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CHARGE TRANSFER BANDS OF MIXED VALENCE
MOLECULAR CRYSTALS
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Phase Transition,Absorption Band Shape.
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ABSTRACT

The electron-vibrational (vibronic)bands of light
absorption by mixed valence molecular crystals contai-
ning clusters of transition metal ions in different
states of oxidation as the structural units of lattice
are considered. The absorption band shape calculation
in different phase states is performed in the semiclas-
sical limit for crystals congisting of trielectronic
clugters of transition metals of the type of d1-d2.
The band shape differs from the Gaussian and closely
depends on the double-exchange and Heisenberg-type ex-
change paremeters and on the temperature dependence of
the average dipole moment playing the role of the or-
der parameter.
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1.Mixed valence (MV) molecular crystals contain clus-
ters of same trangition ions in different states of
oxidation as the structural units of lattice. The im-
portant manifestation of MV is the occurence of so
called optical charge transfer bands.These bands ap-
pear upon the electron transfer between the possible
energetically equivalent localizations. Both the width
and the maxima positions of these bands depend on the
vibronic interaction parameter as well as on the ex-
change parameter1.
The theory of charge ordering in MV molecular cry-
stals bisgd on the microscopic modelz’3 is developed
’

in Refs . The existence of charge ordered states

wag reliably proved in Refse’7 for some types of bi-
ferrocene crystals. In this article the theory of
charge transfer bands in charge-ordered MV systems is
suggested. While describing the electron-vibrational
absorption spectra in passing the problem of charge
ordering and phase transitions is decided simultane-
ously taking into account dipole-dipole interaction
between clusters and the interaction of "extra" elect-
rons with the molecular(localized) vibrations.

2.The Hamiltonian of the crystal consisting of dimeric
clusters of the type of d1-d2 we write in the form:

J{:hZHﬁ.-v" C/-+nZH,I,£‘: —_

4

Z
~ 42 R(7-B)d; ds -
Am

where lt? is the Hamiltonian of a isolated cluster,
fém_is the vibronic interaction, the third term in
Eq. (1) describes the dipole-dipole interaction4’5,and
finally
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is the n-th cluster vibrational Hamiltonian, ©¢ num-
bers the normal modes. For clusters with an orbitally
non-degenerate ground state the matrixes l{; and Cé?
have the form:

(P -P 0 0] (41 0 0 0
-P P o O o~ o0 0

= 3 7.0 B dz= QO 010
H-. 0 0 3 + '7- ’ r-1 J
3 o 0 Q-1

L0 0 & 23+p L I

here ¢7 and £ are the parameters of Heisenberg-type
exchange interaction and transfer (double exchange)
respectively, cib is the dipole moment of the clus-
ter with the localized "extra" electron. While writing
matrixes (3) use is made of the basis of the locali-
zed "extra" electron connected with the basis employ-

4,5

ed in Refs with following relations:

/1(2»:(2)_1/2 (/ 4’419><-'5/ 4/42L(>),

13(4)>= (2)_1/2(/2/1/9>(1')/2/42u>)-

Let us consider the lattice po;‘nt interaction with
the totally symmetric 0.4:7 and 0.4 displacements of
the nearest environment of the each cluster ion. By

introducing approxlmately normal coordinates 0:7:::=

= (an *+ Q )/L/— 8 we write the vibronic in-

teractlon of the clugter in the form:
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- — ,.?
/'/=l/+047+(["®f )+
- A, 3 3
+V 044 (Ina’ Gzn)) (4)

where 4 and G, are the unit and the Pauli matrix
correspondingly, (@ is the symbol of the direct mat-
rix product, /1= V+2 v, V= V-2V~ .The
parameters V' and V™ can be expressed in terms of
single-electronic matrix elements as follows:

V= (0% I ey VO EIZEe 1T, Y

o (5)
where V\/ is the potential energy of electron-ligands
interaction, /Z'2> is the d-function of the single-
electronic centre,/té}is the same for the two-elec-
tronic centre. In accordance with (4) the interagtion
with the totally symmetric cluster vibration QAT'-C&I’
be excluded by the shift transformation. The @A""E o
vibration in the isolated cluster mixes the excﬁange—
resonance multiplets with different parity belonging
to the same cluster spin (Y . This leads to the
pseudo-Jahn-Teller effect.

