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A theoretical model is studied of the coupling of several electronic states to a vibrational manifold.
In this approach, the vibrational manifold is divided into two subbaths. The first one, a coherent subbath,
interacts coherently with electronic states. The second one, a thermalizing subbath, is responsible for
relaxation of vibronic energy. In the first step, the thermalizing subbath is projected out, under the as-
sumption of a standard (Markovian) approximation in the interaction picture and the effective dissipative
Liouville equation for a coherent vibronic system (electronic states + coherent bath modes) is thus ob-
tained. Next, “coherent bath modes™ are also projected out and irreversible master equations for electronic
degrees of freedom are obtained, even without the Markovian approximation. Analytical expressions
based on the double projection technique are compared with numerical simulations of a two-level elec-
tronic systems interacting with a single vibrational mode embedded in the dissipative environment. We
show that the double projection technique can be applied to predict spikes of resonant amplification of
electron (vibronic) energy transfer, as well as to analytically test various models of kinetic theories.
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1. Introduction

In the standard theoretical studies of the electronic transitions, vibrational degrees
of freedom are projected out and obtained kinetic equations are closed with respect to
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the relevant degrees of freedom (e.g., electronic states) [1-4]. The influence of the
degrees of freedom projected out (e.g., vibrational modes) on the system of interest
(e.g., electrons) is mathematically expressed through effective spectral functions
controlling rate constants (memory functions) in kinetic equations. If these spectral
functions are exact up to second-order in the system—bath coupling, their analytical
forms explicitly consist of a weighted sum of delta functions in the frequency do-
main. Practically, on the other hand, they are alternatively replaced by phenomenol-
ogical expressions, like Debye’s, Ohmic spectral functions and etc. Physically, it is
argued that a vibrational manifold behaves like a heat bath with an implicit auto-
thermalization process.

Time-resolved experiments proved, on the other hand, that among vibrational
manifolds only a few vibrational modes can retain their coherent character for a longer
time, even in the donor-acceptor complexes [5] containing a relatively large number of
vibrational modes. Indeed, quantum chemical calculations really proved that often
only a few modes have non-zero values of the Huang—Rhys factor or contribute more
to the non-adiabatic couplings. Therefore, they keep their coherent character longer
than the rest of the modes of a vibrational manifold. Moreover, it was calculated that
even in QaAS quantum dot systems, consisting of tens of repeating units, the elec-
tronic transfer should by resonantly amplified due to the interaction with longitudinal
optical phonons [6]. It seems natural to expect that vibrational modes coupled coher-
ently to electrons should be separated from those that are responsible for the dephas-
ing process due to the anharmonic or Duschinsky couplings.

In the paper, we outline in brief the basics of the so-called double-projection tech-
nique where, first, dephasing modes are projected out by means of the standard projec-
tion technique and coherent modes are let to develop due to their interactions with
electrons and being dephased by the bath of dephasing modes. The obtained kinetic
equations for electrons and coherent modes are time irreversible and, in the second
step, also coherent modes are projected out. We show that rate constants of electronic
transfer thus obtained are directly expressed via parameters of coherent couplings
between electrons and vibrational modes (Huang—Rhys factor, non-adiabatic cou-
plings) and relaxation rates of coherent vibrational modes. Consequently, the model
thus introduces explicit dependences of the relaxation process, not only with respect to
the system—bath coupling but also with respect to the dephasing process in the heat
bath. A similar approach may be found, e.g., in Ref. 7. Alternatively, it enables the
prediction of critical estimates for various kinetic relaxation theories.

2. The double projection technique
We assume that the systems consisting of electrons and coherent vibrational

modes is fully described by the density matrix (statistical) operator p(f) that is con-
trolled by the following Liouville equation:
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Here, Ly(Hy) is the Liouville superoperator (Hamiltonian) of free electrons and vibra-
tions, 7'(H") describes their interactions, while L** controls the impact of the vibra-
tional modes being previously projected out. Formally, we can assume various forms
of the dissipative tensors which can be found in the literature (e.g., the Redfield form
or diabatic damping approximation (DDA) [8]). The coupling between coherent and
dephasing modes may be assumed to be either the Duschinsky coupling or anharmonic
coupling, but the Hamiltonian of the system consisting of electrons and coherent vi-
brational modes is defined as follows

H=Z|j><j|<ej+Zhwn(%+P7"j+ZhwnD,{Qn>+Z|j><k|H}k(Q> )

