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Th e absor pt ion coe£cient for the two- photon creation of bie xciton is
calculate d for C uC l and wurt zite cr ystals . Because of the resonance e˜ect
only the inter mediate lowest opticall y acti ve excitonic states are ta ken into

account. T he absorption coe£cient is expressed by a functional of the biexci-
ton envelop e. T he numerical results are computed with the envelop e function
of H ylleraas { Ore typ e (mo di Ùed and minimized by Brinkman et al). The ob-

tained results for CuC l are in good agreement w ith absorption measurements
publis hed by Gale and Mysyrow icz.

PAC S numb ers: 71.35.{y

1. Pr ob ab i li t y of t w o-pho t on ab sorp t io n

The exci to nic molecule, called the biexci to n, is an elementa ry exci ta ti on
in semiconducto rs or insul ato rs, consisti ng of two electrons and tw o holes. The
exi stence of thi s com plex was conÙrmed by the emission and by the absorpti on
spectra [1{ 4]. In the absorpti on spectrum a di rect creati on of the biexci to n can
be observed. The exci ta ti on of the system occurs from the ground state to the
m olecular state vi a a two -photo n absorpti on pro cess in an intense monochro matic
radi ati on [3]. The emission l ines are attri buted to the radi ati ve decompositi on
of bi exci tons form ed f rom the pool of high density free carri ers generated in the
system . The tra nsiti on probabi l i ty for the two -photo n exci ta ti on of an insul ati ng
crysta l from i ts ground state j g i to the state j biex i wi th an exci to ni c m olecule [5]
is given by
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where A = (e =m )2 (2 ¤ ñh N =ç! V ) , N i s the numb er of photo ns in the inci dent beam
wi th polari zati on " and frequency ! and K | the wa ve num ber vecto r of l ight,
ç i s a dielectri c constant for frequency ! ; V i s the volum e of the crysta l and
P j = exp( iK r j ) p j wi th p j | the m omentum and r j | the positi on of the j -th
electron.

Accordi ng to Ha nam ura [6] only the resonant exci ton interm ediate states
j i i are considered. In both cases, in CuCl and in wurtzi te crysta ls, the opti cal ly
acti ve lowest exci to n interm ediate states have sym m etry À 5 (in the nota ti on of
Ko ster et al . [7]). In CuCl , the crysta l of tetra hedra l symm etry T d , there exi st
three À 5 exci to n states J z = Ï 1 , 0 correspondi ng to a to ta l angular momentum
state J = 1 . In the wurtzi te structure of uni axi al sym metry C 6 v there exi st onl y
two À 5 exci to n states wi th J z = Ï 1 . Because of the uniaxi al symm etry of the
wurtzi te crysta l these states are no more eigenstates of to ta l J but only of J z .

In the CuCl crysta l at the botto m k = 0 of the conducti on band the Bl och
functi ons are of the f orm

c 1 = 2 = ¢ cj " i and c
À 1= 2 = ¢ c j # i ; (2)

where ¢ c can be identi Ùed wi th 4 s -functi on of Cu. At the to p k = 0 of the valence
band the Bloch functi ons are

v 1 = 2 = ê 1 j # i + ê 0 j " i and v
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The to p valence f uncti ons m ay be identi Ùed wi th 3 p - functi ons of Cl (the ato m ic
orbi tals p x ; p y , and p z are separatel y norm al ized).

In the wurtzi te structure at the botto m k = 0 the conducti on Bl och functi ons
are of the form deÙned in Eq. (2) and at the top k = 0 of the valence band the
Bl och f uncti ons are

v 3 = 2 = ê 1 j " i and v 3 = 2 = ê 1 j # i (5)

wi th

ê 1 = (1 =
p

2 )( p x Ï ip y ) : (6)

For exampl e, in CdS the conducti on Bloch functi on ¢ c i s identi Ùed wi th 5 s -functi on
of Cd and p x ; p y are, to a good appro xi mati on, two of the 2 p -functi ons of S.

The matri x elements between the ground state j g i of the system and the À 5

exci to n states [8] are expressed by the exci to n envelope ¢ ex ( r ) , a functi on of the
electron{ hole distance r = j r 1 À r 2 j

h exÀ 5 j " p j g i =
p

V ¢ ex ( 0)

(
h ¢ c j " p j ê 1 i for J z = Ï 1 ;
p

2 h ¢ cj " pj ê 1 i for J z = 0 :
(7)
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W euse the long-wave appro xi matio n and thus we neglect the tra nslati onal mom en-
tum K of excito n and m omentum 2 K of biexci to n, where K is the wa ve num ber
vecto r of light.

