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Neutron scattering in molecular crystals in the presence of a high exciton density is theoretically considered. 
Two possible channels of scattering by excitons are investigated: magnetic scattering by triplet excitons, and 
nuclear scattering. It is shown that the change of the nuclear configurations of molecules excited by electrons 
leads, as a result of the correlation of the excitations, to the appearance of an additional channel of nuclear 
inelastic scattering. The scattering of neutrons by an excition system of high density is considered with 
allowance for the dynamic and kinematic exciton-exciton interactions. The features of inelastic scattering of 
neutrons in the presence of a Bose condensate of molecular excitons is also considered. It is shown that 
magnetic scattering of high-energy neutrons can be used to detect an exciton condensate. In view of the 
discrepancy between the results of Agranovich and Lalov [Sov. Phys. JETP 42, 328 (1975)], Krivoglaz and 
Rashba [Sov. Phys. Solid State 21, 1705 (1979)], and Elliott and Shukla [J. Phys. C12, 5463 (1979)], an 
investigation is made of the production, due to electron-phonon interaction, of excitons in inelastic neurton 
scattering. The formulas obtained agree with the results of Krivoglaz and Rashba. 

PACS numbers: 71.35. + z, 61.80.Hg 

1. INTRODUCTION to Ref. 7 it amounts to  ~ 2 , / ~ 2 ,  (w, is the phonon frequency, 
E* is the exciton energy, and y, a r e  the exciton-phonon 

Inelastic scattering of slow neutrons is traditionally interaction constants); the reasons for the differences 
used a s  a source of information on the energy spectrum a re  not discussed by the authors. An analysis made in 
of elementary excitations of condensed systems. Neu- this connection in the present paper (see the last sec- 
tron scattering by various quasiparticles is the subject tion) agrees with the results of Krivoglaz and Rashba. 
of a large number of papers, both theoretical and ex- 
perimental (see, e.g., Refs. 1-3). 

Neutron scattering by excitons was first considered 
by Glauberman and one of us in Ref. 4, where we 
studied the principal mechanisms of the interaction of 
thermal neutrons with Wannier-Mott excitons in semi- 
conductors. Neutron scattering with exciton production 
in molecular crystals was investigated in Refs. 5-7; 
an operator formalism was used in Ref. 8 to take into 
account the various channels of neutron scattering by a 
one -dimensional molecular chain. Kr ivoglas and 
~ a s h b a '  have recently demonstrated the feasibility in 
principle of determining directly the exciton dispersion 
law from the inelastic neutron-scattering spectra. 

Scattering by impurity centers of crystals, besides 
the direct excitation of electronic states by neutrons 
via the direct magnetic mechanism, involves also an in- 
direct excitation mechanism due to the electron-vibra- 
tional interaction that mixes the electronic and vibra- 
tional ~ t a t e s . ~  An analog of such a mechanism in the 
case of delocalized (extended) excitations is exciton 
production in neutron scattering, as  a result of the 
exciton-phonon interaction considered in Refs. 5-7. It 
must be noted, however, that although the mechanism 
responsible for the exciton production is the same in the 
cited papers, the analytic expressions obtained in these 
references for the scattering cross sections a re  differ- 
ent. The ratio of the cross section for scattering with 
exciton production to the cross section with phonon pro- 
duction is estimated by Agranovich and Lalov5 at 
4Ewkyi/&g, from the results of Krivoglaz and ~ a s h b a '  
it follows that this ratio i s  4A2w:d/&:, and according 

Modern laser-pumping methods provide sufficiently 
high densities of excited molecules in a crystal, 
-5 x of the total number of m ~ l e c u l e s . ' ~ - ' ~  In the 
present study we have investigated the mechanisms of 
neutron scattering in molecular crystals with a high 
density of excitons produced by a high-power laser 
pulse, Two possible channels of scattering by the 
excitons a re  considered: magnetic scattering by triplet 
excitons, and nuclear scattering that takes place for 
triplet as  well as  singlet excitons. When neutron scat- 
tering by nuclei is considered, account must be taken 
of the change of the equilibrium positions of the nuclei 
following the electronic excitation of the molecules. 
The last circumstance, owing to the correlations be- 
tween the electronic excitations, leads to the appearance 
of an additional nuclear-scattering channel with a change 
of the exciton state. According to the estimates pre- 
sented below for transfer energies E -0.1 eV, this 
yields O.lE of the scattering cross section in the ab- 
sence of excitation (Fi is the average exciton density). 