Here,

j> denotes the j-th electronic diabatic state, with local energy &. hw.is the
vibrational energy quantum of the n-th mode, while O, and P, correspond to the nor-
mal vibrational coordinates and momenta of the n-th mode, respectively. D/ is the
diagonal coupling constant of the #-th mode in the j-th PES. Consequently, the corres-
ponding Huang—Rhys factor is (D’)?/2, and the vibrational binding energy of the n-th

mode in the j-th PES equals 7®,(D;)/2. The interstate interaction (between various
PESs) H]'.k(Q) is assumed to be a general function of vibrational coordinates. It is

straightforward that the vibronic potential of respective PESs in the Hamiltonian (2)
are connected by the following unitary transformation

S = exp(iz D}’PHJ 3)

corresponding to the shift of equilibrium positions O, — Q, + D . Now, the Hamilto-
nian (2) can be rewritten to the form

H=Hy+ 3 | /) (k| Hj ()= X[ ) (]S, (&} + HO)S]+ 2 i) (k[ H}(0) (4
Jk j Jk
where 8? are “relaxed” electronic energies and the vibrational Hamiltonian
v o P
HY = En 40
Zhw[ . Zj (5)

corresponds to the unshifted oscillators.
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In the following, we will be interested in the occupation probabilities p¢) of the
i-th potential energy surfaces (PES). Here, p{(¥) is defined as follows:

p(0)=Tr,, (i p@)]1)) (6)

where Tr; (<l |p(t)|i>) means the trace over the vibrational states of the electronic

diagonal elements of the total density matrix p(¢). Probabilities p,(¢) can also be written
in the form

() =Tr,, ([ Po(1)])) (7)
utilizing the projector P defined as
P..= 3 |i) (i ® 8,98 T,y ({i]--]1) (8)

It can be checked by straightforward algebra that the projector P in Eq. (8) also
has the following properties

P’=P ©9)
PL,=L,P=0 (10)
PLP=0 (11)

Additionally, we assume that the projector P also satisfies the relation
PL*P=0 (12)

indicating that during the dissipation process the system thermalizes within a given
PES. Now, by also projecting out the coherent modes in Eq. (1) we come to the stan-
dard Nakajima—Zwanzig equation to get

ot

iPp(t) Z_iPLefpr(t)_dePLeff eXp(_i(l_P)Leff(t_T))(l_P)Lefpr(T) (13)

—iPL,; exp(—i(1—P)L,t)(1—P)p(0)

Equation (13) is quite general, but we can simplify it if we utilize Egs. (9)—(12).
Also, if for the initial condition term we can assume that p(0) = |1> <1| ® p,;, » We get

Pp(0)=p(0) (14)

Then, Eq. (13) will be simplified to the form

%Pp(z) = —jdz‘P(L‘ + L )exp((=i(1=P) (L, + L' + L™ )(t=7) )(I' + L™)Pp(z) (15)
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The kinetic equation (15), as it stands, is time-irreversible. The relaxation in the
memory function is not introduced assumption based on the thermodynamic limit, as it
is done in standard approaches but it is based on the influence of dephasing modes
(expressed by L) which were projected out earlier, i.e., before constructing the mas-

ter equation (1). The dissipative tensor L™ can be formally taken in the Redfield form
[9] but for the internal summation in the tensor we can approximate the vibronic ei-
genstates by those of non-interacting diabatic PESs (e.g. [8]). The corresponding dis-
sipative tensor will be then denoted as L, Alternatively, we can take a perturbative
solution of vibronic states to the first order in the interstate coupling H ]'.k (Q) and the

corresponding first-order correction in the dissipative tensor would be L0 [10].
Whence, we would get the following equations

PLisO _ [ dsOp _ (16)
PL*VP=0 (17)

Equation (15) can be thus rewritten in the form

t
%Pp(t) =— j dzP(L' + L™ Yexp(=i(L, + L' + L™)t = 7))(L' + L™")Pp(z) (18)
0

The memory kernel in the last equation is, at least, a second-order one in the inter-
state coupling. Consequently, if we restrict the kinetic rates just to the second-order in
the interstate coupling, we can immediately perform the Markovian approximation
because deviations from it would just affect terms of higher order in the expression for
the interstate coupling.

An open question here is the convergence of the iteration series in Eq. (18). As
will be seen from below, neither the assumption of weak interstate coupling (with

respect to the electronic transition energies, i.e., <H/I,k> << ‘8;{ —-&

) nor fast decay of

the memory kernel is a sufficient condition for the “second order” approach. Accord-
ing to our numerical simulations introduced below, the interstate coupling must be
weak with respect to the vibronic transition energies of the active mode, i.e., the sys-
tem must be in the “off-resonant limit”. The analytical expressions below, exact up to
the second order in the interstate coupling equation/expression, will be thus derived on
the assumption of the “off-resonant limit”.

