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Abstract

The paper presents theoretical models for two-photon processes occurring in homogeneous condensed sys-
tems with polyatomic impurity particles. Theoretical calculations were carried out mainly for resonance processes,
which make the main contribution to the two-photon processes of absorption and emission of photons. The calcu-
lation of the double differential cross section of the processes was carried out using the apparatus of Green's func-

tions of polarization operators of a condensed medium.

Analytical expressions for the kinetic parameters of two-photon processes in condensed systems are obtained.
Numerical calculations can be carried out for various model systems.

1. System model

When studying complex condensed systems, sys-
tematic research is of great importance - a variety of
methods for studying complex processes that can occur
in the system under study. Optical research methods are
widely used because they are well-tested and relatively
easily accessible methods. At the same time, a detailed
study of complex condensed systems requires an in-
creasingly wide range of methods, in particular from
the point of view of the use of optical methods too.

Of great interest is the use of two-photon methods
for research [1 — 24], in which the system can be irradi-
ated with photons at a certain frequency, and the anal-
ysis of the irradiation results takes place in a wide range
of optical frequencies.

We write the probability of an elementary act of
the phototransfer process of a condensed system with
impurity particles on which a photon is absorbed during
the transfer process in the form:
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Where E;,, Eqnand Ef, are the energy spectra of
the initial, intermediate and final states, respectively; n,
m, and | are sets of quantum numbers that determine the
state of the system (except electronic) in the initial, in-
termediate and final states, respectively; Nks and N'ks
are sets of occupation numbers of photons in the initial
and final states, ®@;({Nys}) is the distribution function
of photons in the initial state, EJ, is free energy of the
reactants and the medium in the initial state.

It is easier to carry out further calculations under
the assumption that during the process the system ab-
sorbs one photon with frequency w, and emits one pho-
ton with frequency w,. In this case

Ein = Ejy + wy; Epy = Ef + wpr 2)

Where Ej),, Ef are the energy spectra of the initial
and final terms without photon energies, in unitsh = 1.
and the energy of the intermediate state of the system
can take one of two values
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Where EJ,,, is the energy spectrum of the interme-
diate state of the system without photon.

The interaction of particles with the electromag-
netic field, leading to the process of charge phototrans-
fer, can be represented in the form

V = — [ dr P(r)E(r) (5)

Where P(r) is polarization operator of reagent
particles, E(r) is the operator of the electric field
strength of photons.

E(l’) = iZkU(znwk/V)O'S ekU(akaexp(ikr) 'alto'
exp(—ikr)) (6)

Here V is the periodicity of the system, ey, - the
unit polarization vector of photons with wave number
k and polarization ¢ (¢ = 1, 2), a5, and a,, are the op-
erators of photon creation and annihilation, w,, is the
photon frequency.

As aresult, for the probability of an elementary act
of the charge phototransfer process we obtain:
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Here (P(r")4;€y,’) and (P(r’)fdekg) are the matrix elements of the polarization of transitions between the
intermediate and initial and between the final and intermediate states. { N, } are sets of photon occupation numbers

in the initial state.

We assume that in the process under consideration y —0.
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If we assume that the wave vectors of the photons of the incident beam are distributed in the interval from k
to k + AK, and for the emitted photons are distributed in the interval from k' to k' + AK’, then we obtain for the
probability of an elemental act of the process.

2. Double differential process cross section.
Let us introduce the double differential cross section of the process (DDC) in the form
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Later on, we will consider only one (resonant) term of this relation (the rest can be studied by analogy):
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Since ES,, Egy, Egr,,r, Efy are the eigenvalues of the Hamiltonians of the initial HY, intermediate (HJ and Hy,

) and final Hf states, the DDS can be represented as:
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In the last formula, taking a spur is assumed along all coordinates of the system, except electronic ones.

For two-photon processes, it is possible to obtain correlation relations between thermal and corresponding
photoprocesses of charge transfer. In this case, it will be the correlation relationship between the DDS and the
parameters of the bridge reaction.

