theattenuationa(T) = f a(E, 7) dE regulararrayof dislocations.10However,
is given by the classicalformula: C(E, T).kT/N(E)isa slowly varyingfunction ofE/kTas

longasE~kT. If this conditionholds, a distribution of

cc(E, 7) — C(E, 7) w2r(E, 7) E will not greatlyinfluencethe resultin the caseof
2pv3 1 + ~2T2 relaxationprocesses(b) and (c);whereasfor direct pro-

cesses(a) it will tend to broadentherelaxationpeak.
whereC(E, T) is thedifferencebetweenrelaxedandun- But evenwith a singleE (whatsoeverits value)the calcu-relaxedelasticconstantswhichis givenby8 latedrelaxationpeakis in this latter casemuchtoo

4N(E) exp (E/kBT) D2 broadcomparedto themeasuredone.The temperature
C(E,T)=

kBT [1 + exp(E/kBT)12 - dependenceof the peakmaximum(approximatecon-
dition wr(T) = 1)isbest fitted by anArrheniusequation

Three relaxationmechanismsmaybe envisagedfor the for r with ~ = 3 meV while a temperaturedependence
systemunderconsiderationin determiningthe relaxation correspondingto Ramanprocessesdescribeslesswell the
time r(E. 7’) result (Fig.2). Furthermore,from the value of the de

(a) Relaxationdue to direct processes formationpotentials,theabsolutevalue of the Raman
relaxationtime is toolargeto attainthe condition

r’(E, 7) cx D’2E3 coth(E/2k~T)f’(E). wr(T) = 1 in the measuredtemperaturerange.

HereD’ is an averageddeformationpotentialconstant A “resonance”energyof approximately3 meV can
andf’(E) a form factor describingthereducedinter- in fact be deducedfrom a dip in thethermalconduc-
actionwith phononsof wavelengthsmallerthan the tivity of GaAs: Mn, as first foundby Holland~for Mn
extentof the acceptorwave function.9 concentrationsof 5 x 1016and 5 x 10’7cm3andalso

obtainedfrom recentmeasurementson our crystal 11.12
(b) Relaxationdue to Raman-processes

Whethersuchanenergyis dueto thedepthof theaccep-
r~1(7’) cx D”4(kBT)5f”(T) tor (dynamicalJahn Teller effect) or is a peculiarity of
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[lii] [too) [2~f) almostconstantup to 7kG attainablewith our magnet
8

H -71 kG andfor some specialcasesmeasuredevenup to 70 kG.
H 05 kG Thereis a pronouncedangulardependenceof the

attenuationon the magneticfield (Fig. 3) which above
2 kG correspondsto theanisotropyof thesquaredde-

~000

formationpotentialbetween1m11 = ~ ~ magnetic
levels,ascalculatedfrom approximateformulasgivenby
Yafet.’

5 With theexceptionof the peakregion for 0

around0°(0 is theanglebetween[111] and magnetic
field directions)the attenuationis loweredby the appli-

20° 00 20° ~o so’ so’ 100° cationof a magneticfield. The peakis not shifted,which
— o meansthat the relaxationtime is independentof the

Fig. 3. Angularvariationof theattenuationat “high” and magneticfield in accordancewith theangulardepen-
“low” fields. denceof theattenuationsincein the prefactor

C[E(0), Tithe importantdependenceon 0 is given by
this transitionmetal(influence of the3d shell) is not D2(0).
clear. Insertingtherecentlymeasured,13stronglyre- In summarywe haveshownthat theultrasonic
duceddeformationpotentialconstantsof the Mn accep- attenuationby the relativelydeepacceptorMn inGaAs
tor into the conditionfor stability of a Jahn Teller indicatesthat thereis a distribution of level splittings
effect givenby Bir14 it seemsthat theJahn—Teller of thegroundstate(width of thedistribution about
energyis too small comparedto theenergy of the im- 0.04meV)andanexcitedstateabout3 meV abovethe
portant phononsof the correspondingvibronic system. groundstate.Thismay bedue to a Jahn—Tellereffect of
Experimentswith otherdeepacceptorsmay help to the acceptorgroundstate,but furtherexperiments
clarify the situation.Finally, we shouldlike to mention (e.g.with otherdeepacceptors)are necessaryto get
that therelaxationformula given in reference9 does moreconfirmationaboutthe natureandthe existenceof
not agreewith the classicalone appliedhere,andsecond sucha level.
that noneof the relaxationprocessesdiscussedhere
leads(asis sometimesassumed)to an w2/T-riseof the Acknowledgements— Wethank W. Eisenmengerand
attenuationfor a two-level system. J.Jäcklefor many helpful discussions,N. Stathfor

Themagneticfield dependenceof theattenuation carryingoutthe luminescencemeasurementsand
differsfrom theresultsobtainedwith shallow acceptors.1 U. Konzelmannfor the assistancein making possiblethe
The main experimentalfeaturesmay be summarizedas EPRmeasurements.Oneof us (Hp. Schad)gratefullyappreciatesthehospitality of the Forschungslabor
follows. Forbothcrystalsin theentiretemperature Philips, Hamburg,wheresomepreliminarymeasure-
rangebelow 20K andfor all orientationsof the mag- mentsin highmagneticfields could beaccomplished.
netic field the attenuationchangesmonotonicallyfor Thiswork hasbeensupportedby the Deutsche
fields up to approximately2 kG andthen remains Forschungsgemeinschaft(SFB 67,Stuttgart).
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