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The tuning of the spectrum of semiconducting nanowires as a re-
sult of the functionalization by a layer of molecules with a con-
formational transition is investigated. The situation where the
electric charge carrier induces the conformational transition with a
change of the orientation of the intrinsic electric dipole moments of
molecules is expected. The spectrum of a carrier and the parame-
ters of the arising quantum well are determined by the derived self-
consistent system of transcendent equations. The system includes
the Schrodinger equation for a charge carrier, nonlinear equations
for the intrinsic electric-dipole moments, the material equations
dedscribing the interaction of an extra carrier in the nanowire and
molecular electric dipoles. In a semiconductor nanowire, the hole
and electron spectra are symmetric. It is shown that the layer
of adsorbed molecules breaks this symmetry when the molecular
dipoles create the conditions for a localization of carriers of only
one kind, which depends on the charge sign and the orientation of
dipoles. The functionalized nanowires can be used as a semicon-
ductor rectifier.

1. Introduction

The creation of new types of mesoscopic objects and the
prospects of their application in nanoelectronics stim-
ulate a certain interest in studies of the fundamental
properties of such objects. The optical properties and
the conductance of a nanoobject are determined by the
set of quantum energy levels of its charge carriers [1].
The effect of the energy-level structure on the conduc-
tance has been observed for metal nanowires [2] and nan-
otubes [3]. A quantum nanowire can be a conventional
intrinsic semiconductor or a carbon nanotube, where the
mean free path of the charge carriers exceeds 10 ym [4].
It is an important factor for enabling the quantization
along the nanowire axis [5].

The physical properties of a nanowire are changed con-
siderably by a medium that is in contact with it. For ex-
ample, the nanowire conductance is extremely sensitive
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to adsorbed layers of NH; molecules [6] and more com-
plex molecules forming Langmuir—Blodgett films [7].
The potential for creating the chips based on nanotubes
and DNA [8] or surface self-organizing layered organic
structures [9] has been discussed.

Functionalization is a new powerful method for tuning
the quantum energy levels of nanowires and a set of their
physical properties [10]. Novel high-sensitive biosensors
and electronic and optoelectronic devices including nan-
otubes and nanowires are created [L1]. The state of
molecules plays an important role. A strong conduc-
tance variation has been found in conformationally con-
strained molecular tunnel junctions [12]. An optically
switchable device due to the conformational transition
in functionalizated carbon nanotubes is created [13].

In this paper, taking the conformational transition in
a molecular layer into account, we calculate the contri-
bution to a shift of the charge-carrier energy levels that
depends on the polarization of molecules. In the case of
a long nanowire surrounded by a thin molecular layer,
the problem of longitudinal quantization is reduced to
solving the spectral problem for a Schrédinger equation.
The calculation of the well parameter and the energy of
the given quantum level of a charge carrier, expressed in
terms of the parameter of interaction of the carrier with
molecules, is reduced to solving a set of two transcen-
dental equations. The analysis indicates that the local-
ization of the charge-carrier motion along a nanowire is
possible.

2. Model of the System

The time-independent Schrddinger equation for an ex-
tra carrier in an intrinsic-semiconductor nanowire can
be written as [1,14]

h2

Mef

A+ U(r)p = Wep. (1)
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Here, 1 = 9(r) is the wave function, mes is the charge
carrier effective mass, A is the Laplace operator, W
is the total energy, U(r) is the potential energy, and
r(z,y,z) is the radius vector of the particle. A deep
potential well can be approximated by a well of infi-
nite depth: U(r) = Up(r), where Up(r) = 0 inside the
nanowire, and Uy(r) = oo outside the nanowire. If the
interaction with the surrounding medium Uy, (r) is taken
into account, the potential is given by

U(r) = Uo(r) + Uy (r)- (2)
This interaction can be important if the molecules pos-
sessing an intrinsic dipole moment d are arranged at the
surface of the nanowire. Summing up the contributions
from all the dipoles, we obtain the interaction potential
energy U, = e¢ at a point ry within the functionalizing
layer:

O—I'

I
lnt I'O - C/dr n\r E|I‘0 . r,|3 (3)

Here, n(r') is the volume number density of the
molecules, e is the carrier charge, d(r') is the mean value
of a dipole moment at the point r’, and ¢ is the relative
permittivity of the medium. In turn, the strength of
the electric field E(r') created by a charge carrier de-
termines the potential energy of the interaction between
this carrier and an individual molecular dipole:

