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The orientational-tunneling model of linear hydrogen—bonded systems with strong short-range
proton correlations is developed in the context of problems of proton dynamics and proton transfer.
The proton translational motion on a single bond and the Bjerrum orientational jumps are taken into
account. The influence of reorientational motion as well as external electric field on energy spectrum
and thermodynamical functions of finite linear H-bonded complexes is investigated. Within the
framework of the model proposed the systems with L- and D-proton defects are described.
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I. INTRODUCTION

Various kinds of physical and biological objects con-
tain the hydrogen—-bonded molecular subsystems, in
which the hydrogen bonds network has a dominant role
in their properties.

In particular, the proton subsystem is especially im-
portant for superionic crystals with hydrogen bonds. The
structural and ferroelectric phase transitions in these
compounds are connected with the rearrangements of hy-
drogen bonds network, proton ordering and ionic groups
reorientation processes. The essential feature of this class
of materials is their high-temperature transitions to the
so-called superionic (superprotonic) phases, in which the
conductivity is accomplished by the fast proton trans-
port. In these phases the specific type of proton disor-
der is realized when protons are distributed randomly
in the sublattice of structurally equivalent positions and
the number of positions exceeds the number of protons.

Raman and NMR spectroscopy measurements [1-3] in-
dicate the fast dynamics and reorientations of the neigh-
bouring ionic groups, which accompany the phase tran-
sitions and become significantly intensive in superionic
phase. These movements together with the drastically
increased amplitudes of thermal vibrations (measured by
the Debye—Waller factor) assist the proton transport and
thereby are responsible to a considerable degree for the
appearance of the superprotonic conductivity [4]. Proton
interacts with the surroundings dynamics adiabatically,
that is the “cold” protons are following a “hot” envi-
ronment without significant barriers along the diffusion
path. This is evident from the experimental investiga-
tions [1, 5] as well as from the results of the molecular
dynamics simulation [6].

Because of this, for the description of the proton trans-
fer process the Grotthuss mechanism is considered gen-
erally, which involves the proton movement along the
hydrogen bond with the further reorientation caused by
“tumbling” (vibrational and librational) of the neigh-
bouring ionic group. In other words the first step of the
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transport process consists of ionic defect motion and the
next one is accompanied by the occurrence of the so-
called orientational defect. The existence of such types
of defects is also accepted in the models describing the
proton transport in ice and the orientational relaxation
rates of icy substances. A direct experimental estimate of
the orientational (Bjerrum) defect charge was obtained
by Hubman [7] as a result of measuring the dielectric
constant of ammonia doped ice in comparison with or-
dinary ice. The energy of Bjerrum defects in ice Th have
been determined in [8] with taking into account the re-
laxation of the surrounding neighbours at the process of
the defect forming.

At the present time there exist many unresolved prob-
lems in the theoretical description of the proton trans-
port mechanism. In particular, for superionic (superpro-
tonic) crystals the important question is the considering
of proton transfer in random two- and three-dimensional
hydrogen—bonded medium. Furthermore, the proton mi-
gration due to the ionic group reorientations as well
as the motion of proton within the hydrogen bond are
caused by the interaction with the phonon bath of sur-
roundings, which results in complicating of the problem.
To help resolve these problems, there is a need to pursue
the theoretical studies of the proton transport in simpler
hydrogen—bonded systems.

As the initial step the chain of hydrogen bonds con-
necting consecutively ionic groups is considered in this
work. The role of such a type of molecular subsystems
is of great importance for different processes in physical
and biological objects, such as ferroelectrics with hydro-
gen bonds, ice, liquid water, proteins and others [9, 10].

The problem of proton dynamics in such systems is the
object of intensive theoretical and experimental study.
The ab initio self-consistent field (SCF) calculations per-
formed for the small molecular complexes [10, 11] ex-
hibited the anomalous large proton polarizability, which
changes strongly under the influence of the external elec-
tric field. In [12, 13] a pseudo-spin reduced basis model
was proposed for the description of H-bonded molecu-
lar systems, taking into account only the proton motion
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along the H-bond. In this paper within the framework
of our microscopic approach the orientational degrees
of freedom corresponding to rotations of covalent bonds
connecting protons with ionic groups are taken into ac-
count additionally.

The energy levels, polarization and susceptibility of
the proton subsystem with small number of hydrogen
bonds are investigated. It is shown that the thermo-
dynamical properties of such molecular systems change
strongly with the change of orientational motion fre-
quency and external electric field strength. The systems
with L- and D-proton defects as well as system with
one proton in the hydrogen—-bonded chain are described
within the model developed.

II. THE MODEL

Let us  consider the  molecular  system
AH---CH---CH - -- B containing a chain of N hydro-
gen bonds between the ions or ionic groups C' (Fig. 1);
A and B denote ions or ionic groups placed on the ends
of the chain.

~SI(N;b)
(N;a)

—

A C C

Fig. 1. Scheme of the system. The arrows correspond to
one of the possible directions of proton motion along the
chain.