In view of the possible Bose condensation of exci- 
we have considered neutron scattering in the 

presence of a condensate of molecular excitons. The 
distinguishing features of neutron scattering under Bose- 
condensation conditions are  closely connected with the 
interaction of the excitons and their statistics. The 
main type of transition caused by neutrons is one with 
production of above-condensate elementary excitations, 
which makes it possible in principle to determine direct- 
ly their energy spectrum from the inelastic-scattering 
data. The cross section for magnetic scattering of 
neutrons with production and absorption of excitons in 
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a Bose condensate contains two 6-like peaks of equal 
intensity. Observation of these maxima in experiment 
would confirm the formation of the condensate. 

2. NEUTRON SCATTERING BY EXCITONS. CASE 
OF ABSENCE OF EXCITON PHONON INTERACTION 

We describe the exciton subsystem in the two-level 
approximation by the Hamiltonian 

where e, = A  +Qk, A is the excitation energy of the mole- 
cule in the crystal, Q, is expressed in terms of the ma- 
t r ix  elements of the molecule interaction potential, p 
is the chemical potential of the excitons, 

P 

is the collective exciton-density operator, and 32 is the 
number of si tes in the crystal. We confine ourselves 
for simplicity to crystals with one molecule per unit 
cell. The term with Fk in (1) describes the dynamic in- 
teraction of the exciton. The kinematic interactionwill 
be taken into account with the aid of exact commutation 
relations for the exciton operators.18 It is convenient 
to represent them in the f ~ r m ' ~ . ' ~  

The dynamic and kinematic exciton-exciton interactions 
become significant at high exciton densities. 

In this section we consider the scattering of neutrons 
of energy s 1 eV by excitons. We shall call scattering 
by excitons the channel connected with the difference 
between the amplitudes of scattering by the crystal 
molecules in the excited and ground electronic states. 
The principal mechanisms of scattering by excitons a re  
nuclear scattering, due to  the change of the equilibrium 
nuclear configurations in electronic excitation of the 
molecules, and magnetic scattering, which is deter- 
mined by the difference between the magnetic interac- 
tion (spin-spin or spin-orbit) of the neutron with the 
molecules in the excited and ground states. The latter 
mechanism is particularly important for molecules 
excited into a state with a total electron spin S+ 0 (for 
example, triplet excitons). The probability of electronic 
transitions as  a result of magnetic interaction of a neu- 
tron with electrons in the indicated neutron-energy re- 
gion is much less that lo-' of the nuclear scattering, 
because of the smallness of the magnetic form factor 
of the inelastic  scattering.'^^ If the exciton-phonon in- 
teraction is disregarded, the number of excitons in the 
scattering process can be regarded as constant. 

The potential of the interaction with the nuclei is 
chosen in the Born approximation in the form of the 
Fermi quasipotential' 

~ , , ( s )  =z C,G (rn-Rvj), (4) 
I 

where r,, and R ,  a r e  the radius vector of the neutron 
and of the nucleus j located in the v-th unit cell, 

A, and B,  a r e  constants that describe the interaction 
of the neutron with the n u c l e ~ s , 2 ~  8, and s, a r e  the spin 
operators of the neutron and of the nucleus. We repre- 
sent the radius vector of the nucleus by the sum R, 

+uvj,  where R,,, =R,,,+R,,, while R,,, is the 
equilibrium coordinate of the mass center of the mole- 
cule, R , ,  is the equilibrium coordinate of the nucleus 
reckoned from the mass center, and kmj is the shift of 
the nucleus from the equilibrium position. We separate 
in the vector u,,, the displacement 4 a s  the molecule 
a s  a whole: tq,, - 4 +w,. 

