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SOLUTION OF GENERALIZATION OF PRINCIPAL CHIRAL
FIELD PROBLEM

M.A. MUKHTAROV
Institute of Mathematics and Mechanics
370602, Baku, F. Agayev str., 9, Azerbaijan

New solutions of the principal chiral field problem with moving poles are constructed by means of MATHEMATICA software

algorithm and discrete symmetry transformations for the algebra SL(Z, C).
Keywods: mathematica, algorithm, integrable model, group, chiral field.

PACS: 530.1:51-72

1. INTRODUCTION

Over the last few years self-dual Yang-Mills equa-
tion has attracted a fair amount or attention. It has been
shown [1-8] that a large number of one, two and (1+2)-
dimensional integrable models such as Korteweg-de
Vries, N-waves, Ernst, Kadomtsev-Petviashvili, Toda
lattice, nonlinear Schrodinger equations and many others
can be obtained from the four-dimensional self-dual
Yang-Mills equation by symmetry reduction and by im-
posing the constraints on Yang-Mills potentials.

The universality of the self-dual Yang-Mills
(SDYM) model as an integrable system has been con-
firmed in the paper [9] where the general scheme of the
reduction of the Belavin-Zakharov Lax pair for self-
duality [10] has been represented over an arbitrary sub-
group from the conformal group of transformations of R4-
space. As the result of this reduction one has the Lax pair
representation for the corresponding differential equations
of a lower dimension.

The problem of constructing of the instanton solu-
tions in the explicit form for semisimple Lie algebra, rank
of which is greater than two, remains also important for
the present time.

The method of integration of SDYM [11] is based
on homogeneous Hilbert (Riemannian) problem (HHP)
techniques. By means of the same method it was con-
structed the large class of solutions of the principal chiral
field problem with moving poles (PCFMP) [12]. Being
reduction of SDYM, the principal field model is investi-
gated in [13] and solutions were obtained their by means
of discrete symmetry transformations.

In the present paper we show how MATHEMATI-
CA algorithm is effective in constructing of the solutions
at every step of the procedure.

2. PRINCIPLE CHIRAL FIELD PROBLEM
WITH MOVING POLES
The system of principle chiral field problem with
moving poles

(E-&)fz =11 15

2.1)

can be obtained from the system of self-duality equation

VVzE"'VVﬁ”'[VVzaW;]:o (2.2)
by means of substitution

E=r+it, & =—r+it,

Here, the functions f, W take value in the corres-

ponding semisimple algebra, sub-index denotes differen-
tiation.

Let £ =01+ frx*t e rx,
where H, X are generators of algebra Al'

| = H, |t | =2

Then the system (2.1) for the components fo, fJ—r
takes the following form

(E-&)rz=20r0rr - 12r7)
E-E)fL=rifi-1if: (2:3)
(f—ég)f{g :_2<f¢0f5__fgf¢_)

The discrete symmetry transformation in this case
takes the form:
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F = 1+
f
0 + 0
O (0o ot "
o& oE O
aFo 0 0 >y alnf+ afo
— = -F+¢)f—— 2.4
oF (r ) o oE (24)
oF" 0 0 20ln f* +( p0 0 alnfo PO
=\f"-F" +&{) ——-2 -F +&)f—- ——
or =V F e S - P S - T
OF " 0 0 =y olnf” f 0 0 —6lnf0 e of
==\f"-F"+ =—-2 -F"+ = — -—
7 =lr-red) il =r e E -
These transformations imply that if | f+ fj
=+ 0 - . - - ° = —5 = -
f=\r".r.f ) is a solution of (2.3), then so is (f—g?)z & (5_5)2 g’
F=|rt FO F ., @n
Now we construct some exact solutions of the eq. f—g? =0, w= (f—éij
2.3). [( )w]ff §0+¢
Let the initial solution has the following form:
=0, f0 _ %(é‘ " é?) f* where p is an arbitrary Integration of eq. (2.7) gives
parameter. ¢ ¢

From egs.(2.3) for /™ we have the following equa-
tion

-&)fe=plrr-r) (2.5)

For p =—1 the eq. (2.5) is equivalent to the Laplace
equation

_ + + _ 6{:_5 N
-ghz=0. 7 —(—WJ

where @, 5 are arbitrary functions of independent
variables &, f_ respectively.

Substituting /™ into the formulas (2.4) and integrat-
ing we have

F=5_§,F"=%§_¢_@

p+¢ ; p+¢ 26)
Fr=(e-2) 22

-2}

This solution coincides with solution (6) of [12] which
is obtained by HHP.

For the p =1 the eq. (4.5) is reduced to the Laplace
equation on function @ defined by

fr=-ENo-9)-2[pag' 2| pag’
For p :% we have
so=fer NG -ga-Eaa-

- [ (W)/(a-&Na-Eaa

where C* (/”L) are arbitrary functions of arguments A in
the complex plane, L represents an arbitrary circle. Ele-

ments F* are defined by means of first order differential
equations.

3. DISCRETE
TION
Following Leznov [14], for the case of a semisimple
Lie algebra and for an element ¥ being a solution of (2.1),
the following statement takes place:
There exists such an element S taking values in a

SYMMETRY TRANSFORMA-

gauge group that
—IG_SZLPX }giiX
o0&  Flog M o F M
s f ei S 1 -~
5-18_54{8_4, M}gi;%
oF  f |o& s f.
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Here Xy is the element of the algebra corresponding to
its maximal root divided by its norm, i.e.,

i, 7] =

- is the coefficient function in the decomposi-

H, [H, x*] = 2x* |

-
tion of ¥ of the element corresponding to the minimal
root of the algebra, ¥ = ofc ! and where o is an au-
tomorfism of the algebra, changing the positive and nega-
tive roots.

In the case of algebra SL(2,C) we’ll consider the
case of three dimensional representation of algebra and

-1 0

The discrete symmetry transformation, producing
new solutions from the known ones, is as follows:

0 1
the following form of o = ( ) -

g—F=SgiS-’—§2—SS_I

& ¢ 5 @2
F g g1 705

oE 85 85

If we take the initial solution of (2.1) in the form of

upper triangular matrix : f = H + ax™ , We have

T{EZO’ (5_5)0‘55:“5_“5 (33)
The result of integration of eq.(3.3) can be expressed

in terms of chains of solutions of the following system of
linear equations

a[n +1]§ = foz[nlf + a[n]

a[n +1:L? = ga[n]g + a[n]

The discrete symmetry transformation allows carry-
ing out the recurrent procedure of finding the solutions of
(2.1) in terms of chains (3.4) starting from the O-step
(3.3). The result of integration is as follows

(3.4)

Det  (a) o Def (a)
ﬁT ﬁ_

f-i— _ Detn + ](a)

n Det iai

(3.5)

where Det (a) are the minors of the order n of the fol-
n

lowing matrix:
a[O] a[l] a[Z]
_ a[l] a[2] a[3]
a[Z] a[3] a[4]

Here Det (a) denotes that in the last row of the
n

corresponding matrix the indices of a[i] are increased
by one.

4. MATHEMATICA ALGORITHM

The induction to get the result (3.5) has not been
proven yet. But the Mathematica software helps to get the
solution at any step of the induction procedure. Below one
can find the program for the first two steps in obtaining
solutions.

i (0 1) - _(0 0),
n(1) = o o) " T\1 o)
(1 0] (0 zj
b= W= -
0 -1 10

G 0= MatrixExpcMatrixExp [rh];
S] = MatrixExp[s[ 1] X" | MatrixExp[s,[1]h] ;
Gl :SI'W'GO ;

G
1

Out(4) :={{—e""s[1],
—r+sy[1] _e—r—s(,[I]nS[I]})

- e—f—so[l]n}}

e

{_e”—so[]]

In(5) = G] = FullSimplzﬁ[GI/.S[]] —>all] /.

n—>al-1]/.s,[1] > Log[a[l]]]

lart] e (a0’ —ar-1jariy
Out(5) = {{ , e
al0] al0]
e e Tar-1j
{- , = #
al0] al0]
In(6) = p[1] = G][[Z,I]] /Gl[[l?]];

all] = GI[[1;2]]/G][[2;2]];
t[1] = —Log[G][[2,2]]];
FullSimplify[a [ 1]]

Out(8) = —LO]Z

+af]]
a[-1]
In(9) := FullSimplify[t[1]]
e o[- 1]]
a[0]
Bl1] = G, I[21]]/G [[22]]:

2r

a[0]

Out(9) =-Log[—————

In(10) =

Out(10) =
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Det[a[()] afl]
afl] af2]
In(ll):= s [2] = Log| ————
0 af0]
a[()]Detl:a[oj a[zjjl—a[I]Det al0] a”]}
all] af3] all] af2]
5[2] = 2 = ;
af0]
SZ = MatrixExp[S[Z]X+]MatrixExp[So[Zjh];
G,=S,wG; B[2]=G,I[21]]/G,[[2.2]]:

a[Z/ZGZHYJH/GZH?Jﬂ;
f[2]:=—LOg[G2H?21U:

FullSimplify[t[2]]
e*@mf—aMaFH)

Out(12) =-Log o[l - a[2]«[0]

FullSimplify[a [ 2]]

al1]2ar07ar1jar2] + af-17ar2)°
+
al0]° —all]a[-1]

Out(12) := al3]

The last expression is nothing more than

a[-1] «[0] e[l
Det| a[0] «a[1] «o[2]
alll a[2] «[3]

a[2] =
De{a[—l] a[O]J

a[0] 1]

FullSimplify [ B[ 2]]
2r
Out(11) = ° ol
—a[0]" + o[l]a[-1]
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The normal mode frequencies and corresponding vibrational assignments of tetracyanometallate (II) ions ([M(CN)4]2', M=Cd,
Hg and Zn) have been theoretically examined by means of standard quantum chemical techniques. All normal modes have been
successfully assigned to one of six types of motion (symmetric C=N stretching, asymmetric C=N stretching, symmetric M-C
stretching, M-C=N bending, M-C stretching + M-C=N bending and C-M-C bending) utilizing the T4 symmetry of M(CN),>.
Calculations have been performed at the Becke-3-Lee-Yang-Parr (B3LYP) density functional method using the Lanl2dz effective
core basis set. Furthermore, reliable vibrational assignments have made on the basis of potential energy distribution (PED) calculated
and the thermodynamics functions, highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) of the title ions
have been predicted together with their infrared intensities and Raman activities. Theoretical results have been successfully compared

against available experimental data.

Keywords: Vibrational spectra, tetracyanocadmate, tetracyanomercurate, tetracyanozincate.

PACS: 31.15. E, 33.20.Ea, 33.20.Tp
1. INTRODUCTION

Tetracyanocadmate (II), tetracyanomercurate (II)
and tetracyanozincate (II) ions are very important
coordination compounds for inorganic chemistry and have
been frequently used as bridging groups in various metal
complexes [1-6]. Experimental data of the geometric
parameters and vibrational spectra of [M(CN),]* (M =
Cd, Hg and Zn) ions exist in the literature [4, 7-9]. The
B3LYP density functional model exhibits good
performance on electron affinities, excellent performance
on bond energies and reasonably good performance on
vibrational frequencies and geometries of inorganic or ion
compounds [10] as well as organic and neutral
compounds [11]. The Lanl (Los Alamos National
Laboratory) basis sets, also known as Lanl2dz (Lanl-2-
double zeta) and developed by Hay and Wadt [12-14],
have been widely used in quantum chemistry, particularly
in the study of compounds containing heavy elements.

The goal of present study is to aid in making
assignments to the fundamental normal modes of
[M(CN),]* (M = Cd, Hg and Zn) and in clarifying the
experimental data available for these ions. In this study,
the vibrational spectra of [M(CN),]* ions are performed
using the DFT/B3LYP method with Lanl2dz basis set and
compared to available experimental data. Geometric
parameters, thermodynamic properties, atomic charges
and HOMO-LUMO molecular orbitals were also
calculated for these ions with same level.

2. CALCULATION

ror the vibrational calculations, molecular structures
of tetracyanocadmate (II), tetracyanomercurate (II) and
tetracyanozincate (I1I) ions were first optimized by B3LYP
model with Lanl2dz basis set. The optimized geometric
structure concerning to the minimum on the potential
energy surface was provided by solving self-consistent

field (SCF) equation iteratively. The absence of imaginary
frequencies confirmed that the optimized structure is a
local minimum. After the optimization, the vibrational
frequencies of M(CN),> (M = Cd, Hg and Zn) ions were
calculated using the same method and the basis set under
the keyword Freq = Raman and then scaled to generate
the corrected frequencies. Correction factors for selected
regions or vibrational modes were calculated using >
(v / v¢%) / n [10, 15]. The thermodynamics properties,
HOMO and LUMO energies and Mulliken charges of
related ions were also provided by B3LYP/Lanl2dz level.
The calculation utilized the Ty symmetry of [M(CN)4]*
(Figure 1) was performed using the Gaussian 09.A.1
program package [16]. Each of the vibrational modes was
assigned by means of visual inspection using the
GaussView 5.0.8 [17]. Gaussum 2.2.5 program was also
used for visualization of the structure and simulated
vibrational spectra [18].

