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Third-Harmonic Generation in Mixed-Valent Ru —Pyrazine Chains: A Theoretical Study
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We present and discuss the results of a numerical investigation on the susceptivity for third-harmonic generation
in mixed valent rutheniumpyrazine chains (which we may call “CreutZaube chains”), whose skeleton is

made by ruthenium ions bridged by pyrazine ligands. These compounds are described by a two-band Hubbard
Hamiltonian, which, according to our previous results, is capable of reproducing the main features of the
optical spectra in the near-tRvis as a function of the total charge of the ion (i.e., the number &f Rad

RU** ions). The third-harmonic susceptivity, computed exactly through a linear algebraic method (avoiding
the sum over states) is remarkably high, suggesting that these compounds may be good candidates for nonlinear
optics and photonics.

I. Introduction

) . _ NH; NH; NH; NH; NH; NH,
The study of nonlinear optical properties of molecules and ‘—, ., B = z
materials is recognized as a field of high scientific and NH; — Ru—N N— Ru—N —Ru——NHj,
technological interest. We briefly remind here the exciting 5\ \_7 \ \_7/ N
possibilities offered by photonics in the field of signal-processing NH; NH; NH; NH; NH; NH,
and computing. For example, a factor of 1000 is predicted for n

the improvement in the rate of telecommunicatiéAsThe
atomic and molecular physics also has benefited (and will further
benefit) of the availability of high-frequency laser beams and interpreting the change of the near-N&s optical properties
generated by a third-harmonic process. Much research workwhen the total charge of the ion is vari&dl’” Here we study
in this field is addressed toward the design and realization of the same compounds from the point of view of nonlinear optical
organic material;# which should offer some advantages on properties. The plan of the paper is the following: in the next
the classical inorganic crystals, especially in two respects: bettersection we briefly review the main optical properties of such
processability and quicker response time. The scientific com- compounds and the model proposed for their study; in section
munity is also very active in the investigation of inorganic || we present the method we have adopted for the computation
semiconductors, where the nonlinear properties may be enhancedf nonlinear optical properties, which may be considered a linear
by creation of quantum-confined nanostructures. algebraic version of the inhomogeneous differential equation

The role of theory in this field may be important, if it will  method, proposed several years ago by Dalgarno and *&wis,
reveal capable of furnishing not only computational tools, but for computing the action of the resolvent operator on a given
also simple interpretative models which may serve as a guide state, avoiding the sum-over-states representation; in Section
when designing new materials or ameliorating the existing ones, |1l we present and discuss some numerical results for our chain
for example by introducing suitable substituents (tailoring). The compounds, while the meaning of the work is resumed in a
most interesting development in this respect is the interpretationfew concluding remarks.
of nonlinear properties of a molecules in terms of a set of
anharmonic oscillatorsof electronic origin. The idea is old, )
and may be considered as a generalization of the LorentZidea. |l Creutz —Taube Chains
Very recently it has been popularized by Mukamel and
co-workers?~11 who connected it to the time-dependent Har-  The Creutz-Taube ion is a well-known mixed-valence system
tree—Fock approach (RPA). In these papers the oscillators are built by two ruthenium ions, each one coordinated to five
identified by analyzing the time-dependent one-particle density ammonia molecule, with a pyrazine molecule bridging the two
matrix. The above methodology, unfortunately, seems to be Ru(NHs)s moieties. The interesting optical properties of such
not applicable to strongly correlated electron systems, being compound depends on the back-bonding from the ruthenium
founded on the hypothesis that the system can be described byon to thex* orbital of the pyrazine. Due to distorted symmetry,
a single (time-dependent) Slater determinant at all times. In the electron transfer processes may be simply modeled by just
studying these systems one must resort to new methods. taking one orbital per center: g.trbital on each ruthenium

