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Auger decay of degenerate and Bose-condensed excitons in,Cu
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We study the nonradiative Auger decay of excitons in,Guin which two excitons scatter to an excited
electron and hole. The exciton decay rate for the direct and the phonon-assisted processes is calculated from
first principles; incorporating the band structure of the material leads to a relatively shorter lifetime of the
triplet-state ortho excitons. We compare our results with the Auger decay rate extracted from data on highly
degenerate triplet excitons and Bose-condensed singlet excitons,d. ($0163-1826)00346-3

I. INTRODUCTION distribution is observed to be Maxwell-Boltzmann, described
by an effective exciton temperature. In the quantihigh-
Recent experiments on excitons in £ have been car- density regime, the spectra are well fit in terms of an ideal
ried out at sufficiently high densities and low enough tem-Bose-Einstein gas with an instantaneous chemical potential,
peratures that the Bose-Einstein statistics they obey becomes and temperaturel. From these parameters, one can di-
significant! and, indeed, in stressed samples, Bose-Einsteirectly calculate the density of the gas. The experiments of
condensation of excitons has been observed. As we haw@nokeet al. observe a “quantum saturation” of the ortho
shown in Ref. 2, the crucial barrier to condensing excitons igxcitons, i.e., a tendency for them to move closely parallel to
heating of the exciton gas by the nonradiativeger decay the critical line without condensingThe critical line, an
process, in which two excitons collide to produce an ionizedadiabat (constant entropy per particles=S/N), has the
electron and hole. See Fig. 1. This process not only heats tHerm, T.=(27%%/mkg)[n/g¢(3/2)]?, where the degen-
gas, but it leads to loss of excitons as weélThe Auger eracyg=3 for ortho excitons and 1 for para excitons. In
process is familiar in electron-hole plasmas, in which thegeneral lines in the phase diagram pardiiela log-log plo}
recombination of an electron and a hole excites either ato the condensation line at higher temperature are adiabats.
electron high in the conduction band or a hole deep in the The important role of the Auger process has been re-
valence band. This process has been studied there bo‘ﬂ¢3|ed in several experiments. The inverse of the total decay
theoretically and experimentall§}) In this paper we present time of ortho excitons in CyO shows an approximate pro-
detailed calculations of the Auger process in,Outhat we portionality to their density; the data for nonstressed
used in Ref. 2 to calculate the time evolution of the exciton
gas in CyO following laser excitation. Other exciton-

f . . exciton K
exciton scattering processes that can play a similar role to the y K hole
Auger process are suppressed thermally; for example, the K ‘ '
process of two excitons colliding giving an exciton and an  exciton P
electron-hole pair in the final states requires at least one ex- N . K deciion
citon to have a thermal energy on the order of the exciton ' ‘
A

binding energy. Therefore a negligible number of excitons
can participate in this process.

In the Cu,O experiments, intense pulses of laser light
excite the crystal, creating a gas (@fiplet) ortho excitons
and (singley para excitons, split by an exchange energy e
AE~12 meV?> We note that band-gap renormalization ef-
fects caused by the excited excitons are not expecged to be P
significant in CyO since the dimensionless quantitag is ——\

B

on the order of 102 for the highest densities, wheneis the
density of excitons an@g~5.3 A is the exciton Bohr ra-
dius; a situation in contrast to other semiconductors in which
the Bohr radius is much larger. We know of no experimental g 1. Two classes of diagrams for the direct Auger nonradia-
evidence for such band-gap renormalization in,Oueven e recombination. Time progresses from left to right. The initial
at the highest densities. The kinetic energy distribution oktate contains two excitons of mometaandP, and the final state
ortho excitons as a function of time from the onset of thecontains an ionized electron and hole with momekgaand k,,
laser pulse is observed by spectroscopy of their photolumirespectively. The dashed line denotes the Coulomb interaction. Pro-
nescencgconsiderably more intense than that of the paracesses andA’ are the dominant ones and they are nonzero only if
excitong. In the classicallow-density regime, the energy the recombined particle is an ortho exciton.
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enhanced because the process is dipole allowed. In Sec. I,

we first derive the matrix element of the direct Auger pro-

cess, neglecting for simplicity at this stage the angular mo-
ki hole mentum structure of the excitons, then we discuss detailed

approximations to the matrix element and calculate the decay

rate for the direct process. In Sec. Ill we generalize the re-
k, electror sults to take into account the full angular momentum struc-
ture of the ortho and para excitons in £ and explain how
specific properties of the excitons in this material are related
to the direct Auger process. We then turn, in Sec. IV, to
consider the phonon-assisted Auger process and discuss its
connection with the phonon-assisted radiative recombination
of excitons in CyO. In Sec. V, we take into account the
effects of the Pauli principle on the decay rate. Finally, in
Sec. VI, we compare our results with the measured rate and
summarize our conclusions.
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Il. DIRECT PROCESS — CALCULATION
k; photon OF THE MATRIX ELEMENT AND THE DECAY RATE

The direct Auger process is described by the sum of the
topologically distinct Feynman diagrams shown in Fig. 1. In
this figure, time progresses from left to right; the solid lines
with forward-going arrows denote electrons, and those with
backward-going arrows denote holes. The initial state con-
tains two excitons, of center-of-mass momekitandP, de-
scribed by the wave function

A

!