3. RESULTS AND DISCUSSION

The optimized geometrical parameters of [M(CN),]”
calculated by DFT/B3LYP method with Lanl2dz basis set
show that depending on the title ionic radii of the
compounds, M — C bond lengths are different. According
to the experimental geometric parameters, M-C distances
are 2.08 A [19],2.27 A-230 A [7,4] and 2.18 A - 2.22
A [1, 7] for Zn, Cd and Hg, respectively. The calculated
distances of the M-C bond for B3LYP/Lanl2dz model are
about 2.14 A, 2.30 A and 2.32 A, respectively. We see
that the theoretical Hg-C bond is the longest of the three
M-C bonds for the Lanl2dz basis set whereas the
experimental Cd-C bond is the longest although cadmium
lies between zinc and mercury in the periodic table.

Several thermodynamics parameters, capacity, zero
point energy, entropy etc., calculated by DFT/B3LYP
method Lanl2dz basis set are presented in Table 1. The
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[Zn(CN),]? ion is more stable than the others. The seems to be insignificant. The total energy and change in
variation in the Zero Point Vibrational Energy, ZPVE, total entropy of [M(CN),]* are at room temperature.

Table 1.
The thermodynamic parameters of [M(CN)4]* (M = Cd, Hg and Zn) calculated by B3LYP/Lanl2dz level.
Parameters Cd(CN),” | Hg(CN),” | Zn(CN),~
Optimizal globalminimum energy, (Hartress) -419.439 -414.080 -436.985
Thermal total energy, (kcal/mol) 24.783 24.683 25.110
Heat capacity, (kcal/mol k) 0.037 0.037 0.036
Entropy, (kcal/mol k)
Total 0.116 0.119 0.110
Translational 0.042 0.043 0.041
Rotational 0.037 0.031 0.030
Vibrational 0.031 0.045 0.038
Vibrational energy, (kcal/mol) 23.006 22.905 23.332
Zero point vibrational energy, (kcal/mol) 16.781 16.494 17.571
Rotational constants (GHz) 0.7904 0.7630 0.8949
Dipol moment (Debye) 0.0019 0.0016 0.0012
N
cN
M
¢
CN
Vy—V3—Vy4 V5—Vg—V7
Vo=Vio—Vi1 Vi2=Vi3
Vi4=Vi5~Vie Vi7=V1s=V19 V20~V21
® [ ] O
M N C
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Fig. 1. Structure and normal modes of [M(CN),]* (M = Cd, Hg and Zn).

Table 1.
Normal modes of [Cd(CN),]* ion calculated at the B3LYP/Lanl2dz level.
Symmetry / | Calculated IR Raman . Experimental | Corrected f
Mode Frequency Intensity * Activity ° Assignment Frequency ¢ Frequency ° PED
A /vy 2113 0 120.61 CN s-stretching 2149 2149 vNC (92)
Fa/ vy 2112 6.85 39.28 CN a-stretching 2145 2145 v NC (95)
Fay/vs 2112 6.83 39.59 CN a-stretching - 2145 v NC (85)
Fa/va 2112 6.84 39.46 CN a-stretching - 2145 v NC (94)
E/vs 265 0 1.41 CdCN bending 258 ¢ 253 v CdC (14) + 3 NCCd (38)
. v CdC (16) + 3 NCCd (11) +

E/vs 265 0 1.41 CdCN bending - 253 T NCCCd (36)
E/v; 265 0 1.42 CdCN bending - 253 8 NCCd (34) + tNCCCd (15)
A/ Vs 263 0 7.06 CdC s-stretching 324 324 v CdC (97)

CdC stretching +
Fay/ vg 256 90.55 2.57 CACN bending 316 284 v CdC (68)

CdC stretching +
Fy/vio 256 91.48 2.50 CACN bending - 284 v CdC (72)

CdC stretching +
Fa/ v 256 85.63 2.57 CACN bending - 284 v CdC (68)

CdC stretching + 8 NCCd (16) + 8CCCd (10) +
Fo/ v 255 1.71 9.15 CdCN bending 250 282 TNCCCd (34)

CdC stretching +
Fa/vis 255 0.85 9.53 CACN bending - 282 3 NCCd (34) + 1 NCCCd (30)
Fi/vis 208 0 0 CdCN bending 194 198 3 NCCd (69) + T NCCCd (26)
Fi/vis 208 0 0 CdCN bending - 198 8 NCCd (79) + tNCCCd (11)
Fi/vis 208 0 0 CdCN bending - 198 8 NCCd (82) + T NCCCd (14)
Fy/ vy 71 28.49 2.42 CCdC bending 61 71 8 CCCd (17) + 1 CCCCd (47)
Fa/vis 71 28.47 2.42 CCdC bending - 71 3 CCCd (36) + 1 CCCCd (29)
Fa/vig 71 28.59 2.41 CCdC bending - 71 8 CCCd (32) + 1 CCCCd (33)
E /v 56 0 5.10 CCdC bending 64 ¢ 56 3 CCCd (68)
E /vy 56 0 5.09 CCdC bending - 56 3 CCCd (36) + 1 CCCCd (29)

2 Units of IR intensity are km/mol. ® Units of Raman scattering activity are A*amu. ¢ Reference [7]. ¢ Calculated frequencies of E
mode of this ion by Jones [7]. ¢ Raw calculated frequencies multiplied by the correction factors in Table 5. ¢ PED data are taken from
VEDAA4. s; symmetric, a; asymmetric. v, & and t denote stretching, bending and torsion, respectively.

Table 2.
Normal modes of [Hg(CN),]* ion calculated at the B3LYP/Lanl2dz level.
Symmetry / | Calculated IR Raman . Experimental | Corrected £
Mode Frequency | Intensity’ | Activity” Assignment Frequency ° Frequency ° PED
A /v, 2112 0 123.41 | CN s-stretching 2149 2149 v NC (98)
F,/v, 2111 8.39 45.18 | CN a-stretching 2146 2146 v NC (98)
F,/vs 2111 8.38 45.31 | CN a-stretching - 2146 v NC (98)
Fy/ vy 2111 8.39 45.25 | CN a-stretching - 2146 v NC (78)
. 4 v HgC (22) + 8 NCHg (32) +
E/vs 258 0 5.62 | HgCN bending 245 238 5 CCHg (20)
E/vs 258 0 5.61 | HgCN bending - 238 v HgC (31) + 8 NCHg (32)
. v HgC (22) + § NCHg (17) +
E/v; 258 0 5.61 | HgCN bending - 238 © NCHgC (16) + 5 CCHg (20)
A/ vg 256 0 12.84 | HgC s-stretching 335 335 v HgC (99)
HgC stretching + 3 NCHg (16) + 8 CHgC (12) +
Fa/ve 243 81.75 297 HeCN bending 330 293 © NCHgC (43)
HgC stretching + ) 6 NCHg (40) + 8 CHgC (15) +
Fy/vio 243 81.70 2.97 HeCN bending 293 £ NCHeC (16)
HgC stretching +
Fy/ v 243 81.75 2.97 HeCN bending - 293 v HgC (50)
HgC stretching +
Fa/ v 223 0.57 7.45 HeCN bending 235 269 v HgC (62)
HgC stretching +
Fa/vis 223 0.58 7.44 HgCN bending - 269 v HgC (65)
. 3 NCHg (55) +
Fi /v 201 0 0 | HgCN bending 180 185 T NCHeC (33)
. 8 NCHg (46) +
Fi/vis 201 0 0 | HgCN bending - 185 ©NCHgC (29)
Fi/vi 201 0 0 | HgCN bending - 185 8 NCHg (28) + NCHgC (67)
Fa/vip 63 34.90 2.58 | CHgC bending 54 65 8 CHgC (13) + T CCCHg (56)
Fa/vig 63 34.90 2.58 | CHgC bending - 65 8 CHgC (54)
Fa/vio 63 34.89 2.58 | CHgC bending - 65 8 CHgC (11) + Tt CCCHg (54)
E /vy 52 0 6.22 | CHgC bending 63 ¢ 54 8 CHgC (73)
E/vy 52 0 6.23 | CHgC bending - 54 & CHgC (55) + 1 CCCHg (16)
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2 Units of IR intensity are km/mol. ® Units of Raman scattering activity are A*amu. ¢ Reference [7]. ¢ Calculated frequencies of E
mode of this ion by Jones [7]. ¢ Raw calculated frequencies multiplied by the correction factors in Table 5. © PED data are taken from
VEDAA4. s; symmetric, a; asymmetric. v,  and t denote stretching, bending and torsion, respectively.

Each of the title ions consists of 9 atoms, so it has 21
normal mode frequencies and belongs to the Ty point
group. Within this point group, vibrational modes belong
to the symmetry species A;, A, E, F; and F, and are
distributed as 2A;, 2E, F; and 4F,. On the basis of the
symmetry properties of the dipole moment and
polarisability operator, it can easily be seen that the A
and E modes are only Raman active whereas the F, mode
is both IR and Raman active. Fig. 1. demonstrates normal
modes for these ions. Crystal structures of K,M(CN), (M=
= Cd, Hg and Zn) salts were determined and they were
found to be cubic with space group O, [20]. The
[M(CN),]* ions within these salts are situated on special
positions of point group T4 and, thus, the site group is the
same as the isolated ion point group [21]. Therefore, we
have used vibrational spectra of these salts [7] as
references for related ions. The calculated vibrational
frequencies of [M(CN),]* ions at B3LYP with Lanl2dz
basis set are given in Tables 2-4, together with related

The correction factors are obtained by taking the
average of the ratios between the computed and
experimental frequencies for all modes of a particular
motion type [10, 15]. The computed correction factors for
the B3LYP/Lanl2dz are presented in Table 5. These
correction factors have been used to generate the
corrected frequencies in the last column of Tables 2-4.
Bytheway and Wong performed similar calculations using
the B3LYP/Lanl2dz on a set of 50 inorganic molecules.
Their correction factor was within 1 % 1.00 [15].
Additionally, Check et. al’s correction factors were 1.167
and 1.065 of B3LYP method for Lanl2dz and Lanl2dzpd
basis sets on a set of 36 metal halide molecules [10]. It
can be seen from Table 5 that average correction factors
of [M(CN),]* (M = Cd, Hg and Zn) ions in this study are
found as 1.0544, 1.0843 and 1.0541, respectively.
Average of these three values is 1.0643. Determined
correction factors in this study are in good agreement with
previously reported values [10, 15].

experimental data, for comparison.

Table 3.
Normal modes of [Zn(CN),]* ion calculated at the B3LYP/Lanl2dz level.
Symmetry Calculated IR Raman Assignment Experimental | Corrected PED
/ Mode Frequency Intensity * | Activity ° Frequency ° Frequency °
A/ v, 2121 0 136.63 | CN s-stretching 2157 2157 v NC (98)
Fy/ v, 2120 7.75 37.28 | CN a-stretching 2152 2152 v NC (98)
Fy/vs 2120 7.75 37.28 | CN a-stretching - 2152 v NC (96)
Fy/ vy 2120 7.75 37.27 | CN a-stretching - 2152 v NC (89)
. d 8 NCZn (48) +
E/vs 318 0 2.58 | ZnCN bending 330 322 1 CCCZn (23)
. 8 CZnC (27) +
E/vs 318 0 2.58 | ZnCN bending - 322 T NCZnC (26)
] 3 NCZn (11) + t NCZnC (20) +
E/v; 318 0 2.58 | ZnCN bending - 322 1 CCCZn (23)
. 8 NCZn (33) + vNC (13) +
Ay /v 300 0 10.11 | ZnC s-stretching 342 342 tNCZnC (29)
ZnC stretching + O NCZn (27) + 8 CZnC (14) +
Fay/ vg 296 48.94 0.06 ZnCN bending 359 343 T NCZnC (34)
ZnC stretching +
Fa/vio 296 49.32 0.07 ZnCN bending - 343 v ZnC (81)
ZnC stretching +
Fa/vi 296 49.37 0.07 ZnCN bending - 343 v ZnC (74)
ZnC stretching +
Fy/ v 285 0.01 5.19 ZnCN bending 315 330 v ZnC (85)
ZnC stretching +
Fy/vis 285 0.02 5.15 ZnCN bending - 330 v ZnC (98)
Fi/vis 233 0 0 | ZnCN bending 230 236 8 NCZn (95)
. S NCZn (67) +
Fi/vis 233 0 0 | ZnCN bending - 236 TNCZnC (22)
. 8 NCZn (73) +
Fi/vie 233 0 0 | ZnCN bending - 236 tNCZnC (16)
8 CZnC (14) +
Fy/vi7 85 21.26 2.51 | CZnC bending 71 83 T NCZnC (10) +
T CCCZn (45)
. 8 CCZn (13) +
Fy/vig 85 21.26 2.51 | CZnC bending - 83 1 CCCZn (58)
Fy/ vio 85 21.24 2.51 | CZnC bending - 83 8 CZnC (56)
. 4 8 CZnC (51) +
E/ vy 63 0 4.93 | CZnC bending 71 62 1 CCCZn (14)
E /vy 63 0 4.92 | CZnC bending - 62 3 CZnC (67)

# Units of IR intensity are km/mol. ® Units of Raman scattering activity are A*amu. © Reference [7]. ¢ Calculated frequencies of E
mode of this ion by Jones [7]. ¢ Raw calculated frequencies multiplied by the correction factors in Table 5. ¢ PED data are taken from
VEDAA. s is symmetric, a is asymmetric. v, & and t denote stretching, bending and torsion, respectively.
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Table 5.
Correction factors for the normal modes of [M(CN),]* ions.
Band motion B3LYP/ Lanl2dz
Cd(CN),” | Hg(CN),> | Zn(CN),>
C=N s-stretching 1.0170 1.0175 1.0170
C=N a-stretching 1.0156 1.0166 1.0151
M-C s-stretching 1.2319 1.3086 1.1400
M-C=N bending 0.9532 0.9226 1.0124
M-C stretching + M-C=N bending 1.1074 1.2059 1.1591
C-M-C bending 1.0011 1.0343 0.9812
Average 1.0544 1.0843 1.0541
(@) (@)
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Fig. 2. Infrared and Raman spectra of [M(CN),] (M = Cd (a), Hg (b) and Zn (¢)).