The matrix element of the potential of the interaction 
of the neutron with the molecules in terms of the neutron 
wave functions is represented in the form 

where R, =R,,, +r,, q =pl - & is the momentum trans- 
fer to the neutron (we use a system of units with R = 1), 

a" (q) - z Cvj exp 1 iq (Ro,j+wvj) I .  (7) 
i 

We shall assume that the coordinates &,, in (7) pertain 
the ground state of the molecule. In the general case, 
a s  a result of excitation of the molecule, the equilibrium 
coordinates of the nuclei acquire an increment AROaj 
=R,,' -R,,,. The corresponding change of the quantity 
a, (q) (7) (provided that we neglect the dependence of the 
displacement w,, on the electronic state of the molecule) 

~ a v ( q )  =iq z AR,,,A,~ exp [ tq (hJ+wd) I. (8) 

As a result there is added to  the matrix element V,,,,(q) 
(6) a term connected with the change of a, in the excited 
state. It can be written down by introducing the number 
of excitations on a site Nu =b,+b,, where b,+ and b, a re  
the operators of creation and annihilation of excitations 
in the site representation. In place of (6) we obtain 

Iuc(q) = z (ay(q) +Aay(q)Nv)ex~(iqRV). (9) 

The first  term in (9) determines the scattering in the 
absence of electronic excitations in the crystal. The 
second is connected with the corrections to  the interac- 
tion potential because of the presence of excited mole- 
cules and corresponds to the nuclear channel of scatter- 
ing by excitons. 

The matrix element of the spin-spin interaction of a 
neutron with excited molecules in a state with S # O  is 
expressed in terms of the magnetic form factor of the 
molecule X,(q) (Ref. 3) and is equal to 

where m, is the neutron mass,  re is the electromagnetic 
radius of the electron, y,=-1.913 is the magnetic mo- 
ment of the neutron in nuclear magnetons, S, is the 
operator of the total electron spin of the molecule, 
I,, =s, - e(8,. e), and e = q  /q. The effective process for 
a noticeable contribution of the magnetic scattering by 
triplet electrons to  the total scattering cross section in 
the crystal should be the singlet-triplet conversion pro- 
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cess. notation 

We express the formulas fo r  the scat tering by excitons 
in t e rms  of the cross  sect ion for  coherent and incoher- 
ent scattering by individual nuclei with allowance for  
the  averaging over the isotopes2" 

-- 
o;=mn2n-'IA,lZ, U P = ~ % - *  (IA,-$I"B,') 

and in t e rms  of the quantities 

$C=m,'n-' (qA%,j)21.4j12, 7jl.D =rn.'~-'(qAR,,~)" Aj -4 l2 ,  

which a r e  connected with the deformation of the nuclear 
core  upon excitation. We introduce also the cross  sec-  
tion for  magnetic scattering by a molecule with S =  1, 
calculated per unit solid angle 

- 
ovn(q) =4r.Lyn%.2(q)/3. 

The cross sections for the scattering of neutrons by 
excitons a r e  best calculated on the basis of the time- 
dependent Van Hove f ~ r m a l i s m . ~ . ' ~  In the course of the 
calculations we shall  assume that the neutron beam i s  
not polarized, therefore the nuclear and magnetic scat-  
terings do not interfere. The  general formula for  the 
cross  section for  scattering of neutrons with interaction 
potentials (9) and (19) is of the form 

-- 
x [ Y ~ I ~ + ~ ~ E Y ~ ~ +  I ' T ; I T , ~ ~ L  ( t )  +6,,6jj, (0:"' f r:"' ~ , ( t )  ) 1 

x(exp[-iqu.(O) lexp[iqu.(t) 1) +H.c., I (11) 

where E =Efi1 E is the energy transferred by the 
@2. neutron, % = N / X  is the average density of the excitons 

in the crystal. The  angle brackets in (11) denote sta-  
t is t ical  averaging over the Gibbs canonical ensemble. 
The  mean value L,,,(t) = @,(O)N,,(~)) is defined in t e rms  
of the exciton density-density correlation function: 

