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The cathode-luminescence of ZnSe single crystals, grown from vapour phase and heat treated in Bi melts [ZnSe(Bi)] at 
1200 K for 120h, and also in Bi melts doped by Al [ZnSe(Bi, Al)] were investigated at 4.2 K. The LO-phonon replicas of free 
excitons emission line dominate in cathode-luminescence spectra of the samples heat treated in Bi followed by water 

quenching. The lines of bound excitons series, nLOI ds −,
1 , were observed in the emission of all samples, including the 

original ones. It was found that plasmon replicas are not proper only for nLOI s −1
 lines, but, also, for nLOI d −1 lines. The 

weak exciton-plasmon coupling is manifested in one plasmon Stokes side band shoulders of nLOI d −1  lines. It is 

developed the theory of bound excitons multi-quantum optical transitions with participation of mixed plasmon-phonon 
oscillation modes. This theory allows for the calculation of the emission spectra form–function, without using any model. 
The theoretical spectra are in agreement with the experimental data. 
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1. Introduction 
 
The particularities of bound excitons emission spectra 

determined by exciton coupling with LO-phonons and 
plasmons at 4.2 K were analysed in the papers [1-3], 
where the cathode-luminescence of ZnSe single crystals, 
heat treated in vacuum and also in Zn, Sb and Bi melts 
were investigated. 

Bound excitons emission spectra series 

mPlnLOI s −−1  exhibiting strong coupling with              

LO- phonons and plasmons have a phononless band sI1  at          

456 nm. The interaction between sI1  bound excitons and 
mixed lattice-plasma oscil lations manifests itself in 
multiplasmon structure of spectra. Strong exciton-phonon 

coupling originates from the sI1  centre nature due to 

unequal localization radii of electron and hole staxes. It 
was found, that for comparative high concentration of free 
electron - 317 cm10N −≈ , when the mixing of LO-phonons 
with plasmons takes place, the constants of bound exciton 
coupling with LO-phonons NLO and plasmons Np, and also 
the energetic distances between the satellites in 

mPlnLOI ds −−,
1

 series lines depend on the free carrier 
plasma concentration N [2]. The resonance interaction of 

bound sI1  and dI1  excitons with up mode of mixed 

plasmon-phonons oscillations leads to the dI1  line             
(445,8 nm) splitting, like pinning [3].  

This work is devoted to far investigations of 

multiplasmon structure of nLOI d,s
1 −  lines. 

We have to mention, at first, that the theory of bound 
exciton emission spectra shape was developed in works          
[1-3], using the well-known Vannier-Mott approximation. 
In this paper we examine the bound exciton emission 
spectra form-function without using any model 
approximation. The starting point for our consideration is 
the Heisenberg equation of motion for microscopic 
polarisation operators with taking into account the 
unscreened Coulomb interaction within the many-body 
electrons and nucleus system.  

 
2. Multi-quantum optical transitions 
 

The response under the external longitudinal and 
transversal electromagnetic fields of many-body system 
with the Hamiltonian 
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is given by the time dependence of the microscopic 
polarisation operator [1-6]:  
 

αα
α

fiif aaP ˆˆˆ +=  , [ ]α
α

i f
i f PH

i

t

P ˆ,ˆ
ˆ �

=
∂

∂
   (2) 

 

Here +
αiâ , αfâ  are the creation and destruction 

operators, αβ
κV  is the Fourier transform of Coulomb 

potential. The fi,  subscripts represent the quantum 

numbers sets, describing the many-body system eigen-
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functions. The ne,=α  ( eqe = ) index distinguishes 

electrons and nuclei. The interaction with electromagnetic 
field and Coulomb attraction between electrons and nuclei 
are included in the operator  ���
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where αp̂  is the momentum operator, αr is the radius 

vector of particle with charge αq .  Other notations are 

standard.  
The solution of Heisenberg equation of motion (2) for 

the operator ifP̂ , with the calculation of the commutators 

and transforming the four operator terms, can be presented 
as (index α  is temporari ly omitted) 

i fi f
i f Pi
t

P
ω̂

ˆ
=

∂
∂

, 

)0(ˆ)(ˆexp)(ˆ
0

i f

t

i fi f PdssiTtP � ���� �= 	 ω        (4) 