In this paper we examine a class of such compounds, i.e.,and the LUMO &*) on the pyrazine (taking the RtRu axis
the mixed valent chains of ruthenium ions bridged by pyrazine asx and the axis perpendicular to the pyrazine plang) ashe
units (Figure 1), whose prototype is the well-known Creutz  Ru** has a 8 configuration, and hence, it has one electron in
Taube iont2 Some of these compounds have been preparedthe d orbitals, which is pushed toward higher energy by the
and studied several years ago, as far as the optical absorptiortlistorted octahedral fielt. The species Ru(lIfyRu(lll), Ru-
spectra are concernédl.Recently, we proposed a simple model (lll) —Ru(ll) and Ru(ll}-Ru(ll) have then two, three, and four
for these compounds, which revealed very useful in reproducing electrons, respectively. In previous studies we have shown that
the spectral behavior of all the above species, as well as their
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. longer analogues, is remarkably well reproduced by the two-

Figure 1. Ru—pyz chains.
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band Hubbard Hamiltonian: tonian as well as the molecule-field interaction in the second
guantization formalism. Neglecting the spatial dependence of

Hoot = Ery(Ny + g + ... +ny) + Epyz(n2 +n,+...ny_y) + the field in the spirit of the dipole approximation, as well as
magnetic interactions, the full Hamiltonian is then written as

Y [(a5,8, + 88, T -+ 8y _1,8,) T h.c] +
o

U(nyny + Nging + ... + ngny) (1)

H = Hypg + Hgg + V

rad

Hrald = Zwkb;(i) bk(l)
where :
n=n,+n, V=—uk (2
wherek is the wave vector of the photoa,its polarizationu

The following values of the parameters will be considered, iS the molecular dipole, and the electric field (which can be
which have been optimized to reproduce the absorption spectrairitten in terms of photon creatierannihilation operators).
of the CreutzTaube ion and its monovalent analogues= ~ As is well-known, the probability of a given process,
—0.73,U = 4.62, andA = E,y, — Egr, = 5.06 (all in eV). identified by the initial and final state (both including photons)

According to our interpretation, the peculiar properties of such can then be evaluated from the matrix element of the scattering

compounds depend on the fact that, despite the large bandgalf?|°er""t°r-r:22'23
A, the hopping from a doubly occupied Ru orbital to the P — |[ﬂ|T|i[|]2 3)
pyrazine is easy, owing to the strong electrafectron repulsion f—=i Pr
on the ruthenium sites (U). The near-infrared intervalence
transition in the mixed valent Ru(IhRu(ll) complex is
attributed to a transition from the symmetric ground state to an
antisymmetric excited state, without appreciable variation in the
charge distribution. T=V+ VGV + VGVGV + ...
The same model Hamiltonian of eq 1 rationalizes the behavior
of the longer chain analogues of the Cretitaube ion, first where
synthesized and studied by Von Kameke, Tom and T&ube 1
to 5 ruthenium ions bridged by four pyrazine units). The Gy=—c—————
number of electrons in the system can be easily changed by Er = Hiol = Hiag
adding an oxidant and the corresponding absorption spectra are
found to vary!® The most impressive feature of these spectra
is that, as one begins to remove electrons from the fully reduced
species (i.e., that with all Ru(ll)), a transfer of spectral weight
from higher to lower frequencies is observed. This persists unti ' .
the number of Ru(lll) and Ru(ll) is balancéd® the computed _ Due to the vector nature of both molecula}r dipole ar_ld electric
spectra are reported in the section Ill, when discussing nonlinearf'eld’ the matrix elements 6F for n-harmonic generation can

optical behavior). This situation is reminiscent of what observed :’e formfall;t/ written a]:s a:hr 1 ter:sor lconttr:actlon of tt\./vc.a[ d's“ngtth
in high T, copper-oxide superconductors, when doping with ensor factors, one for the molecule (the susceptivity) an €

holes20.2L other for photong? In the present case the transition dipole
) matrix elements are all aligned along tkaxis (the Ru-Ru
axis) and we can then simplify our notation, focusing on the
molecular part.

The various susceptivities may be written in the usual form
of a sum over states by introducing in eq 4 the spectral
representation of the unperturbed resolvent operator. The
susceptivity involved in the second-harmonic generation is then
the following sum of three terms, corresponding to the diagrams
a—c in Figure 2:

whereps is the density of final states for the process.
Processes involving a given number of photon absorption
emission can be extracted from eq 3 through the expa#tsidn

(4)

Our interest in this paper is for coherent harmonic generation

processes, in which a certain number of photons is absorbed
from the initially populated radiation mode and spontaneously

| emitted in an empty mode with double, triple, ... frequency.