3. We shall consider the vibrations as localized and
neglect the interaction of clusters via the phonon
field. Using the molecular field approximation for
the Hamiltonian (1) one can get the adiabatic poten-
tials for the states characterized by the total spin

S:
U, (2) =t W,q) + Lg?

t N - 3T 4 Welq) O 2

w,(g) = [P?+ (D+vy)?]

1/2

2
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W, () =[PP 4(D+ug)?]"
L =5 K(F-+5)
D(T) =LA (Melp, =1,

where U’;V" . The essential peculiarity of the pro-
blem under consideration is the adiabatic potential
dependence on the order parameter gjr in the space
of the antisymmetric coordinate g’ « The thermal
average of the dipole moment of crystal per one cry-
gtal cell (one cluster) plays the role of the order
parameter. In the charge-ordered state the migrating
electron ig affected by the molecular field - L

In the case ofLrg/ uJJ»/FVthe lower adiabatic poten-
tial sheets have the minima at the points

~N T
Dyiny XD U/ M
The adiabatic energy at points ﬁZ{ takeson the
next approx1mate values: b2

2
3/2 (Cznz)) =& D - ’ (8)

In so doing one of the adiabatic potential minima
corresponding to the "extra' electron localization
along the mean field direction occurs deeper (l'ig.la).
With temperature increase the molecular field decrea-
ses, the adiabatic potential minima flatten, and fi-
nally at the phase transition point the minima become
energetically equivalent. In the opposite case
lf%/ W < [P] the lower adiabatic potential sheets
have only one minimume.

The eigen-functions have the form:

1 4
+ D+ 2 D +Ug\]2
g, =|F (1 mgj ICEHG Mm))] 22
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= [‘12"( /("H V(/D<;2§g))] I3>.-) 2 (’( %— ) 4>

In the case of ferroelectric type of ordering for the
order parameter we get the equation (L >0, 4’8 =/) :

§Z 7 fexp (- 9£ )@ 0D [w )
x sznk[—"—"‘—’ﬁ7+e‘<f>[‘ AR
sinh [HP] ] f{Tn[exp (57
[eosh[H(D]w Lexp - 2L) «
+coshf S}

The equation (10) is obtained in the semiclassical
approximationg,wherein the adiabatic potential repre-
sents the total energy. In Eq.(10) Sp;, means the in-

tegration over the vibrational coordinates. This in-
tegral can be evaluated only in some limiting cases.
The system behaviour lS determined by four dlmens:Lon-
less parameterslpl/l.d , J/IP] AUl /o L IU/IRL
Expanding the right side of Eq.(10) in a series in de-
grees of ¢ we get the equation for the phase transi-
tion temperature Tc: o This equation is not listed
here.Providedthat J<Q,|J| >|P|, /PI/QLdL;*QJi'@/PJ(f
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Figel. Temperature dependence of the adiabatic poten-
tials in the mean field approx1mat10n in the
case [Ul /W =3,2, P/LJZ =0,2, [P/ =1.
a)T/T =0, 3; b)T/T =0,9; c)T/T -1.

one can get for the phase transition temperature the
approximate expression

- 1P

/5] 20%
Zaretanh (37 IdZ T wifl (1)

It is seen from Eq.(11) that in this limiting case the

electron-phonon interaction rises the phase transiti-
on temperature.In the case of ferromagnetic intraclu-
ster exchange the phase transition temperature is al-
so determined by formula (11) wherein it is necessary
to replace/P//Z by /P/ « In the case of strong
electron-phonon interaction er/a)/P/> / the order
parameter equation transforms to:

a_ - ZfanL, '%2' (12)
a,
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Here the phase transition temperature is determined
by the next relation 7; = Ldoz .