L.Y* ( t )  wii2+ % - ' z  (pt  (0 )p- t ( t )  > exp[ik(R,,,-Ro,,.) 1. (12) 
k P 0  

The first  t e rm in (12) yields the  contribution to  the 
elastic-scattering cross section; the second t e rm,  which 
depends on the t ime and describes the correlations of 
the electronic excitations, enter in the inelastic-scatter- 
ing cross sec t ion  In the limit of zero  electron-excita- 
tion density, Eq. (11) goes over into the formula for  the 
cross  section for  nuclear scattering in the absence of 
e x c i t ~ n s . ~ ~  

Inelastic neutron scattering a t  t ransfer  energies lower 
than the width of the exciton band is connected with the 
intraband exciton transitions. The  expression for  the 
inelastic-scattering cross  section will be obtained on the 
basis  of Eqs. (11) and (12): 

Here g is the reciprocal-lattice vector and vo is the 
unit-cell volume. In (13) we have also introduce the 

Lv ( q )  - 1 i 7 e . p  ( - i q R J  exp (- wj (q) ) 1 , (14) 
9 

~ ' " ' ( q )  = z:"'exp(-2wj(q)) +4no"(q) e x p ( - 2 ~ ( q ) ) ,  (15) 
3 

where W,(q) and W(q) a r e  the Debye-Waller factors1Qz0; 
~ ' ( q )  and Ainc (q)  pertain t o  coherent and incoherent 
scattering, respectively. 

The cross  section (13) is proportional t o  the dynamic 
structure factor of the exciton system, a factor defined 
a s  the Fourier  t ransform of the correlation function 
(p,(O)p-, ( 0 ) ) .  The lat ter ,  naturally, appears within the 
framework of the operator approach used to write down 
the matrix elements (9) and (10). The  t e rms  containing 
T, in Eqs. (13)-(15) correspond to neutron-exciton inter- 
action connected with the change of the nuclear configu- 
ration, while the t e rm with uM(q), which appears in the 
case  of t r iplet  excitons, corresponds to  the magnetic 
interaction. Both types of interaction lead to excitonic 
transitions because of the  spatial correlations in the 
system of molecular excitons. 

The correlation function that enters  in (14) was ob- 
tained by usz1 by the  method of equal-time Green's 
functions'g2z with allowance for  the exact commutation 
relations (3). We present for it an  expression a t  k #  0 
in the Tyablikov approximation: 

where 20 = 1 - 2% is  a parameter  analogous to  the order  
parameter  of magnetism theory ,IQ 

is the exciton spectrum in the considered approxima- 
tion,15 

is the distribution function in the quasimomenta. The 
quantity Mp,,+, is given by 

1-a QP+k-Qp -- 
Mp,p+t- --(Anp)' (An,+.)', 

~ B T  &-%+t 

where (&a,)' = ~ , [ l  +($)it,] is the mean squared fluctua- 
tion of the number of particles in s ta te  p, and a is a 
splitting parameter  s imi lar  t o  that introduced in Ref. 
23. The  value of a is chosen to satisfy the sum rule 

2 Cpt(O)p-k(O) >=m. (20) 
t 

As E -  0 formula (16) goes over into the formula for  the 
correlation function of a n  ideal Bose gas.24 

The  c ros s  section for  the magnetic scat tering by ex- 
citons with S = 1, obtained with allowance for the explicit 
form of the  correlator  (16), is 