We write the probability of electron transfer in a bridging reaction as:
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Where V,;; are the matrix elements from the interaction between the intermediate and the initial state, similarly
the remaining matrix elements in this formula.

3.Condon approximation for the double differential cross section of a process
In the Condon approximation, formula (11) can be represented as:
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Similarly, for the Condon approximation we represent the double differential cross section in the form
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A comparison of the last two expressions allows us to establish a correlation between the DDS and the prob-
ability of a bridging reaction in the form:
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Also of interest is the expression of the correlation relationship between the DDS and the two-particle tem-
perature Green's function Géf,), of the polarization operators of the system:
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The above formulas are of interest for estimating the parameters of bridging reactions and two-photon pro-
cesses. However, transfer processes in which one-photon charge transfer from the initial state to the intermediate
state, and from the intermediate state to the final state, can be sequentially studied are of no less interest. We
assume that during the transfer process only a reorganization of the medium, in which the reactant particles are
located, occurs.

For simplicity of calculations, we will neglect the interaction of intramolecular vibrations with fluctuations
in the polarization of the condensed medium. Similar model of the system corresponds to processes of electron
scattering on large molecules or binuclear centers, in which 3 or 4 electron terms take part in the process. For
simplicity, we will consider a process with three electron terms.

In this case, the DDS can be represented in the form
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where function w(wy, wy,) has the form:
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In the last formula, I;; = y; + va, Iif = vi + ¥ - represent the widths of the peaks of transitions from the
initial to the intermediate and from the intermediate to the final state, respectively. We accept these quantities as
some parameters characterizing the process of electron transfer.

After simple transformations

w(wy, W) =w +c.c (19)

where function w has the form:
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If the Hamiltonians of the initial, intermediate and final states are represented as sums of the Hamiltonian of

the medium and the interactions of the system in the initial, intermediate and final states:
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Let us denote the spur in formula (20) as S
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In this case we get the expression:
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Where Py, is the equilibrium polarization of the medium in the initial state, quantum statistical averaging is
carried out over the states of the Hamiltonian H?, and the time dependence in the HamiltoniansH/', and HZ, has
the form:
HI! (p) = e'PHiH]! (0)e~iPHi (23)
Expanding the exponentials in a series under angle brackets and using the approximation of decoupling quan-
tum statistical averages from the operators of medium polarization fluctuations into paired averages according to
the rules of Wick’s theorem, we obtain the function S:

S = —exp[ifB(AFT — E[') + isp(AF ¥ — EX) —p/1(%) — i (s) — pAE[' — BsES]  (24)
where
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Function g;B (r, 1, p —u) is time retarded Green's function of polarization operators at finite temperature,
periodic with period .
In the formulas (8.37) Erﬁ is the energy of reorganization of the medium during the transition of the system
from the initial state to the final state:
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In the formula (24) the functions ¥/ and 1% have the form:
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di _ 1 drd IAEdi AEdi wdwl r,
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where AE[;i (r) is the change in the electric field strength of the system during the transition from the initial
state to the final state, g,z (r,r’; ) - is the time retarded Green’s function of the polarization operators of the

medium.

4. Classical approximation for describing condensed matter.
In the classical approximation, it is not difficult to obtain expressions for the functions in formulas (27) and

(25)

A = Bsn [ dr drAEL (DAES (1) gap (r,1'; @ = 0)

(28)

The functions /(1)) and % (s) are expressed through the reorganization energies of transitions from the
initial state to the intermediate state E&* , and from the initial state to the final Erfl
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Further theoretical calculations can be carried out by integrating over 6 in the formula using the saddle point

method, as a result
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As a result of the calculations carried out, we ob-
tain analytical results for the probability of a two-pho-
ton process, in which further calculations with integra-
tion over two parameters p and s are possible numeri-
cally. It is also possible to carry out calculations of
integrals over two parameters approximately if suffi-
ciently stringent conditions are met
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But the analytical expressions obtained in this case
will be very cumbersome and numerical calculations
will still be required to estimate the parameters.

