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SPIN-DEPENDENTRECOMBINATION AND OPTICAL SPIN ORIENTATIONIN SEMICONDUCTORS
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Spin-dependentrecombinationis observedin Ga0 6A104Asat 77°Kon the
intensityof the donor—acceptorpairsphotoluminescence.The lifetime is
enhancedby a factor2.3whenphotocreatedelectronsandrecombination
centersare spinpolarizedby opticalpumpingwith circularly polarized
light. Optical orientationandspin-dependentrecombinationleadto a steady-
stateelectronicspinpolarizationaslargeas70%.

WEPRESENTin this paperan experimentwhich shows Theexperimentis performedat 77°Kon a
thatspin-dependentrecombination(SDR) in semicon- Ge-dopedp-typeGa06A10 4As layergrownby liquid
ductors’ canbe avery largeeffect. SDRoriginatesfrom phaseepitaxyon a GaAssubstrate.Thethicknessof
thePauliprinciplewhich statesthat two electrons thelayeris 50 pmandits energygapis 2.03eV at
cannothavethe samespinorientationin thesame 77°K. Thelight at 1.92eV from a krypton ion laser
orbital state.

1’2Thisleadsto very differentcapture is focussedon theGa
0,6Al0•4Assample.The polan-

cross-sectionsof photocreatedelectronsby paramag- zationof theexciting light canbechangedfrom
neticcentersaccordingto the relativespinorientations linear to circularby rotating a quarter-waveplate.We
of thephotocreatedelectronsandof the centers:when observethedonor—acceptorpairsrecombinationof
the spinsof the recombiningelectronandof thecenter Ga0,6Al0,4As

8at 1.90eV by focussingthe luminescence
are parallel(triplet recombination1’2)the recombina- light on the entranceslit of a Spex 1700 spectrometer.
tion probability is veryweakas comparedto the case Weeithermeasurethe total intensityLF of thefluo-
wherethespinsareantiparallel(singletrecombina- rescencelight or its circularpolarizedcomponentLF±
tion). In our experiments,spinorientedelectronsand with a~circularanalysers.Thedegreeof circular
centersarecreatedin zero magneticfield through polarizationof the fluorescencelight
optical pumpingby circularly polarizedlight.37 Due p = (LF+ LF_)/(LF+ + LF) is simply relatedto the
to SDR,theintensityof the photoluminescence steady-stateelectronicpolarization
light is then 2.3timeslarger thanwhenthe excitation p = (nf — n_)/(n+ + n_) (wheren ±is the densityof
light islinearly polarizedandcreatesno spin polariza- recombiningelectronswith ±spinalongthe direction
tion. By measuringthe degreeof circular polarization of propagationof the light) by the relation
of the luminescencewhich is proportionalto the spin p = —0.5 p.5We thusmeasurethe electronicpolarization
polarizationof the recombiningelectrons,we show by measuringthe degreeof polarizationof the
anadditionalfeatureof SDR: accumulationof luminescence.
electronsin onespinstategiving a steady-stateelec-
tronic polarizationlargerthan expectedfrom the Thesteady-statepolarizationp dependson the
absorptionselectionrules, polarizationof the carriersat the instantof their

creationandon thesubsequenthistoryof the elec-
tronsin theconductionbancL3Theinitial polariza-
tionp

1 is derivedfromsymmetryargumentsand is
* Equipede Recherchedu CentreNationaldela —0.5 in Ill—V compoundsfor band-to-bandtransitions

RechercheScientifique. undercircularly polarizedexcitationand0 under
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linearly polarizedexcitation.5In our case,sincethe
energyof the incidentphotons(hv = 1,92eV) is ~ ___________ _____ ______________

smallerthanthebandgap(E~=2.O3eV),theelec- * ____ I

trons arephotoexcitedfrom acceptorlevels,pro -__________

bably germanium.8Weassumethat p
1 for these 1 1 . I

transitionsis the sameas for band-to-bandtransitions ii _____________
constructedfromlinear combinationsof valenceband W ______ _____ _________becausethewave functionsof shallow acceptorsare C - — rtz _____

0 ___ ________wavefunctions. ~ ~ t _________

z H _______

— TI _______

TheSDR photoluminescenceratioLF(circ)/LF{lin) ______ __________

ismeasuredfrom the two cu~esof Fig. 1 __________

andis foundto be23 ±0.1 (LF(circ-) andLF(lin) are a
1. 1.88the intensitiesof the luminescenceundercircularly

andlinearlypolarizedexcitation),while thecones- PHOtON ENERGY 1eV)
pondingelectronicpolarizationsarerespectively FIG. 1, Donor—acceptorpairs photoluminescenceline
p(circ)= 0.70±0.01 andp (lin) = 0. A verysimple of p-typeGa0 6A10~4Asat 77

0K.LF(circ) and
SDRmodel explainstheseresultsunderthe following LF (lin) are obtainedundercircularly or linearly
assumptions: polarizedexcitationswith thesamenumberof

incident photons.
(i) Thelifetime is entirelycontrolledby recom-

binationthroughcentersof unknownorigin which
(g+ — g~)/(g+ +g..) = (g+ — g~)/g = p

1are paramagneticbeforethecaptureof an electron.

(ii) The recombinationprocessis completelyforbid- Solutionof theserateequationsshowsthat the
denwhenthespinsof the recombiningelectronand densityn = n.. + n - of photocreatedelectronsand
of the centerare parallel, that is the triplet capture their polarizationp are:
cross-sectionis zero.