6'2" - P' e-~w"'W-' 
6E6Q P 

xz {%+ (20)  -1Epjip+k-2EMp,p+k) 
k+O I 

Let us  estimate the cross  sections of the inelastic 
nuclear and magnetic scat tering by excitons, using Eqs. 
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(13) and (21). Since we a re  interested in intraband tran- 
sitions, we consider a neutron energy transfer E =  
-lo-' eV. The shift of the equilibrium positions of the 
nuclei in electronic excitations of aromatic molecules 
in a crystal is of the order of AR,,, -0.1 A 2 5  For 
E - 0.1 eV this leads to 7, - 0.1 a,, and for the limiting 
concentration E - 5 x 10-~- the  nuclear channel of elastic 
scattering by excitons in a wide-band crystal amounts to 
10-4-10-3 of the total nuclear elastic-scattering cross 
section. Since 7, is  proportional to E, nuclear scatter- 
ing by excitons can be neglected in the case of very slow 
neutrons. The magnetic scattering is determined by the 
value of the form factor ~ ( q ) ,  which at q >  10' cm-' de- 
creases rapidly in accord with a power law, In the case 
of very small energy transfers,  E <  eV we have 
~ ( q )  =x(O) = 1 and the cross section for magnetic scatter- 
ing by excitons i s  " 0.4n [b] per crystal molecule, i.e., 
at an exciton density n" 5x it equals several milli- 
barns. At E> 10- eV the magnetic scattering is prac- 
tically nonexistent because of the smallness of the form 
factor; at these energies only nuclear scattering by the 
excitons is significant. 

3. INELASTIC SCATTERING OF NEUTRONS IN  THE 
PRESENCE OF AN EXCITON CONDENSATE 

The possibility of Bose condensation of molecular ex- 
citons was demonstrated in Ref. 15. In this section we 
consider the effect of formation of a Bose-condensed 
state of excitons on the process of inelastic scattering of 
neutrons in a crystal. 

Besides the inelastic scattering channels considered 
above, we shall take into account magnetic scattering 
accompanied by creation and annihilation of excitons. 
The form factor of the inelastic scattering decreases at 
large q more rapidly than (pq)-', where p is the average 
radius of the electronic state.7 Therefore magnetic 
scattering with excitation of an exciton is significant at 
high neutron energies -lo3 meV and at low values q 5 10' 
cm-', whereas at low energies they can be neglected. 
The additional channel of scattering with change of the 
number of excitons will be taken into account with the 
aid of the approach proposed by Fedyanin and Yakushe- 
vich.' To this end we represent the matrix element 
V(q) in the form of an expansion in the operators of 
creation and annihilation of the electronic excitations, 
6; and b,: 

V ( q )  - (av (q)  +a+.(.) bv+at.(q) bb++Aaa(q)Nv) exp(iqRJ, (22) 

where a, and Aa, a re  defined in Eqs. (7) and (a), while 
a , and a,, a r e  equal in the case of magnetic interac- 
t ions to  

r, is the coordinate of the i-th electron, pi is expressed 
in terms of the spin operator s, and the momentum op- 
erator p, of the electron: 

The summation in (23) is  over all the electrons of the 
molecule of cell v .  

The calculation of the cross section for the inelastic 
scattering for the potential (22) is similar to the calcula- 
tion of the cross section (13) with potential (9). For the 
coherent part of the scattering we have 

+ k ( q )  ( 1 - 6 k ~ )  (pt(O)p-k(t)  )I, k=q-Zng, (24) 

where ~ ~ ( q )  is defined by (141, and A+(q) is given by 

A, ( q )  =A,(q)  =4nr,Lrn2 exp(-2W(q) 

xlcfl z [ e [ p r ,  e ] ]exp( iqrr )  10>12. (25) 
1 

The term with Ac(q) in (24) corresponds to nuclear scat- 
tering by excitons, while the term with A , (q) corres- 
ponds to  magnetic scattering with change of the number 
of excitons. Equation (24) was obtained in the approxi- 
mation (%a-,) = (a_,* 4) = 0. 