FIG. 2. The phonon-assisted Auger procédmgramsC, C’,
D, D', andE), and the phonon-assisted radiative recombination
process E andF’). The phonon is denoted by a dashed line. Pro- Wi =V (Xes Xp) V(X X1) )

cessedP andD’ are the dominant ones because of the band struc- . .
ture of Cy,0. In these, the recombined exciton can only be an orthoWhere‘PQ denotes the full wave function of an exciton of

exciton. Similarly, diagran is dominant compared t6'; the  total momentunQ, and thex; denote electron and hole co-
recombined exciton can 0n|y be an ortho exciton. Ol’dlnates We |nC|ude effeCtS Of Symmet”zat'on beIOW The
final state contains an ionized electron of momentynand
an ionized hole of momenturk;,, described by the wave

crystal” is shown in Fig. 6 of Ref. 7. In this figure the function

guotes indicate that the density plotted on the horizontal axis
is assumed to be proportional to the total radiative recombi- V= (X) Py k, (Xn), )
nation luminescence intensity and is calibrated by compari- . )
son to the density deduced from spectral fits. The total decz})’here thed; ,(x) are the normalized Bloch wave functions
rate is a sum of interconversion of ortho excitons into pard®" the ionized electron and hole in the final state, and the
exciton€ and the Auger process; the rates of both processe2JPSCripts,v denote the conduction and valence bands. The
are comparable. An additional feature of the Auger process 1991y line in the figure denotes the screened Coulomb in-
that it leads to a much shorter lifetime of ortho excitons; intéraction. In the first class of diagram&,andA’, the elec-
lightly stressed crystals the observed ortho-exciton decalfon and hole in the same exciton recombine; in the second
time is ~0.1 ns(Ref. 9 compared with the para-exciton class,B an(_JIB’, particles of different excitons recombine.
lifetime at high para-exciton density; 101° cm~3, which The exciton wave function¥ o(x,,X,) can be expressed
exceeds 100 ns. The Auger process also leads to the preserdgderms of the electron and hole Bloch wave functions as
of ortho excitons in quantum wells, caused by high stress, for
times much longer than the ortho-exciton lifetime; although
the exciton gas in the wells consists primarily of para exci- Vo(XeXn) = 2 bqPe.qr X Py —gron(Xn), (3
tons, high-energy electrons and holes produced in Auger ion- I
ization of para excitons lead to reformation of excitons inwhere the Bloch wave functior; ,(x) in bandj are
essentially random internal angular momentum sttes.

Here we calculate the Auger decay rate for both the direct _ — ik-x
and phonon-assisted mechanisms, Figs. 1 and 2. One of our P00 =uj (e @
basic conclusions is that the rate of the phonon-assisted AuFhe momentuny in the ®; , in Eq. (3) is restricted to be
ger mechanism is much larger than the rate of the direcinside the first Brillouin zone. In general the sum on the right
process, a consequence of the conduction and the valenog this equation should include all the conduction and va-
bands having the same parity. Although the phonon-assistddnce bands, but for simplicity we neglect all other bands
mechanism requires participation of a phonon, the rate igxcept the lowest conduction and the highest valence, which
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is a rather good approximation for the case of,Ouln the Assembling these results, we find that the matrix element
effective-mass approximation for the exciton wave functionM=(W¥|V|¥;) between the initial and final states, for dia-
with equal electron and hole effective masdeg takes the gramA for example, is thus

form

L Ma= > ¢k, +PraVer(G—K) (U, q-k/2lUc g+ ki2) 6
. q,G,G’
W o(XeXp) = ——€'Q Xe X028 (x —xy) (5)
Q\AesAh | h/s
© N® Al X<uc,ke|uc,ke+K>G’5ke+kh+G+G’,K+Pv )

where Q is the crystal volume, andp,, is the relative Where

electron-hole wave function. Comparing E3) and(5) we

see thatg, is the Fourier transform o times JQ;to a .

good approximation, we may make this identification even <Uv,qu/2|Uc,q+K/2>GEf dX U3 g-k/2(X)Ug,g+k/2(X) €
when using complete Bloch waves, Hd). 9)

The interaction between the excitons is, in general, the ) . .
dynamically screened Coulomb interaction/ q(k,®) is a generalized overlap integtalbetween the conduction

“Veguomi K)/ €(K, ), where the dielectric function is given and Fhe va'lenc'e bands. The.mome;m.ia ¢p are re;tricted to
by the usual Lindhard result the first Brillouin zone. The integral is over a unit cell, and

the summation is over all reciprocal-lattice vect@sG'.
Energy and crystal momentum conservation restrict this
N ksq—Nig summation considerably. Sinéé and P are determined by
the thermal motion of excitons they are negligible compared
to ke andk;,, which are determined by the scale of the en-
><|(u|,,k+q|u,,q>|2, (6) ergy gapEgy and the reciprocal-lattice vectors. In this limit
the condition for conservation of crystal momentum in Eq.
with €., the high-frequency dielectric constant of the mate-(8) becomes,
rial, and| andl’ band indices. The second term in E§)
can in fact be_: negle(_:ted in the Auger process, where we are Ko+ ky+G+G'~0. (10)
interested primarily in small momentum transfers of order
the thermal momentum of excitorB?/2M . on the scale of ~ In the same limit the energy conservation condition,
1-10 meV, but rather large frequencies corresponding to en-
ergy transfer on the order of the energy gap, hzkg ﬁzkﬁ
fiw~E4=2.17 eV. In this limit, the terms in Ed6) involv- —=
ing the same band vanish for finite. In the same limit, for
different bands| #1”, the sum in Eq(6) is proportional to  puts an upper bound on the quanjke+ky|. Numerically,
k? for small momenta, from the overlap integral between|k +kya, <5.5, wherea, is the lattice constant. Since for
different bands, due to the orthogonality of the Bloch func-the smallest nonzero reciprocal-lattice  vecto®,
tions. This factor ok® cancels with the & from the Cou-  Gga, =6.28, the conservation laws are satisfied only for
lomb potential and therefore the last term on the right side of

iG-x

elk,w)=€,—V k
( w) Couloml{ )q%/ 8|’,k+q_8|,q_ﬁw

2m,  2m, ¢’ (1)

Eq. (6) is k independent and is in fact rather small for the G+G'=0 (12)
densities of interest. More precisely, an estifiatef the '
overlap integral in Eq(6) is 7:°k?/2m(E4+A), whereA is Using the fact that for a relative 1s electron-hole state,

the energy difference between the lowdsf conduction $_q=¢q. the final expression for the sum of the matrix
band and the highel's band andm is the bare-electron elements for processésandA’ in Fig. 1 is,

mass. Thus, an upper bound of the second term on the right

side of Eq.(6) is (hwp)%2(Eq+A)A, where w, is the

plasma frequency andll is the energy difference between the Ma+Mp =2 Ver(G— K) ¢o{Uy,q—kr2lUe,qrki2)c
lowestI'; conduction band and the highEg band. Since aG

the plasma frequency in optically excited semiconductors is

X 6 (i, —pUc i U _
much smaller than the energy splitting of the bands, this term ket o - P PPl C'kel cerk) -G

is smaller than 10°. Thus, e(k,wg)~e.., and the effective — b Pk Uy ik, [Uy b, +P) ) (13
interaction, essentially independent of for large w, be-
comes The first term in parentheses in E3.3) corresponds to pro-

cessA and the second to procesgs, which enters with a
change of sign because the Coulomb exchange couples to the