The m atri x elements between À 5 exci to n states and the bi exci ton ground
state of the sym metry À 1 [8] are evaluated wi th the biexci to n envelope ê m ol as
fol lows:

h bi exÀ 1 j " p j exÀ 5 i = I [ ¢ ex ; ê mo l ]

(
h ¢ c j " p j ê Ï 1 i for J z = Ï 1 ;
p

2 h ¢ c j " p j ê 0 i for J z = 0 ;
(8)

where the functi onal I i s the integ ral [9]

I [ ¢ ex ; ê mo l ] =

Z Z

d3 x d3 y ê Ê

mo l ( x À y; x; y=2) ¢ ex ( y ) (9)

wi th ê mo l( r ; r 0 ; R ) a functi on [10, 11] of r = r 3 À r 1 ; r 0 = r 4 À r 2 and R =

( r 1 + r 3 À r 2 À r 4 ) =2 . Here 1, 3 refer to the electro ns, 2, 4 refer to the holes.
Inserti ng m atri x elements (7{ 8) into Eq. (1) we get
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The energies E ex and E bie x are m easured from the level of the ground state j g i . T o
compare the theoreti cal result of Eq. (10) wi th the exp erimenta l ly observed to ta l
pro babi l ity of the absorpti on pro cess,we have to average W (ñh ! ) over the ini ti al
sta tes. If the source of radiati on has a spectra l wi dth Â ! , we have to ta ke the
integ ra l

W to t (ñh! 0 ) = (Â ! ) 1

Z ! + Â ! = 2

! Â ! = 2

W (ñh ! )d ! ; (11)

where we assumed ñh! 0 = E bie x ( À 1 )=2 .
The absorpti on coe£ ci ent ˜ (ñh! 0 ) [5] is deÙned as the probabi l i t y of the

absorpti on of ! 0 -pho ton per uni t length of i ts passage thro ugh the crysta l and is
related to W to t (ñh! 0 )

˜ (ñh! 0 ) = 2 W to t (ñh! 0 )= ( N c=
p

ç ) ; (12)

where c=
p

ç i s the vel ocity of l ight inside the crysta l . The f actor 2 in Eq. (12)
is due to the num ber of ! 0 -pho tons absorb ed in one pro cess. Thus, i f the source
of the intense radiati on is a laser of tuna ble frequency, for ñh! 0 correspondi ng to
one-hal f o f biexci to n energy we can expect to observe the two- photo n absorpti on
peak due to the creati on of exci to nic molecules.
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2. R esul t s an d d iscu ssio n

The measurement of the absorpti on coe£ cient due to the di rect bi excito n
creati on is in the m ajori t y of crysta ls practi cally im possibl e: the absorpti on l ine
correspondi ng to the two -photo n creati on of biexci to n and the l ine corresp ondi ng
to the creati on of two free exci to ns di ˜er in positi on by an am ount com parabl e to
the line wi dth. The di ˜erence between the m axi ma of these l ines is equal

Â (ñh! ) = E ex À E bie x =2 = E
( b )

bie x =2 + Â ( exc h )
ex ;

where E
( b )

bie x i s the bindi ng energy of the biexci to n and Â
( exc h )
ex i s the energy of

exchange spli tti ng in exci ton. In the CuCl crysta l Â
( exc h )
ex = E ex ( À 5 ) À E ex ( À 2 )

and in the wurtzi te crysta ls Â
( exc h )
ex = E ex ( À 5 ) À E ex (À 6) . The exci to n exchange

spl itti ng in CuCl is Â
( exc h )
ex = 6:2 m eV and in CdS Â

( exc h )
ex = 1:3 m eV. In CdS

E
( b )

bie x
¿= 4:4 meV and in CdSe E

( b )

bie x
= 1:2 m eV. In CuCl due to the large mass

of the hole, the biexci to n bindi ng energy E
( b )

bie x
¿= 30 m eV is much greater tha n in

the wurtzi te CdS and CdSe crysta ls.
Thus the large values of the bi ndi ng energy and of the exchange spli tti ng

m ake possible observati on of the biexci to ns in CuCl to be disti ngui shed from the
state consisti ng of two nonintera cti ng free exci to ns.