According to our model, the above behavior may be
interpreted as a pronounced increase in the electron mobility,
when one has an almost alternance between Ru(lll) and Ru(ll)
along the chain. The ground state of the system exhibits then
strong charge fluctuations between Ru and pyrazine $ites.
Again, the reason may be found in the fact that the U term
almost compensates the energy gap between,ttwital and
the LUMO of the bridging ligand. The presence of an
absorption band at low frequency (below 0.5 eV), not reported
in the experimental results of ref 13, for chains with 5 ruthenium 1
ions and the overall tendency toward lower frequencies by y,(—2w;w,w) =—Z
increasing the dimensions of the system strongly support the 24 (Agk+

(e | KR e [ 30 22| 910
20 tiy)(Ag + o +iy)

idea that longer chains (if they can be prepared) may behave as (| e | KK e | (| e | g O

small-gap semiconductors or even metals. In this paper,

however, we focus on the nonlinear optical properties of chains, (Ag— o —iy)(Ag + o + i)

as can be exactly computed within our Hubbard model of eq 1. [y) e | KCIR (e | g3

lll. Linear Algebraic Method for the Computation of Age— o = iy)(Ag — 20 —iy)

Linear and Nonlinear Optical Properties .
In eq 5Ay = E; — E etc. According to the usual rules the

When a molecule is placed in an external e.m. field it may line widthy of excited states is taken positive for virtual stéps.
give rise to a number of processes involving photon absorption The numerical factor 1/2 is introduced here for homogeneity
and emission. If we do not investigate on processes inducedwith the Orr—Ward resuR® (see also ref 4). For the chains
by very short pulses, it is convenient to work in a time- discussed in section }; is identically zero since the molecule
independent formalism, taking into account the radiation Hamil- is centrosymmetric.
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20 For illustrating the method let us first consider the resonant
20 polarizability term:
° il B 11 (@) = [dlal] (8)
» (O]
where
(O] (O]
|[dU= uigdl
@ (b)

© |al= Gy(E, + o + iy)|d0 (9)
Figure 2. Three Feynmann diagrams for the processes contributing
to second-harmonic generation. On the left side of the thick vertical ~ Here, for simplicity, we have taken the same damping factor
line are the absorptions of photons on the right the emission of a  for all the excited states. The ground state is obtained by a
photon 2». Lanczos approach (see ref-246 for more details) and we can
also easily generate the doorway stafgeq 9, since the dipole
operator is diagonal in our localized (valence bond) basi&’set.
The computational problems arise for computing the veetgr
eq 9, since in order to evalua@, one has to invert a large
matrix. The problem can be overcome rewriting eq 9 in the

The susceptivity involved in the third-harmonic generation
is the following sum of four terms, corresponding to the
diagrams ad in Figure 3:

1 .
X3(—3w;0,0,0) = Z% form:
J.K .
[0 0 | KCIR e e 0 N A= (Bg + @ = Ho +iy)lall (10)
(Ag + 3o +iy)(Ak + 20 +iy)(Ag + o +iy) and|alan be found solving an inhomogeneous system of linear
| O | KK e [ equations, whose dimension is that of the basis set. We notice
Qe T e TRl eI g that if, as in the DalgarneLewis methodHy is a differential
(Ag — o —iy)(Ag + 20 +iy)(Ag + o +iy)) operator instead of a matrix, one is lead to an inhomogeneus
(9} 0] ] KCTR ] T e g differential equatiod?23 The doorway statédCls real, but we
HITR edadsy take it as complex for generality (in fact, as we will see, for the
(Ag — @ = iy)(Ay — 20 — iy )(Ag + o +iy) calculation of higher order polarizabilities one has to solve an
| 0 KT ¢ 0 eq like (10) in which bothalJand |dChave to be replaced by
(Gl 1 I UK ) Tt 9 6 new complex vectors having a different meaning):
(Ag = @ = iy)(Ay = 20 = ip(Ag = 30 — iy) a0 Ot ilyD
The numerical factor 1/4 is introduced here for the same |dC= [uOH ijwO (11)

reasons mentioned in the case of second-harmonic generation.