(ill) Theparamagneticcenterswhich areunpolarized = ~o (~+ T1 ~ ( T1 P2) (2)
in the absenceof light becomepolarizedby their T1 + ~0 ~ \l — T1 + T0

interactionswith the polarizedelectwns.A possible TI (1 + T1 (3)
mechanismis thefollowing: a paramagneticcenter = T1 + T0~ + F) T1 + T0

canonly captureanelectronfrom the conduction
bandwith a spinantiparallelto theonealready whereP (N+ — N_)/(N+ + N) is the polarizationof
present,whereasthe electronreleasedto the valence the recombiningcenters.TheSDR photoluminescence
bandis of eitherspin, ratio LF(circ)/LF(lin) is givenby:

LF(circ) — n(circ)
With theseassumptions,we canwrite the following LF (un) — n (un) =

rateequationsfor the populationsof electronswith
+ or — spin: (I + ~ ~0~)(i — T1 p2) = 2.3 (4)

T1 + r0
dn± n~ (n+ —ni)
cit = — — 2T1 (1) Thevalueof T1/(T1 + To)is 0.8 andis obtainedfrom

whereT1 is thespinrelaxationtime of photocreated the decreaseof i whena transversemagneticfield is
electrons,r±andg~are the lifetimes andcreation appliedaswill beshownbelow, Insertingthis valuein
ratesof electronswith ±spins.The recombination the expressionsof p andLF (circ)/LF (lin), we find
rates‘r+

1 are proportionaltoN~,numberof centers that the resultsareconsistentlyexplainedif one
with spinoppositeto thatof therecombiningelec- assumesthat thepolarizationof the recombining
tron:12 T+1 = r~’2N~/~N++N_), r~,beingthe lifetime electronsis completelytransferredto the recombina-
whenthereisno polarization. The creationratesare tion centers:P= r.~= 0.70.
suchthat
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I ~ hereclearly thepresenceof two typesof spinswith

—.i:11_—-:iIi_i- _~2 ~4 differentpolanzationevolutiontimes

____ It shouldbenotedthat the spmpolanzationof the

21) — — . centersis stronglydependenton the mtensityof the

IIIIIIIIIIEI1IIIIIIIIIIITIT excitationlight In fact,atlow mtensity,whenthe
~ _Cb) densityof excitedcamersis not largeenoughto

ITI - -- 111~I - - 0.5 polarizethe recombiningcenters,wehaveverified
Z 15 ~11~ o that themtensityof the luminescencedoesnot

- __ dependany moreon the polarizationof the
____-- - luminescencelight

W ~
1T~ i-~ o

~ 4~ .~ ~ w
~ 1~1~i~i-i ltt-~ .~~4i~44i1i~4~ Finally, let usaddthat the samematenalhasbeen
~ 1% 50 100 150 200 250 studiedby EkimovandSafarovundercomparable

TRANSVERSE MP~3NETICFIELD GAUSS) experimentalconditions.9In particular,similar results

on thedepolarizingeffectof a transversemagnetic
FIG .2. Transversemagneticfield effect on thespin field on theelectronicpolarizationarereported,but
depd:ntrecombiition a)and no resultson the total intensityare given.These

trons (b) . authorsmterprettheirdataby a dependenceof the
electronspinrelaxationtimeon the polarizationof
thenuclearspinsof thelattice. l’his effectwould

Thewell-known depolarizingeffectof a trans- notaffect the total intensityof the luminescenceand
versemagneticfield5 is shownin Fig. 2. It is seen thereforedoesnot explainour results.The fact that
thatboththe!

1DR photoluminescenceratio NMR of the latticenuclei is detectedby a variation
LF (circ)/LF (liii) and thepolarizationof the recom- of thepolarizationof the luminescencelight

10 cannot
biningelectronsdecreasesignificantly in a field of beregardedasaproofof their model sincea prelimi-
50G.At higherfields,the electromcpolarization naryexperimentat l.7°KhasshownthatNMR can
tendsto a limit of 0,40whereasSDR disappears alsobedetectedon the total intensityof the lumin-
almostcompletely.Onecanthenconcludethat such escencelight.” l’his last resultindicatesthat SDRis
a field is largeenoughto depolarizecompletelythe sensitiveto the nuclearpolarizationand it seems
recombinationcentersbutnot therecombining thereforethat the recombiningcentersare in strong
electrons,which meansthat the characteristicevolu- hyperfineinteractionwith thenuclei of the lattice,
tion time of the polarizationis shorterfor the elec- Furtherexperimentsare in progressto elucidatethis
tronsthanfor the centers.The remainingspin pointandto obtain a clearunderstandingof the
polarizationof the electronsis simply the effectof recombinationprocess.
polarizedluminescenceundercircularly polarized
excitationwhenno SDRis present.It disappearsin a Acknowledgements— It is a pleasureto thank
transversefield of a few kG. Fromequation(3) with Messrs.Lebailly andLefevre from Radiotechnique-
P = 0, onefmds T

1/(T1 + r0) = 0.8as mentioned Compelecfor growingthe samplesusedin this
above.This transversemagneticfield effectshows expeninent.
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On observeunerecombinaisondépendantdu spindansGa06A10 4As a
77°Ksur l’mtensité de la raie de photoluminescencedespairesdonneur—
accepteur.Le tempsde vie augmentede 2.3 quandles electronsphoto.
exciteset les centresde recombinaisonont leurs spinsorientésparporn-
pageoptiqueenlumièrepolariseecirculairement.L’orientation optiqueet
la recombinaisondépendantdu spinconduisenta unepolarisationélec-
troniquede spin égalea 70%enrégimepermanent.