For the description of the proton subsystem we shall
proceed from the concept implying the availability of a
double well potential for the proton on each bond, which
is the reason of ionic defect and the existence of orien-
tational (Bjerrum) defect corresponding to the rotation
of a covalent bond connecting a proton with ionic group.
The ionic defect represents the motion of proton within
a single H-bond between the two heavy ions. The ori-
entational defects, on the other hand, allow a proton to
move actually along the chain.

In our approximation the two lowest proton states on
a bond and only two different orientational positions for
the covalent bond are taken into account. We derive the
Hamiltonian of the proton subsystem in the second quan-
tization form on the basis of the wave functions v, and
by of the lowest proton states in the left (a) and right
(b) minima on the bond:

N—1
H=Hs+ > Hy+Hp+ Hy
k=1

+Hp+ He + Hi

The short-range interaction’s part of Hamiltonian in-
cludes three terms:

Hp=cea(1=n1,)+wan; 4

ﬁk = w'(l — nk7b)(1 — nk+17a) + W pNE+1,a0 (2.2)

+5(1 — nk,b)nkﬂﬂ + &‘nk,b(l — nk+1’a)

Hp =ep(l —nnyp) + wanns,

where 4 B, €, wa,p, w, w' are the energies of proton con-
figurations in the potential minima nearest to the ionic
groups (see Fig. 2) and ny,, are the occupation num-
bers of protons in the positions u = a,b on the bond
k(k=1,N).

Fig. 2. Proton configurations near ionic groups and their
energies.

The tunneling energy Hr can be presented in the form:

Hy = Qu(cl 1+ ] yera)

+Qp(cly ,enp + el yena) (2.3)

N-1

+Q Z (CL,ack,b + CLbCIm),
k=2

CL o Chyu are the proton creation and annihilation op-
erators. We distinguish the tunneling frequencies on the
outer (4, Qp) and inner () bonds. The effect con-
nected with the orientational motion can be presented
as a pseudo—tunneling effect with the frequency Qg:

N—1
Hr = Qg Z (CL7bCk+1,a + CL—H,ack’b)‘ (24)
k=1
The term
N N
He = UZ Nk,aNk,b + 1% Z(l — n,m)(l — nk7b) (2.5)
k=1 k=1
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corresponds to the energy of the Coulomb repulsion be-
tween two protons on the hydrogen bond (the first term)
and between free electron pairs, the so called lone pairs
[8, 16], on the hydrogen bond without protons (the sec-
ond term). The last term in Hamiltonian (2.1)

N
HE = —epE E Rk,unkw
k=1
pw={a,b}

(2.6)

describes the interaction with the external electric field
E; Ry, is the distance between the left end of the chain
and potential well (k, 1); e, is the proton charge.

In the case of a symmetric system (A = B) some
parameters are equal: Q4 = Qp = Q; 64 = e = &
wy = wg = W.

For the chain with N bonds there exist 22V many-
particle states |} = |n1,q,--.,nNp); Where ng, = {0,1}
is the number of protons in the position p = {a,b}
on the bond k. The Hamiltonian expressed in terms

In particular, for N = 2, the basis |I) includes 16 states:

1) = [0000), |2) = [1000),
|5) = [0001), |6) = [1100),
|9) = |0110),
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With the help of relations

Coa = X172 +X3,6 +X477 +X5,8 +

of the Hubbard operators X" = |I)(I'| acting on the
basis |l) decomposes into (2N + 1) parts, which cor-
respond to the various values of the proton number
n=7y ng,=01...,2N:

k,p

H=H'@H'&- & HN (2.7)
The eigenvalues of these Hamiltonians give the en-
ergy spectrum of the considered system. The presence
of strong short-range correlations between protons on
the neighbouring hydrogen bonds as well as a strong
Coulomb interaction between protons on a single bond in
some finite systems leads to the situation when the pos-
sible equilibrium distributions of protons do not contain
the high-energy proton configurations. The so called re-
duced basis model [12, 13] is obtained as a result of the
exclusion of states corresponding to high-energy short-
range proton configurations. In a similar way the high-
energy configurations caused by the Hubbard—type in-
teraction can be excluded also from initial basis.

3) = |0100),
17) = [1010),

14) = |0010),
8) = |1001),

10) = |0101), |11) = |0011), [12) = |1110),
) = [1101), |14) = [1011), [15) = |0111), |16) = |1111).

X9712 _|_X10,13 +X11714 _|_X15,16

Cla = X1,4 _ X2,7 _ X3,9 +X5,11 +X6,12 _ X8,14 _ X10,15 +X13,16

Cop = X1 _ x26 4 x40 4 x50 _ xT 12 _ 8,13 4 xI1L15 _ x14,16

cLp = X1,5 _ X2,8 _ X3,10 _ X4,11 +X6,13 +X7,14 +X9,15 _ X12’16,

we can express Hamiltonian in terms of X operators. It decomposes into 5 terms:

H=HY®H!® H? ® H} ® Hi,

where

70 _ 0 %
H3 =a, -1,

~

H} = ((b—a) + (ha + pap) E) X% + po B(X3? — X4

+((b— a) = (pa + pap) B)X>° + Q(X>% + X3?)