We also notice that absorption processes may be treatedWe solve the above linear system by an iterative method
within the same formalism, utilizing the optical theoréhT.he searching, for each frequeney the minimum of the function
absorption cross section is related to the imaginary part of the (N is the dimension of the basis set):
amplitude for the elastic processes (initial and final states
identical for both molecule and photons). Using the expansion f(Xy, Xp, -+ X Y1, Yor +s ¥) =
of T one may distinguish between single-photéa(w), two- _ 112 w2
photon,Ax(w), ..., absorption spectra: ]z{[(Eg T HO)XJ u‘] * (Vyj W‘) b (2)

I Mg wherey; is thejth component of the vectdkUalong the basis
A(w)O— Imz+ (7a) set, etc. The point at which the function f reaches its minimum
TAg T o+ iy value gives the required vectta] As is well-known, since
the above is a quadratic function, one could trivially find the
Ayw) O minimum by solving a linear system involving the gradient
(e | | CII0] e | KT j CI | g 3 vector and the Hessian matfk. The direct approach, however,
— Im; cannot be pursued whe is very large, since it requires the
fRAg + o +iy)(Agt 2w +iy)(Ag + o +iy) inversion of the Hessian matrix. One is then forced to
(7b) minimization methods that utilize only the gradient vector. We
have tested the conjugate gradient method by Fletcher and
The sum-over-states representation of susceptivity tensors haikeeve¥® and have found that it works very well. In the
the advantage of showing explicitly the contributions coming Appendix we give the explicit form of the gradient vector, which
from the various electronic states but, in principle, is amenable is the basic ingredient of the method. Here we simply remind
to numerical calculation only if a good representation of the that iterative methods work speedily on large systems if the
whole set of excited states is at hand. Despite this intrinsic vector produced by acting witHy on |ais easily generated,
limitations the sum-over-states method has been extensivelywithout having to store the wholdy matrix. This is our case,
used®* We have successfully tested a different approach, which due to the sparse nature of the matrix representation of the model
is basically an algebraic version of the one proposed by DalgarnoHamiltonian in eq 1.
and Lewid® and used successfully for computing multiphoton It is also clear that the method can be easily generalized to
amplitudes?® A very similar method has been applied by Soos higher order susceptivity. This can be done in two distinct
and Ramaseshato the study of nonlinear properties of ways: (1) by a sequential procedure; (2) by a single step
conjugated system by their diagrammatic valence bond theory.procedure. Let us illustrate this for the first terpa(®, of the
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Figure 3. Four Feynmann diagrams for the processes contributing to third-harmonic generation. On the left side of the thick vertical line are the
absorptions of photon®, on the right the emission of a photom3
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Figure 4. Various computational results obtained for the seven sites, six electrons chain: (a) real and the imaginans@atob,w,w); (b)

absolute value ofs; (c) one-photon absorption rate as a functioneof{continuous line) and of/3 (broken line) (see text); (d) two-photon
absorption rate. For the absorption rate curves we simply report the value of the sums in eqs 7a and 7b. To obtain the rate in number of transitions
per atomic unit of time, the ordinates in Figure 3c have to be multiplied by the faetip/2)?, wherep is the energy density in au (number of

photons times photon energy divided by quantization volumé3,the distance between sites (in au) gne 27.2114 is the ateV conversion

factor. The ordinates in Figure 3d have to be multiplied lg®p(0/2).4 In computing parts a and b of Figure 3, we have assuched2 A.