We now take into account the presence in the conden- 
sa te  of a macroscopic number No of quasiparticles in a 
state with k=O. We shall assume that No satisfies the 
condition No >>N - No (N is the total number of exci- 
tons). We perform in (24) the shift operation on the ex- 
citonic operators2' 

Since the excitons do not have Bose statistics, Eq. (26) 
contains in place of the number No of excitons in the 
condensate the quantity !7,*15: 

We introduce the operators of the above-condensate 
elementary excitations El and E,, 15~18 which a re  con- 
nected with the operators c,* and c, by the transforma- 
t ions 

The transformation coefficients in (28) a r e  

c, is the energy spectrum of the elementary excita- 
tions with a distribution function 

The final form for the coherent-scattering cross sec- 
tion, obtained with (28)-(31) taken into account, is 

+'A, ( q )  [ (2o0'+Rr)6 (E-p-at) fRt6 (E+p+tt)  1 
€ r  

(33) 

The quasimomentum k satisfies the condition k =q - 2ug. 
The first  term in the curly brackets of (33) corresponds 
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to creation or annihilation of an exciton in the conden- 
sate with energy p. The second term corresponds to 
creation (annihilation) of a condensate quasiparticle p 
and an above-condensate gapless elementary excitation - 
c,. In the absence of a Bose condensate this term cor- 
responds to  production of an exciton with energy c,, and 
in this case p +Ek in the argument of the 6-function in 
(33) is replaced by E,. The third term in (33) corres- 
ponds to creation (annihilation) of only above-condensate 
excitation, with the macroscopic number of excitons in 
the condensate remaining constant in the scattering pro- 
cess (the analog of the creation of elementary excitations 
in the scattering of neutrons in liquid He). This term is 
connected with the collective properties of the interac- 
ting excitons produced by intense laser pumping. The 
last term in the curly brackets describes the simultan- 
eous creation (annihilation) of a pair of excitons in the 
condensate and of one elementary excitation. Since the 
number of the above- condensate elementary excitations 
is small, the transitions between them a r e  not taken into 
account here. 

As follows from (33), the part of the inelastic scatter- 
ing connected with the absorption and creation of an 
exciton in a Bose condensate has two 6-like peaks. Ob- 
servation of sharp maxima of equal intensity in inelastic 
scattering, corresponding to  

would provide experimental evidence of the presence 
of the Bose condensate and permit the determination 
of the number of excitons in it. Inasmuch as  in mag- 
netic excitation of a condensate quasiparticle the value 
of q must be small, the condition (34) is satisfied by 
vectors 2ng lying in the first  Brillouin zone. 

T o  estimate the terms connected with the production of 
elementary excitations, we put q - 10' cm-'. The form 
factor in terms of which A,(q) (25) is expressed has in 
this case a value not lower than 10-1-10-2. Putting p, - 
-PI and 5 ,  - c I ,  we obtain for the cross section with pro- 
duction of an above-condensate excitation (10-2-10-3) 
X [b]. 

4. ROLE OF EXCITON-PHONON INTERACTION IN  
THE NEUTRON SCATTERING PROCESS 

Allowance for the electron-vibrational interaction 
leads to  a mixing of the electron and nuclear motions. 
In quasiparticle language this means a renormalization 
of the exciton and phonon states upon diagonalization of 
the initial Hamiltonian. The result is a nonzero prob- 
ability of exciting excitons in the course of nuclear in- 
elastic neutron ~ c a t t e r i n g . ~  It was noted in the Introduc- 
tion that calculation of the cross section of similar 
transitions in Refs. 5-7 led t o  discrepancies in the 
estimates of the cross sections and of their dependences 
on the exciton energy. In this section we use expres- 
sions for the cross sections of excitonic transitions in 
neutron scattering, using a Hamiltonian with an exci- 
ton-phonon interaction and containing t e rms  that a re  
linear and quadratic in the exciton operators. We as- 
sume for simplicity that the excitons interact with one 
optical branch of the Nonons 
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H=Hex+Hph+He-ph7 (35) 

where H, is given by expression (1) with =0,  

& - p k b k + b k ,  (36) 