The biggest difference between the experimental and
corrected wavenumbers is 32 cm™ for Cd(CN),*, 37 cm’
for Hg(CN);* and 16 cm™ for Zn(CN),”. In order to
make a comparison between the experimental and
theoretical wavenumbers, the correlation graphics have
been computed and the correlation values with
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B3LYP/Lanl2dz model are found to be 0.99962 for
Cd(CN),*, 0.99953 for Hg(CN),” and 0.99986 for
Zn(CN),*. It can be seen that the B3LYP/Lanl2dz results
of Zn(CN),* ion are better than the others. Furthermore,
we have calculated root mean square deviation (RMSD)
which is a frequently used measure of the differences
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between values predicted by a model and actually
observed from the thing being modeled. RMSD is given
by

N

RMSD = \/Z (AW —w?®)? /N

1

where N is the total number of vibrational modes, A is
scaling factor, w" and w" are the theoretical and
experimental frequencies (cm™), respectively [15]. In this
study, RMSD value has been obtained as about 15.8 cm’
for [CA(CN),]?, 17.6 cm™ for [Hg(CN),]? and 9.5 cm™ for
[Zn(CN)s]™>. The calculated Infrared and Raman spectra
of the title ions are given in Figure 2.

Table 6 presents the Mulliken charge distribution of
[M(CN),]* (M Cd, Hg and Zn) ions at the
B3LYP/Lanl2dz level of theory. Regarding the
calculations, there is a considerable positive charge on
metal atoms (0.4396, 0.3172 and 0.4408 for Cd, Hg and
Zn, respectively) with a corresponding negative charge on
each carbon and nitrogen atom. This suggests that these
ions are held together in part by electrostatic forces.

Erumo

Enono

Table 6.
Mulliken charge distribution for
[M(CN),]* (M = Cd, Hg and Zn).
Atom , B3LYP/Lan212dz ,
Cd(CN),”~ [ Hg(CN)> Zn(CN),~
Cd 0.4396 - -
Hg - 03172 -
Zn - - 0.4408
C -0.3817 -0.3597 -0.3499
N -0.2282 -0.2196 -0.2603

The HOMO and LUMO orbitals are the main orbital take
part in chemical stability. The HOMO describes the
ability to donate an electron and LUMO as an electron
acceptor. The absorption of the electronic transition is
defined from the ground to the first excited state. In other
words, the transitions can be described from HOMO to
LUMO. The HOMO is located over C atoms in
[M(CN),]* ions whereas the LUMO is dominated for N
and M atoms. The atomic compositions of the frontier
molecular orbital and their orbital energies are shown in
fig. 3.

Cd (ON)?
0.2607 an

Zu (CN)"
0.2686 au

)

Hz (CN)
02605 an

2937 aun.

AE=-0.

- AE=-0.2959 au.
- AE=-0.2996 au

-0.0352au =0.0332 an =0.0310 an

Fig. 3. Atomic orbital compositions of the frontier molecular orbital for [M(CN)4]2' (M =Cd, Hg and Zn).

4. CONCLUSION

In present investigation, molecular structure,
vibrational frequencies, thermodynamics parameters and
HOMO-LUMO orbitals have been studied using
DFT/B3LYP method with Lanl2dz basis set. Comparing
the computed vibrational frequencies with experimental

spectra available in the literature, a set of scaling factors
is derived which is in good agreement with literature. The
[Zn(CN),]? ion is more stable than others. According to
the RMSD, the results of Lanl2dz effective core basis set
for Zn metal are better than Cd and Hg transition metals.
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ZnO layers were deposited by a simple and cost-effective spray pyrolysis using zinc chloride aqueous solutions on glass
substrates at 600°C. The structural properties of nanorods were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM). XRD studies showed that the films were polycrystalline and were prefentially oriented along (002) direction.
Other orientations observed were (102), (103) and (004). The standard and the calculated from XRD datas lattice constants are in
harmony. Also, it was observed that the deposited films are of ZnO with hexagonal structure and the surfaces of the films are found

to be nonhomogeneous with hexagonal shaped rods.

Keywords: ZnO, nanostructure, simplified spray pyrolysis.
PACS: 73.61Ey; 85.40Ux; 61.82Rx

INTRODUCTION

Nanostructured materials have attracted considerable
interest in recent years due to their potential application in
nanoscale electronic and optoelectronic devices. ZnO
nanostructures have potential applications in solar cells,
gas sensors, short-wavelength light-emitting and field
effect devices, schottky diodes, coating materials etc.
(Devoda et al. 2007) due to its excellent properties such
as wide and direct band-gap of 3.3 eV and a high exciton
binding energy of 60meV (Sawada et al. 2002; Choopun
etal. 1999; Li et al. 2000; Guo et al. 2000)

ZnO nanostructures have been prepared various
experimental techniques such as a thermal vapor transport
method (Cai et al. 2011), spray pyrolysis (Dedova et al.
2007; Krunks et al. 2008), chemical vapour
deposition(CVD), electrochemical deposition (He et al.
2010), pulsed laser deposition (PLD) (Valerini et al.
2008), sol-gel (Bahadur et al. 2007) etc. Among these
techniques, spray pyrolysis is a simple, convenient and
low-cost technique for large area coatings ( Ravichandran
& Philominathan 2008), ease of adding doping materials,
reproducibility, high growth rate and mass production
capability for uniform large area coatings (Serin et al.
2006). In this study, a further simplified and low cost
spray pyrolysis technique using a perfume atomizer
(generally used for cosmetics) is employed for the
fabrication of ZnO nanostructure.

In conventional spray method, usually a carrier gas
such as O,, N, or air is used for spraying the precursor
solution. But,in the a simplified and inexpensive spray
technique using perfume atomizer atomization is based on
hydraulic pressure without using any carrier gas,
enhanced wettability between the sprayed microparticles
and the previously deposited layers, intermittent spraying
and fine atomization. Perfume atomizers avoid deposition
of large droplets, which often takes place in conventional
spray pyrolysis depositions, enhanced wettability between
sprayed microparticles and the previously deposited
layers  (Ravichandran &  Philominathan  2008;
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Ravichandran et al. Ravichandran &

Philominathan 2009).

2009;

EXPERIMENTAL

An agueous solution (0.1 M) of ZnCl, was used to
deposit ZnO films. The solution was stirred magnetically
for 1 h, which was followed by an magnetic stirring for 30
min. The clear precursor solution thus obtained was
sprayed onto the pre-heated at 600°C glass substrates
were cleaned ultrasonically with organic solvents
(dimension 1x1 x0,1 mm3) using a perfume atomizer.
The temperature of the substrates was monitored by
employing a temperature controller with a chromel-
alumel thermocouple. The nozzle to substrate distance
was optimized as 40cm. The intermittent spray cycle
followed in this study is a two-step procedure: a spray for
1 s and an interval for 10 s. The spray interval enables the
substrates to attain the required temperature before the
start of the next spray. After the deposition, coated
substrates were allowed to naturally cool down to room
temperature.

The structural characterization of the films prepared
was carried out by X-ray diffraction (XRD)
measurements using a Rigaku D/Max-I11C diffractometer
with CuKo radiation (1=1.5418 A), at 30 kV, 10 mA.
Surface morphology was examined by a TESCAN Vegall
LSU model SEM.

RESULTS AND DiSCUSSION

The XRD patterns of the films deposited were
shown in figure 1. XRD images showed that the films
were polycrystalline and were prefentially oriented along
(002) direction. Other orientations observed were (102),
(103) and (004). The observed ‘d’ values were presented
in Table 1 and these values were compared with the
standard ones from JPDS card no: 36-1451. The matching
of the observed and standard ‘d’ values confirms that the
deposited films are of ZnO with hexagonal structure .
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The lattice constants of ZnO with hexagonal
structure ‘a’ and ‘¢’ was determined by relation

(Ravichandran & Philominathan 2008).
h?+k2+hk\ (12
—a )'\&@

where ‘d’ is the interplaner distance and (hkl) miller
indicies, respectively.

1 4
d? 3

The standard and calculated lattice constants were
given in Table 1. The calculated ‘a’ and ‘c’ values agree
with JPCDS card no: 36-1451. As seen from Table 1, tha
standard and the calculated lattice constants are in
harmony.

Fig. 2 shows the SEM images of the ZnO films.
From the SEM image, the surfaces of the films are found
to be nonhomogeneous with hexagonal shaped rods. The
hexagonal shaped rods were oriented in different
directions and this conclucion is in compliance with the
XRD results.

Table 1.

Structural parameters of the ZnO

(hkI) (hkl) Standard Calculated Standart Lattice Calculated Lattice
d(d) d(d) constants (A) constants (A)
a c a c
002 (002) 2,6033 2,6240
102 (102) 19111 1,9203 3,250 5207 3,251 5,207
103 (103) 14771 1,4820
004 (004) 1,3017 1,3051
12000 + (002)
10000 + 4
—~ 80004
=. B
2 ]
E 6000+
E ] 3
£ 4000
= ]
2000+ il
] (102) (103) (004)
0 _____________.._..J S8 A SRS A
210 4'0 6'0 8'0
20 Deg.

Fig.1. XRD pattern of ZnO thin film.

Fig. 2. SEM images of ZnO nanorods.

CONCLUSION

In conclusion, ZnO nanorods have successfully been
synthesized on glass substrates by a simple and cost-
effective spray pyrolysis. Structural analyses showed that
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the nanorods are ZnO hexagonal wurzite crystals. From

SEM images, the hexagonal shaped rods were oriented in
different directions and this conclucion is in compliance

with the XRD results.
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We discuss that the results of study of the nuclear transparency effect in nuclear-nuclear collisions at relativistic and ultrarelativistic
energies could help to extract the information on new phases of the strongly interacting matter as well as the QCD critical point. The results
could provide further confirmation of the existence of the "horn" effect which had initially been obtained for the ratio of average values of
K- to #"-mesons' multiplicity as a function of the initial energies in the N449 SPS CERN experiment. To observe the "horn" as a function
of centrality, the new more enriched experimental data are required. The data which are expected from NICA/MPD JINR and CBM GSI

setups could fulfill the requirement.

Keywords: Nuclear transparency effect, strongly interacting matter
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INTRODUCTION

Search for the new phases of strongly interacting matter
as well as the Quantum Chromodynamics (QCD) critical
point is one of the main objectives of the modern nuclear
physics at high energies. Ultrarelativistic heavy ion collisions
provide a unique opportunity to create and study the nuclear
matter at high densities and temperatures. The produced state
will pass different phases of the strongly interacting matter.
The effects of: dilepton production; thermal radiation;
strangeness enhancement; J/ ¥ suppression; jet suppression;
flow are considered as possible signatures on the phases of
the strongly interacting matter as well as the QCD critical
point and Quark Gluon Plasma (QGP).
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Fig.1. Collision energy dependence of the K*-to 7' -mesons
mean multiplicity ratio and the inverse slope parameter
of the transverse mass spectra measured in central
Pb+Pb and Au+Au collisions (solid symbols) compared
to results from p+p reactions (open dots). The changes
in the SPS CERN energy range (solid squares) suggest
the onset of the deconfinement phase
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Among all other results on ultrarelativistic heavy ion
collisions concerning the states of the strongly interacting
matter, the results which were obtained by M. Ga'zdzicki [1]
were more attractive. The paper [1]} discussed that the
results [2-3] on the energy dependence of hadron production
in central Pb+Pb collisions at 20, 30, 40, 80 and 158 A GeV
coming from the energy scan program at the CERN SPS serve
as evidence for the existence of a transition to the QGP [4].

Thus they are in agreement with the conjectures that at
the top SPS CERN and RHIC BNL energies the matter
created at the early stage of central Pb+Pb and Au+Au
collisions is in the state of OGP [5-6]. The key results are
summarized in Fig.1.