After making the Markovian approximation, we can perform a formal integration
of the memory kernel, thus by considering second-order terms in the interstate coupl-
ing equation, we directly get:

i — _p(7" L sy (s dis0)\ \ !
S PP =—PL+L )(=i(Ly + L)) .
(GXP(—i(Lo + L)) —1)(LI + Iy Po(r)



676 M. MENSIK, K. L KRAL

In the next step, we perform the resolvent expansion of the superoperator
(L° + L% and in the total expression we only keep first order terms in the expres-
sion for the dissipation

%Pp(t) ~—iPL (L, )’1 (exp (—i(L0 + L‘“S(O))z) - 1)L‘Pp(t)

.7l —1ydis(0) 7 -1 . dis(0) I
+iPL'L, 7 LOL, (exp(—z(L0+L )t)—l)LPp(t) 20
—iPL0L,! (exp (—i(Ly +L™)t) - 1) L'Pp(1)

_l'PLlLO—l (exp (_I(LO +Ldis(0))t) _I)Ldis(l)Pp(t)

The master equation (20) contains a contribution from formally different
processes. The first term corresponds to gradually decaying coherent Rabi oscillation.
The second term is related to the dissipation process controlled due to the DDA [8].
The third and fourth terms correspond to the dissipation process, which incorporates
the first order terms of the interstate coupling [10]. If we are finally interested in the
decay of the population p,(?) of the m-th PES we arrive at the equation

L pu ==X (M) 0+ @) i 0 @)

The rate of the decay of the population p,(?) is controlled by the rate constant
W (t), which after time corresponding to the vibrational relaxation in the respective
PES can be expressed as

W =Wt = 02) =W, O (t = o) + W10 (¢ — o0) (22)

with

W) =T (LT 25 (1) 2 ) )] @5, S m) 23)

m))
m))

W (t = 00) = =Tr, ((m| QL™ L, L (|m)(m| ® S, 94,5,

_ (24)
—iTr,, ((m|(L'L, " L0 (|m) (m| @S, p,4,5,)

3. Model of two electronic levels coupled to a single vibrational mode

The double-projection technique will be tested on a simple model consisting of
coupled two electronic levels with a single vibrational mode. The vibrational mode is
also assumed to be embedded in the dephasing bath, so that the system of two elec-
tronic levels with a single vibrational mode satisfies Eq. (1). We will solve Eq. (1)
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numerically and we get estimates of time dependences of the excited state population

p1(®) by Eq. (6). The dependences of the occupation probabilities are approximated by
the following relation

D ()= A, + A exp(—=1t)+ 4, exp(=1,t) cos(wyt) + A, exp(—1st)cos(ayt)  (25)
which consists of two decaying Rabi oscillations and a central excited state decay
Formally the Rabi oscillations should include more components but, except for re-
gions having resonant amplification, it can be proved that the approximation with two
oscillating components is sufficiently good.
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Population of the excited state p(t)

0.0 T T T T T T T T T 1
0 50 100 150 200 250
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Fig. 1. Time evolution of excited state population p;(¢) for the rate of vibrational
relaxation £ = 0.05w and ratio » =€/ hw=1.8. Calculated values are depicted
by the solid curve, while fitted values are depicted by the dotted curve

In Figure 1, the time dependences obtained from the solution to Egs. (1), (6) can-
not be distinguished from those obtained according to Eq. (25). Nevertheless, as we
are interested in the decay dynamics, we mainly need to know the parameter /3, i.e.,
the rate of decay of the excited state. Numerical estimates obtained from data fitting
(Eq. (25)) will be compared with the analytically obtained Eq. (23).

The model Hamiltonian of the relevant electronic-vibrational system is defined as

H =|1><1|(g+ha)DQ+ha)(%2+%2]

L (26)
+|z><z|m(%+%j+(|1><z|+|z><1|)H;2<Q)
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The parameters of the Hamiltonian (26) have the same meaning as in Eq. (2). For the
interstate coupling, we will assume two cases: constant coupling, i.e., H},(Q) =V (a) and

linear coupling, i.e., H,, =AQ (b). The dephasing mechanism in Eq. (1) will be chosen
according to the DDA approach of Ref. [8]. For simplicity, we will parametrize it by the
rate of vibrational dephasing & (corresponding to ¥ @),)/(4a,,) in Ref. 8).