V. g(K) = 47re? % positively charged hole instead of the electron.
eff Qe k2 In the second class of diagrams, proceBBeandB’ are

equivalent to processes and A’ with either the two elec-
We note that as a consequence of ,Oubeing almost trons or the two holes interchanged. For this reason these
nonpolar*? e.(~6.46) and the static dielectric constant processes enter with a minus sign relativedtandA’, and
€o(~7.5) differ only slightly. we find
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Mg+Mpg = — qEG bqSk kK + P D, —pr2Veri(Ket G—a—K/2)(U, - k2l Uek,~ k) - {Uc k JUc.q+k12)G

— b —kiVer(kn+ G—a—PI2)(u, k, —plUc,q—pr2) - c(Up k| Uv. g+ P2 G) - (14)

We now consider the effects of the band structure of
Cu,O on the generalized overlap integral, E@). For E ¢q<Uu,q—K/2|Uc,q+K/2>G=o
G=0, Eq.(9) is the usual overlap integral between the con- d
duction and the valence bantfsWe note that folk =0, the

wave vector of condensed excitons, the overlap integral for :% by q+ k12l U,q-Kk/2) G0 (18)
G=0 vanishes as a consequence of orthogonality of Bloch _ . .
wave functions between different bands. which implies that the sum is an even functionkofand is

The excitons in CyO in the condensation experiments thus proportional t&? (since it vanishes fok=0). We use
under study are formed from electrons in the lowest conducK - P Perturbation theorf to calculate the overlap integral in
tion band (g) and holes in the highest valence baid | the above matrix element. For example,

(the “yellow series”). The fact that these two bands have

even parity® implies that i (Ui ol K/2-pluc o)
parity” imp |Uc,q+K/z>“|Uc,q>+Ez ———2%u; ), (19
i#c 8(;,q 8|,q
U (—X)=U (%) (15) The sum is over all the negative-parity bands of,Ou Of
N = '

the ten valence and four conduction bands in this material,
This result is readily seen in the tight-binding approximationonly the conduction banct() that is~449 meV higher than
for the Bloch wave functions for which the ' conduction bandd) and the one very deep valence
band ¢')~5.6 eV below thd"; valence bandy) have odd
parity, Fig. 5. The contribution of the odd-parity conduction
B R band is expected to dominate the sum because of the small
q)i,k(x)_ER D, j(x—R)E™T, (16 energy denominator in E419). Thus

where the summation is over all crystal points and the<uu,q—K/2|uc,q+K/2>

®, i(x) are the atomic orbitals which form the band with 2 K/l . )

index j; for positive parity, m(ﬁ) > (Uy,of = K/2- pluiq) (Ui gl K/2 p|uc,q>.
mj ixco (Sc,q_si,q)(si,q_su,q)

(20

The G=0 term (which we denote by “normal) in the
from which Eq.(15) follows. Thus, for theG=0 term inthe  sum in Eq.(13) for the matrix elementd ,+ M., in the
sum overq in the matrix elementdl , andM ./, limit K,P<kg,kp, is equal to

D) ((=X)=D; _(X), (17)

4e?

(MA+ IVIA’)normal: Qe KZ (¢kefK7P/2_ ¢kef P/2)% ¢q<uu,qu/2|uc,q+ K/2> 5ke+ Ky, K+P

4’7792 &({)k
%WK'(W) ; bl Uy q—Kr2 Ue g+ ki2) Sk gtk K +P- (21
o0 ke

|
As we have shown in Ref. 17 a trial hydrogenic wave func- 2'me? (kaag)- (Kag) #2
tion for the 1s-state excitons in GO with a Bohr radius (Ma+Mar)normar™ — 793 2

X : . Qe, [1+(Keag)“]® m

ag~5.3 A gives very satisfactory results for the binding
energy as well as the total exciton mass. Thus, the assump- (K-p,.i)(K-pic)

tion that @ (x) is approximately the hydrogenic ground-
state wave function with an excitonic Bohr radius of 5.3 A is
expected to be quite reliable. An estimate of the above quan- X Sk 4k K+Ps (22)
. . e’ “hr

tity is then,

i£50 K%(ec0—8i0) (8,0~ &40
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wherep; ; is the matrix element of the momentum operatorAuger mechanism; these processes do not allow condensed

between the Bloch states of the bandand | at the zone

excitons to Auger recombine, sind#,+ M 5, vanishes for

center. The matrix elemenfs ; can be extracted from ex- K=0 [Eq. (22)].

periment; if we assume, for example, that they are all of

equal magnitude, then Ref. 18 implies tHat ;|/72~0.13
Afl

If K andP are ignored compared tq andk,,, in the case

thatG=0, the right side of Eq(13) vanishes. The contribu-

tion of Umklapp processes to E(L3) is,

(Ma+ MA’)UmkIapp”qg;éo Ver(G) ¢q¢ke<uv,q| l'lc,q>G

X ({Uck JUck)-c

_<uv,kh|uv,kh>—G)5ke+kh,K+P: (23)

which is nonzero, but very small. In the nearly-free-electron

model, for example, with u,,(x)=1//Q, and

We next proceed to calculate the decay rfagep for the
direct process in which two excitons of momentitnand
P collide. From the golden rule

2
I‘K,psz |M |2(1_nc,ke)(1_nv,kh)
Kok

X5(EK+EP_8C,ke_8U,kh)7 (28)
whereM is the matrix element for the process. The exciton
energies are

ﬁZQZ
EQZEQ—Eb+ m, (29

where M, is the exciton masdss,, is the binding energy,

U k(X) =€'%0%/ ), where() is the volume of the unit cell ~141 meV including the exchange energff~12 meV
and G, one of the six smallest reciprocal-lattice vectors, thewhich is nonzero for the ortho excitons onlgee Sec. I\

right side of Eq.(23) vanishes.
We turn now to the processd® and B'. In the limit
K,P<tk,,k; Eg. (14) reduces to