The most interesting effect can be seen in the energy
dependence of the ratio <K'>/<z'> of the mean
multiplicities of K" and 7", produced per event in the central
Pb+Pb collisions, which is plotted in the top panel of the
figure. Following a fast threshold rise, the ratio passes
through a sharp maximum in the SPS

CERN range and then seems to settle to a lower plateau
value at higher energies. Kaons are the lightest strange
hadrons and <K"> is equal to about half of the number of all
anti-strange quarks produced in the collisions. Thus, the
relative strangeness content of the produced matter passes
through a sharp maximum at the SPS CERN in nucleus-
nucleus collisions. This feature is not observed for proton-
proton reactions. A second important result is the constant
value of the apparent temperature of K mesons in central
Pb+Pb collisions at low SPS CERN energies as shown in the
bottom panel of the figure. The plateau at the SPS CERN
energies is preceded by a steep rise of the apparent
temperature at the 4GS BNL and followed by a further
increase indicated by the RHIC BNL data.

Very different behavior is measured in proton-proton
interactions. Presently, the sharp maximum and the following
plateau in the energy of the <K'>/<z"> ratio has only been
reproduced by the statistical dependence model of the early
stage[4] in which a first order phase transition is assumed. In
this model the maximum reflects the decrease in the number
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ratio of strange to non-strange degrees of freedom and
changes in their masses when deconfinement sets in.
Moreover, the observed steepening of the increase in pion
production is consistent with the expected excitation of the
quark and gluon degrees of freedom. Finally, in the picture of
the expanding fireball, the apparent temperature is related to
the thermal motion of the particles and their collective
expansion velocity. Collective expansion effects are expected
to be important only in heavy ion collisions as they result
from the pressure generated in the dense interacting matter.
The stationary value of the apparent temperature of K
mesons may thus indicate an approximate constancy of the
early stage temperature and pressure in the SPS CERN energy
range due to the coexistence of hadronic and deconfined
phases, as in the case of the first order phase transition [7-8].

Thus, the anomalies in the energy dependence of hadron
production in central $Pb+Pb$ collisions at the low SPS
CERN energies serve as evidence for the onset of
deconfinement and the existence of QGP in nature. They are
consistent with the hypotheses that the observed transition is
of the first order. The anomalies are not observed in p+p
interactions and they are not reproduced within hadronic
models [9].

These results and their interpretation raise questions
which can be answered only by new measurements. The
energy region covered by the future measurements at the SPS
CERN is indicated by the gray band.

THE RESULTS OF THE EXPERIMENTS AT
VARIOUS CENTRALITIES

What about the results coming from the experiments at
various centralities? Could these experiment indicate the
effects same with the Ga'zdzicki's key results? Let us now
consider some results from these experiments.

During the last several years, some results of the
experiments at various centralities (see for example [10]) are
discussed. These results demonstrate the point of regime
change and saturation on the behavior of some characteristics
of the events as a function of the centrality. We believe that

the strongly interacting matter could reflect the changes of its
states (phases).

In [11] the variations of average transverse mass of
identified hadrons with charge multiplicity have been studied
for AGS BNL, SPS CERN and RHIC BNL energies (Fig.2). A
plateau was observed in the average transverse mass for
multiplicities corresponding to SPS energies. It was claimed
that it can be attributed to the formation of a coexistence
phase of quark gluon plasma and hadrons. So one can say
that the central experiments confirm the existence of the
plateau for the behaviors of K-mesons' temperature as a
function of collisions centrality at the SPS CERN energies -
the second key result of Ga'zdzidcki[1].
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Fig.2. Variation of <ms> with produced charged particles per
unit rapidity at mid rapidity for central collisions
corresponding to different Vs spanning from AGS BNL

such phenomena connected with fundamental properties ofI to RHIC BNL.
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Fig. 3. The experimental ratios of the average values of multiplicity of X', K", o-mesons and A-hyperons to the average values of
multiplicity of 7° -mesons as a function of centrality (<N,,.>).

Emission of 7, K*, ¢ and A was measured in near- ~ production in nucleus-nucleus collisions are shown in Fig.3.

central C+C and Si+Si collisions at 758 AGeV beam
energy[12]. Together with earlier data for p+p, S+S and
Pb+Pb, the system-size dependence of relative strangeness
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Its fast rise and the saturation observed at about 60
participating nucleons can be understood as the onset of the
formation of coherent systems of increasing size. So we
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could see that the results coming from the central
experiments confirmed a fast threshold rise at AGS BNL
energy range. But these results could not indicate any sharp
maximum in the SPS CERN range.

So we could say that:
the experiments at various centralities confirm the
existing plateau for the behaviors of K-mesons' temperature
as a function of collisions centrality at the SPS CERN
energies - the second key result of Ga'zdzidcki[1];

- these experiments could indicate the increasing of the
ratio <K >/<z"> at AGS BNL energies - the first key result
of Ga'zdzidcki, but could not show the sharp maximum in
the SPS CERN range.

We think that the last result could be connected with
poorness of the experimental data for the ratio <K'>/<z">
around of the values N,,, = 60. This area could be
investigated by increasing the intensity at the points using
NICA/MPD [13] and CBM [14] experiments.

One remark is important that the definition of the
centrality is not simple problem because it cannot be defined
directly in the experiment. In different experiments the values
of the centrality are fixed by different ways. The best way
could be to select the events with a maximum number of
nucleons - participants in the interaction. To do it, the
following criteria are usually used: a number of identified
protons, projectiles’ and targets' fragments, slow particles, all
particles, as the energy flow of the particles with emission
angles 6 = 0" or with 8 = 90°. Apparently, it is not simple to
compare quantitatively the results on centrality-dependences
obtained in literature while on the other hand the definition of
centrality could significantly influence the final results. May
be this is a reason, why we could not get a clear signal on
new phases of strongly interacting matter. That is why it is
very important to study the properties of the central collisions
and to create some universal criteria to select those events to
compare the result coming from different centrality
experiments.

NUCLEAR TRANSPARENCY EFFECT TO SEARCH
FOR A SIGNAL ON NEW PHASES OF
STRONGLY INTERACTING MATTER

New phases of strongly interacting matter (information
on the QCD critical point) could be identified using the
nuclear transparency effect - the behavior of R = a,/any
(aaa and ayy are some values of the measured variables in
the nuclear-nuclear and proton-proton  experiments
consequently, for example multiplicity of the charged
particles) , function at different energies as a function of the
centrality. Because the transparency capability of different
states of nuclear matter must be different. The investigations
could give information on the onset state of the
deconfinement as well as on QCD critical point.

Using data coming from codes and experimental data on
the behavior of R as a function of the centrality it is possible
to get information on the appearance of the anomalous
nuclear transparency as a signal on changing of the states of
strongly interacting matter. Nuclear transparency is one of the
effects of nuclear-nuclear collisions from which one may
obtain the information about the structure (at low energies),
states (at middle energies), properties and phases of the
nuclear matter (at relativistic and ultrarelativistic energies).
The stated effect is a promising observable to map the
transition between the different states/phases of the nuclear
medium to the propagation of hadrons.

Transparency depends upon different factors of the
events and the collisions:

(1) Impact parameter of the colliding particles.

(2) Geometry of projectile and target.

(3) Mass and size of the projectile and target.

(4) Diffuseness and density distribution of the projectile
and target.

(5) Energies of the colliding particles.

(6) Atomic mass number of the target.

(7) Momentum transfer squared of the projectile.

Now one need to address the important question that
how to fix the centrality and how one can study the centrality
dependency of the R in the experiment?
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Fig. 4.

In papers [15] the nuclear transparency was used for the
analysis of the data coming from the hadron- nuclear
experiments. For this aim the authors used the inner cone
term which was defined from the NN interaction (see Fig.4).
The average values of multiplicity of fast particles - s-
particles (n,) were defined in the cone with half angle. Then
the average values of s-particles with emitted angle less then
6 were defined in nucleon-nuclear interactions (NA) and

|
studied as a function of the number of the heavy particles - 4-
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particles (Vr) emitted in the interactions. The values of the
Ny are used to fix the centrality. So there is some possibility
to study the properties of the inner cone and outer cone
particles produced in an event as a function of the centrality.
In this paper they observed that the average multiplicity of
inner cone particles did not depend on the centrality. It could
be explained as a transparency of the nuclear matter for the
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inner particles emitting.  The average values of the
multiplicity for the outer cone particles increased linearly
with Nz We think that in the boards of different phases of
strongly interacting matter the transparency don't change
linearly with centrality. This result could be analyzed as a
signal on phase transition in the strongly interacting matter.
In [16], the effect of "transparency” of nuclear matter in
interactions between w ~ - mesons and carbon nuclei was
investigated at P,.= 40 GeV/c. The following are their
findings: for all chosen values of the limiting emission angleI
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0(2.5°, 8’ and 10") the average multiplicity of the 7™~ mesons
of the inner cone does not depend on the number of emitted
protons (N,), and for @ = 2.5° and 8’ it coincides with the
results for the = interactions; the fact that the average
multiplicity of the =*- mesons of the inner cone is
independent of the N, does not mean total “transparency" of
the nucleus to these particles, since their average energy
decreases
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Fig. 5. The average values of multiplicity for = (left panel) and =* (right panel) - mesons as a function of a number for identified

protons in 7 **C-reactions (lines were drift by hand)

CONCLUSION

The results coming from the central experiments
confirm the existing saturation for the behaviors of K-mesons'
temperature as a function of collisions centrality at the SPS
energies.

These experiments could indicate the increasing of ratio
<K'>/<7z"> at AGS energies, but could not show the sharp
maximum in the SPS range. The result could be connected

IWith insufficiency of the experimental points in the region of
sharp maximum (N,,,=60).

NICA/MPD and FAIR experiments could get the
necessary data to cover the region N,,,.=60.

Study of the nuclear transparency effect as a function of
the centrality could give an important information of the
phases of strongly interacting matter.

We offer to use the inner cone definition to study the
nuclear transparency effect as a function of the centrality.
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We theoretically investigated narrow sub-Doppler resonances in the spectral distribution of a number of atomic particles (atoms or
molecules) optically excited in a metastable state in an ultra-thin gas cell with the inner thickness less than or of the order of the wavelength

A <1 pm of the monochromatic light wave incident in the normal direction. Thus the regime of coherent Rabi oscillations was considered

on the light induced transition from the ground atomic term to the metastable quantum level on the basis of atomic density matrix equations.
We analyzed the essential dependence of sub-Doppler resonances (on the center of the optical transition) on the inner thickness and
transversal size of a thin gas cell (having the shape of the rectangular parallelepiped) and also on the intensity of the laser radiation. We
suggest schemes of possible record of these resonances by methods of absorption, fluorescence and photoionization spectroscopy with use of
an additional probe radiation. Investigated resonances may be applied as references in high-accuracy optical frequency standards and for high

precision measurements of central frequencies of atomic spectral line

S.

Key words: Sub-Doppler resonances, thin gas cell, metastable atoms, frequency stabilization
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1. INTRODUCTION

Development of the high-resolution laser spectroscopy
is necessary, in particular, for more detailed analysis of a
quantum structure of atoms and molecules [1] and also for
creation of more perfect optical frequency standards [2].
Recently non-trivial sub-Doppler resonances have been
discovered and investigated, which appear on the central
frequencies of the absorption profile of a rarefied atomic
sample, contained in a cell with a sufficiently small inner
thickness /, when the cell is normally irradiated by a
frequency swept monochromatic laser beam with the
diameter D>>[ [3-10]. These resonances are the result of the
velocity selection of the atoms in definite light-induced
quantum states, which are destroyed in the atomic collisions
against the cell walls. Thus in papers [3,4], absorption and
polarization sub-Doppler resonances were predicted and
theoretically investigated, which were caused by the optical
pumping of the ground atomic term during transits of atoms
in a rarefied gas between walls of a thin gas cell. Later given
resonances were detected and analyzed in details at
experiments on the precision spectral analysis of cesium
atoms in thin cells (with various inner thickness from 10 pm
to 1 mm) [5,6]. The paper [7] presents the review of
experimentally  realized methods of  sub-Doppler
spectroscopy, which are based on the optical pumping of the
ground energetic atomic term in thin gas layer. Quite recently
the making of ultra-thin (nanometric) gas cells with the inner
thickness much less than the wavelength A <1um of the

incident optical radiation became possible. Therefore in such
cells (with sufficiently rarefied vapors of cesium or rubidium)
sub-Doppler absorption and fluorescence resonances, caused
by the spectral Dicke narrowing, were detected [8-10].
Mentioned resonances are direct manifestations of the
radiative relaxation of the quantum levels and of the
corresponding optical coherences. At the same time, it is also
important to analyze sub-Doppler spectral structures caused
as an effect of velocity selection of atoms (or molecules),
when the radiative damping of quantum states is negligible
in comparison with their relaxation due to the atomic (or
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molecular) collisions with the cell walls. This may take place
for many atoms and molecules, if the laser radiation is
resonant with a forbidden transition that connects a sublevel
of the ground state to a sufficiently long-lived (metastable)
level [11]. Very narrow sub-Doppler resonance structures on
such quantum transitions may be used as references for high-
accuracy optical frequency standards [2].