3.1. Numerical solution

The numerical values will be taken from the model of QD in GaAs as in Ref. 6, where
the strong coherent coupling of longitudinal optical phonons in the resonant regions was
theoretically predicted. Besides that, these parameters are suitable for the illustration of
resonant properties in the weak coupling limit. The limiting value of a small Huang—Rhys
factor below is taken for the sake of formal analytic simplicity and also to show that strong
resonant amplification of the decay of the excited state is also present for small Huang
—Rhys factors. However, it is not too difficult to prove analytically that Egs. (23), (24) can
be used for arbitrary values of Huang—Rhys factors if, in particular, a given dependence of
the relaxation tensor and interstate coupling with respect to the vibrational displacement, is
used. The last statement can be easily understood if we realize that unitary operators (3),
formally appearing in Egs. (23), (24), shift the equilibrium position O, — O, + D; for
arbitrary values of the Huang—Rhys factor.

The vibrational energy %@ will be 36 meV. The electronic separation energy
ranges in the interval 25-120 meV. The diagonal coupling constant 7@ D' ranges
from 0 to 11.3 meV. The limiting value 11.3 meV corresponds to the Huang—Rhys
factor of 4/81. For the case of constant interstate coupling we set = 5.6 meV, and for
the linear model we set A = 5.6 meV. We also fixed the room temperature to be
T =300 K. The rate of vibrational dephasing & is taken from the weak damping limit
up to the limit of the strongly damped oscillator model: £ = 0.03w, k£ = 0.05w, k =
0.lw, k= 0.2w.

Constant interstate coupling H,, =V . The numerically calculated dependences of
the rate constant 7 on the ratio » =€/ hw of the electronic separation energy € and

vibrational quantum %@ are shown in Fig. 2. Here we can observe a strong resonant
amplification for the resonant condition £ =% and also weak amplification for the
second resonant condition £ =2A®. In this figure, we assumed a very small value for
the Huang—Rhys factor S = 1/50 (For S = 0 we generally get very slow decay, thus we
rather took this asymptotically small value of 1/50). The dependences for the in-
creased value of the Huang—Rhys factor S = 4/81 are shown in Fig. 3. Again we ob-
serve a strong resonant amplification for the first resonant condition £ = @ but also
a more pronounced, but still weak, resonant amplification for & =2A@. In the off-
resonant conditions in both figures we observe that the rate /7linearly increases with
the rate of vibrational relaxation k.
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Fig. 2. Dependence of the rate constant /" of the excited state decay on the ratio » = ¢/fiw
of the electronic excitation energy ¢ and vibrational quantum /. Various rates
of vibrational dephasing k are used, while the value of the Huang—Rhys factor .S = 1/50.
The interstate coupling is constant with respect to the vibrational coordinate
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Fig. 3. Dependence of the rate constant I} of the excited state decay on the ratio » = ¢/fiw
of the electronic excitation energy ¢ and vibrational quantum /iw. Various rates of vibrational
dephasing £ are used, while the value of the Huang—Rhys factor S = 4/81.

The interstate coupling is constant with respect to the vibrational coordinate

Linear interstate coupling H|, = AQ. In the case of interstate coupling, linear with
respect to vibrational coordinate, we get even more interesting dependences. In Fig-
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ure 4, we also find a strong resonant peak for £ =% for the Huang—Rhys factor
S = 0. Besides that we see that in the region of the first resonant pole 7, = k, i.e. the

rate of electronic decay equals the rate of vibrational relaxation.
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Fig. 4. Dependence of the rate constant /] of the excited state decay on the ratio r = ¢/fiw
of the electronic excitation energy ¢ and vibrational quantum /. Various rates of vibrational
dephasing k are used, while the value of the Huang—Rhys factor S = 0.
The interstate coupling is linear with respect to the vibrational coordinate
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Fig. 5. Dependence of the rate constant 7} of the excited state decay on the ratio r = ¢/fiw
of the electronic excitation energy ¢ and vibrational quantum /. Various rates of vibrational
dephasing k are used, while the value of the Huang—Rhys factor S = 4/81.
The interstate coupling is linear with respect to the vibrational coordinate
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If we increase the Huang—Rhys factor S to the value 4/81 (Fig. 5), we again find
a strong resonant peak for £ =#%w® and that at this pole /7 =k (only for k=0.2w

peak is broader due to the overdamped oscillator). Furthermore, we find a very strong
resonant peak for € =2hw.