We have introduced in (37) the symbols cp, = b, + b*,,; 
G,, and y ,  a r e  the constants of the exciton-phonon inter- 
actions with and without conservation of the number of 
excitons in the scattering. The constant y, for intra- 
molecular vibrations is  of the order of5*' y -0.1 eV. The 
second term in the interaction operator (37) corresponds 
to the approximation of a weakexciton-phononcoupling.17 
The constant Gpk for the internal vibrations is easiest to 
estimate at smallvalues of p and k at 27 G ~,a-'(2rnw,)-' '~ 
where a is the lattice period and V, is the width of the 
exciton band. For crystal with a bandwidth "0.1 eV we 
obtain G - 10" eV. Since the interaction y ,  which is not 
diagonal in the number of excitons, does not lead to 
damping of the exciton and phonon states,  it can be 
treated a s  a renormalization of the excitons and the 
phonons. The diagonal interaction G will describe the 
scattering processes. The quasiparticle damping as- 
sociated with it should lead to  a smearing of the energy 
distribution of the inelastically scattered neutrons.'' 
This manifests itself in the replacement of the 6-func- 
tions in the formulas for the cross sections by levels of 
finite width. 

To find the inelastic-scattering cross section we 
expand the displacement q,, of the atoms in the phonon 
operators : 

uVj=IR-" C u , ( k )  (bk+b-k+) exp (ikR,,,) (38) 
k 

and use the procedure described in Ref. 5, representing 
the sum bib? ,  in (38) in t e rms  of the operators of the 
renormalized quasiparticles. The procedure for the 
renormalization of the phonon and exciton operators, 
necessitated by the off-diagonal exciton-phonon interac- 
tion, should be carried out in our approximation with 
allowance for the fact that the excitons do not have Bose 
statistics. By solving the equations of motion for the 
operators a, and b, with the commutation relations (3) 
under the condition y,, we<< c,, we obtain 

where the energy of the "dressed" excitons E, is deter- 
mined by the equality 

E: is the energy of the excitons without allowance for 
the exciton-phonon interaction in the Tyablikov approxi- 
mation (17). 

We introduce for future use the quantities 



W,(q) in (40) and (41) is the Debye-Waller factor for the 
renormalized phonons: 

Using formulas (12), (38), and (39), we express the 
scattering cross sections (11) in the presence of exci- 
tons in terms of the correlation functions of the exciton 
operators. The final expressions for the cross sections 
of the coherent and incoherent scattering of neutrons by 
a system of excitons a re  

where the function P(k, q, E )  is expressed in terms of 
~ ' ( q )  (14) and nc(k, q) (40): 

4ok'lykI' 
Fc(k, q- a = ( E t + o k ~ ) ~  P ( k ,  q) ((2o+iit) f (r,;  E-Et-A,) 

+ iitf(r,; E+Ek+A,)}+h' (q) (1-6ro) (20%)-' 

x x, (2o+&+x)Z,t (rz;  E-E,+t+E,-AA, (45) 
? 

A,, A,, and I?,, r, denote the real  and imaginary parts 
of the mass operators for the one-exciton and two- 
exciton Green's functions, respectively. The quantity 
1; '"'(k, q, E) in (44) is obtained from FC(k, q ,  E) (45) 
by making the substitutions AC- A '"' and If - Il '"'. The 
functions t in (45) a re  equal to 

5 (x; y) =n-1x/(y2+x2) (46) 

and go over into 6(y) as  x -  0. The function l ( r , ;  E - E, 
- A , ) ,  defined in terms of the exciton band shift A, and the 
exciton damping TI, coincides a t  k = 0 with the form func- 
tion of the exciton-absorption band.29 The first term 
with the coefficient nc(k, q) in (45) describes zero- 
phonon creation and annihilation of excitons. The sec- 
ond term,  which contains AC(q), corresponds to intra- 
band transitions in the scattering of neutrons. At zero 
exciton density and when the functions of the widths of 
the exciton levels (46) a r e  replaced by &functions, 
expressions (43)-(45) a r e  equivalent to the correspond- 
ing formulas of the paper of Krivoglaz and ~ a s h b a . '  