In paper [12] the theoretical study was conducted on the
sub-Doppler resonances in the spectral distribution of a
population of metastable atoms excited from the ground
atomic term by the monochromatic laser radiation, which is
incident (in the normal direction) on a thin cylindrical gas
cell. In the subsequent work [13], the possibility was
analyzed of using such narrow resonances as references for
compact optical frequency standards. Indeed, the total set of
excited atoms in a thin gas layer is a compact analog of an
atomic beam, the divergence of which is determined by the
small ratio //Q of the internal cell thickness / to its
characteristic transversal dimension Q. However, in given
theoretical papers [12,13], the fluorescence of atoms was
considered only from the narrow paraxial region of a
cylindrical cell with a thickness />>A. Along with this, such
fluorescence resonances narrow both with fall of the radiation
intensity and decreasing cell dimension ratio //Q.

Therefore in the present work, we theoretically study
narrow sub-Doppler resonances in a spectral distribution of
atomic particles excited in a metastable state for the entire
volume of an ultrathin gas cell with an internal thickness /
less than or of the order of the wavelength A <1um of a

normal incident monochromatic light wave. It is assumed,
that a detection of given resonances is realized by
methods of absorption , fluorescence or photoionization
spectroscopy by means of an additional probe radiation,
connecting the metastable state with other quantum levels of
atomic particles. Such narrow sub-Doppler resonances may
be applied for the high precision spectral analysis of a
quantum structure of atomic particles and also as effective
references for high-accuracy optical frequency standards.
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Fig.1. The gas cell having the shape of the rectangular
parallelepiped, with the small thickness /<<Q.

In the present work we consider the gas cell having the
shape of the rectangular parallelepiped (Fig.l), because
analytical and numerical calculations essentially simplify in
this case. However, it is obvious that obtained qualitative
results are valid also for thin cells of another shapes (for
example in case of a cylindrical cell with the diameter O>>/
and inner thickness /).

2. BASIC RELATIONSHIPS

Let us consider a rarefied gas medium in the cell made
to the shape of the rectangular parallelepiped (Fig.1) from a
transparent material. The inner thickness / of this cell (along
the axis z) is much less than its transversal size Q (along axes
x and y). It is assumed, that the following stationary plane
monochromatic light wave incidents on the gas cell (Fig.1)
along the axis z with the homogeneous intensity on the cell
volume:

A(z.ty=0.5E-expli(@t —kz)| +e.c., (1)
where E=Fe , E and e are, respectively, the amplitude and
unit polarization vector of the radiation, w is the frequency,
k= w/c=2mn/ A, A is the wavelength. The radiation frequency w

is close to the center @, of the electric dipole transition

a —> b between the sublevel a of the ground term and the
excited long-lived (metastable) state b of atomic particles
(atoms or molecules). The sufficiently rarefied gas medium in
the cell is considered, when an interaction between particles
is negligible. We also do not take into account light pressure
effects on atomic particles. We will analyze the situation
when the lifetime of the excited level b is much longer than
the characteristic transit time Q/u of particles across the cell
(Fig.1) with their most probable speed u in the gas. Therefore
we will not take into account the radiative relaxation of the
excited level b.

Let us consider the linear polarization e of the wave (1)
and neglect an effect of an external magnetic field on optical
processes in the cell. Then this wave (1) will interact with a
collection of independent electric dipole transitions

am —> bm between Zeeman sublevels am and bm of levels
a and b (having total angular momenta j, and j,

respectively) with an equal momentum projection m on the
quantization axis along the polarization vector e [1]. Under
given conditions, we may write the following system of
equations for elements of the density matrix of the optical

coherence p,(n‘:f) and  populations p,(na) and ,0,(,,17 Vof
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sublevels am and bm [14] for each possible value of the
magnetic quantum number m:

(0)

@, - M
pm +pm (2]+1) (V)»
® ®
P +V8pm =-0.5ig, p'" expli(6t — kz)]+c.c.,
ot or
o0 9p
[;mtm P =0.5ig, (0 — p' )expli(st - k2]

2)

0) . s . .

where I’l: ! is the equilibrium density of atoms in the ground
state a (in the absence of the light wave), F (v) is the
Maxwell distribution on a velocity v of particles, j is the

minimum among angular momenta j, and j,, g, =(Ed )/
7 is the Rabi frequency and d ,, is the matrix element of the
am — bm,

the transition

0 = (w— w,) is the frequency detuning.

dipole moment for

Egs.(2) must be supplemented by boundary conditions,
which depend on features of particles collisions with walls of
the cell. According to previous investigations for thin gas
cells [4-7,12], we may assume that the equilibrium
distribution for both particles velocities and populations of

their quantum states are established due to such collisions (in
(ab)

particular elements of density matrix p,(nb) and p,

vanish).
As a result of solving of Egs.(2) with mentioned
boundary conditions, we obtain the following expression for

the population p,(nb) of atomic particles on a metastable

Zeeman sublevel bm in the gas cell (Fig.1) restricted by 6
walls with coordinates z=20.5/,x =10.50Q and

y=20.50:
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and 77(x) is the step function (77(x)=1if x >0 and 77(x)
=0if x <0).
The total number /N, of particles on the excited

(metastable) level b with all possible velocities in the whole
volume V of the cell (Fig.1) is determined by the relationship:

N_iJ‘J‘(b) 3 3
p = P, @, v)yd'r |d'v,

m=—j" |y

(&)

where the population p;b) is determined by formulas (3) and

().

It is assumed that a detection of a spectral distribution of
metastable atomic particles N, (J) (5) is carried out by

means of an additional probe radiation, which induces
transition of given particles from the metastable level b to
other quantum states. This stable radiation may be broadband
and generated even by a noncoherent source in such a
direction in order to irradiate all volume of the gas cell
(Fig.1). We also suppose that the given weak probe radiation
does not cause nonlinear optical effects. Under these

conditions, a spectral distribution N, (0) (5) may be
directly recorded in the absorption of the probe radiation and
also in the corresponding induced fluorescence or
photoionization of atomic particles. Therefore further we will
carry out analysis of a number of excited (metastable)

particles N , (5) versus the frequency detuning O and

intensity of the stationary monochromatic light radiation (1)
and also versus sizes / and O>>/ of an ultra-thin gas cell

(Fig.1).

3. DISCUSSION OF RESULTS
On the basis of analytical relationships, obtained in the
previous section, now we will carry out numerical

calculations on example of spectroscopic data of the

intercombination transition 'S 0—3P1 (with the wavelength
A =657 nm) of calcium atoms from the ground state 'S oto

the metastable level 3Pl with full angular momenta 0 and 1

respectively [11].
At the linear polarization of the laser radiation (1), only
the light induced transition between two Zeeman states of

levels 'S o and 3P1 with the magnetic quantum number m=0

are realized.
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N®
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ixlo‘
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Fig.2. The number N, of metastable atoms (in the whole
volume of the cell) versus the frequency detuning

0 = (w — w, ) of the monochromatic radiation, when

g/(kuy=(1,2) 2.8-107° and (3) 5.6-107°, 0=(1,3)
20 mm and (2) 50mm, /=0.54, /=657 nm.

150 T T T T T T
(2)
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N(—‘z)xl()T
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®)
15 -
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Fig.3. The amplitude A,7 (a) and width W (b) of the

resonance (Fig.2) versus the Rabi frequency g, when
/=(1-3) 0.5 2 and (4) 4, 0=(1,4) 20 mm, (2) 50mm
and (3) 00, =657 nm.

Therefore further we will use the denotation g = g,

for the corresponding Rabi frequency in formulas (2)-(4). It
will be assumed at numerical estimations, that the most
probable speed of calcium atoms u =~ 545m/s, which

takes place at the temperature of the calcium vapor about

440° C. Then the characteristic density of calcium atoms

n;o) ~10" atoms/cm’ and the collision free mean path is
longer than 1 m [2].
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In the regime of coherent Rabi oscillations on the
resonance transition @ —>b under consideration, an
effective excitation to the metastable state b is realized in the
gas cell for atoms whose velocity projections on axes x, y,
and z (Fig.1) satisfy conditions:

gl> , gQ>‘vy‘,

v.|, 80>, (©6)

Narrow and sharp resonance dependences in Fig.2 with
the center in the point & = 0 present spectral distributions of
a number of atoms N 5 (5 ) in the excited (metastable) state b
for ultra-thin gas layers with the thickness /=0.5A . This
is normalized the number of atoms

value N, on

N ‘EO) = nio) -V on the ground quantum level a in the whole

volume ¥V =1-D? of the gas cell (Fig.1) in the absence of
the light wave (1). We see that, for sufficiently low intensities
of the laser radiation (1), the characteristic width W, defined
as the full width at the half maximum, of such a resonance

N, (0) is about by five orders of magnitude smaller than the

characteristic Doppler broadening ku of the atomic gas in the
cell.
Increasing the laser radiation intensity (1) leads to rise

both the amplitude A, = N, (0 =0) and the width W of the
resonance N, (0) (Figs.2 and 3). Curves 3 in Fig3
correspond to the limit of the plane one-dimensional gas cell,
when its transversal size () —>oo. In fact, linear
dependences of the amplitude A, and the width W of the

resonance on the Rabi frequency g are characteristic for this
case. Indeed, according to conditions (6) for the one-
dimensional cell, an effective excitation to the metastable
state b takes place for atoms with longitudinal velocity

projections |vz| < gl . For the Doppler broadened spectral
line of the resonance transition @ — b, such an excitation

takes place in the interval |§| < 2g(kl) of the frequency

detuning 0 = (@ — @,)) . Thus, for the curve 3 in Fig.3b, the
width W(g)~(5/3) g(kl). Rise of an excited atoms number
< gl at the increase of the Rabi

with velocity projections [V,

frequency g leads to the linear dependence also for the
corresponding resonance amplitude A, in the case of the

one-dimensional cell (curve 3 in Fig.3a). For an effective
excitation of atoms to the metastable state b in a gas cell with
real transversal sizes (Fig.l), it is necessary to satisfy
simultaneously three conditions (6) for atomic velocity

A, / N 150) of
excited atoms for real gas cells is essentially less than for the
corresponding limit of the one-dimensional cell  at
sufficiently low Rabi frequencies (Fig.3a). It is important to
note, that at the finite transversal cell size Q in the limit of the
very low Rabi frequency g — 0, the width /¥ approaches to

projections. Therefore, a relative number

a nonzero limitary value (Fig.3b), unlike the amplitude A4, of

the resonance (Fig.3a). Indeed in real gas cells, the width W
is determined not only by the mentioned light field
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broadening ~g(k/) but also by the time-of flight broadening ~
(u/Q) and by the residual Doppler broadening ~ ku(l/Q).
Thus for curves 1, 2 and 4 in Fig.3b, the width ¥ in the limit
g — 0 is sufficiently close to the sum of corresponding

broadenings [2(M/Q)+ ku(l / Q)] Rise of the laser

radiation intensity (1) leads to an amplification of the light
field broadening ~g(k/). As a result, curves 1-3 in Fig.3b,
obtained for gas cells with an equal thickness / but with
different transversal sizes Q (Fig.1), asymptotically approach
to the same linear dependence W(g)=~(5/3) g(kl) at the

growth of the Rabi frequency g.
Fig.4 presents dependences of the amplitude Ab and

width W of an sub-Doppler resonance

&l T T T

200

Fig.4. The amplitude Ab (a) and width W (b) of the
resonance (Fig.2) versus the transversal size Q of the
gas cell (Fig.1), when g/(ku)=(1,3) 2.8-107° and
(2) 5.6-107°, 1=(1,2) 0.5 2 and (3) 4, /=657 nm.

N,(O) (Fig.2) on the transversal size Q of the cell
(Fig.1) at its fixed inner thickness /. According to conditions
(6), given values Ab and W asymptotically approach to the

limit of the plane one-dimensional cell at increase of the size
O when O>>u/g. In particular, curves 2 and 3 in Fig.4b,
obtained for different values of thicknesses / and Rabi
frequencies g but at their equal product g/, approach to the
same value of the width W~g(kl) with rise of the size Q. In
the region of relatively small values of O<<u/g, the width

W ~ Q' (Fig.4b) because then it is determined mainly by

the time-of-flight broadening ~ (#/Q) and by the residual
Doppler broadening ~ ku(l/Q).
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Fig.5 presents dependences of the amplitude Ab
and width ¥ of an sub-Doppler resonance N, (&) (Fig.2) on

the inner thickness / of the cell (Fig.1) in the nanometric
region, when 0</<1 pum. Narrowing of the gas cell leads to

decrease both values A, and W.

30 T T T T

() sl TR

20

Fig.5. The amplitude Ab (a) and width W (b) of the
resonance (Fig.2) versus the inner thickness / of the
gas cell, when g/(ku)=(1,2,4) 2.8-107° and
(3) 5.6-10°°, 0=(1,3) 20 mm, (2) 50mm and (4)
00, A=657 nm.