—d(r' )/ ely (ro) > (r' — rO)‘

eglr’ —ro?
System (1)—(4) is to be completed with the material
equations

Umt( ) (4)

n(r') = n(E()); d(') =d(E(r")). (5)

2.1. The interaction simplification

The interaction described by (3) and (4) is nonlocal and
depends substantially on the configuration of the system.
The Schrédinger equation (1) with potentials (2)—(4) can
be transformed into a nonlinear integro-differential equa-
tion. Such equations can be solved only by using approx-
imation methods [14]. It is reasonable to assume that the
radii of the nanowire, r, and the functionalizing layer,
R, are much smaller than the nanowire length 2, i.e.,
r < R <« 2I; this condition is satisfied in experiments
(see the photo in [7]). Let us consider a system with
cylindrical geometry. Here, the separation of the coor-
dinate variables is possible under the assumption made:
P(r) = Y(x)¢.o(y,2) and W = W, + W (here, z is the
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coordinate along the wire axis). An enhancement of the
carrier tunneling into the region occupied by functional-
izing molecules may result in a modification of ¥, (y, z)
and W,. We also assume that any variations in ¢(z)
occur on a length scale on the order of [.

The effect of the charge-carrier field is the strongest, if
the molecules possess an intrinsic electric-dipole moment
d, and the molecular system is soft. We assume that
the molecular system is rigid in the direction over the
nanowire surface. The electric dipole moment in these
molecules exists due to the presence of atomic groups
that break the charge symmetry [9, 15]. The ferroelec-
tric ordering is possible [15], especially, if the moment is
oriented by the nanowire as a substrate.

In the long-nanowire approximation, the integral con-
tributions can be reduced to those of a local nature [16].
Let us express integral (3) in cylindrical coordinates. In
the absence of charge carriers or in the case of a rigid
molecular system, the density and the dipole moment
along a radius in (3)—(5) are constants (n(r') = ng) and
d = dp. So they can be kept out of the integration sign.
The integration with respect to  (the coordinate along
the nanowire axis) is reduced to the integration within
infinite limits, even for zo — 2’ > 3R. Using [18], we
write the average potential energy of the interaction of
a charge carrier with the dipole subsystem as

ngedy

Ul = Lt 6
int o ()

where the thin layer (1-2 molecules) density is ns. It
is the surface density of the molecules, and ¢ = 1. We
obtain an approximate analytical expression for the po-
tential energy of the interaction between a charge carrier
and an individual molecular dipole. Instead of carrying
out a spatial integration in (4), we calculate the fluxes
[16] and make it unnecessary to specify the shape of the
radial distribution. In other words, we replace the local
value of the radial component of the field strength with
a value calculated for an infinitely long wire taking the
local value of the wave function:

d
Ulnt( ) =-Ed = _#07";
m(z) = e|y(x)|*Fr; FL =/|¢(y,z)|2dydz. (7)

Here, 7(z) is the local linear charge density.

2.2. Conformational transition (CT)

The conformational configurations mean that a molecule
has different space configurations of atomic groups. The
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Fig. 1. Potential of a functional group with electric dipole moment
in an organic molecule with a conformational transition according
to (9). a) initial potential, W, is the energy difference between
the conformational configurations of the molecule; b) the confor-
mation potential in the critical external electric field that gives the
same energies to the conformational configurations; c) the confor-
mation potential in the external electric field which changes the
conformational configuration

conformational transition changes the space configura-
tion of the molecule. The conformational configurations
may have the same values of energy as in the molecules
of NH3 and trimetylenesulfide [19] or different ones as
in cis- and trans-states. The conformational configura-
tions have different energies in an asymmetric molecule
in general. A number of examples of the conformational
transition in vitamins B6 (pyridoxine), D3, and others
can be found in [20].

Let us denote the following variables: the energy dif-
ference between the conformational configurations of an
asymmetric molecule W, the electric dipole moments
of a functionalizing molecule in the initial more stable
conformation dy and in the unstable conformation dj.
Then, at CT, the electric dipole moment changing is

Ad = d; — d,. (8)

This is possible if the external electric field intensity ex-
ceeds the critical value E., which satisfies the relation

We

~E.Ad+W.=0; E.= Al (9)

Here, d, is the radial projection of the electric dipole
moment. The conformational transition is possible only
for one mutual orientation of the vectors E and Ad, as
is shown in Fig. 1. Another mutual orientation of the
vectors increases the stability of the initial conformation.