Mg+Mg/~— qEG BBk kK + P Dy Veir(Ket+ G—Q)
><<uc,ke|uc,q>G<uv,q|uc,k_,_)—G

— P Veri(kn+G—q)

><<uu,kh|uC,q>—G<uU.kh|uv,q)G)' (24)

For G#0, in the same nearly-free-electron approximation,
the right side of Eq(24) vanishes. Since the overlap inte-
grals are less than unity in magnitude, an upper bound of the

G=0 term is given by

(M gt M B')norma§ 2¢ke§ d’qveff( ke_ Q)

XUy glUc k) Sk +k, k+p- (25

The overlap integral above is approximately

h 2 (q_ke)’pci(q_ke)'piv
U, glUck )= =— ’ —, (26
(Uoaltler) (m D P TR R
where q ranges approximately betweek,—1/a; and

ke+1/a,. Then,

Mg+M =41 ¢ ! Ak
( Bt B’)normal\ J-Qex [1+(keaB)2]2 a

XE |pc,i||pi,v|

Ok +k, K+P
T (8co—eio)eiog— 80 & T

(27)

We may neglecE, and AE compared to the energy gap
Ey. The electron and the hole energies are

h2K32 h2kE

2m.’ Sk 2m (30

8C,ke= Eg+

and then; , 's are the electron and hole occupation numbers

in the final ionized states. Since these final states have very
high energy, we may neglect timg in Eq. (28), as well as
the inverse process.

The decay rate per unit volume for the direct Auger pro-
cess,'p 4/(), is given by

lF B l(é’N) —1Effr _n (31)
Q Ad Q\ at A QK,P K!'PL K,P— TA,d,

where f is the distribution function of excitons) is the
density of excitons, and, 4 is the scattering time for the
direct Auger process.

Using Eq.(22) we estimate the contribution to the decay
rate due to thédominanj processe#\ andA’

4 3 ) A
077 2 S (kgags) i Mexzcag< ) )
A, 2h3€2 [(kyap)®+11° 4 mag
IPc,illPi ol )2 ,
. (e KeTNe@d, (32
7 \(eco—ei(sio— 8,0/ © ex@s, (32

whereEgEﬁZkSIZ,u, w is the reduced mass for the electron
and the holen,,. is the density of noncondenséexcited
excitons, andT is the temperature of the exciton gas. We
note thatr, 4 is inversely proportional to the density of non-
condensed excitons. For the proportionality constant for ex-
citons in Cy,0,

Tag~4X10 g T ns 't (33

where the numerical factor is the result of a dimensionlessvith T measured in Kelvin andh.,. measured in units of

integral times constants. We show below using €7q) that

10*® cm™3. As we will see this decay rate is small compared

processe8 andB’ contribute negligibly to the Auger decay to the rate for the phonon-assisted process, but it can con-
rate. Only A and A’ contribute significantly to the direct tribute to para-exciton para-exciton Auger collisidmehich
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e e E
exciton x x' exciton
h h
FIG. 3. Virtual annihilation diagram of an exciton, possible only ot
for pure spin-singlet excitons. T\___G,/

are, as we will see, forbidden in the zero-stress case >
highly stressed crystals. We explain this effect in the next ’
section. l
L
)

Finally Eq. (27) gives an upper bound fozr;fj;Bw,, ie.,

+
the contribution of processds andB’ to T;},, 7 k
“1
Eca=0.l +
1 _ 24P pet (k) ( i )4 soPR eV I
AdB+8 = T 279 [1+ (kgag) 71 | mag A7 TN
|pci||piv| 2 3

X : . nay. (34
Ei: (eco—eio(eio—€,0 5- (34)

. . . FIG. 4. Schematic band structure of £ showing the conduc-
For the parameters of excitons in &b, Eq. (34) gives tion ' band and th& ,T'y valence bandssplit by the spin-orbit

TA,%!'B+ g'=3%10°n ns !, with n measured in units of splitting) which form the yellow and green exciton series, respec-
10" cm 2, which is negligible compared with the contribu- tively.
tion of the processe& andA’ as well as the most important
processes of the phonon-assisted Auger mechanism.
a lower twofold degenerate bahy,. Finally, I ;5 splits fur-
IIl. SPIN STATISTICS — BAND STRUCTURE ther because of the spin-orbit interaction into two bands, a
AND OPTICAL PROPERTIES OF Cu ,0 higher1“7+ nondegenerate band and a lower twofold degen-
eratel'y band(Fig. 4. TheT'; andI'y mix with the I'§

In this sgcnon we review the band strgctu_re lJnOIerIyIngconduction band to form the yellow- and green-exciton se-
the properties of excitons in GO® and their direct Auger ries, respectively

recombination process. These properties infuence the direct From now on we restrict our discussion to the yellow-

as well as the phonon-assisted mechanisms. We discuss tfg i\ series. The weakness of #he 1 line in the absorp-

effects of the band structure on the phonon-assisted AuQ‘?fon spectrum is due to thE; and T bands having the
process in Sec. V. 6 Y

The direct radiative recombination of both ortho and paraSame parity, making the transition to this line only

excitons is dipole forbidden because the conduction and Vaquadrupole—allowed. In contrast to the=1 line, the

lence bands have the same patty® The quadrupole re- n=2,3, ... lines are dipole active, provided that the created

combination of ortho excitons is allowed and has been ob?XCItonS are irp states. The total angular momentum func-

served experimentalf. In contrast, the direct radiative tions for the exciton triplet states are
recombination of para excitons is highly forbiddeérput be-
comes allowed if uniaxial stress is appl&Both species [3=13,=1)=|T¢,Tn), (35
can recombine via phonon-assisted processes.