+O(XH 4+ X5 4 Qp(X3 4 X3 4 ad - 1,

HZ = (U +V + (2410 + 1) E) X5 4 p1p(XT7 — X10:10)
+(b—a) X+ (J = (0—a)X* + (U +V = (20 + pap) )X 01
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+Q(X7,8+X8,7)+Q(X8,10+X10,8)_I_Q(XQ,IO_I_XlO,Q)

_I_QR(XGJ +X7,6) + QR(X10,11 _|_X11,10) + ag ) i,

(2.10)

Hf = (U+J (b= a) + (fa + ) E)X'212 + (U + 1o B) X 1513

+H(U = pa EYX' M+ (U + T = (b= a) = (1o + pap) B)X >

(2.11)

+Q(X12’13+X13712)+Q(X14’15+X15714)

+QR(X13,14 +X14713) +a% . i,

HY = (2U + J)X616 4 g4 . 1.

Here (b —a) = (w — &) — (¢ — w') is the difference
between relative energies of proton configurations in the
outer (near A or B ionic groups) and inner (near C') po-
tential wells. The value of a3 = w + & + ¢ is the energy
corresponding to the location of domain walls on the ends
of the chain (the domain wall is the boundary between
two regions with a varying arrangement of protons on
hydrogen bonds);

ay = a3 — (i — &) — (¢ —w'),
ay = a3 — (1 — &),
ay = a3 + (0 — &),
ay =al + (0 —¢&) + (e —w')

The parameter J = w + w' — 2¢ is the effective short-
range interaction between the protons near ionic group;
Mo = epRa, ptap = epRap; R, and R,y are the distances
between the ionic group and the nearest potential well
and between the two neighboring potential wells on the
hydrogen bond respectively.

In a similar way the Hamiltonian can be written for
systems with any finite value of V.

III. ENERGY SPECTRUM AND
SUSCEPTIBILITY

The energy spectrum of the system can be obtained
from the equation for eigenvalues and eigenvectors {u;, }
of Hamiltonian (2.7) represented in the basis |I) :

Z(”HU')UW = AuUyy- (3.1)

I

The dielectric susceptibility of proton subsystem is ex-
pressed by the Green function:

2T

X(w) = =7 {{PIP))o. (3.2)

Here P = e, > Ry unk,, is the operator of electric dipole
kyu

(2.12)

moment of protons on the chain. The Hamiltonian rep-

resented on the basis |I) = > wu;|l') has the diagonal
]

form:

H=> \XP?,
p

(3.3)

where X?* is obtained by means of a unitary transfor-
mation of Hubbard operators:

XH = g X (3.4)
nv

_ With the help of the equation of motion for operators
X v

X 1) = (X9, A, = (A~ M) X0

= A\ X (1), (3.5)

and after substituting (3.4) in (3.2), the susceptibility of
the proton subsystem can be written in the form of:

X b _ X”")

Xw) = QﬁiuAVIL((hw)Tv7 (3.6)
n<v v
where
ﬁuu = Z’U,M(”P”,)U;V (37)

w

is the operator of the dipole moment represented on the

basis |l). The average occupation number of state |u) is
determined as:

Ak e~
) = s~

v

(3.8)
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IV. ENERGY SPECTRUM AND
THERMODYNAMICAL FUNCTIONS FOR
SYSTEMS WITH N =n

Let us consider the case of systems in which the num-
ber of hydrogen bonds N is equal to the number of pro-
tons n in the chain.

In the reduced basis model [12, 13], i.e. for systems
in which the orientational degrees of freedom can be ne-
glected and after elimination of the high-energy configu-
rations, corresponding to large values of J we have only
four parameters of the theory: (b — a), Q, Qo, pqp- The
values (b—a) = —600cm !, Q = 255cm 1, Qg = 40cm !
were obtained for system formate—water—acid formate
from the comparison of the spectrum obtained in the
reduced basis model [12] and the SCF calculations [11].
The dipole moment pi,p is determined from the satura-
tion value of polarization: pg, = 3.5D. In a more general
case, i.e., taking into account orientational rotations, four
additional parameters U, V, Qg and pu, appear. The val-
ues of U = 3280cm ! and V = 3130cm ! correspond to
the energies of D- and L-defect found in [8]. The param-
eter J includes the energy of high-energy proton con-

A. Energy spectrum and susceptibility as a
functions of Qg for the system with N =n =2

For the chain with n = 2 protons on N = 2 hydrogen
bonds we have 6 basic states:

|1) = [1100),]2) = |1010),|3) = [1001),

|4) = |0110),|5) = |0101),|6) = |0011). (4.1)

At the absence of tunneling on a hydrogen bond (2 = 0)
the eigenvalues and eigenvectors of Hamiltonian (2.10)
were found in the analytical form:

1
Mz =5 (U+VEq)+ (o + Ha)E + a2,
A3 = (b—a) +al,

figurations and its value is of one or two order higher M =J—(b—a)+a3, (4.2)
than the remaining configuration energies of protons near 1 9
ionic group (it is in agreement with the results obtained As6 = §(U +V £q1) = (Ha + pav) E + a3.
in [11]). Therefore we assume J = 9400cm™'. p, = 2D;
Qg is changed from 0 to 2500cm *.
B QR T B p— W —
N V% 0]
D o % 0
[02 o 2 [0z 1 .2 1
Uy = QR+p* U2 = QR_'_p* Uz = (43)
0 0 0
0 0 0
0 0
I 0 | L0 J I 0 |
- - F0 T -0
0 0 0
0 0 0
0 0 0
Ug = 1 Uy = QR U = | _ P+ (44)
0 0%+ pi VR + 0k
_ P+ %
5 0 | RVAL RS VAU RS A

here

1
P+ = §(U+Viqi)$uaE,

The basis |I) has in this case the following form:
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- o
1) = |1 12),

\/O% + \/ R-I-p,
- p—
2) = 1) + 12),

\/ Q% +p* \/ Q% +p?
3 =13), (45)
4) = [4),
~ QR
[5) = |5) + 6),

\/ Q% + 3 +/Q +pJr
& D+
6) = ————=15) + ———=—=16)

\/02 ‘|‘p+ \/ +p+

The examination of the spectrum as a function of
Qr in the absence of external field E shows that the
ground state of the proton subsystem is changed at
Q5 =/(b-a)?—(U+V)(b—a) (see Fig. 3), i.e., the
behaviour of the system has two regimes. In the case
Qr < Q% the ground state |3) corresponds to the loca-
tion of the domain wall in the centre of the chain, namely
when both the protons are in the potential wells near the
outer ionic groups A and B. For Qr > QF situation is
changed; the lowest energy branch %(U +V —q) + a3,
where ¢ = ¢4|r—0 = ¢—|r—0, corresponds to the two
states |2) and |6) in (4.5). Thus the reconstruction of
the ground state reflects the localization of one of the
protons near the inner ionic group.

Such a behaviour of the energy spectrum is the rea-
son for the peculiarities in the dependences of thermo-
dynamical functions on pseudotunneling frequency. For
example, the free energy of the system for Q =0, £ =0
has the form:

A-107%cm™
6-
— 0=0 .
------- 0=255 cm”
2_
o=
0 1400 2800 QR

Fig. 3. Dependence of the energy spectrum on Qg for the
system with N = n = 2 and different 2.

—
,3_>oo

iDl\D

0
X gla

(1= L) 4 B+ 1)

900+

(@)
0 T y
0 1400 2800 Qg
X10%* cm® ,/
6000 Nen=2
——————— N=n=3 I/
_____ N=n=4 ,
/
’
/I ,-"—
, L
(b) _____ -7 —//‘
o= . ;
0 1400 2800 QR

Fig. 4. Static susceptibility as a function of Qg at
T = 100K a) for the case N=n=2; b) for different N,
Q = 255cm ™.

F:(b—a)—% (4.6)
xin(1 + 43UV 20— a))ch%).

At very low temperatures F' has two distinct branches in
dependence on Qg:

Fﬁzoo{(b—a) s QR<QR (4.7)

With the help of unitary transformations (4.3), (4.4)
and using the obtained energy spectrum (4.2), we can
calculate x(Q2g).

For the case of N = n = 2 at the absence of the
external field and for low temperatures the static sus-
ceptibility can be represented in the form:

R QR<QE (48)

Yua)? , Qr >,

i.e., the anomaly of x(Qr) at 3 — oo for Qg > Q% (see Fig. 4, a) reflects the fact, that in the ground state, which
is double degenerated, the system possesses a non zero dipole moment. For € # 0 the energy spectrum and y was
calculated using numerical methods. The influence of proton tunneling is manifested in the effect of splitting the
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spectrum and smoothing the function x(Qg) in the vicinity of Qg = Q.

The energy spectrum and susceptibility as a functions of 2z was obtained also in a numerical way for the systems
with N =n =3, N =n = 4. We can see, that the change of the ground state of proton subsystems takes place for
arbitrary values of N. The value of Q7 shifts to the low-frequency region with the increase of N (see Fig. 4, b).

B. The dependences of energy spectrum and thermodynamical functions on external electric field

The dependences of the energy spectrum, average dipole moment (P) and susceptibility x on the field strength
E [15] in the cases of presence or absence of orientational degrees of freedom are different. Neglecting orientational
motion we have only a motion of protons between two potential minima on each bond. The redistribution of protons

_a—=b

takes place at E; = Tias for the arbitrary values of N. Therefore, polarization (P) as a function of E abruptly

increases at E = E; to the saturated value p,p. This corresponds to the maximum of susceptibility x [12].
In the case when the orientational degrees of freedom are taken into account, the partition function can be calculated
with the help of the energy spectrum obtained. As example for case N =n = 2:

g o—Blb—a) 4 ~B(T — (b—a)) 4 9~ FU+V) (4.9)