Here T  is the symbol of chronological time-ordering, 

and i fω̂  is the operator of transition frequency, 

determined by the expression: 
 


++−+=
fi

n
fnfnninifififi

HF
ifif ChChCh

,

)ˆ~̂ˆ~̂
(ˆ)1(

~̂
ˆˆ δωω ��  (5) 

 
The symbols fi,  in the sum after n  mean that the 

terms with fin ,=  have to be excluded. The first term in 

equation (5) determines the diagonal part of the operator 

of transition frequency HF
ifω̂  in the generalised Hartree-

Fock approximation: 
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,eeeeM
 

 
The non-diagonal terms in theequation of motion (2) 

are turned to diagonal form (4), using the commutation 

operators nmĈ .  The commutation operator action upon 

the micro-polarisation operator i fP̂ , according to the 

definition, consists of  

nfimimnfifnmifnm PPPPPC δδ ˆˆ]ˆ,ˆ[ˆˆ −==         (7) 

 
Berezin has examined in [7] the commutation operator 

of equation of motion (2). The explicit cumbersome form 

of the expressions for operators mnh
~̂

 in equation (5) wil l 

be not presented here. 
The calculation of microscopical response under 

external perturbations includes the operation of quantum 
statistic averaging with the use of the equil ibrium density 
matrix. Taking into account the approximation 

HF
ifi f ωω ˆˆ �� = , then, by expanding T  exponent (4) in 

series and carrying out the operation of decoupling and 
averaging we obtain: 
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This result for micro-polarization operator 

corresponds to taking into consideration of two first terms 
in cumulant expansion method [8]. As it is known, the 
random phase approximation supposes the replacement of 
instantaneous field created by plasma, with averaging [9]. 
The micro-polarization operator (8), calculated in the same 
approximation of the average transition frequency, can be 
used next for evaluation of the response function, the l ight 
absorption coefficient and the spontaneous recombination 
rate. The first order cumulant is 
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Beside the Hartree-Fock difference of proper energies 

fi EE ˆˆ −  of initial i  and final f  states (Cumans 

approximation), Eq. (9) takes into account the unscreened 
Coulomb interaction between the quasi-particle in f  state 

and quasi-hole in i  state. The second order cumulant is: 
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and describes the effect of exciton Coulomb interaction 
screening and multi-quantum transitions. We express the 
correlator density-density from equation (9) through the 
longitudinal dielectric function, using the fluctuation-
dissipation theorem [9]. The second cumulant has the 
following expression  
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The linear term with respect to time t contribution in 

2g  (11) can be transformed using the sum rule  
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Expressions (8-12) show that the exciton Coulomb 

interaction screening is determined by the static dielectric 
function )0,(κε  [10]. In the similar manner, taking into 

account the operator fiĥ
~

 (5) in the second order cumulant 

approximation, one can get that the exciton exchange 
interaction screening is dynamic [11]. The obtained results 
[1-3] consist in the expansion at the arbitrary degeneration 
case in many-body systems. The second order cumulant 
(11), beside the screening effect [10, 11], describes the 
multi-quantum emission and absorption processes of 
elementary excitations. Their frequencies can be 
determined from the equation ),( ωκε =0. The lattice and 
plasma band charge carrier dynamics determine the 
exciton coupling with mixed plasmon-phonons modes           
[2, 9]. At low temperatures ( LO0Tk ω<< � ), the LO -
phonon structure of bound exciton emission spectra in the 
harmonic approximation (dielectric function has the first 

order singularity in the point LOω=ν ) has to obey the 

Poisson distribution for the lines intensities, according to 
equation (11). The spectra shape is described by the 
superposition of Lorenz functions [1-3]. Their parameters 
(interaction constants NLO and Np, peak line positions and 
their half-widths) are calculated in this work from 
equations (8-11), without using the Vanier-Mott 
approximation, as distinct from results of works [1-3]. 
Here, we determine them by comparing the theory with 
experimental data.  
 