The initial molecular conformation changes a carrier
potential according to relation (6) in comparison with
that for a pure nanowire. After the conformational tran-
sition in functionalizing molecules, the carrier decreases
its energy additionally by the value

ngeAd,
€o )

AU =AU, = —

int —

(10)
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The substitution of relation (9) into (7) can lead to the
critical values of linear charge density 7. and wave func-
tion density |1.|? in a nanowire:

T 2rWeeor'
FL o FLeAdr )

2nWeor'

Adr ’ (11)

Te |¢C|2 =

e
A carrier with the opposite sign of charge does not create
the conformational transition. We consider independent
conformational transitions in different molecules as the
order-disorder phase transition in the external electric
field of a carrier.

2.3. Schrodinger equation and conformational
transition

In view of relations (6), (7), and (10), Eq. (1) can
be rewritten to describe the one-dimensional motion of
charge carriers in a nanowire as follows:

B 9%y(e)

 2me Oz2

+ U(2)y(z) = Woip(x). (12)
Without the conformational transition, the potential
reads

Uz) = { 00; |z| >1;

0; |a| <1, (13)

where the zero level is chosen for the energy Uy + U£S.
For this potential, the problem is reduced to the well-
known quantization in a rectangle box of infinite depth
[14,17]. After the conformational transition, we describe
the appropriate carrier as an electron in the potential
well of infinite depth with width 2/ and a symmetri-
cally included potential well of finite depth AU (10) with
width 2a (a < I). Then the carrier potential along the
nanowire is

00; |lz| > 1
U ={ 0 a<le|<tl (14)
—AU; lz] < a.

Here, the zero energy level is chosen as in (13), where a is
a half of the conformational transition region (domain)
length along the nanowire. We consider a symmetric (see
the discussion below) and enough deep quantum well for
the final configuration of the conformational transition
domain. So the basic quantum level of the carrier is
inside the conformational domain well (lower than the
well height).

According to [17], let us introduce the wave num-
bers kg corresponding to the conformational domain well

ISSN 0372-400X. Vxp. ¢is. orcypu. 2012. T. 57, 7



CARRIERS SPECTRA OF FUNCTIONALIZED SEMICONDUCTING NANOWIRES

depth, k corresponding to the basic energy level height,
and k corresponding to the basic energy level depth:
h2

2, — 2,
W, = — k2,
Mef

h2

AU =
2mes

K? =k — k% (15)

The wave function of the basic state is symmetric (even)
and exponential outside the conformational domain well.
So, according to [17], it can be written in the form

Acoskuz;
Y(z) = sinh k(I — )
Acoska sinhk(l —a)’

0< |z] < g

a<pl<t 10

Here, the continuity condition at the point x = a and the
boundary condition ¥ (I) = 0 are used for the wave func-
tion. For the first derivation, the continuity condition at
the point z = a gives the equation

1

tanka = - ———
~ k tanhk(l—a)’

(17)

The wave function amplitude A can be found from the
normalization condition:

1 1
yehe a+ % sin ka cos ka+
cos? ka 1 Kl —a)
K tanhk(l —a) shk(l —a)

(18)

3. Self-Consistent System of Equations

Let us write the following self-consistent system of equa-
tions:

)
K2 = k3 — k?;

ka — K 1 )
tanke = anh (I—a)’
% =a+ %tanh k(l —a)+ (19)
cos® ka 2 K(l—a) 1.
K sh2k(l —a) sh? k(l—a)]’
| Acoska = 9.

The system defines the unknown values of conforma-
tional domain quantum well size a, the energy k? of
the basic quantum level, the energy depth 2 of the ba-
sic quantum level, and the amplitude A of the electron
wave function. The material equations give two param-
eters only: the depth of the conformational domain well
k% and the critical value (amplitude) of the carrier wave
function.
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The first equation of system (19) determines the wave
number x through another wave numbers (15). The sec-
ond equation of the system is the the continuity con-
dition at the point z = a for the first derivation (17).
The third equation of the system is the normalization
condition (18) rewritten in a more convenient form for
the investigation of limit cases. Thus, in the limit case
I — oo, the normalization condition takes the form
1/A%? = a + 1/k for a quantum well of finite depth [17].
In the limit case | — a, the normalization condition
takes the form 1/A? = a for a quantum well of infinite
depth. The fourth equation reflects the following fact:
the wave function on the boundary of the conformational
domain takes the critical value v(a) = .. The last
equation (condition) directly defines the self-consistency
of all sizes and energies of the problem.