(e~ Bla + et E oy Bl | Blha + pav) E o, P
2 2
The average dipole moment of the system can be obtained from (4.9): (P) = —g%, where F' = —%an:

e—g(U+V)

(P) = -2 {e_ﬂ(lla + llab)E€7 — eﬂ(ﬂa + :uab)Eng} ) (4.10)

A

where

Ui E
€ = (o + pap)eh DL MGMM%

2 q+

The static susceptibility x(F) can be written as:

AU+ )
X(B) = —4——r— {e—ﬂ(ua +pan)Ee _ Blpa + uab)E€+}
Aw+v) - .
+ T {e_ﬁ(ua + ,U/ab) n— + eﬁ(ﬂa + Hab) 77+} , (411)

where

i:2ﬂ|: a+ ab2_ a
" (Ha + pab)” — 2 5

2 2
— gl [1— U+ VF2bB) ] YEES
q+ ax 2

JUENE < Roa P

Using the obtained expressions (4.2), (4.10) and (4.11)  Such a dependence reflects the transfer of all protons in
we consider dependences of energy spectrum, (P) and xy  the direction of the applied field to the one end of the
on the field strength E. The inspection of spectrum for  chain and, as a result, the appearance of D-defect on
case Qg = 0in Fig. 5, a shows that the additional recon-  this end of the chain and L-defect on the opposite side.

struction of the ground state takes place at E» = QQJIS—V Consequently the additional sharp increasing of average
a
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®)
—11

[
E107V/cm

A107%,em™

-7 1

©
-16 +—————
0 Sk 10_7V/2m

Fig. 5. Dependences of the energy spectrum on E (Q2z = 0)
for the system with a) N = n = 2, b) N = n = 3
Q=Q=0),c) N=n=4(2=Q0=0).

dipole moment (P) up to the saturated value (24 + ftab)
takes place at E = FE, (Fig. 6, a). Thus we have the
anomaly of susceptibility x(E) when E = E,. We can
conclude from Fig. 6, b, that the first maximum of sus-
ceptibility which corresponds to the reconstruction of the

spectrum at B} = &= b for Qg = 0, shifts to the lower
values of the external electric field strength, when Qg
increases. The second maximum of x(E) at E = E» be-
comes smoother when Qg shifts to the higher-frequency
region. Therefore the motion of protons along the chain
under the influence of electric field is sensitive to the
value of Q. When H-bonded chain becomes longer, the
value of E, changes. For the N = n = 3 the value of

Egz%ZTV(Fig.5,b)andforN:n=4E2=Q6ﬂ

ta
U+V
N = g We see, that

for the sufficiently long chains (N > 1+ % 5’#’), the
a

(Fig. 5, ¢). In general Ey =

(P)

91 —— =1 cm™’ .
—————— (r=625 cm _
-—-—— r=1875 cm
= without orienta—

61 tional motion

X-10%* cm®

150-‘ Qg=1_cm™
VT Qr=1250 cm_,

\ - QB=1875 gm

\ === without orienta—
\ tional motion

— e 2T = =

8
E-10°V/em

Fig. 6. Dependences of a) the average dipole moment and
b) static susceptibility on E for different values of Qg; the
case N=n=2,T =100K.

value of Ey is smaller than the value of Ey (E> < Ej).
Therefore, the appearing of high-energy proton config-
urations, such as D- and L-defects, takes place at the
strength of the electric field higher than E5, whose value
decreases with the increasing of N. It is caused by the
increasing of a dipole moment of proton subsystem with
the rise of the full number of bonds.

V. L- AND D-DEFECTS IN THE CHAIN

In recent decades the research in H-bonded systems
has been increasingly focused on the problem of the mi-
gration of Bjerrum defects as a possible contribution
to various properties of ice, liquid water, ferroelectric
crystals with hydrogen bonds and other molecular com-
plexes. The systems with L-defects, for which the number
of protons or other mobile ions is smaller than the num-
ber of possible equilibrium sites are of particular interest.
For example, the superionic crystals are the representa-
tives of such a type of structures. It should be noted that
such a type of motion is sensitive to the value of Qg.

A. L-defects

First we consider the case of n = N — 1, (n > 1),
when one L-defect takes place in the chain. For the sys-
tem with N = 3 hydrogen bonds after neglecting con-
figurations with the energies (V + J — (b — a) + a3),
(U +V — (b—a) +a3), we have 12 basis states:
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1) = |110000), |2) = |101000), |3) = |100100),
|4) = |100010), |5) = [100001), |6) = [010100), (5.1)
|7) = |010010), |8) = |010001), |9) = 001010,
10) = |001001), [11) = [000101), |12) = |000011).