3. Experimental results and discussion 
 
The cathode-luminescence spectra of ZnSe single 

crystals have been excited by electron beam with energy -
keV40 , at K2.4 . The impulse duration was sµ40  and 

their frequency - Hz200 . The spectra detection was carried 
out with single-grating monochromator in the spectra 
visual region. ZnSe single crystals, grown from vapour 
phase, heat-treated in vacuum and also in Bi and Bi +10-3 

� t. % Al melts at 1200 K for 120h.  The quenching was 
realised by ampoule dipping in water. In Fig. 1 are 
presented experimental results of cathode-luminescence 
spectra of ZnSe crystals heat treated in Bi melts followed 
by water quenching (curve 1), in Bi melts doped Al 
[ZnSe(Bi, Al)], curve 2 and untreated original crystal, 
curve 3. LO- phonon replicas of free excitons emission 
line were observed in samples heat treated in Bi with 
following water quenching (curve 1) and also in crystals 

[ )Al,Bi(ZnSe ] (curve 2).  Emission nLOI d
1 − , as it is 

known, arises from the radiative recombination of an 

exciton bound to VZn (
dI 1 exciton). As it is shown (curve 1 

in Fig. 1), the free exciton LO -phonon replicas 

( nLOEx − ) dominate the nLOI d
1 −  lines series of bound 

to VZn exciton in [ )Bi(ZnSe ] crystals. The free and 
dI1 bound exciton coupling with LO-phonons is weak 

( 2,0N LO ≅  for dI1  exciton). Here LON  is the mean 

phonons number at one emitted photon. On the contrary, 

nLOI d
1 −  series dominates in [ )Al,Bi(ZnSe ] crystals and 

LO -phonons replicas of free exciton l ine nLOEx −  are 

exhibited as a side band Stokes shoulders of dI 1  and 

LOI d
1 −  lines, curve 2 in Fig. 1.  This fact is caused the 

VZn concentration increasing in [ ZnSe( Bi ,Al )] crystals, 
in comparison with ZnSe crystal heat treated in Bi with 
following water quenching. The relative lines intensity in 
Fig. 1 (curve1 and 2) is the same. Spectrum 2 can be 

obtained from 1 if just to increase the dI1  centre 
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Fig. 1. The cathode-luminescence spectra of ZnSe 
crystals at T=4.2� . 1 – sample heat treated in Bi melts 
with  following water quenching, 2- sample ZnSe (Bi, Al), 
3- the  original  untreated  sample   grown  from  vapour  
                                     phase. 

 
 
concentration with regard to the radiative recombinated 
free excitons concentration. Curve 3 in Fig. 2, representing 
the original ZnSe crystal emission spectrum, is not in 
conformity with this knowledge. It cannot be obtained 

from spectrum 1. If we assume that the shoulders on dI 1  
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and LOI d −1  lines on curve 3 in Fig. 2, represent one- 

and bi- LO -phonons replicas LOEx −  and LOEx 2−  
of free exciton emission line, then the intensity of 

LOEx 2−  l ine ( nm452=λ ) has to be bigger twice. 

In works [3,12] the nLOI d −1 lines side band shoulders 
are assigned to the radiative recombination with acoustic 
phonons, free excitons and plasmons involving 
participation in the emission. Acoustic phonons could be 
excluded from the consideration first. Indeed, the lattice 
dynamic determinates the acoustic oscillations and they 
have to manifest themselves in emission spectra of al l 
samples. However, in some original ZnSe samples these 
side band shoulders do not appear, as it is shown in Fig. 2, 
curve 1. The origins of these shoulders can be assigned to 
LO-phonon replicas nLOEx − , or to one-plasmon 

replicas PlnLOI d −−1 . Indeed at low plasma 

concentration ( 31610 −< cmN ), the interaction with 
conduction band electrons plasma is not exhibited in 
accordance with experiment, as it is shown in Fig. 2, curve 
1.. The distinguishing of free exciton nLOEx −  and 

plasmon PlLOI d −−1  is more difficult.  
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Fig. 2. The cathode-luminescence spectra of ZnSe 
crystals  at  low  plasma  concentration ωp<ωLO, 1,3- two  
       original samples, 2- sample heat treated in Bi. 