The first and last equations of system (19) allow us to
easily exclude the variables A and . The rest of the sys-
tem, the second and third equations, can be transformed
to the following self-consistent form:

r 1
Dtan D = v/C? — D? :
: tanh[v/CZ — D?(% — 1)]

14+ 1 n 1 DtanD

DtanD 1+tan?D | C? — D?
L (L _\(Dta’D .\ 1] _,
DtanD \C C?—-D? oC [

(20)

The simplification is achieved by introducing the dimen-
sionless variables

C=koa; D=ka (21)
and the dimensionless parameters

2
L=kFkyl; &= M (22)

ko

The physical sense of the variables and the parameters
can be clarified if they are presented in the form

C:kanZw%; D:27r§.
The variable C' is the half-length a of the conformational
domain normalized to the wavelength of a carrier with
the energy equal to the depth of the conformational do-
main well AU. The variable D is the half-length of the
conformational domain normalized to the wavelength of
a carrier with the basic level energy inside the confor-
mational domain well W. The parameter L is the half-
length [ of the nanowire normalized on the wavelength

(23)
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Fig. 2. A graphical representation of the system of equations (26).
The dimensionless parameters are L = 2; & = 0.2. The surfaces
z=N(C,D), z= M(C,D) and z = 0 are marked as N, M,0. The
axis C =z, D = y. Letter S marks the solution points

of a carrier with energy equal to the depth of the confor-
mational domain well. Therefore, the variable C' directly
gives the half-length a of the conformational domain.
The found half-length a allows us to find £ and W from
another variable D. The sense of the parameter & is
the critical probability density |¢.|? multiplied by the
wavelength A\o/2m, i.e., it is the critical probability on
the interval Ao /2.

With regard for the inequalities ¢ < [ and k& < ko
and the physical sense of ®, we obtain the following in-
equalities between the variables and parameters of the
problem:

DL<C<LL; 0<®<l (24)

In this investigation, we do not take the limit cases where
the inequalities became equalities.

4. Solution of the System of Equations

The system of equations (20) is nonlinear and transcen-
dental with two unknown variables. The first equation is
a generalization of the one-variable equation for a finite-
depth quantum well in [17] (there, tanh(z) is absent,
parameter C is fixed, and ka = D is unknown). In [17],
the equation is solved by the graphic method on a plane.
We note that the numerical methods are very unstable
with infinite and discontinuous functions such as tan(z)
or 1/(z — zp), and the minimum smooth interval has to
be pointed out previously.

Here, we use the graphic method. However, it must
operate with for two unknown variables in the 3D space.
The basic idea is to avoid periodic singularities by multi-
plication by sin D, cos D. Let us introduce smooth func-
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tions depending on two variables that correspond to Egs.
(20):

M(C,D) = Dsin D tanh [\/02 — D2 (g - 1)] -
—+/C? — D2 cos D;

N(C,D) = sinD|14 SBD0sD (25)
D
+ (% -1- %) cos” D] (C? - D)+

L
+Dsin® D [cosD - (5 - 1) DsinD] .

The solution of system (20) corresponds to the point
of triple intersection of graphs 0, M (C, D), N(C, D) or
a pair crossing of the intersection curves on the C,D
plane:

{ M(C, D) = 0;

N(C, D) = 0. (26)

We do calculations for the following values of dimen-
sionless parameters: L = 2; & = 0.2. We use the stan-
dard graphic program. The direct construction of these
three surfaces is not suitable. The reason is very dif-
ferent vertical scales. Some simplification can be due
to a guide idea [17]: for the basic quantum level, the
variable D changes in the range [0; 7/2]. The ranges for
the M (C, D) and N(C, D) functions differ by one order
as minimum. Since we multiple a less value, this pro-
cedure does not change the solution points in (26) (see
Fig. 2).