The energy spectrum as a function of g can be obtained
analytically, when £ =0, Q = Q¢ = 0:

1
Al,g = §(U+3V:|:q) +a§,

A3a =V +Qp+a3,

As =V + (b—a)+ a3,

Xoyy =V — (b—a) £ V2Qp + a3,
A=V — (b—a)+a3,
/\9,10=V:|:QR—I—a§,

1
Al1,12 = §(U+ 3V £q) + a3,

where ¢ = /(U + V)2 + 40%,.
The dependence of energy spectrum (5.2) on Qp is
shown on Fig. 7, a. We can observe the reconstructions

of the ground state of the system at Qg) = —(b—a)
and Qg) = —;__ al' For Qp < Qg) the ground state

in the basis |I) corresponds to the state |5) = |5) with
the energy (V + (b — a) + a3), i.e., to the configuration,
when both protons are on the different ends of the chain.
When Qg) < Qg < Qg), the ground state of the system
is changed, and the proper states are:

|4) = —=(=13) +14)),

»—\S‘»—\
[\}

m»=7;4&+um)

with the energy (V —Qg+a3). It corresponds to the local-
ization of one of the protons in a potential well near the
inner ionic group in analogy to the case of the absence
of L-defect in the chain (N = n).

The additional reconstruction of the ground state at

Qr = Qg) takes place for the system with L-defect and
is absent in the case of N = n. The ground state

_ L

7) Vﬂﬂ—

1
5(6) +19)),

with the energy (V — (b — a) — V2 + a2) corresponds
to the localization of two protons near the inner ionic
groups. Such a situation has a small probability when
L-defect is absent (N = n) because of the high energy
of configuration with 2 protons localized near the same
ionic group.

The reconstruction of the spectrum leads to the
anomalous behaviour of susceptibility. We see the
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Fig. 7. Dependences of the energy spectrum on Qg for the
systems with a) N =3, n =2, b) N =4, n = 3; the case of
Q=0 cmfl, Qo =0cm™ %

decreasing of x(Qg) for Qg > Qg) in Fig. 8, a as com-
pared to the case when L-defect is absent (see Fig. 4,
b).

Such peculiarities take place for the systems with the
arbitrary number of hydrogen bonds, when L-defect is
present in the chain (Fig. 7, b). We can see that the dis-
tance between Qg) and Qg) becomes smaller with the
increase of bonds number (see Fig. 8, b).

The applying of the external electric field leads to the
transfer of protons in the direction of the applied field
and to the migration of L-defect in the opposite direc-
tion. We conclude from the dependence of the energy
spectrum on FE, that the ground state of the proton sub-
system with the energy (V4 (b—a)— (N —3) (1o +tap) E +
2(;137;?1@) to the state with the
energy value (V + (b —a) — (N — 1)(ptg + pap) E + a3).
It corresponds to localization of L-defect on the left end
of the chain; all the protons are in the right potential
wells (k,b), (k =2, N) on the rest N — 1 bonds, i.e., they
form the ordered subsystem. Thus the left domain wall is
placed between the first bond with L-defect and second
left bond; the right domain wall is on the right end of

) remains the

the chain. The value of E; = ﬁ
a a

same for different V. In analogy with the case of N = n,
the second reconstruction of the spectrum takes place at
B, = U+V
2N — 2
in system on the right end of chain. Configurations with
higher energy values appear with a further increasing of
E. This is the reason for anomalous behaviour of (P)
and xy at E = E; and E = E» (Figs.9,a,b). But the dipole

a3) is changed at E; =

. It reflects the appearing of D-defect
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Fig. 8. Dependences of the static susceptibility on Qg;
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Fig. 9. Dependences of a) the static susceptibility and
b) polarization on E for the system with N = 3, n = 2,
Q =255em™ !, Qo = 40em ™!, T = 100K.

moment of the proton subsystem increases so much with

the growth of N, that for N > 2 + %(1 + %)

we have Fy < FEj, i.e., the high-energy proton configu-
rations appear without the preliminary ordering of the
proton subsystem. It should be noted, that it is similar
to the case of N = n; only the value of the electric field
strength, for which the reconstruction of ground state
takes place, is different.

When Qp increases, one or two protons (depending
on the value of Qi) are localized in the inner potential
wells of the chain. Thus the application of the electric
field leads to the shift of the inner protons in the di-
rection of the applied field to the end of the chain (it
corresponds to the first abrupt increase of (P) in Fig. 9,
b and the first maximum of x(E) in Fig .9,a) and to the
grouping of protons on the right end of the chain with
a further increase of E (the second shoulder of (P) and
the maximum of x(E)). We see, that x(E) in the vicinity
of E = E5 becomes smoother and lower with increasing
QR, so the behaviour of x(E) and (P(E)) at E > E; and
for different Qg is similar to the case of N = n.

B. D-defects

For the system with one excess proton in the chain
(D-defect) in the case of E = 0 and N = 2 the energy
spectrum can be written as:

1
Mo =5 —(b-a)+2U+Qr+q-) +a3,  (5.3)
1
/\374 = i(J_ (b—a)+2U—QR:I:q+)+a§,
where
g+ = /(J — (b —a) £ Qp)* + 402
The susceptibility of the system
2
b shpn + BB = b= D), 1 )2
X = (5.4)

chBQp + e B —(b—a))

has the maximum at Qg = 0 and smoothly decreases
with the increase of Qg. Such a behaviour of x(Qg) is
connected with the dependence of the energy spectrum
(5.3) on Qp: at Qr = 0 the lowest two branches have a
cross-section.