The exchange interaction, shown in Fig. 3, where an ex- 1
citon virtually annihilates and reforms, is responsible for the _ P _
ortho-para energy splitting at the zone center of, GuAl- 9=1,=0) \/E(He'l“> [Le:Th)), (36)
though for pure spin states this interaction is nonzero for the
singlet, shifting the energy of the singlet state higher than the
triplet, experimentally the ortho excitons lie higher than the N=13,=—1)=|le,ln), (37
para excitons by 12 me¥.The absorption spectrum of
Cu,0 (Refs. 19 and 2Bshows discrete lines below the con-
tinuum which correspond to excitonic absorption, but the
n=1 line is very weak, in contrast with the=23, ... 1
lines. All these observations can be understood in terms of 9=0J,=0)= E(lTe'lHH”e’TH»' (38)
the band structure of G®@.X® The conduction band is
formed by Cu 4 orbitals and the valence band by Cd 3 The indicese,H refer to the electron and the hole, respec-
orbitals. The fivefold degenerafwithout spin Cu 3d orbit- tively; while the electron states are pure spin states, the hole
als split under the crystal field into a higher threefblif and  states areotal angular momentum states,

and for the singlet states,
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1 . e? , & )
|TH>:_ﬁ[(X'HY)Hh)"_ZHh)] (39 AESgg—exﬂldnel(O)l m|<uv,o|uc,o>eo|
and e2 4 €p a, 2
" age, P e, ag [{Uy,0lUc, o)yl (43
Since experimentally AE~12 meV?* we have
1 _ [{uy olUc,0) G | ~0.45.
[lw)=- ﬁ[(x_'Ymh)_ZHh)]’ (40) In Auger decay, processé&s andB’ are not affected by

the angular momentum of the electron and the hole. The

. ) forbiddenness of the direct radiative recombination of the
where the states with lower cabeare pure spin states. The para excitons due to the spin conservation implies that the

spatial functionsX,Y,Z transform ag/z, xz, andxy, respec-  recombination vertices which appear in processemdA’

tively. of Fig. 1 are nonzeronly for an ortho exciton decaying and
Using these angular momentum functions we explain nowonizing with either an ortho exciton or a para exciton.

the experimental observations mentioned above, turning to Uniaxial stress mixes thE; andI'g valence bands with

the direct Auger decay process at the end of the section. Ithe results that the para-exciton energy increases for small

the radiative recombination of an exciton the electron goesalues of the applied stress but decreases for higher values,

from the conduction to the valence band with emission of aand the direct radiative recombination increases quadrati-

photon. If we assume that there is no spin-firhigher-order  cally with increasing stres<.In the Auger process this mix-

effect, the above angular momentum functions imply thating implies that the recombination vertex of stressed para

the matrix element for the direct radiative recombination rateexcitons becomes allowed. Para excitons in highly stressed

for the ortho excitons is proportional t®/3 times the result crystals are therefore able to Auger recombipeocesse$\

of the spatial part of the calculation, but that it vanishes forandA"), ionizing either an ortho exciton or a para exciton,

the para excitons. Similarly, para excitons are not allowed tdust like the ortho excitons in the unstressed case. We discuss

recombine directly and the exchange interaction vanishes fdhis effect further in Sec. V.

the singlet. For the triplet state the exchange interaction is

nonzero and raises the ortho-exciton energy with respect to

the para-exciton energy; the energy splitting at the zone

: . IV. PHONON-ASSISTED AUGER PROCESS
center K=0) is given by

The phonon-assisted Auger mechanism with the partici-
pation of a longitudinal, odd-parity optical phonon is in fact

2

2 e
AE= §f Yk —o(X,X)———7

* ! ! !
_o(X',x")dx dx’,
€| X—X/| K=ol )

(41)

where the factor of 2/3 again comes from the angular mo
mentum wave functions. Using E¢B) for the exciton wave

function we find that

47e?

2
AE= 3020 m¢q<uv,q|uc,q>G¢;<uv,p|uc,p>é :
(42)
The sum is dominated by the terms with smallé& (six in

number because of the cubic symmetry of the crystathich
we denote byG,; then

Mc+Mc'+MD+MD':Veff(K_Q)(¢kh—F’/2_¢|<,3—F>/2)§1 d’q(

+ <Uu,qf kiz2lHiol Un,q—K/2+Q><Un,q— K/2+ Q| Uc,q+ Ki2)

the dominant Auger process. Although this process requires
a phonon and its rate is therefore reduced by factors of the
exciton-phonon interaction, the dipole matrix element be-
tween the intermediate state and the conduction or the va-
lence band does not vanish, in contrast to the case of the
direct Auger mechanism. Since the matrix element for nor-
mal processes@=0) does not vanish fok =0, the contri-
bution of Umklapp processes should be relatively small, and
we neglect them. In this case the angular momentum of the
colliding excitons does not put any restriction on Auger col-
lisions. Following the same procedure as before, we calcu-
late all Feynman diagran{fig. 2). We assume for simplicity
that the lattice temperature is very low, and only spontaneous
phonon emission is possible.

For the processe€, C' andD, D’ of Fig. 2 with two
excitons of momenturK andP colliding, giving an electron
of momenturrk,, a hole of momenturk;, and a longitudinal
optical (LO) phonon of momentun® and energyiwg, de-
noted by the dashed line, the matrix element is

Uy q—k/2lUn,q+k/2—0){Un,q+k/2— ol Hiol Uc. g+ k/2)

€c,q+KRT €ng+KiR2-Q™ ﬁwQ

Ey,q-K/2~ Eng-kr2+QThwg

>5ke+kh+Q,K+Pa (44)
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whereH g is the carrier(i.e., electron or holge LO-phonon  Eg. (46) is the reasonable one that the oscillator strengths
interaction. The first term in the sum refers to procesSes between the bands’, v, andc,v’ are comparable. Thus,
and C’, and the second to procesdBsand D’. The sum the relative decay rate due to proces€e€’ as compared

overn includes the two odd-parity bands of gD. We again  with the decay rate db, D’ is ~5x 10°. Since, as we show
usek - p perturbation theory to calculate the overlap integralsbelow, all other diagram&f the form ofE in Fig. 2) for the

in the above matrix element. For example, phonon-assisted Auger mechanism can be neglected, we
conclude that para excitons have a negligible phonon-
i (Uy,q-ki2l (Q—K) - plup g k/2) assisted Auger decay rafi@ para-para collisionscompared

(Uy, gkl Un,q+ k12— @) = with the ortho excitons, in agreement with the observed long

(45)  para-exciton lifetime when no ortho excitons are present.
Since thel", optical phonon dominates the phonon-assisted