3.2. Analytical results

In this part, we show results of analytical estimates of the rate of electronic decay
I;. Tt should correspond to the value W% in Eq. (23). Below we show our results

mm

based on the application of the DDA model [8] for the dissipation of the coherent vi-
brational mode and therefore we utilize Eq. (23). The results taking into account the
role of the electronic interstate coupling on the dephasing process in the vibrational
manifold will be published elsewhere.

Constant coupling H}, =V . In the analytical calculation, we perform expansion

up to the first order in the Huang—Rhys factor S = D*/2. If we insert the constant inter-
state coupling and the relaxation tensor [8] into Eq. (23), we get after some algebra

F]=(VD1)2I{ 1 L 21 21+2n(a))+ 1 2 n(a))} N
(0, -0y a,-o l+n(w) (@,+o0) (1+n(w))

haolkyT

where n(w)=1/(e —1) is the Bose-Einstein distribution and @, =€/% is the

transition frequency. Equation (27) confirms our numerical results that in the limit of
a small Huang—Rhys factor S there is only one resonant pole at € = i@ . In the case of
strict resonance, Eq. (27) may not be correct because in the case of strong amplifica-
tion we cannot restrict ourselves just to the second order terms in the interstate coupling.
On the other hand, Eq. (27) correctly (in agreement with numerical simulations) predicts
the region of the pole @, ~ @ and that it is controlled by the Huang—Rhys factor. For
the off-resonant condition, we can expect, on the other hand, a good correspondence at
least qualitatively. From Figs. 2 and 3 we directly see the linear increase of 77 with re-
spect to k and (D')*/2. Because of the limited scope of this paper, we do not show that in

the regions fi@,, >> hw >> k,T the dependence I, ~2(VD'/®,,)’ k , stemming directly
from Eq. (27), can also be obtained numerically.

Linear coupling H/, = AQ . Limiting again our calculation just to the first order
terms in the Huang—Rhys factor (D')*/2 we find that we also get a non-zero electronic
decay rate I* for the zero values of the Huang—Rhys factor. Namely, we obtain

20w k 20 1
2 2 I’l(a)) 2 2 +
@, — " 1+ n(w) w, - @, -0

o= (28)
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that there is just one pole of resonant amplification € =#%® (cf. Fig. 4). The linear
increase with the rate of vibrational relaxation & can be also directly checked in Fig. 4,
for the off-resonant condition. In the case of resonance, we cannot conclude from
Eq. (28) that I(” =k, which confirms again that a finite-series perturbation expan-
sion of the interstate coupling is not acceptable, but rather an appropriate self-energy
effects in the denominator could be expected. Besides, we see that for zero values of
the Huang—Rhys factor only high frequency modes will contribute to the non-radiative
decay of the excited state. In agreement with the numerical simulation, we can see that
Eq. (28) correctly predicts the region of the resonant pole @, ~ @ and that it is not
necessarily controlled by the Huang—Rhys factor.

Keeping just the linear terms in the Huang—Rhys factor for the rate constant 7"

we arrive at the expression

AD'Y  k 1 1 4
Fl(l) = ( ) { 2 >t >t 2
2 l+n(o)| o,-0° (o,-0) (0,-20)
1 (@), +30°) 200,
-H’l(a))(a)lzz _ (02 + (a)lzz _ wz)(a)lzz _90)2) (0)122 _ (02)2 (29)
> 3. 3@p+3e’) Ao+ o)
+<” >(w)£ wlzz - wz (0)122 - wz )(0)122 - 9602) (0)122 - wz )2
JAhrae) L G@p3e) 2 e+ o)
(0)122 - 4(02 )2 (w122 - a)z )(0)122 - 9(02) wlzz - a)z (wlzz - wz )2

with the second moment of phonon occupation <n2>(a)) = tanh(hw/k,T)n(®w) . In com-

parison with the previous case, we see a richer structure of resonant poles. Here, we
recognize also a strong resonant amplification even for £ = 27w, as is also numerical-
ly confirmed in Fig. 5. In the case of the first resonance (& =), we again cannot

confirm the relation 7" = k directly from Eq. (29). On the other hand, we see that if
the self-energy of order (AD')*/2 were added to the denominator, we would obtain, for
the first resonance, the numerically obtained relation 77" = k . Again we can observe

that analytical formulae can correctly predict the regions of resonant poles and that in
the case of linear interstate coupling, the Huang—Rhys factor can also induce the
second resonant pole € =2/w.