susceptivity tensor involved in second harmonic generation, eqby three pyrazine molecules and five ruthenium ions bridged
2. (1) One starts fromddto determine|al as illustrated by four pyrazine molecules, respectively. As far as the oxidation
previously for the polarizability;d'0= u|adis then easily state is concerned, we have selected two cases in which the

generated. The vectdd is used to determine transfer of spectral weight to low frequency is higher. As
. previously mentioned this happens when the number of ruthe-
& 0= Gy(Ey + 20 +iy)|d'D nium ions with oxidation state-3 and+2 is identical, when
. . . possible (for seven sites). For nine sites we have taken three
by the same iterative method. Finally, RU3t ions and two R#" ions (we remember that, due to the
Q) ) . , strong electron delocalization in such complexes, the assignment
23 (F2wi0,0) = dujal of +2 and+3 charges is arbitrary and has been introduced just

for counting electrons). Since our model, as previously

(2) After defining |a' = F|dlwith mentioned, takes into account only electrons involved in the

F = Gy(By + 20 + iy)uGy(Ey + @ + iy)|d0 back-bonding from the & atomic orbital on each Ru atom to

the #* molecular orbital of each pyrazine molecule (LUMO),
one can directly go to the linear system we have included in the calculation six electrons (for seven sites)
and seven electrons (nine sites). The number of Slater
Flat= (Eg+ 20w + iy)ﬂ‘l(Eg+ o +iy)lad=|d0 determinants in our computation (selecting those with the

minimum totalS,) is then 1225 (for the seven sites, six electrons
since the dipole operator is diagonal and can be easily inverted.case) and 10 584 (nine sites and seven electrons).
We have used the first route for our calculation of third harmonic In Figure 4 we ShOW, for the seven SiteS, six electrons Chain’
generation in CreutzTaube chains, since it offers the advantage as a function of (in the range-@ eV): (a) the real and
that the intermediate results can be also used to compute tWomaginary part ofys(—3w;w,»,0), (b) its absolute value. The

photon absorption spectra. damping termy, the same for all the excited states, has been
V. N ical Resul d Di . taken to be 0.1 eV. To elucidate the contributions coming from
- Numerical Results and Discussion intermediate resonant steps due to states which can be reached

We have computed the third-harmonic susceptivity tensor for by absorption of one, two or three photons, we reported on the
chains involving 7 and 9 sites, i.e., four ruthenium ions bridged same figure the single-photon, and the two-photon absorption
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Figure 5. Same as in Figure 3 for the nine sites, seven electrons chain.

spectrum (Figure 4c and 4d, respectively). We have not in the two-photon absorption spectrum (Figure 5c¢). Once again,
computed the three-photon absorption spectrum. Some infor-is not clear if there is a specific role of two-photon resonances.
mation on the effect of the three-photon resonances may beThe peak at low frequency may be related to a three-photon
extracted looking at the one-photon absorption spectrum as aresonance.

function of w/3 (dashed line in Figure 4c), due to the fact that  Direct information on the role of resonant and nonresonant
the states that can be reached by one- and three-photorprocesses may be obtained from Figures 4a and 5a, showing
absorption are the same. Similar information can be extractedthe real and imaginary part of the third-order susceptivity for
from the real and the imaginary partef —3w;w,»,w), reported  third harmonic generation. The frequency ranges at which the
in Figure 4a. The parametric (nonresonant) generation is largerreal part of y3 dominates are those at which one expects
for values of at which the real part g§(—3w;w,w,w) dominates. parametric amplification.

Figure 5 has the same content of Figure 4, but refers to the ag g general remark, we notice that according to our

nine sites, seven electrons chain. computations, the contributions coming from diagrams involving

The first remark suggested from a perusal of Figures 4 and vjrtual steps, parts bd of Figure 3, are also very important
5 is that the computed susceptivity values are very high, as oneand cannot be neglected.