The two terms in the sum of E¢44) are closely related to - Auger decay process of ortho excitons, we neglect the con-
the matrix elements for radiative phonon-assisted exciton regipution of all other phonons.

combination. We show the radiative recombination processes Expanding the overlap integrai, a-ki2Uer qikiz—q) I

of an exciton in Fig. 2, diagrants andF', where an exciton  nowers ofk — Q, usingk-p perturbation theory, we see that

recombines emitting a phonon of moment@and a photon  the matrix element for process€sandC’ goes as
of momentumk,,. The similarity of the upper part of dia-

gramsC, C’, D, andD’ with F andF’, enables us to extract

m €n,q-KR™ €y,g-K/2

information about the phonon-assisted Auger mechanism. Mc+Me ~ W(‘ﬁke*P/Z*K*Q_ )
Experimentally, the primary luminescence mechanism of
ortho excitons in CyO is via phonon-assisted recombination X(K=Q)-py.cr (47)

involving theI'}, optical phonon. Other phonon-assisted re-

L2 . the matrix elemeri-+ M, can be treated as constant.
combination processes of the ortho excitons are at least ﬁe estimate it using Eq¢44) and (45) as
times weaker. For the para excitons the only allowed optica 9 B0

phonon recombination mechanism is vid'g phonon, and 1 o A2
the integrated intensity is about 500 times weaker than the Mc+ MC,~5(K—Q)~ &_p) mf
I';, ortho-exciton phonon-assisted mechanism. This differ- P ke

ence is due to the band structure of the material and the

symmetry of the bands that are involved in the transition. %
Group theory allows both odd-parity bands to assist the

ortho-exciton radiative recombination, so for the orthoexci-

tons both processes and F' are allowed. In para-exciton (Uer ol Hr | Uc o)
recombination, in contrast, only the deep valence band can ><m5ke+kh+<2,K+P-
be the intermediate statdiagramF’), as illustrated in Fig. ’ ’

524 This analysis is valid only for nonstressed crystals; if The matrix element (U o/Hr-|uco) equals Dr_[#/

stress is applied the mixing between thg and thel'y (ZPQ"’fIZ)]m in magnitude, wherevr_ is the zone-center

valence_ bands, dependent on the orientatic_;n of the_ app”el‘ijequency of the specific phonow,13.8 meV,p is the mass

stress, |s_expected to affect the phonon-assisted radiative raénsity of the material, andl - is the deformation potential

combination processes. . ; _ _ 12 ; ) .
In the Auger problem this symmetry argument imp“eslnvolvmg theI;, optical phonon-mediated interband transi-

that for ortho-exciton recombination, the rate due to pro-fion between thég and thec’ band. Therefore, Eq48) can

cesse<C andC' is much larger than the rate dueoand be written as

D’. For para excitons, processgsandC’ are forbidden and

D andD’ contribute negligibly to the decgy rate. To estimate Mc+Me ~1287

the ratio of the magnitudes of the matrix elements for the

faster ortho-exciton Nlc+M¢/) and the para-exciton

f v,c'’ K-
g%)_p, (K-Q)

m (e¢r 0= &y,0)

(48)

ezaB E |pv,c’| keaB
EooQ m (SC’,O_SU,O) [1+(keaB)z]3

(Mp+Mp:) Auger phonon-assisted mechanisms due to this y Dry, fi 1/25
effect we note that the only difference in this case as com- (eco—&cr0) | 2pQwr- KetKptQK+P-
pared to the radiative recombination comes from the energy 12
denominator in Eq(45). An estimate of this ratio is (49
Mc+Me Ty o £c' 0— €00 Ser 0= €00 The deformation potennaiDpI2 hgs not been measured di-
~ ~V500 ——, rectly, but we can extract an estimate from Ref. 21. We use
Mp+Mp: Iprad €co—&vr 0 €07 €y 0

(46) the measured para-exciton lifetime of 43 at a temperature

of 10 K and the relative integrated intensities of theg,
wherel’,, 1,4 is the total decay rate of ortho excitons due toortho-exciton phonon-assisted mechanism with respect to the
the I';, phonon andl’, o4 is the total decay rate of para I',; para-exciton phonon-assisted mechaniapproximately
excitons due to thd ,5 phonon. As can be seen from the 500, as mentioned earljerto fit the decay rate of the ortho
energy differences in the denominator of E46) using the excitons due to the phonon-assisted recombination, 26 ns at
energy levels of CpO, |[(Mc+Mc)/(Mp+Mp)| the same temperature of 10 K. This analysis implies that
~3.0x /500. The only assumption we have made in writingDr-~2.5 eV/A.
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For the processes of the form Bfshown in Fig. 2, which
correspond to the diagranBsandB’ (direct Auger procegs
with additional emission of &';, phonon, we have

Me= % bqbi, —piVer( ke A~ K/2)

(Uy g2l Uer k- k)(Uer k—k [ Hr L Ue p—i)
X

Eok,—P Ec k—K ~TwQ

X O +k,+Q.K+P- (50

Since the overlap integral is less than unity, an upper bound

on Mg is

(Uer o Hrz|Uc o)

, e
M ES _ 2 ¢qveff( ke_ Q)
€c0 €c’0 g

bx,

X O +k,+QK+P| - (51)

The sum overg in Eqg. (51), the convolution of the wave
function of the relative electron-hole motiof(X) times
the Coulomb interactioV(x), can be calculated analyti-
cally, yielding

Mo 1 ¢ DFIZ % 1/2
E W kh(sc,o_sc’,o) ZPQWFI2
4(ag)%e?

m5k6+kh+Q,K+P- (52

Let us proceed to the calculation of the decay rate. If
M is the matrix element for the phonon-assisted process,

the decay rate of two colliding excitons with momeHtand
P giving an electron of momentuik,, a hole of momentum

ki, with simultaneous emission of an optical phonon of mo-

mentumaQ, is

27
Cer =T

efh

o IMp?(1=ng ) (1N, )

X(S(EK‘l‘ EP_th_sc,ke_gv,kh)' (53)
We neglect the inverse process at very low lattice temper
ture, where no phonons are present.