4.The semiclagsical approximation is used also for
calculation of absorption band shapes.In the dipole
approximation only the transitions between the adia-
batic potential sheets corresponding the same spin
multiplet are allowed. Since the transition is accom-
panied by the electron transfer the so called charge
transfer bands (or intervalence transition bands1)
correspond to the transitions above mentioned. The
absorption band shape is determined by the relation

F)=z7" §olq [<aq)1d e )>) %

exp[-Ule) /1] S| Ui @y -],

where / is the statistical sum. Carrying out the
integration in Eq.(13) we get:

F(2)-exp(5E) 7 pes) [X ()]
{exp/-— 2 (X(s)#2DY] +

* ex/a[‘ 575 (X(S)_Z’D)zj/z»

()1, t(E)ggerCEF),

where X (2)=(R%2-4p2)% X(£)-=
= (._QZ —,02)7/2 In the case of 232 /p) for
S=3/2 and 2> [P/ for S=7/2 the charge transfer
band extrema are determined from the transcendental

equation:
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D STUZ
QL 2a|e +Dtané(2w‘§)]+ =0

27-0-2 (15)
In the frequency rangehQ>> o D the absorption

band has one maximum at the point

12
9= &+ o+ [(§+ D)= 25T]

(16)
From Eq.(16) it is seen that the band maximum disap-

pears and the absorption intensity monotonically de-
creases when (()‘2(0— +D)2$8TU'2(,0~.,
5.In the case of relatively strong interaction|P]/¢O=1
| /O =3.2 , /P//Ld02= a. 2 the intervalence
transition bands for the spin multiplet S=38/2 are
presented in Fig.2. For these parameter values the or-
der parameter temperature dependence was numerically
found and with help of formula (14) the shape of opti-
cal curve was calculated (Fig.2). At low temperature
T/TC=O,3 the optical curve has a pronounced maximum
in the range 2 ¥ 26¢d . It is seen from Fig.la that
the position of this maximum is close to the energy of
the Franck-Condon transition to the upper adiabatic
potential sheet. In so doing the adiabatic potential
maximum corresponding to the unprofitable electron lo-
calization is not populated and does not contribute in
absorption. The band peculiarity on the left edge is
stipulated by the transitions in the region of strong
non-adiabatic term's mixing. At low temperatures the
relative intensity of this spectra range is small.The
divergence in the expression for the band form-func-
tion results from the classical consideration of the
nuclei motion. With temperature increase the band ma-
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[rntensity crn arbitrary wrnils

0 10 20 Jo 40 Q/w

Fig.2.Temperature dependence of charge transfer
band-sha e Fz,(S0) in the case |J7/D =3,2;
IR 68 B/ 1.

1‘1‘/’1‘ 032'.1‘/'1‘0 3T/T 054T/T =0,6;
5. T/T =1,

ximum intensity decreases and the maximum position
shifts to the range of low energies due to the fact
that with temperature increase the decrease of the
molecular field leads to the flattening of the adia-
batic potential minima and reduces the Franck-Condon
trangition energy from the deep minimum., Finally,at
sufficiently high temperature the main maximum vani-
shes and the peak at the left edge is the most inten-
give. In the disordered state in the case of suffici-
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ently strong vibronic coupling the Franck-Condon
transitions are forbidden as the dipole moment opera-
tor does not mix the states with different localiza-

tions < d;‘o/gzld/q/az —ai,’> .

It should be noted that the semiclassical appro-
9

ximation” describes the principal broad maximum suffi-

ciently well. At the same time the semiclassical appro-
ximation is the unfavourable for the describing of

the left band edge which corresponds to the transiti-
ons of the range of strong non-adiabatic term's mixing.
The results obtained evidence about the pronounced ma-
nifestations of charge ordering and phase transitions
in MV molecular crystals.
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