However, unlike the amplitude A, (Fig.5a), in the limit

[ — 0, the width W approaches to a nonzero value (Fig.5b)
because of the light field broadening and time-of-flight
broadening of resonances under study. Thus, in the
approximation of the one-dimensional cell, such a limitary
width W is caused directly by the light field broadening and is
determined by the Rabi frequency g (curve 4 in Fig.5b). We
note relatively weak dependence of the width /¥ on the gas

layer thickness [ at sufficiently small values [ <k
However the dependence W(/) amplifies in the region
[>k™ (Fig.5b), when the light field broadening is
determined by the value g(k/)>g and the residual Doppler
broadening ~ ku(l//Q) is essential in comparison with the
time-of-flight broadening ~ (u/Q). On the contrary, the
relative amplitude A, / N;O) rises (starting from the zero
value) at the growth of the cell thickness in the interval
I <k™" and tends to saturation when [ >>k". Indeed, if

[ >>k™", then many Rabi oscillations will occur between
ground and metastable levels of the resonance transition
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a — b during transit times of atoms between nearest plane-
parallel walls of the gas cell (Fig.1). We note that Rabi
oscillations may display also as some variations in

dependence of the amplitude Ab on the cell thickness /

(curve 4 in Fig.5a).

Thus investigated sub-Doppler resonances (Fig.2)
narrow at a fall of the laser radiation intensity (1) and also
with rise of the transversal size Q of the cell and with
decrease of its inner thickness / (Fig.1). At rise of the
transversal size Q, also growth of the resonance amplitude

Ab takes place (Fig.4a). However, in practice, the value Q is

restricted by a transversal size of a real laser beam and, as a
rule, is not more than a few centimeters. Therefore, for
detection of the most narrow sub-Doppler resonances under
consideration with not too small amplitudes, according to
obtained dependences (Figs.2-4), it is reasonable to select
such an intensity of the laser beam and thickness / of the gas

layer when g~(u/Q) and [ ~k™ =051/7x.

4. CONCLUSIONS

We have carried out numerical analysis on the example

of the intercombination transition 'S 0_3P1 (with the

wavelength A =657 nm) of calcium atoms. However
obtained qualitative results are valid also for any optical
transition from the ground quantum term to a metastable level
not only atoms but also molecules.

Detection of sub-Doppler resonances under
consideration (Fig.2) may be realized by a sufficiently weak
stable radiation, which connects the optically excited
metastable level with another atomic quantum state, having
the negligible population. For example, in the considered
case of calcium atoms, following optical transitions may be
used for such photoprocesses: (4s4p)’P; — (4s5s)'S, at 552.1
nm or (4s4p)’P, — (4p2)°P, at 430 nm [11, 13]. Our sub-
Dopper resonances may display both in the absorption of the
probe radiation and in a fluorescence of atomic particles
induced by this radiation. Indeed, if the sufficiently weak
probe radiation irradiates the all volume of the thin cell and
does not cause nonlinear optical effects, then corresponding
absorption and fluorescence signals will be proportional to
the investigated distribution N b (5 ) (as in fig.2) of
metastable atoms versus the scanned frequency detuning
0 =(w—w,) of the monochromatic pumping radiation

(1). For detection of given resonances, also methods of
photoionization spectroscopy may be used, which are based
on a resonance ionization of atoms (or molecules) at
successive absorption of several photons [15]. Such
photoionization methods are characterized by the extremely
high sensitivity (up to single atoms or molecules) which may
combine with the high spectral resolution. For realization of
corresponding spectral measurements in our case, it is
necessary to use probe radiation with a frequency sufficient
for the photoionization of atomic particles from the excited
(metastable) state b but not from the ground energetic level a.

For an effective detection of relatively weak sub-
Doppler resonances under study on a possible noise
background (connected, for example, with a scattering of the
probe radiation), it is better to record directly the difference
between (absorption, fluorescence or photoionization) signals
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with monochromatic laser radiation (1) and without this
radiation. Moreover, the removal of an influence of a
relatively broadband noise background is possible by means
of the frequency modulation technique [1,2] for the
monochromatic radiation (1), when narrow resonances of

frequency derivatives of corresponding dependences N 5 (5 )

(Fig.2) are recorded.

A cell standard based on forbidden transitions (in
particular for various alkali-earth atoms Ca, Mg, Ba and Yb)
would be of great relevance, because these transitions are the
most promising as references for optical atomic clocks now
under development [2]. The sub-Doppler resonances in ultra-

thin gas cells, investigated in the present work, may be used
as such effective references for compact high-accuracy
optical frequency standards. Moreover, on the basis of given
most narrow resonances, it is possible to raise the
measurement precision of central frequencies of Doppler
broadened spectral lines. This may lead to a more accurate
determination of fundamental constants in atomic physics,
connected with such measurements [1].
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LIFETIME OF POLARON EXCITED STATE IN SINGLE-SHELL NANOTUBE

0.Z. ALEKPEROV, S\M. SEID-RZAYEVA, S.S. GUSEYNOVA
H.M. Abdullayev Institute of Physics of Azerbaijan National Academy of Sciences
AZ-1143, G.Javid ave., 33, Baku, Azerbaijan

The task about energy relaxation of nonequilibrium electrons in single-shell semiconductor nanotube (NT) with radiation of
optical phonon at low temperatures has been solved. The general analytical expressions of energy relaxation time (polaron lifetime in

excited state) for ratio arbitrary value of NT radius to polaron radius 7, / r, - The theoretical calculation of polaron lifetime in

excited state with taking into consideration intrasubband and intersubband transitions of dimensional quantization for semiconductor

NT has been carried out.

Key words: Nanotube, electron-phonon interaction, polaron, relaxation.

PACS: 539.29;539.216.1

1. INTRODUCTION

Nowadays the big attention is given to creation and
investigation of low-dimensional systems. The nanotubes
(NT): carbonic NT or folded quantum wells of

semiconductor compounds A’B’ obtained on Prince
technology is of big interest among the investigation
objects in the given field [1]. The modern technologies
allow us to obtain the perfect NT of different sizes from
different materials [2,3].

The electron properties of NT are the object of
intensive investigation in the physics of low-dimensional
systems. The interaction of electrons with long-wave
optical (LO) phonons plays the dominating role in the
definition of electron, optical and acoustic properties of
semiconductor NT.

The task solution about energy relaxation of
nonequilibrium electrons put into higher subbands is
connected with electron-phonon interaction. The energy
losses by electron being in excited state are known as
electron energy relaxation. Moreover, energy losses are
defined by both the velocity with which the energy is lost
by electron because of LO-phonon emission and the
velocity with which the electron has the energy because
of phonon absorption.

At low temperatures the velocity of electron energy
loss in polar semiconductor is mainly defined by the
velocity with which the energy is lost by electron because
of LO-phonon emission without absorption one. The
frequency of their transitions into lower states with
radiation of optical phonon is the main parameter defining
the energy relaxation velocities of nonequilibrium
electrons.

The transition frequency with optical phonon
radiation is calculated in quantum wells for
nonequilibrium electrons in [4,5,6]. The time necessary
for energy relaxation of nonequilibrium electrons is
calculated in semiconductor quantum point in [7]. In
generated semiconductor InAs the experimentally

obtained value of polaron lifetime [8] approximately is
equal to 0,53ps and this value coincides with results of
theoretical calculations.

In order to define the peculiarities of energy
relaxation processes of nonequilibrium electrons in NT at
low temperatures, one need to carry out the theoretical
calculation of transition frequency of nonequilibrium
electrons with taking into consideration both the
intrasubband and intersubband transitions of dimensional
quantization.

The obtaining of general analytical expressions for
both intrasubband and intersubband transitions at arbitrary

value of NT radius ratio to polaron radius ¥, / r,.

2. THE POLARON ENERGY RELAXATION TIME

IN EXCITED STATE

Let’s consider the energy relaxation processes of
nonequilibrium electrons at low temperatures because of
radiation of LO-phonon in NT (in hollow cylinder). Let’s
the two-dimensional gas of nonequilibrium excited
electrons formed by the way of injection or photo-
excitation exists on the surface of hollow cylinder. The
electron transition from excited high-energy state to low-
energy ones can be carried out: a) in the limits of the
given subband which are intrasubband transitions or b)
from the given subband taking into consideration the
transitions to neighbor subbands which are intersubbands
ones.

Moreover, for the definition of energy relaxation
velocity of nonequilibrium electrons one needs to
calculate the frequency of intrasubband and intersubband
transitions.

According to [5,7] the transition frequency 1 / T,k

for electron with wave vector k of upper excited level n
with LO-phonon radiation is defined by the expression:

‘2

1 2z
o h Z ‘ Mnk, n'k—q
z-n,k n',q

5(‘9n,k — &€y k= _ha)L) : M
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M

Here matrix element on excitation

nk,n'k—q

energy (_ez (Dq) corresponds to electron-phonon
q

interaction [9] with limit frequency @), . According to

results of work [9] the quantum energy spectrum &, ,

and electron normalized wave function ¥/, (Z,®)is

given in the form:

’k* ntn’
. = —}——’ 2
" om o 2mi @
1 i(kz+n
V. (2,0) :ﬁe (tzene), ©)
7

In (2) and (3) mis electron effective mass, 7 is
cylinder radius, @ and z are cylinder coordinates, L is

cylinder height, n = 0,+1,+2,..... are numbers of subband

The hk

corresponds to electron movement on the cylinder surface
along z axis. Taking into consideration the expression for

dimensional quantization. quasi-impulse

integration on @ u z for matrix element M nen',g We
obtain:
drar. J 7
M, .  =iho, p Suw (4 0)’
»q [ 2 2
qL + qz
where J n_nv(C] LVO) is Bessel function with index
n—n'; q,, ¢, are transversal and longitudinal

projections of phonon wave vector G(q,,g.) , the bond
constant of electron-phonon interaction & and polaron

3 h
2mo, |

where € and €_ are static and high-frequency dielectric

radius r, is defined by expressions:

constants.
Transiting from summation to integration in (1) in
cylinder coordinates ¢,, q,., @ and making the

scalar potential @ . [9] and using (2), (3) after I integration on polar angle ¢ we obtain:
1 2« (9.7 nq?  n h(n® —n'"
—=""(hw,)’r | nr L0| B +—q k—¥+ha) q.dq dq. .4
L z 2 L 1 1 z
z-n,k h 0 —0 1’ (QJ_ +qz 27’]’1 m 2’nVO
Introducing the following dimensionless variables: X =r,q,, z = r,q., K= rpk, a=r, / r, and also

taking into consideration the designation b, ,

L -2an, 3] [l

x+z

5(z° +2zK+b,

= \/ 1—(n*> —n'"*) a™ we obtain for (4) the following expression:

xdxdz. 6))

The integration in (5) on variable X gives the following result:

T

v
n,K n —o

here Infn' (aZ) > Kn—

—=2a0,. [I, (a2)K, (a2)8(z* +2z1+b,,") dz

(6)

o (Cl z ) are modificated Bessel functions of first and second order [10], correspondingly.

Making the integration in (6) on z for polaron lifetime we obtain the analytical expression of the following form:

-b,,

aa)L o
[ 2
Here z,, =—Kk =% K’ —b,,,” are the roots of the

argument of Dirac  function §(z% +2zk +b, "),

0(x* -

bnn,z) is stepped Heaviside function.

T P T P

)

! For graphical image of dependences of polaron

lifetime on NT radius one can carry out the numerical
calculation for private cases.

Let’s calculate the polaron lifetime in excited state
{n=2,xk=0}. In this case the polaron being

in {n =2, kx =0} changes its energy state by two ways:

28
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1) firstly it can transition in state {n' =], k=0},
further in the state {n'=0,x=0}; 2) or directly
{n=0,xk=0}. Though for
generated states {n =+1, x =0} the energy values are

transitions into state

L o(4-n")a -1,

1

(‘\/4 -n'’ —a’

similar ones, but possibilities of transitions for them are
different ones.

Taking into consideration the above mentioned from
(7) we obtain the following expression for polaron
lifetime in excited state {n =2, x =0 }:

sz_n, (‘\/4— n'?-a’

Tro@@,  y=a

The results of carried investigations on the base of
expression (8) are presented fig.1.

The resonance curves of corresponding transitions
from {n=2,xk=0}in the state n'=%1 un

n' =0 are given on this figure from the left to the

right.
1
G g
al
3L
s
e
[ -
05 10 1.5 20 Ty
Fig. 1. The dependences of polaron lifetime on 7, / 7, ratio

for excited state {n =2, x =0 }. The resonance

curves are given on the figure from the left to the right
of corresponding transitions in the state p' =+1, »n'=0.

The presence of the resonances on the figure
corresponds to the condition of equality of LO-phonon

‘\/(4—11’2 )cf2 —1‘

®

| . . . .
energy to intersubband distances, i.e. we obtain the

following condition:

B thZ . hZ(nZ _n!2)

2

ho,

2m 2mr,

As it is seen from the fig.1 two resonances which
correspond to transitions {n=2, k =0} > {n'==*1,

k=0}, {n=2,x=0} > {n'=0, kx =0}are
observed with increase of parameter value 7, / r, . The
resonance position of corresponding transitions {n =2,
k=0}—>{n'=1, x=0} and
n=2,k=0}—>{n'=-1,xk=0} on ro/rp coincide

that is expected in the case of taking into consideration
the transitions into generated subbands.
Now we calculate the polaron lifetime

{n =0,x= 1.1} state for intrasubband transition

in

{n =0,x= 1.1} - {n =0,x= 0} providing for the
possible intermediate intersubband transitions to
n'=+1 +£2, +£3, +4, £5 states. In this case the
expression for polaron lifetime has the following form:

2 =2
where an,=1+n' a .