The contribution of thédominanj processe€ andC’ to
the Auger phonon-assisted decay rate, defined inE, is,
using Eq.(49),

2161072 wet  # lper.?
TARRT T D332 mpag ©° m
(DFIZaB)Z
X (54

2 2 .
(80,0_80’,0) (SC’,O_SU,O) ﬁwrl‘z
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proportional to the density of the total number of excitons,
7apr~ N If we measure the density in units of ¥ocm ™3,

Eq. (54) gives the decay rate
(55)

which is on the order of magnitude of the observed decay
rate, but not numerically accurate.

For processE, the approximate expression on the right
side of Eq.(52) for the matrix element yields a lower bound
on the contributiorr, o, ¢ to the Auger phonon-assisted scat-
tering time,

Tap~0.81 nst,

21051074 et #2 " (DFIZaB)Z
2ﬁ3632c Pag B(Sc,o_sc/,o)zhwfiz.
(56)

Numerically T;,]")hE$8X 1073n ns™%, with n measured in
units of 168 cm 3, which is comparable to the decay rate of
the para excitons, i.e., the smallest decay rate of our problem.
Processes of the form & are in fact much slower than this
rate, since we have assumed in EE6) that the overlap
integral is unity. Furthermore, the procdss, of the form of

E with the Coulomb exchange coupling instead to the posi-
tively charged hole, enters with a change of sign, partially
cancellingE.

TAPhES -

1

V. EFFECTS OF IDENTITY
ON THE AUGER DECAY RATE

We turn now to the problem of the identity between the
electrons and holes of the two excitons. The total wave func-
tion of two excitons of moment andP with angular mo-
mentum functionsy,, and x4, respectively, is

Wi o= 2 [Pk(1,2xa(1,2Wp(1',2) xp(1",2)
— V(1.2 xo(1",29Wp(1,2) x5(1,2)
—Vi(1,2)x(1,2)¥p(1",2) x5(1",2)
TV (1,2 xa(1"2)¥p(1,2 xp(1,2)], (57)

where the variables 1,1 refer to electrons and 2,2 to
holes. The wave function of the final state is

Wt 0= Wik, (34 x4(3.4). (58)

The calculation we have presented has been done without
effects of identity taken into account. Thus, if the initial state
in the matrix elementM,, Ma,, Mc, andMc; is the first

term of Eq.(57), the second term of E457) gives the initial
state in the matrix elementdg, Mg, Mp, andMp/; the

last two give exchange terms. Since the phonon-assisted pro-
cesse andC’ dominate the Auger collisions, we examine
here the effect of identity of the electrons and the holes on
the corresponding matrix elemernis: and M.

The Coulomb interaction does not produce any spin flips,
so the angular momentum functions factor out in all the
matrix elements, independent of the spatial part of the calcu-
lation. For ortho-para and for ortho-ortho collisions with dif-

In the approximation of Eq47), where the matrix element ferentJ,, only the first or the last term of E457) contrib-
is constant,r,}]},h is temperature independent at low lattice utes to the matrix element, because of the orthogonality of
temperature and the corresponding inverse scattering time ihe angular momentum wave functions. The actual matrix
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VI. EXPERIMENTAL OBSERVATIONS — CONCLUSIONS

{ | c . The two basic experimental observations related to the
Auger process are shown in Figs. 6 of Ref. 7 and 4 of Ref. 9.
Figure 6 of Ref. 7 shows the total decay rate per particle of
the ortho excitons as function of the ortho-exciton density.
As seen from this graph, the total decay rate is approximately
E— proportional (the exact power is 0)8to the ortho-exciton
density. In this experiment a mode-locked, cavity dumped
v Argon-ion laser produces nanojoule pulses with about a
100-ps length. For a photoluminescence time resolution of
about 100-300 ps, this excitation pulse is effectively a
. - o function in time, and the evolution of the system is observed
FIG. 5. Phonon-assisted radiative recombination processes. The. . - .

: o , without creation by the laser of further particles. The exci-
Orth-o excitons are allowed to participate in both, but for the P& ons form on a timescale shorter than the detection limits
excitons only the one on the right side is allowed. The bands e o >
are thel'¢ and thel'; bands which form the yellow excitons and W'thm a few nanosecqnds. The m!JCh Weaker radiative effi-
are separated by 2.17 eV. The bamdsandv’ are the only odd-  ciency of the para excitons makes it difficult to observe them
parity bands in CyO. The energy difference between andc is  during this short time period. As mentioned earlier, this ex-
~449 meV and between andv’ is ~5.6 eV. The proximity of  periment shows quantum saturation of the ortho excitons,

Orthoexciton Paraexciton

bandc’ to bandc makes both the radiative recombinatigref. 24 i.e., they move along an adiabat-f«,/kgT~0.2, where
and the phonon-assisted Auger decay processes much faster fay, is the chemical potential of the ortho excitongry close
ortho excitons than para excitons. to the condensation line, without condensing; along adiabats

no,~T32 Our result, Eq(61), gives an approximate linear
element, therefore, for the case that the effect of identity hagependence of the Auger decay rate per ortho exciton as
been taken into account is 1(fom the normalization con- function of the ortho-exciton density. Experimentally the
stanj times the result of our calculation from the previous Auger decay rate cannot be measured directly, since ortho-
section. For ortho-ortho collisions with the sadye both the  para interconversidrcontributes almost as much as the Au-
first as well as the last term in E§57) contribute to the ger to the total rate shown in Fig. 6 of Ref. 7. Since the decay
matrix element and therefore the numerical factor whichrate due to the conversion of ortho excitons to para excitons
multiplies the matrix element in this case is H/2/2=1. is approximately~T%2 which is ~n, along an adiabat, the
In a gas of ortho excitons with randodp, there are nine  contribution of the Auger decay rate to the total rate experi-

possible combinations, with respect to their angular momenmentally is also~n,, in accordance with our theoretical
tum, that two ortho excitons collide. Statistically 3/9 of the calculation. In the numerical simulation in Ref. 2, the value

collision events are between ortho excitons with the samef 0.40 ns'* for the Auger decay constar@, (with the

J;, and 6/9 between ortho excitons with differeht Con-  density measured in units of #dcm~2) reproduces the ex-
sequently, ifC, [~0.8 from Eq.(55)] is the proportionality perimental results; this value should be compared with 0.8
factor in our calculation without taking into account the ef- ns=* from Eq. (55).