3. Conclusion.

The paper presents some theoretical aspects of
two-photon charge transfer processes in homogeneous
condensed systems. One of the most popular research
methods are optical methods. Such methods are widely
used because they are well-tested and relatively easily
accessible methods for experimental measurements.

Based on the use of optical methods for studying
complex condensed systems with impurity particles,
calculation methods are proposed for the kinetic param-
eters of charge transfer and phototransfer processes in
such systems. The work proposes the use of two-photon
methods for research, in which the system can be irra-
diated with photons at a certain frequency, and the anal-
ysis of the irradiation results takes place in a wide range
of optical frequencies.

Analytical expressions for the kinetic parameters
of transfer and phototransfer processes in complex con-
densed systems are obtained, and methods for numeri-
cal calculation of the characteristic parameters of the
processes under study are presented.
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References:

1. Leng Y. Materials characterization. Introduc-
tion to microscopic and spectroscopic methods. John
Wiley & Sons, 2008. 351 p.

2. Kukura, Philipp; McCamant, David W.; Ma-
thies, Richard A. Femtosecond Stimulated Raman
Spectroscopy. Annual Review of Physical Chemis-
try. 2007, 58, N. 1, p.  461-488.
doi:10.1146/annurev.physchem.58.032806.104456.

3. Andreas Zumbusch, Hansgeorg Schnockel.
Raman and IR spectroscopy
of (Ge0), with n=1,2,3,4, isolated in solid argon. J.
Chem. Phys. 1998, 108, p. 8092-8100.

4. Kneipp K; etal. (1999). "Surface-Enhanced
Non-Linear Raman Scattering at the Single Molecule
Level". Chem. Phys. 1999, 247, N1, p. 155-162.
d0i:10.1016/S0301-0104(99)00165-2.

5. Woodbury, E. J.; Ng, W. K. Ruby laser opera-
tion in the near IR. Proceedings of the Institute of Radio
Engineers. 1962, 50, N. 11, p. 2367.
d0i:10.1109/JRPROC.1962.287964.

6. S.P.Smith et al. Narrow-linewidth stimulated
Brillouin fiber laser and applications. Opt. Lett. 1991,
16, N.6, p. 393-395. doi.org/10.1364/0L..16.000393.

7. R. M. Shelby et al., Guided acoustic-wave
Brillouin scattering. Phys. Rev. 1985, 31, N.8, p.5244.
doi.org/10.1103/PhysRevB.31.5244.

8. Y. Okawachi, Tunable all-optical delays via
Brillouin slow light in an optical fiber. Phys. Rev. Lett.

2005, 94, N.15,
p.153902. doi.org/10.1103/PhysRevLett.94.153902.
9. Battimelli, Giovanni. "Obituary:  Franco

Rasetti". Physics Today. 2002, 55, N. 12, p. 76—
78. doi:10.1063/1.1537927.


https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1146%2Fannurev.physchem.58.032806.104456
javascript:;
javascript:;
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1016%2FS0301-0104%2899%2900165-2
https://en.wikipedia.org/wiki/Proceedings_of_the_IEEE
https://en.wikipedia.org/wiki/Proceedings_of_the_IEEE
https://ru.wikipedia.org/wiki/Doi
https://dx.doi.org/10.1109%2FJRPROC.1962.287964
https://doi.org/10.1364/OL.16.000393
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevLett.94.153902
https://doi.org/10.1063%2F1.1537927
https://doi.org/10.1063%2F1.1537927
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1063%2F1.1537927

Norwegian Journal of development of the International Science No 122/2023 139

10. Guerrini L. and Graham D. Molecularly-me-
diated assemblies of plasmonic nanoparticles for Sur-
face-Enhanced  Raman  Spectroscopy  applica-
tions. Chem. Soc. Rev. 2012, 41, N.21, p.7085-7107.