may realize comparing them with the known experimental
values for various materiafs:1° For example, the polyacetylene
has values of3(—3w;w,w,w) of the same order of magnitude

of those of the seven sites, six electrons Credtaube chain Our work shows that the third-harmonic generation process
(Figure 4), while in the nine sites, seven electrons ch@in  seems to proceed with high probability in the mixed valence
(Figure 5) further increases by a factor of about 2. The high Creutz-Taube chains, i.e., ruthenium ions bridged by pyrazine
values obtained depend on the large transition moments involvediigands (the coordination environment is saturated by ammonia
(along the chain axis), permitted by the peculiar electronic molecules to give an almost octahedral geometry) studied several
structure of such compounds, as it results from our calculations.years ago by Von Kameke et %l. This is not unexpected for
The latter, is deeply influenced by the strong correlation effects us, since previous calculations with the same Hubbard model
on the metallic sites, and by the fact that all the+fyz Hamiltonian used here (but slightly different parameters) showed
distances along the chain have been assumed identical, inremarkable static charge fluctuations along the chain, in the
contrast with the strong bond alternation present in polyenes. ground staté> What we find here is that these oscillations are
Our assumption is supported by the experimental observationdynamically amplified by the e.m. field and they exhibit a strong
that the Ru-pyz distance is almost the same for Ru(ll) and nonlinear behavior. The computed microscogifor the chain
Ru(lll) complexe$®3° but need to be confirmed by direct with seven sites (four Ru atoms and thrgelpidges) and six
experimental observation in the chains (we were not able to electrons has the same order of magnitude of that in polyacety-
find experimental data in the literature). lene, while moving to the nine sites, seven electrons chain it
Comparing part b with parts ¢ and d of Figure 4 (seven sites, further increases by a factor of about 2. We have presented
six electrons), one may assign the two peaks in the absolutehere some preliminary results obtained by a numerical method
value of the third-order susceptivity (Figure 4b) to the resonant avoiding the sum-over-states bottleneck in the spirit of the
absorption of one photon (right peak) and three photons (left Dalgarno-Lewis approact:2® The method shares many simi-
peak). The two-photon absorption spectrum has a single peakiarities with that proposed by Soos and Ramas@&hale are
at a frequency value very close to that for the single photon currently extending the calculations to cover different number
absorption, reflecting the fact that the two-photon absorption is of electrons and chain lengths. We are also planning to
also enhanced by the one-photon resonance. As a consequencivestigate the role of electrerphonon interaction on the
is not easy to extract a definite conclusion on the role of two- nonlinear optical behavior of such compounds. The analysis
photon resonance(s). of results will furnish new elements for a physical interpretation
The behavior in Figure 5 (nine sites, seven electrons) is of the nonlinear properties of such mixed-valent chains. We
similar. Here, the peak at about 0.3 eV (Figure 5b) is almost will be very happy if, meanwhile, some experimental results
coincident with a one-photon resonance (Figure 5¢) and a peakon these chains, hopefully stimulated by the present paper, will

V. Conclusions
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also appear to enrich the literature, which, to our knowledge, is

very scarce on this particular argument.

Appendix

We give here an explicit expression for the gradient of eq
12. This refers to the resonant term of the first polarizability,

Ferretti et al.

(2) Bredas, J. L.; Adant, G.; Tackx, P.; PersonsChem. Re. 1994
| 243.
(3) Prasad, P. NChem. Mater199Q 2, 660.
(4) Prasad, P. N.; Williams, D. Jntroduction to Nonlinear Optical
Effects in Molecules & Polymersohn Wiley & Sons: New York, 1991.
(5) Brus, L.IEEE J. Quantum Electrorl986 QE22 1909.
(6) Flytzanis, C. InMaterials for Photonic Deices D’Andrea, A.,
Lapiccirella, A., Marletta, G., Viticoli, S., Eds.; World Scientific: Singapore,

but it may be easily generalizable to all the terms we need (in 1991; p 359.

general instead ab we may have @ where n may be negative

andy has to be taken negative in some cases, see eqs 5 and 6).

Let us first rewrite eq 12 making explicit the first term in the
sum on the right side:

(X0, X s X Vi You oo V) = z{[Z((Eg + w)oy —
T

HojdXc _uj]2 + Oy — \Nj)z}

The gradient (row) vector has then the following components
alongx; andy;, respectively:

(VO =Pl(Ey + W)l — H]

(v, =2y[yy —w]"
where

p=2( — W[(Ey + w)l — Hj

r={[(E;+ o)l —HJx"

Here,l is theN x N identity matrix and a right-side upper T
indicates the transpose.
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