The next qualitative result can be obtained from the
graphic analysis of the M (C, D) and N(C, D) functions
on the (C, D) plane. The surfaces can have a joint point
on the surface z = 0 on the line in Fig. 2 only. In the
considered region, this line can be described with high
precision as a straight line:

D1 — Dy

ki=———

D(C) = Do + k(C — Co); =T G

(27)
where the coordinates of the points, Co ~ 0.74; Dy ~
0.7; C1 ~ 1.04; D; ~ 0.91, can be found from the large-
scale graphs. The further substitution of relation (27)
into Eqs. (26) and (20) reduces the problem to that
with one unknown variable:

{ M(C) =0

N(C) = 0. (28)

Graphically, this means finding of the intersection of
surfaces by the vertical plane (27). This intersection
is shown at Fig. 3,a in a wide range. Standard 2D
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graphic programs give a more precise presentation in
comparison with 3D packages. On the large scale, the
curve crossing is shown in Fig. 3,b. The fitting of
the intersecting vertical plane (27) can be executed by
moving the point D; =0.9064 which is near the cross-
ing point. The final value of D; and the correspond-
ing solutions C, and D, are obtained at the limit of
the graphic resolution. They are shown in the first
row of Table. The direct substitution of the values
of C. and D, in (25) gives M = 1.379 x 10~® and
N =9.74x 107°.

If we know the values of C and D, we can find the
relative values of the physical parameters:

a C, k D, w k2
—_ = — _— = — - = . 2
z Wo ~ K2 (29)

Here, a/l, k/ko, and W/Wj are the relative confor-
mational domain size (width of the arising quantum
well), momentum, and the basic energy level, respec-

tively. The results of calculations are shown in Ta-
ble.

For other values of the dimensionless parameters,
L = 10; & = 0.2, the fitting of the intersecting
plane give three solutions. Two of them are shown
in the second and third rows of Table, respectively.
The direct substitution of functions (25) gives M =
2.658 x 1077, N = 2.635 x 10~® for the first and
M = —5.38 x 107?, N = 1.807 x 10~° for the second
solutions.

It is obvious that the second solution is unstable in
comparison with the first one, because of Wy > Wy. The
third formal solution coincides with the special point of
the functions M (C, D) and N(C, D) and is very unsta-
ble.

At small L (enough shallow well), the system of equa-
tions has the only solution for the base quantum state.
At large L (enough deep well), the solution for the base
quantum state become ambiguous. Therefore, on the
line L = 2 +10; ¢ = 0.2 in the parameters’ plane, a
bifurcation of system (25) arises.

Initial parameters L, ® and the results of the graphic so-
lution D, C. of the self-consistent system of equations.
The conformational domain relative parameters are cal-
culated according to (29)

L | e | c | p. | ant | ke | wwo
2 02 10589 09193 05204 0.8682  0.7538
10 02 11005 07813 0.100 0.7100  0.5041
10 02 02001  0.966  0.0200  0.9826  0.9655
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Fig. 3. Graphic solution of system (28). The axis C = z. The
horizontal straight line means y = 0, the line curve is y = N(C),
and the box is the curve y = M(C). (a) wide ranges of z,y; (b)
the large-scale view of the curve crossing

5. Discussion and Conclusions

The electric dipole of a molecule and its change Ad can
be estimated as

Ad ~d ~ |ero] ~6.4x107%° ~ 10728 C . m. (30)
where rg ~ 0.4 nm is the size of the dipole which is
approximately equal to interatomic distance. The carrier
energy decreasing in a functionalized nanowire after the

conformational transition can be estimated according to
(10) as

_nseAd
€0

AU = ‘ ‘ ~ (1071-1071) eV, (31)

where the surface concentration can be estimated as

ns ~ S~ !, where S ~ (102-10%) x 10~2° m? is the surface

occupied by one molecule. In the experimental work [13],

the surface concentration of molecules was determined as

one per 100 elementary cells of the nanowire surface, and

AU ~ 1.5 eV. We take this value for further estimations.
The linear density of charge

Te ~e/2l ~ 107" C/m. (32)
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Here, 2l ~ 1um is a nanowire length. The last estimation
and relations (11) allow us to evaluate

7.Ad,

~ 1073 eV.
2meqr! ¢

W, =

(33)

If a nanowire is shorter (21 ~ (1077-1078) m), then the
critical conformational energy is higher: W, ~ (1072-
10~!) eV ~ (100-1000) K. This means that the shorter
the nanowire, the higher energy difference between the
conformation configurations should be overcome by a
carrier electric field.