11. Li D.-W., Zhai W.-L., LiY.-T., Long Y.-T.
Recent progress in surface enhanced Raman spectros-
copy for the detection of environmental pollutants. Mi-
crochimica Acta. 2014, 181, p.23-43.

12. Puppels G.J., de Mul F.F., Otto C., Greve J.,
Robert-Nicoud M., Arndt-Jovin D.J., Jovin T.M. Stud-
ying single living cells and chromosomes by confocal
Raman microspectroscopy. Nature. 1990, 347, p.301-
303.

13. Chan J.W. Recent advances in laser tweezers
Raman spectroscopy (LTRS) for label-free analysis
of single cells. J. Biophotonics. 2013, 6, N.1, p.36-48.
doi: 10.1002/jbi0.201200143. Epub 2012 Nov 23.

14. Minogue N., Riordan E., Sodeau J.R. Raman
Spectroscopy as a Probe of LowTemperature lonic
Speciation in Nitric and Sulfuric Acid Stratospheric
Mimic Systems. J. Phys. Chem. A 2003, 107, N22, p.
4436-4444,

15. Ratcliffe C.1., Irish D.E. Vibrational spectral
studies of solutions at elevated temperatures and pres-
sures. VII. Raman spectra and dissociation of nitric
acid. Can. J. Chem. 1985, 63, N12, p. 3521-3525.

16. Lucas H., Petitet J.-P. High Pressure Raman
Spectroscopy of Nitric Acid. J. Phys. Chem. A 1999,
103, p. 8952-8958, doi. 10.1021/jp9910486.

17. Johnson P.B., Christy R.W. Optical Constants
of the Noble Metals. Phys. Rev. B. 1972, 6, N.12-15, P.
4370. doi.org/10.1103/PhysRevB.6.4370.

18. Le Ru E.C., Etchegoin P.G. Principles of Sur-
face-Enhanced Raman Spectroscopy and related plas-
monic effects. Oxford: Elsevier, 2009. 688 p.

19. Van Duyne R. P., Hulteen J. C., Treichel D. A.
Atomic force microscopy and surface-enhanced Raman
spectroscopy. I. Ag island films and Ag film over pol-
ymer nanosphere surfaces supported on glass. J. Chem.
Phys. 1993. 99, N.3, p. 2101-2115.
doi.org/10.1063/1.465276.

20. Itoh, Yuki . “Polarization Dependence of Ra-
man Scattering from a Thin Film Involving Optical An-
isotropy Theorized for Molecular Orientation Analy-
sis”. The Journal of Physical Chemistry A. 2012, 1186,
N.23, p. 5560—5570.
DOI:10.1021/jp301070a. PMID 22551093.

21. Schliicker, S. Design and synthesis of Raman
reporter molecules for tissue imaging by immuno-
SERS microscopy. Journal of Biophotonics. 2011, 4,
N.6, p. 453-463.
DOI:10.1002/jbi0.201000116. PMID 21298811.

22. Kneipp K . Surface-Enhanced Non-Linear Ra-
man Scattering at the Single Molecule Level. Chem.
Phys. 1999, 247, N. 1, p. 155—-162.
DOI:10.1016/S0301-0104(99)00165-2.

23. Lowell 1. McCann, K. Trentelman, T. Poss-
ley, B. Golding. Corrosion of ancient Chinese bronze
money trees studied by Raman microscopy. Journal of
Raman Spectroscopy. 1999, 30, N. 2, p. 121-132.
doi.org/10.1002/(SICI1)1097-
4555(199902)30:2<121::AID-JRS355>3.0.CO;2-L.