The cross section for scattering with production of 
an exciton of energy E, is  proportional to EL4 at E, 
>> w,. A similar dependence on the energy of the elec- 
tronic transition is  obtained from calculations using 
the nonadiabaticity o p e r a t ~ r . ~ * ~ * ~ ~  Agranovich and ~ a l o v ~  
obtained an exciton-production cross section propor- 
tional to (mn/Tvf)~;~. Such a dependence can be obtained 
from the formulas of the present article in the particular 
case p, << p, if we put q2 = 2m,Ek. However, the estimates 
given in Ref. 5 for the ratio of the exciton production 
cross section to the phonon production cross sections 
a re  overvalued; the conclusion in Ref. 5 that the mech- 
anism of excitation of excitons by neutrons differs from 
the mechanism of excitation of molecular states does 
not follow from our analysis. 

Elliott and Shukla' obtained a cross section EEL'. 
The reason for obtaining such a dependence is failure 

to  take into account the exciton-phonon interaction for 
the ground state. When this interaction is consistently 
taken into account the t e rms  proportional to y, /E, in the 
matrix element of the transition cancelout in the princi- 
pal order. As a result, the matrix element shows an 
E,'Z dependence and the cross section an E i 4  dependence. 

For that part of the cross section which corresponds 
to the first  term in (45), the estimates of Ref. 6 a r e  
applicable. The contribution from the second term at 
E-0.1 eV amounts to  -0.15, of the differential cross 
section of the elastic nuclear scattering (E, a r e  the 
occupation numbers of the states in which the exciton is 
annihilated). 

In conclusion, we consider inelastic neutron scattering 
in the presence of an exciton Bose condensate, due to 
exciton-phonon interaction. We shall take into account 
only the diagonal part of the exciton-phonon interaction, 
assuming that the nondiagonal interaction can be reduced 
if  necessary to a renormalization of the initial exciton 
and phonon states,  

The Bose condensation of the excitons, described by a 
Hamiltonian of the type (47) with Bose operators a,, was 
considered by M~skalenko. '~ 

The shift transformation (26) separates, in the exci- 
ton-phonon interaction operator in (47), the terms that 
a r e  quadratic in the exciton and phonon operators and 
a r e  proportional to (nd)'". We take them into account 
by renormalizing the spectrum of the above-condensate 
excitations, assuming that the dispersion of the initial 
above-condensate excitations is small, i.e., for k lying 
in the first  Brillouin zone, the following inequality 
holds : 

max ~t<ot,  (48) 

where w, is the frequency of the optical phonon and 
z, is given by formula (31). The energy of the renor- 
malized above-condensate excitations E, is obtained 
from the formula 

Inelastic neutron scattering should be connected with 
creation and annihilation of above-condensate elementary 
excitations. Owing to the low density of the above- 
condensate excitations, the transitions between them can 
be neglected. The coherent-scattering cross  section is 
given by - 

6% 1 p, otzlGotlz 
6368 
- (cond) =No' - - 

3T p, (~k'-'Wk~)' 
rIc (k, q) 

The distribution function 2, in (50) is expressed in 
terms of the energy E, (49) in analogy with E, in (32). 

The cross section (50) per lattice site is determined by 
the characteristic factor 
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which has, accurate to a coefficient n,+ the same struc- 
ture as in the considered case of scattering with pro- 
duction of an exciton in the absence of a condensate. 
Since .!?, < w,, this factor can become " T @  for low-fre- 
quency optical phonons (orientational vibrations of the 
molecules). The cross section for the transition of the 
particle into an above-condensate state can accordingly 
take on values (10-'-loa) of the nuclear scattering 
cross section. Inasmuch as the quasimomentum of the 
elementary excitation is  equal, accurate to  a vector 
2ng, to the transferred momentum q, in the considered 
processes in which a condensate quasiparticle takes 
part, the study of the spectrum of thermal neutrons in 
inelastic scattering may serve a s  a method of determin- 
ing the dispersion law of elementary above-condensate 
excitations E,. 
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