The longitudinal quantization creates quantum levels,
which have energy distance by several orders less than
that for the transverse quantization. Therefore, a carrier
can tunnel into the nanowire on a level with high num-
ber (high number of nodes of the wave function ¥(z)).
If conditions (9) or (11) are satisfied in several space in-
tervals, the conformational transition may go and create
several additional quantum wells. Since the conforma-
tion transition in different molecules goes independently,
this scenario develops by a chaotic way. Namely, the con-
formational transition in different wells goes by indepen-
dent jumps, and the wave function along the nanowire
fluctuates.

A more probable scenario is the following: first of all, a
carrier goes into the ground quantum state, and then the
conformational transition is realized in one domain. This
scenario develops if the electron-phonon relaxation pro-
cesses (characteristic time 7._py) for the carrier energy
are faster than the conformational transition relaxation
(characteristic time 7or):
Te—ph < TCT- (34)
Both these scenarios are possible if only the wave func-
tions of a high energy level 9, (z) and the ground state
¥1(z) exceed the critical value (11):

The wave function of the ground state has only one
maximum. Therefore, the conformational transition de-
velops more or less chaotically from the central point
with maximum electric field to the region with decreas-
ing wave function. The conformational transition range
decreases, when the conformational transition domain
border reaches the points ¢ (z) = .. As a result, the
conformational transition domain is formed closely to
the symmetric position along a nanowire as in (14).

Above, we considered a nanowire rather than a quan-
tum dot (QD). We need to add the electrostatic energy
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e?/2C to the previously found energy levels. Here, C' is
the electric capacity. The nanowire reveals its quantum
levels by means of optic spectra or tunneling in contacts.
At a long tunneling time of one kind of carrier, the sys-
tem has enough time to transit to the state with confor-
mational domain. This domain can be considered as a
trap for the corresponding carrier. In this case, the be-
haviors of different carriers differ, and the system must
show the rectifier property. The system shows the asym-
metric current-voltage characteristic and can be used as
a rectifier.

Thus, in the present work, the energy spectrum of un-
compensated charge carriers in a functionalized nanowire
is investigated. The interaction of a charge carrier
with conformation degree of freedom in a functionalizing
molecular system is considered. The physical mechanism
responsible for this interaction is pointed out: the inter-
action of molecular dipole moments with the electric field
of a charge carrier.

The self-consistent system of equations is derived for
the well width and the spectrum parameters. The sys-
tem including four nonlinear transcendent equations is
reduced to two equations and is solved by the graphic
method. With this purpose, the 3D plots are ana-
lyzed qualitatively, and the intersections are found by
excluding one variable and reducing the problem to 2D
one.

Thus, it is shown that if the well that arises at the
conformational transition is enough deep, then the self-
consistent system of equations has an ambiguous solu-
tion. Nevertheless, there is the physical criterion of se-
lection of the stable solution, namely, by the energy min-
imum of the system.

The charge-carrier energy spectrum depends on the
rigidity of a functionalizing molecular system. At the
conformational transition, the rigidity depends on the
mutual orientation of the electric field strength of an
uncompensated charge carrier and the electric dipole
moments of molecules. The conformational transition
in the electric field and a modification of the energy
spectrum are possible for one sign of the carrier charge.
The carrier with another sign of charge feels a ho-
mogeneous change of the potential along the nanowire
only. Thus, a functionalized nanowire can be used
as a semiconductor rectifier. The processes considered
should be taken into account in the design of chips
based on nanowires and layered organic surface struc-
tures [8,9].
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CIIEKTPU HOCIIB B HAITIBIIPOBITHUKOBUX
HAHOJIPOTAX I KOH®OPMAIIMHUN