When the electric field is applied the D-defect migrates
in the direction of the applied field. The dipole moment
of the proton subsystem increases with the growth of
N. Thus the high-energy configurations, such as D-, L-
defects and localization of two protons near the same
ionic group(with the energy w) may be realized at val-

ues of E, which decrease with the bonds number growth.

For example, for N = 3, n = 4 at By = W

the reconstruction of the spectrum takes place, which
reflects the appearance of D-defect and the configura-
tion with the energy w on the right end of the chain.
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Fig. 10. a) Susceptibility and b) polarization as a functions
of E for different Qr, T = 100K, N =3, n = 4.

At By = QZZ—V the change of the ground state of the

system corresponds to the transfer of all the protons to
the right side of the chain, i.e., we have L-defect, two
D-defects and the configuration with the energy w. Con-
sequently a sharp increase of (P) and maxima of x at
E = FE; and E = E5 can be observed in Figs. 10,b,a
respectively. For the case of N = 4, n = 5 the dipole
moment of the proton subsystem becomes so large, that

. J+U+V —(b—
E>, > Ey, ie., at By = +4lj¢;+3lh(zb a)

trum also is reconstructed and we have two D-defects,
the short-range proton configuration with the energy w
on the right side of the chain and L-defect on the left
side.

The similarity in the behaviour of proton subsystems
can be observed for the cases N = n and N = n £+ 1,
when the dependence of thermodynamical characteris-
tics of such objects on E is analyzed. The application
of external field leads to the pumping of protons in the
direction of applied field and, as a result, to the forma-
tion of high-energy proton configurations with further
increasing of E.

the spec-

VI. ONE PROTON IN THE CHAIN

As an example of the object with more than one L-
defects we consider the hydrogen—-bonded chain with N
bonds and only one proton. The systems with proton
motion between hydrogen bond caused by the rotation
of a covalent bond connecting a proton to the ionic group
should be effective proton wires since it is not necessary
for OH groups to be reoriented after every conduction
process in a hydrogen—-bonded chain, as has been pro-
posed in [17].

The proton motion in a multiminima potential has
been studied in [18]. Such objects have anomalous proton
polarizability which increases strongly with the increas-
ing of the number of minima.

We have obtained dependences of the energy spectrum
on the field strength F using the above mentioned val-
ues of the parameters (b—a), 2, Qo, e, thap and various
values of Qg. For Q = Q¢ = 0 the energy spectrum can
be written as:

Ma=(N-DV+(—a)+ ((N D + %aw) fal,

2
Xs..on = (N = 1)V +ay
( (B8 + pa)E £ p,
e , for odd N
+(N = 2)(B§% + pa)E£p
=+ 4 +p, (6.1)
_Zlf(_'uab +2ua)E £ p, , for even NV
\ i((% - 1),Uab + (N - Q)Na)E tp
where p = \/p2 E? + Q%. Consequently x(Qg) has two regimes for low temperatures:
oo [ BUN = Dpta + 5 tap)’ , Qr < —(b—a)
X = 1 L2 s; , forodd N > —(b—a) (6.2)
Qr "N —-1) s, , foreven N * °F
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Fig. 12. Dependence of the energy spectrum on Qr, N =8
(chain with one proton).

X-1 o* ,cm:’

4000 4| — 9=2550_r1n_'.ﬂ°=4Q?m"
------ O=1cm™ ,Qp=1cm

2000 -
A
0 —
0.0 2 0.3
E107V/cm
Fig. 13. x(E), = 3, n = 1 for different Q, Qo;
Qp =800cm !, T = 50K.
Here
N/2
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82 = Z (i(2pta + Hap))*.

i=1

Such dependences are caused by the reconstruction of

spectra at Qg = —(b—a), i.e., the localization of the pro-
ton in one of the inner bonds. We note, that susceptibility
of such a model system increases proportionally to N2
(see Fig. 11) which corresponds to the results obtained
in [18]. It is connected with the increasing of the number
of branches with energies close to the excited states for
Qr < —(b—a) or to the ground state for Qg > —(b—a).
These (N —1) energy levels with the increasing of N form
the energy band (Fig. 12). The tendency to the forma-
tion of the band was noted in [13]. For the case of a long
but finite H-bonded chain in [19] it was shown that the
states of protons both collective (zone) and localized on
the ends of the chain occur.

The character of the dependence of an average dipole
moment (P) on the field E does not change qualitatively
with the number of bonds; only the saturation values
of the dipole moment (equal to (N — 1)uq + X p145) un-
dergo the changes. In the range of Qg > —(b—a)(P(E))
sharply increases at

(b—a)u —/(b—a)’u2 + Q% (43 — pi2)

E* =
pi — p2

)

where 1 = pg + pep for various N. The dependence
of x(E) is almost identical for various N within a wide
range of the strength of the electric field (except for a
small vicinity of E = 0). For example, the function x(F)
for the chain with N = 3 hydrogen bonds is presented in
Fig. 13. Such a peculiarity in the behaviour of (P) and x
for Qrp > —(b—a) is related to the moving of delocalized
proton from the inner towards the outer hydrogen bond
in the direction of the applied field.