24. lliev, M. N. “Distortion-dependent Raman
spectra and mode mixing in RMnOjs perovskites
(R=La,Pr,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Y)”. Physical Re-
view B., 2006, 73, N. 6, p. 064302-1 — 064302-
6. DOI:10.1103/physrevb.73.064302.


http://www.ncbi.nlm.nih.gov/pubmed/22833008
http://www.ncbi.nlm.nih.gov/pubmed/22833008
http://www.ncbi.nlm.nih.gov/pubmed/22833008
http://www.ncbi.nlm.nih.gov/pubmed/22833008
http://link.springer.com/article/10.1007%2Fs00604-013-1115-3
http://link.springer.com/article/10.1007%2Fs00604-013-1115-3
http://www.nature.com/nature/journal/v347/n6290/abs/347301a0.html
http://www.nature.com/nature/journal/v347/n6290/abs/347301a0.html
http://www.nature.com/nature/journal/v347/n6290/abs/347301a0.html
http://www.ncbi.nlm.nih.gov/pubmed/23175434
http://www.ncbi.nlm.nih.gov/pubmed/23175434
http://www.ncbi.nlm.nih.gov/pubmed/23175434
https://ui.adsabs.harvard.edu/link_gateway/1999JPCA..103.8952L/doi:10.1021/jp9910486
https://doi.org/10.1063/1.465276
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%84%D1%80%D0%BE%D0%B2%D0%BE%D0%B9_%D0%B8%D0%B4%D0%B5%D0%BD%D1%82%D0%B8%D1%84%D0%B8%D0%BA%D0%B0%D1%82%D0%BE%D1%80_%D0%BE%D0%B1%D1%8A%D0%B5%D0%BA%D1%82%D0%B0
https://doi.org/10.1021%2Fjp301070a
https://ru.wikipedia.org/wiki/PMID
https://www.ncbi.nlm.nih.gov/pubmed/22551093
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%84%D1%80%D0%BE%D0%B2%D0%BE%D0%B9_%D0%B8%D0%B4%D0%B5%D0%BD%D1%82%D0%B8%D1%84%D0%B8%D0%BA%D0%B0%D1%82%D0%BE%D1%80_%D0%BE%D0%B1%D1%8A%D0%B5%D0%BA%D1%82%D0%B0
https://doi.org/10.1002%2Fjbio.201000116
https://ru.wikipedia.org/wiki/PMID
https://www.ncbi.nlm.nih.gov/pubmed/21298811
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%84%D1%80%D0%BE%D0%B2%D0%BE%D0%B9_%D0%B8%D0%B4%D0%B5%D0%BD%D1%82%D0%B8%D1%84%D0%B8%D0%BA%D0%B0%D1%82%D0%BE%D1%80_%D0%BE%D0%B1%D1%8A%D0%B5%D0%BA%D1%82%D0%B0
https://doi.org/10.1016%2FS0301-0104%2899%2900165-2
https://analyticalsciencejournals.onlinelibrary.wiley.com/authored-by/McCann/Lowell+I.
https://analyticalsciencejournals.onlinelibrary.wiley.com/authored-by/Trentelman/K.
https://analyticalsciencejournals.onlinelibrary.wiley.com/authored-by/Possley/T.
https://analyticalsciencejournals.onlinelibrary.wiley.com/authored-by/Possley/T.
https://analyticalsciencejournals.onlinelibrary.wiley.com/authored-by/Golding/B.
https://analyticalsciencejournals.onlinelibrary.wiley.com/journal/10974555
https://analyticalsciencejournals.onlinelibrary.wiley.com/journal/10974555
https://analyticalsciencejournals.onlinelibrary.wiley.com/toc/10974555/1999/30/2
https://doi.org/10.1002/(SICI)1097-4555(199902)30:2%3C121::AID-JRS355%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1097-4555(199902)30:2%3C121::AID-JRS355%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1097-4555(199902)30:2%3C121::AID-JRS355%3E3.0.CO;2-L
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%84%D1%80%D0%BE%D0%B2%D0%BE%D0%B9_%D0%B8%D0%B4%D0%B5%D0%BD%D1%82%D0%B8%D1%84%D0%B8%D0%BA%D0%B0%D1%82%D0%BE%D1%80_%D0%BE%D0%B1%D1%8A%D0%B5%D0%BA%D1%82%D0%B0
https://doi.org/10.1103%2Fphysrevb.73.064302