The results of such calculations carried out on the
base of (10) are presented on the fig.2.

The resonance curves corresponding to transitions in
state n'=+1, +2, £3, +4, £5 are given on the
figure from the left to right.

As it is seen from the fig.2 if for transition
{n =0,kx= 1.1} — {n =0, k= 0}we take into
consideration the possible intersubband transitions in state

Ly el (e dema
—da
aj Kn,(‘/c—whcz -a,

a) Kn,UK+,/K2 —a,
a)l

a)+

(10)

n'=%1, £2, 3, £4, £5, then with a=r,/r,

parameter increase up to 20one can observe all 5 radiuses.
Such situation is connected with the fact that the distance
between subbands decreases with NT radius increase and

at the given value a =7, / 7, such transitions are

possible.
As a example we give the plots of dependences

Tg’ll_l on kK for {n=O,K=1.l} - {n=O,K=O}

transition.
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The resonance position for {n = 0} - {n’ = 0}

transition related to K are defined from ratio
K= \/1 - ((nz —n'? )/az) which occurs from the
condition (9).
1
ey, Ty

| S~

5 1n 15 mwop

| =

Fig. 2. The dependence of polaron lifetime in excited state
{n =0, k= 1.1} for transition {n =0,x= 1.1} —
{n =0, k= 0} from 7, / r, ratio with taking into

consideration the intermediate transitions.

Below the plot of dependence of 7 ll_lon K at

value @ =35 is given below.

As it is seen from the fig.3 at value a=5 when K
changes from 1 to 2, we have two resonance curves. Such
situation means that at @ =5 the existing distance between
subbands gives the possibility in order to include all
intermediate subbands into resonance.

From above mentioned figures of dependences
1/ aw, 7, .on aand K follows that at investigation of
into

polaron relaxation time is necessary to take

consideration the intersubband transitions.
7= 1.27 ps.gives the evaluation of lifetime 7 at
parameter values for GaAs:

a=0.068, hw, =421 K

The obtained value is character for LO-phonon
lifetime. For example, the measurement results of decay
time of nonequilibrium LO-phonons in GaAs is 7ps at
temperature 77K [11].

1

Qe To

05 10 15 20

Fig. 3. The plot of dependence of polaron excited state life
time on & at @ = 5 for transition {n =0, x } -
{n =0, k= O}with taking into consideration of

intermediate transitions in states
n'=%1 £2, £3 +4, £5.

In conclusion the authors are thankful to prof. F.M.
Gashimzade for many discussions of the work during its
carrying out.
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THE INFLUENCE OF Ge ATOMS ON THIN FILM TIGaS;(Se;,Te;) FORMATION
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The conditions of TlGa;,Ge,S,(Se,,Te,) thin film formation doped by germanium have been investigated by high-energy electron
diffraction(HEED) method. The influence of impurity concentration on substructure and formation temperature of different phases of
T1Ga, Ge,S,(Se,,Te, films with thickness 30 nm has been established by nanotechnology methods. The orientation relations taking place

between epitaxial film and substrate have been also established.

Keywords: thin films, phase formation.
PACS: 544.344; 538.97; 539.216.2; 539.23

INTRODUCTION

The new materials with the given properties are the
bases to create new devices or improvement of the existing
ones which must satisfy modern requirements.

The investigation of structural characteristics of nano-
thickness semiconductor films of A™B™C}" type during last

twenty years is actual one in modern optoelectronics [1-6].
T1GaS,(Se,,Te;)  compounds are the  typical

representatives of recently opened incomplete valence

semiconductor compounds of A"B"C)' type having the

specific structure of crystal lattice. From this point of view
the use of the elements of fourth group in the capacity of
impurities for the above mentioned compounds presents the
interest.

The experiments to study of semiconductors doped by
impurities are divided on two groups.

The works, in which the change of band structure
mainly caused by distortion of semiconductor crystal lattice
is studied, belong to first group. The investigation of the state
density tail propagating in forbidden band depth belongs to
first group.

Note that the semiconductor doping level, at which
practically there is no any interactions between impurity
atoms, is called the weakly doped one. The investigated thin
films one can obtain with the help of molecular-beam
epitaxy, metal-organic vapor-phase epitaxy and hybrid vapor-
phase epitaxy and etc [7]. The method of thermal evaporation
from tungsten crucibles is used by us for film preparation. In
the given work the influence degree of small additions of Ge
impurities on crystal structure of TIGaS,(Sep,Te,) thin film is
investigated with the help of electron-diffraction analysis,
and the orientation relations taking place between epitaxial
film and substrate are also established.

EXPERIMENTAL PART

T1Ga,;_,Ge,S,(Se,, Te,) (x=0.01+0.05 at.%) films with 30
nm thickness are prepared by the evaporation of synthesized |

a
— = 1.051~5.1%;

substance in vacuum at the residual pressure ~10“*Pa on
substrates consisting of NaCl, KJ fresh cleavages and
celluloid (the deposition rate ~Snm/sec). The substrate
temperature T varies in interval 230-570K. The content of
Ge impurity in TIGaS,(Se;,Te,) compounds varies in the
limits x= 0.01+0.05 at.%. The obtained films are studied by
the method of fast electron diffraction under stipulation that
the acceleration voltage is equal to 75kV.

THE RESULTS AND DISCUSSION

T1Gag 96Ge.04S2(Se,,Te,) films deposited on the above
mentioned substrates have the amorphous structure with the
values S=4 msin6/A =23.63, 36.52, 56.06 nm™'; 21.51, 34.24,
45.16 nm™ and 21.06, 32.88, 49.73 nm™ correspondingly, i.e.
there are three maximums on the curve of electron scattering
intensity in the dependence on scattering angle (fig. 1, a,b,c).
The given short-range order parameter of gives the definite
information about three coordination spheres. Here @ is
scattering angle of diffracted beams, A is electron wave
length. The amorphous phase of TIGag0sGeo 45, (Se;) forms
up to 7,=390(423) K and for T1Gag sGeg4Te, films forms up
to 7,=240 K.

For oxidation prevention TlGa;Ge,Te, films are put
into carbonic capsule with thickness 3-5 nm. The
crystallization of amorphous films leads to formation of
polycrystalline TIGagsGegsS, with lattice parameters of
monoclinic syngony a =1.093; ¢=1.564nm, [(=100°,

Z=16, SPS C26 > T1Gag 0sGeg4Se; film forms with lattice
parameters a=1.120; ¢=1.606 nm, f=100°6', Z=4, SPS of Cj

and C,. monoclinic syngony, and T1Gaj ¢sGego4Te, film forms
with lattice parameters a=0.897; ¢=0.713 nm, Z=4, SPS
[4/mcm of tetragonal syngony. The lattice parameters are
defined by method [8,9]. The values of elementary cell
parameters obtained by us are bigger than analogous ones
obtained in [10,11], i.e.

c
— =1.031 ~3.1%,

T1Gag06Geo.04S:  —
a64n Cﬁ.n
a C
TIGayosGeguSe, — —— =1.040~4.0%; —— =1.027~2.7%.
a&n cﬁAn
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C
— =1.038 ~ 3.8%.
c

a

6.n 6.n

Here a;,, c5,, are elementary cell parameters of triple compounds without impurities.

S~

a
0 20 30 40 50 60 70 S, nnrt
b
20 30 40 50 60 70 S, nmt
c
l} 1 i i i i
20 30 40 50 60 S, nm!

Fig. 1. The intensity curve of electron scattering for amorphous films:

a - TIGa; Ge,S,, b - TIGa,, Ge,Se,, ¢ - TIGa;_, Ge,Te,
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These relations show that impurity atoms influence on
the formation of crystal structure. This fact is discussed in
[12]. The  polycrystalline films T1Gag 06Geg 04S,,
T1Gay o6Gep g4Se, and T1Gay 96Geg g4 Te, form on the substrates

(NaCl, KCI) at temperature intervals 7,=400+433 K,
T=430+453 K and 7,=365+390K  correspondingly
(fig.2a,b,c).

C

Fig.2. The electron diffraction patterns of polycrystalline phase:
a - TIGa; Ge,S,, b - TIGa,, Ge,Se,,
c - TlGa;, Ge,Te,

The monoclinic syngony undergoes the temperature
irreversible phase transformation and transits into tetragonal
one with crystal lattice parameters: a=6=0.764, ¢=3.083 nm,
Z=16, space group of symmetry 14/ um and a=b=0.837,
¢=0.659 nm, Z=4, space group of symmetry 14/ mcm with

increase of substrate temperature up to 7,=443 K for
T1Gag96Geg.04S, and up to 7,=463 K for TlGaggsGesSe. The
co-existence of these two structures caused by phase
transition process is accompanied by strong change of atom
coordination and bond characteristics between them. At the
further increase of substrate temperature (for T1Ga, 1Ge,S, up
to T=453 K, for TIGa,,Ge,Se, up to 7,=513 K and for
T1Ga, xGe,Te, up to T,=413 K) the obtained films are already
consist of oriented small crystals. However, as diffraction
shows, the formed texture is imperfect one. Besides, it is
established that T1Ga, (Ge,S,(Se,,Te,) small crystals form the
texture with “c” axis perpendicular to substrate (fig.3a,b,c).

Fig.3. The electron diffraction patterns from textured films:
a - TIGa, Ge,S,, b - TlGa,_, Ge,Se,, ¢ - TlGa;_, Ge,Te,
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The further increase of NaCl, KCl substrate temperature
for T1Ga;,Ge,S, up to 7,=480 K, for TlGa;Ge,Se, up to
T,=530 K and for TlGa,Ge,Te, up to 7,=435K leads to
formation of mosaic monocrystal. At the further temperature
growth the increase of point reflex intensity is observed on
electron diffraction patterns, that evidences the formation of
monocrystalline blocks with different perfect degree. The
reflex intensities which are characteristic once for
polycrystals decrease and slowly disappear. At the increase of
NaCl, KCI substrate temperature up to ~503 K, ~563K and
~453 K the more perfect monocrystalline films TlGa, Ge,S,,
T1Ga, Ge,Se, and TlGa, Ge,Te, form. The indexing of
diffraction pattern of crystal phase taken under direct angle
shows well coincidence with parameters of above mentioned
tetragonal cell. The electron diffraction pattern taken under
angle p=30+60° allows us the definition of “c” crystal lattice
period which is shown by us above. The obtained epitaxial
films TIGa,Ge,S,(Se,;) are oriented by (100) plane and
TlGa, Ge,Te, film is oriented by (001) plane parallel to
substrate edge [100]. Note, that the inclusion distribution in
crystal volume obeys definite crystallographic orders: in
many cases the planes (111) are the ones of primary impurity
segregation.

CONCLUSION

Thus, the phases with different substructures with
increased parameters of crystal lattice elementary cells
changing the syngony form at TIGa;Ge,S,(Se,,Te))
(x=0.01+0.05 at.%) film precipitation on the substrates of
monocrystalline NaCl, KCI and amorphous celluloid by the
thermal evaporation method at different temperatures. The
addition of few quantities of impurities leads to increase of
temperature interval of amorphous phase formation and for
all rest obtained substructures leads to decrease of film
formation temperature. It is established that the variation of
lattice parameters is the one of obtaining methods of
homogeneous high-oriented monocrystalline films with
minimal defect level.

Nowadays, in the connection of lack of material data,
there is no possibility to formulate the clear interaction
between formation conditions of thin epitaxial films and
influence degree on this process of few additions of different
impurities.

The author is thankful to head of the laboratory
D.I. Ismaylov for useful notes.
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Optical absorption spectra of MnGa,Se4 (S*4 ph. gr.) single crystals have been investigated in 110-295K temperature range. By the
using of group-theoretical analises for compounds crystallized in S?; space group and by comprising with izoelectron analogies it was
shown that the minimal optical transitions localize in the centre of Brillouin zone I'(000). Features in low energy region at 2,31 and 2,43 eV
are connected with intracenter transitions from splitting by crystal field states A, (°A,", °A?) to T',(G) state. It was shown the
contribution to the crystal splitting what is due to difference of pseudopotentials of cation sublattice atoms privileges the contribution due to

tetragonal distortion.

Keywords: intracenter transitions, self-absorption edge
PACS: 535.343.2

MnGa,Se4 belongs to the group of compounds of
A’B3,C°, (A-Mn, B-Ga, In, C-S,Se, Te) type and is the
semimagnetic semiconductor compound. This compound
firstly had been sythesized by authors [1].As a result of
rentgenographic investigations it is shown that MnGa,Se, is
crystallized in tetragonal structure (space group S%;) with
lattice parameters a:5,674A, 0210,7571&, c/a=1,895. Further,
this compound had been obtained by authors [2,3]. The
semimagnetic semiconductor compounds take the significant
interest in the use in semiconductor instrument engineering,
in particular, in spintronics and etc. That’s why the
comprehensive investigation of physical properties of such
compounds is the one of actual problems of solid state
physics.