VII. CONCLUSIONS

In comparison with the reduced basis model [12] the
proposed approach which includes the proton transfer
within the hydrogen bond as well as the orientational
hopping between the neighbouring bonds, provides a pos-
sibility to describe the proton transport process. Despite
the simplicity (one-dimensional system, the description
of phonon—assistent hopping as the pseudo—tunneling ef-
fect) the presented scheme makes it possible to eluci-
date the essential influence of orientational motion on
the energy spectrum of the proton subsystem of hydro-
gen bonded chain. As a result of the redistribution of
protons in the chain the ground state is changed. The
thermodynamical functions of the system (polarization,
susceptibility) depend strongly on the external electric
field E and on the frequency of orientational pseudotun-
neling Q. The proposed scheme also gives a possibility
to describe the dynamics of L- and D-defects and their
influence on thermodynamical properties of the system.

This model can be considered as the initial point for
the description of proton transport, phonon—assistent
hopping and calculation of kinetic coefficients for such
real physical objects as superprotonic conductors.
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OPIGHTAIJ,IIQ/’IHOfTYHEJ'IBHA MOOEJIb OOHOBUMIPHUX MOJIEKVYJ/IAPHNUX
CHUCTEM 3 BOOHEBMMMUM 3B’A3KAMMA

I. B. Craciok, O. JI. Isankis, H. I. ITaBnenko
Inemumym gizuru xondencosanur cucmem Hayionarvnoi axademii nayx Yrpainu
Vrpaina, 290011, Jlvsis, eys. Ceenyiuvkozo, 1

Posrnsrena mostekysisgpHa cucrema 3 N HOHHWX TPYI, MOEAHAHUX MiX 0000 BomHeBUMHU 3B’sa3kamu. [[is
ONHUCY AWHAMIKK TPOTOHHOI MiICHCTEMH BPAXOBAHO fK PYX MPOTOHA B IBOMIHIMyMHOMY IMOTEHIIsLTI HA BOIHE-
BOMY 3B'AI3KYy 3 9aCTOTOIO TyHes ioBauHs () (0 CyMpOBOMKYETHCA BUHUKHEHHAM T.3B. HIOHHUX AedEKTIB), Tak i
opieHTalitH] IEpeCKOKKM MPOTOHA MiXK CYCIIHIMU BOOHEBUMH 3B’A3KAMU 3 YaCTOTOIO ICEBIOTYHETIOBAHHL ()r B pe-
3ysmbrari poraniit itonrux rpyn (medextn B’eppyma). Onucanuii Bume MexaHi3M J03BOJILE PO3TIALATH IPOTOHHMI

TMEePEeHOC B3OOBXK JIAHIIOKKA BOJIHEBUX 3B’SI3KIB.

Ioc tinKeHo BILIUB OPIEHTAIIIRHUX MEPECKOKIB HA €HEPreTHIHUH CIIEKTP CKIHYeHUX KOMILTIEKCIB 3 BOLHEBUMU
3B’'I3KaMU; BUSBJIEHO MOXKJIMBICTH mepedyIOBH OCHOBHOTO CTAHY CHCTEMH Ta IIEPEPO3MOIiTy MPOTOHIB B JIAH-
MIOKKY TPH MHOMY. [10Ka3aH0, MO XapaxTep NOBEIIHKH TePMOIMHAMIYHIX (DYHKIIH (IUITOJIHPHOTO MOMEHTY 1 mie-
JIEKTPUYHOI CIPUHHATIMBOCTI) ICTOTHO 3a/1€2KUTh Bl 9acTOTH Opi€HTANiitHOrO nCeBmOTYHETIOBaHHA )R, & TAKOXK

Bl HAPYXKEHOCTI 30BHIITHHOTO €JIEKTPUIHOTO MOJIS.

B pamkax 3ampornoHoBaHOl Momesi onucano cucremu 3 L- (kinbkicts nporonisB n =N —1)i D (n = N + 1)-
nedexramu. Ak npuksian o6’ekta 3 OLIbIT HiX omauM L-nedekTom po3rIanacThCa MOIEsbHA 3alada PO PyX
OIHOTO MPOTOHA B JIAaHMIOKKY 3 N BomHeBumu 3B'sizkamu. Hocsaimkeno nuunamiky L- i D-medexrtis, a Takox
TIPOAHAJII30BAHO IX BIJIMB Ha TEPMOOMHAMIYHI BJIACTUBOCTI IIPOTOHHOI ITiICHCTEMH.

BanpononoBana MOIEb MOXKE PO3IVILIATUCH K BUXIAHA JIJIS OMKCY IPOTOHHOTO TPAHCIOPTY Ta OGYUC/IEHHS

KiHeTHYHUX KOeDIIIEHTIB B peasibHux Bi3udHux 00’€KTax, 30KpeMa TaKuX, K CyINepHOHHI KPUCTAIIH.
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