IIEPEXIJ Y MOJIEKVYJIAX

B.O. Jluxaz, €.C. Cupkin
PezmowMme

HocainzxeHo mepebynoBy CIEKTpa IIOJIYIPOBIIHUKOBUX HAHOIPO-
TiB B pe3ynbrari (pyHKI{oHAII3amil mapoM MOJeKyJ 3 KOH(pOpMa-
nitinuM nepexomoMm. Hociii ereKTpuUYHOro 3apsny BHUKJIHNKAE KOH-
dopmariitauii mepexiz 31 3MiHOIO HAIPSMKY BJIACHHX €JIEKTPUIHUX
JUIIONBHUX MOMEHTIB MoseKysa. CIIeKTp HOCia i mapaMeTpu KBaH-
TOBOI $IMH, II[0 BUHUKAE, BU3HAYAIOTHCA 3 OTPUMAHOI CAaMOY3TOKe-
HOI CHCTEMHU TPAHCIEHIEHTHUX piBHAHL. CuCTeMa BKJIIOYAE PiB-
uauHa [llpeninrepa njia Hocia 3apazny, HediHINHI DIBHAHHA 1A
BJIACHUX EJIEKTPHUYHHUX JUIIOJBbHHX MOMEHTIB, MarepiajbHi piBHS-
HHS [OJ1d B3a€MOZil SOJATKOBOrO 3apdAny B HAHOAPOTI i eleKkTpu-
YHHX [JWIIOJIB MOJIEKYJI. Y HAIiBIPOBIIHUKOBOMY HAHOADOTI Aip-
KOBi ¥ eJIleKTPOHHI crieKTpu € cuMmerpuynumu. [lokazaHo, mo map
azcopboBaHUX MOJIEKYJI IOPYILIYE IO CHMETPII0, JUIIOJNI MOJIEKYJ
CTBOPIOIOTH YMOBH ISl JIOKAJIi3allil TiJIbKM OJHOrO BHZAY HOCIIB B
3aJIe’KHOCTI Bif 3HaKa 3apazny Ta opieHranil aumosiB. OyHKIIOHA-
J1i30BaHi HAHOAPOTH MOXKYTh BUKOPHCTOBYBATHUCH SK HAIIBIIPOBiJ-
HUKOBUI BUIIPSMIIAY.

CIIEKTPBI HOCUTEJIEN B IOJIYIIPOBOJHUKOBOM
HAHOIIPOBO/JIE 1 KOH®OPMAITMOHHBI
IIEPEXO/I B MOJIEKVJIAX

B.A. Jlukaz, E.C. Couprun
Pezmome

HccnenoBana mnepecTpoiika CHEKTPa IIOJIyIIPOBOSHUKOBBIX HAHO-
[IPOBOZOB B pe3ynbTaTe PYHKIMOHAINIAUN CI0EM MOJIEKYJI C KOH-
dopmarmoHHbIM epexonoM. Hocuresb 3JI€KTPHYECKOro 3apaia
BBI3BIBAET KOH(OPMAIMOHHBIM I[IEPEX0J C M3MEHEHHEM OPHUEHTa-
U COOCTBEHHBIX JIEKTPUYECKUX JUIIOJbHBIX MOMEHTOB MOJIEKYJI.
CriekTp HOCHTEJIST M [aPaMETPhI BO3HUKAOIIEH KBAHTOBON SIMBI
OIIpeeJIAIOTCA IIOJIyYeHHOH CaMOCOIJIaCOBAaHHOM CHCTEeMOI TpaHC-
LIeHIeHTHBIX ypaBHeHui. Cucrema Brirouaer ypasuenue I1Ipenun-
repa i HOCUTEINS 3apdAna, HeJUHeHHble YPAaBHEHUS COOCTBEHHBIX
SJIEKTPUYECKUX JUIMOJBHBIX MOMEHTOB, MaTE€pPHUAJIbHbIE YDABHEHUA
IS B3aMMOJEHCTBHUS [OIOJHHUTEJIBHOIO 3apsi/ia B HAHOIPOBOE
¥ 3JIEKTPUYECKUX [OUIIOJIEeH MOJIeKyd. B mosynmpoBOOHMKOBOM Ha-
HOIIPOBOAE ABIPDOYHBIEC U JJIEKTPOHHBIE CIEKTPbI ABJIAOTCA CHUM-
MeTpudHbIMU. IIoKa3aHO, 4YTO CJI0HM aICOPOMPOBAHHBIX MOJIEKYJI
HapyLIaeT 3Ty CHUMMETPHIO, JWIIOJNUA MOJIEKYJ CO3JAI0T YCJIOBUS
OJIe JIOKAJIM3alHUHU TOJIBKO OJHOTO BHJ3 HOCHTEJIS B 3aBHCHMOCTU
OT 3HaKa 3apAAa U OpueHTaruu aumnojeii. @ yHKINMOHAIN3UPOBAH-
HBIHA HAHOIIPOBOJ, MOXKET HCIIOJIB30BATHCA KaK IIOJIYIIPOBOJHWUKO-
BBIH BBIIPAMHTEINb.

717




<<
  /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 true
  /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 [612.000 792.000]
>> setpagedevice