Using the intense monochro mati c blue radiati on from a tuna bl e dye laser, of
intensi ty 200 kW , spectra l wi dth 6 cm À 1 and pul se dura ti on 1 6 È 1 0 À 9 sec, Gale
and Mysyro wi cz [3] m easured di rectl y the two -pho ton absorpti on cross section in
CuCl at several energ ies in the region around E = 2 ñh! = 2 E ex À E

( b )

bie x . They
estim ated the peak value of two- photo n cross section to be £ ¿= 1 0 À 4 2 cm 4 s
leading to a nonl inear absorpti on coe£ ci ent of the order 1 0 5 cm À 1 wi th l ight
Ûux of 2 0 2 5 photo ns/ cm 2 . Gale and Mysyro wi cz interpreted thei r results for the
absorpti on coe£ cient as being in good agreement wi th the estim ati on given by
Ha nam ura [6].

Here we present results of our calcul ati ons of the two- photo n absorpti on
coe£ cient based on the opti m ized bi excito n envelope functi on and the matri x
element of the bi exci to n{ exci to n tra nsiti on expressed by the biexci to n and the
free exci to n envelopes [9]. The biexci to n envelope used in our calculati ons was a
Hyl leraas{ Ore [12] wave f uncti on m odi Ùed by Bri nkm an et al . [10] and the free
exci to n envelope wa s the hydro gen-l ike 1 s wa ve functi on.

The values of the integ ra l I [ ¢ ex ; ê mo l ] were calculated for several m assrati os
¥ = m e=m h [9]. Inserti ng into the form ulae (10{ 12) the fol lowi ng data for CuCl :
¥ = 0 : 0 2 ; I ¿= 4 ; j h ¢ c j p x j p x ij

2 =m ¿= 3 eV [6], ñh! ¿= 3 : 2 eV wi th the param eters
of laser radi ati on used in the actua l experi ment [3], corresp ondi ng to the photo n
density N =V = 0 : 3 3 È 1 0 1 5 photo ns/ cm 3 , we get for the two- photo n absorpti on
coe£ cient ˜ (ñh! 0 ) = 0 : 9 È 1 0 4 cm À 1 . The obta ined result com pared to previ ous
estim ati on ˜ (ñh! 0 ) = 2 È 1 0 6 cm À 1 , whi ch corresp onds to the probabi l i ty of
two -photon absorpti on calcul ated by Ha nam ura [6, 13], is nearer to the actua l
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exp erimenta l value ˜ = 1 0 5 cm À 1 . The biexci to n{ excito n dipole tra nsiti on matri x
element estim ated in [6] corresponds to the biexci to n radi ati ve l i feti me § ¿= 0 : 5 ps
in CdS, whi le the observed li feti me am ounts to a few pi coseconds [9, 14], thus the
value of the bi exci ton{ exci to n m atri x element g iven by Hanamura is deÙnitel y to o
large. Hanamura estimated i t wi th a simpl em odel of biexci to n envel ope whi ch was
not opti m ized, and wi tho ut the form ula for the integra l I [ ¢ ex ; ê mo l ] useful for a
general case of the biexci to n and excito n envelopes. The calcul ated v alue of the
integ ra l I f or CuCl [9] is about ten ti m es smal ler tha n the corresponding resul t
obta ined by Ha nam ura.

In wurtzi te CdS the two -photo n di rect creati on of biexci to ns has been con-
Ùrmed experim enta l ly [4], but the absorpti on coe£ cient due to thi s tra nsi ti on
has not been m easured. The two- photo n absorpti on l ine and the line due to the
creati on of two free exci to ns are cl oser in frequency tha n thei r l inewi dth. W e cal-
cul ated the two- photon absorpti on coe£ ci ent for CdS ta ki ng ¥ = 0 : 2 1 ; I ¿= 1 0 ;

j h ¢ c j p x j p x ij
2 =m ¿= 3 eV [6], ñh! 0

¿= 2 : 5 eV and N =V = 0 : 3 3 È 1 0 1 5 photo ns=cm 3.
For the l ight polari zati on " ? c-axi s we obta ined ˜ (ñh! 0 ) = 5 È 1 0 5 cm À 1 , whi ch
is our estimati on of the contri buti on of the two- photo n bi exci to n creati on pro cess
to the opti cal absorpti on spectrum of CdS. The large value of the two -photo n
absorpti on coe£ cient for CdS com pared wi th CuCl results m ainl y from a large
value of the integ ra l I and from a smal l value of the resonance denom inato r
E ex ( À 5 ) À ñh! = 3 : 5 m eV for CdS, whi le E ex ( À 5 ) À ñh! = 2 2 m eV for CuCl .
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