fect of identity, the effect of identity on the decay rate |f the mode locker is removed from the laser, the cavity-
is to multiply the original rate by a factor (3/9)1 dumped mode provides 10-ns long pulses with about an or-
+(6/9)(1/2f= 1/2 for ortho-ortho collisions and (1/2for  der of magnitude more energy. Figuréof Ref. 9 shows
ortho-para collisions. Thus for the dominant phonon-assisteglata from lightly stressed crystals with such a long-pulse

Auger process excitation. The laser profilériangles, the number of ortho
o excitons in the lowest ortho-exciton lev@pen circleg and

_ i( aNO) — 1 _ & n.+ En ) (59) the number of para excitoniblack dot$ are shown as func-

Nol ot ), Tapn 2 ° 2P tion of time in this figure. The stress splits the triply degen-

erate ortho-exciton level into three components and only the

1 [dNp\P 1 Ca lowest of the three is significantly populated, leading to a

——(—) =5 =72 No, (60) closer proximity to the condensation line than in the un-

Np at Aph  TAph 4

stressed case. No ortho-exciton condensation is observed.
whereN, andN,, are the numbers of ortho and para excitons,Under these conditions the para-exciton density was deter-
respectively. To determine theet loss of ortho and para mined from the relative intensities of ortho and para exci-
excitons due to the Auger process, we take into account th#®ns, combined with the spectroscopically determined den-
fact that the Auger-ionized excitons reform in random angu-sity of the ortho excitons. This analysis yields the striking
lar momentum states, and find evidence that the para excitons condense as shown in Fig.
4(b) of Ref. 9, a graph of the corresponding trajectories for
the ortho excitongopen circlesand the para excitor®lack

dots in the density-temperature plane. The straight line here
is the condensation phase boundary, which is identical for

(o]

1

No

N,
at

A
= 1—6(5n0+ Np), (61
A, net

1 [gN.\P c n para excitons and ortho excitons in the stressed case. The

p A 0 . . . .
— _<_) =—n,| 3— —)_ (62) para excitons in this case are Bose condensed for times later
Npl ot A, net 16 Np than 8 ns. A crucial feature of the para excitons in these data
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which is related with the Auger process is their significantlyclearly in stressed crystals; as far as we know, however, the
smaller decay rate than that of the ortho excitons. More speresult of stress on phonon-assisted recombination has not
cifically, their lifetime is on the order of 100 ns at a density been investigated yet.

10'° cm™3, while the lifetime of the noncondensed ortho  Stress strongly influences the Auger process, starting with
excitons & 0.1 nsegis consistent with the phonon-assisted the phonon-assisted mechanism; both the dominant phonon-
Auger and ortho-para conversion mechanisms discussed eatssisted Auger process involving thg, phonon as well as
lier, in the case of short-pulse excitation. The para-excitonthe direct Auger become allowed for para-para collisions in
decay time of 100 ns refers to late times, when the producstressed crystals, for specific directions of the stress. More
tion of excitons due to the laser is negligible, the ortho-specifically, group theory predicéfsthat if the uniaxial stress
exciton density is very low, and essentially only para exci-is along theC, or theCj crystallographic axes, the mixing of
tons exist. This observation shows that para-para Augethel'S with thel'y band allows thd ;, LO phonon to assist
collisions lead to a very low decay rate. As we showed inthe process. In the specific experiment of Ref. 10 the applied
Sec. IV, the reason for this low rate is that the band with th%tress is primar”y a|0ng th€4 axiS, but it also has a com-
required symmetry which assists the para-para phonoryonent in theC, direction. Moreover, uniaxial stress makes
assisted Auger processes is a deep valence band. See Figiif direct Auger processlominated by the processes shown
In contrast, for ortho-ortho, or ortho-para collisions the rel-in giagramsA andA’) weakly allowed. Both processes are
evant band is very close to the conduction band. In the nuresponsible for the presence of ortho excitons in the quantum
merical simulation in Ref. 2 of the time dependence of exciye||, which are generated by the reformation of Auger-
tons, we have shown that the ortho excitons move along thnized para excitons in random angular momentum states.
phase boundary without crossing it, while the para excitongn hoth cases the orientation of the uniaxial stress is very
condense, as a result of the Auger heating of the ortho excimportant, since it determines the selection rules in the de-
tons and phonon cooling of both the ortho and para excitongormed crystaf?

The result of high uniaxial stress3.6 kbar on the Auger  |n summary, we have calculated the direct and phonon-
process has been resolved in Ref. 10. For comparison, in thessisted Auger decay rate, incorporating the band structure of
data of Fig. 4 of Ref. 9 the stress4s 0.36 kbar; in the data ¢y, 0, which plays an essential role because of the following
of Fig. 6 of Ref. 7 there is no applied stress. The experimengffects: (1) the same(positive parity of the two bands(2)
in Ref. 10 shows clearly that para-para Auger collisions arghe fact that the valence band is not a pure spin state(3nd
allowed in stressed crystals. In this experiment laser lighthe symmetry and the location of the negative-parity bands
produces the excitons away from the well, which drift a dis-yjth respect to the conduction and valence bands which form
tance of~400 um in the stress gradient to the shear-stresshe yellow excitons. The inverse Auger decay times for the
maximum where they are confined. The number of orthjirect as well as the much faster phonon-assisted Auger
excitons in the well should be negligible, since the relativelymechanism are proportional to the exciton density. Finally,
short lifetime of ortho excitons precludes travel overwe have shown that the para-exciton recombination vertex is
400,um distances; also the eXpeCted number of ortho eXCieither forbidden(direct processes or neg||g|b|e (phonon_
tons due to thermal excitations is negl|g|b|y small under theassisted procesgeand Consequent|y para-para Auger colli-
specific experimental conditiond 2 K). Experimentally,  sjons have a negligible Auger decay rate in nonstressed crys-
however, the measured number of ortho excitons is approxig|s.
mately proportional to the square of the para-exciton num-
ber, and the maximum para-exciton density goes as the
square root of the laser power. These observations have been ACKNOWLEDGMENTS
attributed to the Auger decay of para excitdfsn this case
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