 
The excitons participation in the emission of ZnSe  

crystals, heat treated in Bi with fol lowing water quenching, 
presented in Fig.1, curve 1, is undoubted, but it is more 
difficult to determinate the shoulder nature of l ines on 
curve 2 in Fig. 1 and 3 in Fig. 2. However, one can assume 
that the shoulders of lines on curve 2 in Fig. 1 are the LO-
phonon replicas of free exciton emission nLOEx −  and 

on curve 3 in Fig. 2 are the plasmon replicas PlI d −1  and 

PlLOI d −−1 . The difference of the studied lines 
relative intensities and their spectral peak positions 
indicate this fact. In accordance with experimental data, 
the plasmon replicas peaks are situated closer to 

nLOI d −1  lines, then excitons ones. So, LOEx 2−  l ine 

has emission maximum at nm453=λ  (curve 2 in            

Fig. 1), but PlLOI d −−1  line at nm5.452  (curve 3 in 

Fig. 2). If the electron temperature increases, nLOEx −  
lines maxima shi ft in short wave spectra region at 
unchangeable long-wave edge positions. However, it leads 
to the broadening of the lines nLOEx − . Hence, the 

narrow shoulders of lines dI1 on curves 3 in Fig. 2 and 

LOI d −1 in Fig.1 are the plasmon replicas PlI d −1  and 

PlLOI d −−1 . 

The plasmon replica PlI d −1  of dI1  line is the most 

evident on curve 1 in Fig.1, where it is situated between 

LOEx −  and dI1 lines ( meVp 6=ω
�

).  
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Fig. 3. The mPlnLOI d,s

1 −−  lines emission bands 

shape calculated using equation (4), work [1] . Spectra 
were obtained at the next N parameters values 

3.0Nd
LO = , 25.0N d

p = , 5.1Ns
LO = , 1 - ωp=0.25 ωLO, 

2Ns
p = ; 2 - ωp=0.16 ωLO,, 2Ns

p = ; 3 –  ωp=0.05 ωLO,, 

8.2Ns
p = . The band intensities ratio 1,2 -

dI 1 :
sI1 = 64:1;  

                                   3 – 6400:1. 
 

At low concentration, the bound exciton coupling 

with plasma leads to the broadening of the nLOI ds −,
1  

lines. However, as the concentration grows to N~ 1017         
cm-3 the broadening is replaced by a narrowing of the 
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nLOI d,s
1 −  lines. If the electrons concentration in 

conduction band is high sufficient that plasmon replicas 

could split off from nLOI d,s
1 −  lines, then their half-width 

becomes smaller. This behaviour is characteristic for 

nLOI s
1 −  series more (see Fig. 1 [2] work) and less for 

nLOI d
1 − lines. The theoretical calculation results of 

bound exciton emission spectra in ZnSe crystals at 

various energy of low-frequency plasmons pω
�

, taking 

into account the superposition of mPlnLOI s −−1  and 

mPlnLOI d
1 −−  lines, are presented in Fig. 3. The 

superposition can be exhibited not only in sI1  and 

LO2I d
1 −  (456 nm, � = -2) [2] region, but in the next LO-

phonon replicas regions too, in dependence of sI1  and dI1  
lines relative intensity. These emission spectra 
particularities are in accordance with experimental data, 
presented in Fig. 2, curves 1,2, in wavelength region 

nm472456 − . Strong coupling of sI1  bound exciton with 

plasmons ( 1Ns
p > ) leads to the broadening of series lines 

nLOI s
1 −  ( 2N,4.1N s

p
s
LO == ) and the narrow 

LO)2n(I d
1 +−  lines are superposed with them. This 

superposition is observed in Fig. 2, curves 1,2. The 

superposition of LOI s
1 −  and LO3I d

1 − , LOI s 21 −  and 

LO4I d
1 − , LO3Is

1 −  and LO5I d
1 − lines manifest 

themselves at nm461=λ , nm467=λ , nm472=λ  
accordingly.  

The agreement of theory with experiment is 
satisfactory.  
 
 

4. Conclusions 
  
The cathode-luminescence of ZnSe single crystals, 

grown from vapour phase and heat treated in Bi melts 
[ZnSe(Bi)] at 1200 K for 120 h, and also in Bi  melts doped 
by Al [ZnSe(Bi, Al)] were investigated at 4.2 K. The LO-
phonon replicas of free excitons emission l ine dominate in 
cathode-luminescence spectra of the samples heat treated 
in Bi followed by water quenching. 

 
 
 
 
 
 
 

It is developed the theory of bound excitons multi-
quantum optical transitions with participation of mixed 
plasmon-phonon oscil lation modes. This theory allows for 
the calculation of the emission spectra form–function, 
without using any model. The theoretical spectra are in 
agreement with the experimental data. 
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