Because of the limited scope of this paper, we do not show that in the limit
haw, >> hw>> k,T the analytical formula (29) corresponds fairly well to numerical

simulations. Namely, I, ~3(4D'/ @,)’k .
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4. Conclusion

The vibrational manifold has been separated into two subbaths. The first one, in-
teracting with electronic states via non-adiabatic coupling and the Huang—Rhys fac-
tors, was left in the coherent state. The second one, responsible for the dephasing and
relaxation of coherent vibrational modes due to the Duschinsky mixing, was projected
out. The resulting equations for the system consisting of electrons and coherent vibra-
tional subbath were time irreversible. In the next step, the coherent subbath has also
been projected out and finally equations for the occupation probabilities of electronic
states were obtained. In the case of weak interstate coupling and in the off-resonant
limit, explicit analytical expressions of the electronic decay rates were found. The
latter formulaec were expressed through the parameters of coherent electronic-
vibrational couplings and the relaxation rates of coherent vibrational modes.

The derived analytical formulae were compared with the numerical solutions of
the time evolution of a simple two-level electronic system, coupled to a single vibra-
tional mode attached to the thermalizing subbath. We have found that in comparison
with numerical simulations analytical expressions correctly predicted the poles of
resonant amplification of electronic transfer.

In the case of the off-resonant limit and a weak interstate coupling, the analytical
expressions based on the perturbative approach up to the second-order in the interstate
coupling corresponded qualitatively to the numerical results. The agreement between
the numerical and analytical second order approach was found for transition electronic
frequencies. The latter frequencies were larger by an order of magnitude than the vi-
brational frequency.

We have also shown that the double projection technique provides an analytic ex-
pression for the internal relaxation processes in the bath, i.e. the transfer of excess
vibrational energy of coherent modes to the dephasing subbath. It will be published
elsewhere that we can even predict analytically whether the interstate coupling should
be taken into account in the relaxation process in the vibrational manifold. Or, in other
words, under which condition the diabatic damping approximation, or its extension to
the first order in the interstate coupling or other models like, e.g. the Lindblad model,
are correct.

Numerical simulations in the resonant regions proved that in the case of first reso-
nance, the rate of electronic decay equals the dephasing rate of the coupled vibrational
mode.

In the near future, we plan to estimate the cooperative and/or competing of more
vibrational modes, particularly in the regions of resonant conditions.

An open problem is the analytical estimation of resonant decay rates and also for
a stronger interstate coupling. Here, the theory would have to go beyond the standard
approach.
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The double projection technique presented here can be utilized for arbitrary values
of the Huang—Rhys factors, although the analytical formulae presented here, for the
sake of simplicity, were shown just up to the first order in the Huang—Rhys factors.

We conjecture that the theoretical background presented in the paper is applicable
for systems like quantum dots, molecular transistors, molecular wires and other sys-
tems where charge transfer and excited state decay are important. In particular, in the
field of molecular transistors, the subject of non-adiabatic couplings have been almost
totally neglected. Our simulations showed that under specific conditions of resonant
transfer, the non-radiative decay of electronic states can be of the same order as vibra-
tional dephasing. In future, molecular systems embedded between two contacts should
take into account the vertical electronic transfer.

Acknowledgement

This work was supported by the grant No. 202/07/0643 of the Czech Science Foundation, and also
by the grant KAN401770651 of the Grant Agency of the Academy of Sciences of the Czech Republic and
by the institutional project AVOZ10100520.

References

[1] NAKATIMA S., Progr. Theor. Phys., 20 (1958).
[2] ZwaNzZIGR., J. Chem. Phys., 33 (1960), 1338.
[3] HASHITSUME N., SHIBATA F., SHINGU M., J. Stat. Phys., 17 (1977), 155.
[4] TAKAHASHI Y., SHIBATA F., HASHITSUME N., J. Stat. Phys., 17 (1977), 171.
[5] RuBTtsov I.V., YOSHIHARA K., J. Phys. Chem., 103 (1999), 10202.
[6] KRAL K., ZDENEK P., Physica E 29, (2005), 341.
[7] MAY V., Physical Rev. B, 6 (2002), 245411.
[8] KUHN O., MAY V., SCHREIBER M., Chem. Phys., 101 (1994), 10404.
[9] REDFIELD A.G., Magn. Res., 1 (1965), 1.
[10] KLEINEKATHOFER U., KONDOV 1., SCHREIBER M., Chem. Phys., 268 (2001), 121.

Received 14 July 2008
Revised 19 September 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