In spite of the fact that magnetic properties of this
compound have been investigated in detail, however, the
optical properties haven’t been investigated properly. The
optical properties of MnGa,Se4 are investigated in [4,5].
However, the conclusions about the character of optical
transfers in this compound are different ones. By the opinions
of the authors [4] the self-absorption edge of MnGa,Se,
forms by the indirect optical transfers. The observable
peculiarity at 2,43eV is connected with intracenter transitions
in Mn atoms. Later in [5] the investigations of self-absorption
edge in MnGa, Se, in magnetic fields up to 20 GPa also have
been carried out. At 146GPa the phase transition in NaCl
structure is observed. The authors confirm that self-
absorption edge in MnGa,Se, forms by the direct optical
transitions. For the forbidden band width the value 2,7 eV is
given. Note that in these works the authors don’t show in
which point of Brillouin band has the least energy gap and
which irreducible representations the valence band and
conduction one are described.

In present work the results of temperature dependences
of absorption coefficient of MnGa,Se, in 110-293K interval
are given (fig.1). The single crystals MnGa,Se, are obtained
by the gas-transport reaction method. The crystalline iodine is
used in the capacity of carrier. The lattice parameters defined
by roentgenographic method a=5.671A, ¢=10.754A, c/a=1,9
agree with results [1]. The measurements are carried out on
the samples with thickness 70-100um. On the fig.1 it is seen
that at 295K the dependence of absorption coefficient on
incident radiation energy gradually increase with bendings at

35

2,31 eV and 2,42eV. The maximums are observed with
temperature decrease up to 110K on the bending places. At
temperature decrease up to 110K the maximum at 2,45 eV is
observed on bending place at 2,42eV. In high-energy region
the absorption coefficient increases up to 7-10%cm’™.

800 |-

I

26 27

24 2,5
hv (3B)

21 22 23
Fig.1. The dependence of absorption coefficient on the
incident radiation energy in MnGa,Se, at different
values temperatures T, K: 1- 110 K, 2- 1356 3- 159,
4- 184, 5- 217, 6- 240, 7- 259, 8- 277, 9- 295.
The scheme of optical transfers in I'(000) of Brillouin
zone MnGa,Se, is given in insertion.

Nowadays the calculations of band structure MnGa,Se,
are absent. However, one can make the specified conclusions
about band structure in the region of self-absorption edge of
this compound using the results of theoretical-group
investigations carried out for the compounds crystallizing in
space group S%4 [6]. MnGa,Se, is also as the compounds of
A’B*,C¢, (CdGa,S,, CdGa,Se,, ZnGa,Se,) type crystallizes
in space group S’;. The compounds crystallizing in space
group S%; have two types of atoms in cation sublattice,
ordered cation vacancy and lattice tetragonal compression
along C axis.

In [6] the symmetry of electron states in compounds
crystallizing in space group S®; is investigated by group-
theoretical method. The state ratio forming the valence band
top and conduction band bottom is established, the selection
rules for optical transitions in high-symmetrical points of
Brillouin zone are obtained. The optical transitions in
A’B*,C¢, (CdGa,S,, CdGa,Se4, ZnGa,Ses) compounds
realize in the center of Brillouin zone by the means of the
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analysis of experimental results towards with results of
group- theoretical investigations and the comparison them
with isoelectron analogues of A’B°, A’B*C’ (GaAs, GaP,
ZnGeP,, ZnGaAs,) compounds. As MnGa,Se,; is the
isoelectron analogue of ZnGa,Se, and crystallizes in space
group S?4 one can confirm that in this compound also as in
ZnGa,Se,the self-absorption edge localizes in the center of
Brillouin band, the top of valence band and the bottom of
conduction band in dipole approximation form by the states
(T'3+T,)", (['2)" and T'\°. The top of the valence band is
splitted by crystalline field. As it is above mentioned in
MnGa,Se, the presence of two types of atoms in cation
sublattice and lattice compressing c/a=1,9 along tetragonal
axis which occur the excitation, takes place. The last one
leads to the splitting of valence band top. That’s why two
factors make the contribution in crystalline splitting:
pseudopotential difference of cation sublattice atoms and
tetragonal compressing.

E, eV

1o
TK

L 1
0o 200

Fig.2. The dependence of maximum position on temperature
at 2,42eV.

Following from above mentioned one can suggest the
scheme of optical transitions in MnGa,Se, in the center of
Brillouin zone (fig.1 insertion). The optical transitions
I';+I"y—T"| realize in polarization Edc and I',—I'; into Ellc.
The temperature coefficient of displacement of self-

absorption edge in high-energy region dE =6-10"* eV. The
dT

self-absorption edge of MnGa,Ses; at 295K is equal
to~2,5¢V. In interval 295-110K the self-absorption edge
changes by linear law that evidences about the fact that in this
temperature region the main contribution in temperature
coefficient of displacement of forbidden band width gives the
electron-phonon interaction. The peculiarities at 2,31eV and
2,42 eV reveal the weak temperature dependence. The
dependence of maximum position at 2,42eV on temperature
is shown on fig.2. It is seen that with temperature decrease in

interval 295-220K the maximum position at 2,42eV weakly
increases with temperature and further doesn’t depend on
temperature.

The presence of two closely situated peculiarities
evidences about splitting of the line by crystalline field. The
difference in energy position of peculiarities at 2,31eV and
2,45eV at 110K is equal to 0,14eV that one can consider as
crystalline splitting A.,. That’s why according to [4] it is
followed to suppose that these lines are connected with
intracenter transfitions in Mn** ( °A',—-'T,(*G)) and
(°A*,—*T,(G)) (fig.3). The Mn °A; level is splitted by
crystalline field.

‘T, (*G) ‘T,(G)
231 |[242
6A,®
m— & al
6A,0

Fig.3. The scheme of intracenter transitions in Mn atoms.

The crystalline splitting connected with lattice
compressing along tetragonal axis one can evaluate by the

formulae [7] A,= - > b (2- ':;) if we consider the triple

compound MnGa,Se,; as isoelectron analogue of A’B’
compound compressed up to the value of tetragonal
compressing of triple compounds. In this formulae @ and ¢
are lattice parameters, b is the value of deformation potential
of the top of valence band of isoelectron analogue of A°B’.
GaAs for which the value b = 1,7 eV [8] is isoelectron
analogue of MnGa,Se, [8]. The calculated value A,=0,25
eV. This value is bigger than observable splitted peculiarities
at 2,31eV and 2,45 eV (at 110K) (A.=0,14). Such difference
can be explained by the following way. It is above mentioned
that in triple semiconductors in crystalline splitting the two
factors make the contribution. There are lattice compressing
along tetragonal C axis and difference of pseudopotentials in
cation sublattices. In MnGa,Se, cation sublattice there is also
ordered cation vacancy Mn besides two types of atoms. The
last one forms the significant difference of pseudopotentials.
It is known that [9] the lattice compressing along tetragonal
axis and the difference of pseudopotentials of cation
sublattices form the similar values by the order and opposite
values by splitting sign. Consequently, the difference of
experimentally definite value A. on calculated by the
formula one is connected with the influence of difference of
pseudopotentials of cation lattice atoms on tetragonal
compressing.
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The temperature dependences of electric conduction o, Hall coefficient R and thermo-e.m.f. ¢ in p- and n-Ag,Te in temperature
interval 4,2-300K have been investigated. The obtained experimental data are interpreted in the framework of two-band model of charge
carrier dispersion law. It is established that peculiarities of kinetic parameters in p- and n-Ag,Te are connected with complex band structures

of charge carrier energy spectrum.

Key words: mobility, interelectron interactions, point defects, sublattice, effective mass.

PACS: 72.15.Jf; 72.25.Pa

The deficiency of Agz_,‘BVl (B-Te, Se, S) compounds
which significantly influences on kinetic coefficients is their
peculiarity. The defect concentration increases with
temperature growth that leads at structural phase transitions
(PhT) at definite temperature. The heat and electrophysical
properties of samples of Ag,Te, which is the one of Ag, B!
compounds, change unevenly at PhT.

R,sm’

200

100

-100

-200

Fig. 1. Temperature dependences of Hall coefficient R(7) in
p-Ag,Te: experimental points with Te excess;
x-0,75a.t. %, *-1.0 at.%. The total curves are calculated
at different values of forbidden band width:

E,:1-0. 025eV, 3-0.07¢V.

As it is shown in [1] the excess of Te in Ag,Te
homogeneity region leads to p-type conduction and the
excess of Ag leads to n-type one. Ag atom excess in Ag,Te
forms the small donor levels [2], and Te-acceptor atom
excess [3] situated from on the bottom of conduction band on
the distance (0,002-7-10") eV. The information about Ag,Te
forbidden band width (&,) is different: 0,006 eV [3]; 0,035 eV
[4]; 0,058 eV [5]; 0,113 eV [6]; 0,19 eV [7]; 0,7 eV [8]in
dependence of defect level.

The present paper is dedicated to establishment of
reasons of forbidden band width different obtained values in
Ag,Te.

The investigations are carried out on the sample series
Ag,Te with Te atom excess up to ~1 a.t.% and Ag atom
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excess up to ~0,25 at.%, obtained on unique technology [9]
in temperature interval 4,2-300K. Analysis shows that excess
of Te up to ~ 1 a.t.% and Ag up to ~0,25 at.%, don’t cause
the second phase appearance and any changes in crystal
structure. At this it is revealed that hole concentration is
proportional to Te content [1,4,11] and beginning from the
lack of Ag> 0,01 at.% in stoichiometric content of Ag,Te n-
type conduction takes place [2]. Experimental data on
temperature dependences of Hall coefficient R(7), electric
conduction of7) and thermo-e.m.f. y(7) are presented on
figures 1-3. The temperature behavior of R, o and ¢, for hole
concentration p=6,25-10"cm™ and electron one n=1-10"%cm
is presented in [2,4]. As it is seen, Hall coefficient doesn’t
depend on T up to inversion point, further it decreases with
temperature growth and at 7=55K, 65K, 78K changes the sign
on negative one, achieves maximum at 7=75K, 80K, 85K,
then |R| (7) slowly decreases and the decrease of IR | slows
down in temperature interval ~200-300K. This fact that
inversion points R and ¢, shifts to high temperatures pays
attention.

As it is seen from R(7) at temperature increase starting
from the inversion point the hole gas degeneracy disappears
and the intrinsic conductivity begins (Fig.1).

a,, pV K’

290 3(|]0

-50

-100

-150

Fig.2. Temperature dependences of thermo-e.m.f. &, (T) in

p-Ag,Te. The designations are the same that on the fig.1



E.F. ALIYEV, A.A. SADDINOVA, R.A. GASANOVA, N.A. VERDIYEVA

200

100

300

1 1
100 200 TK
Fig.3. Temperature dependences of electric conduction o (T')

in p-Ag,Te. The designations are the same that on the
fig.1.

In the region of intrinsic conduction R(7), o(T) and

oy(T) values in slow magnetic for two types of charge
carriers field are obtained by following formulae [12]:

1 (1-c)i-b2)

R= (1
Ne (+bc)
o= 1 I+bc @
N,eb(l-c)
ao — Gpa0p _GnQOn (3)
O-p + o,

where N, = p(l — c) is acceptor concentration, U,/U, —hole

and electron mobility ratio, ¢ = n/ p is ratio of electron

concentration to hole concentration, o 0,,,,0), are

p b
electric conductions and thermo-e.m.f. of holes and electrons
correspondingly

3000

-1

6,0 'cm

200

200

Temperature dependences of U, (T ) and U, (T )

mobilities for dispersion on impurity ions and acoustic
phonons are calculated by methods [2,4]. At sign inversion
the of Hall coefficient R the mobility ratio is equal to

b= l/c2 and at minimum |R(T) |= |Rmi,, | , the ratio is as
follows: b = l/c [12].

)

4beN

| min

The value «b» is chosen so that calculated R values
coincide with experimental data (R>R,;) Temperature
dependence ¢(7) is calculated by the formula:

n;
c=—"—
Na + pi
where
mm 3/4
n.=p,= 4,9 1015[#] T3/2 exp(—sg /2k0T) ,
m
m, (m,=0,022 m,;) and mp(mp =0,12m, [4]), &=

Egq,-08, /dT , de, /0T =7-10° TeV-K' [2,4].

Taking under consideration «b» and «c» in (1) R(T)
(fig.1) and ¢(7) at different & % values are calculated. As it is

seen, the shift of inversion point of R(7) corresponds to
different ¢ < values as it increases with growth of hole or Te
atom concentrations (the contribution of acceptor

concentration blurring isn’t taken under consideration, i.e. at
R(T) inversion the conditions p>>n and U,>U, should be

satisfied). At this pU 12,<nU f and R<0 (n sign dominates).

5
o
25§
=4
| 0 0

0 100

Fig.4. Temperature dependences of Hall coefficient R(7) (A ,A), thermo-e.m.f. &, (T ) (©,9) and electric conduction o (T') (¢,*)

in n-Ag,Te with excess of Ag: A0, $-0,01 at.%, A, ® . -0,05 a.t.%. The total calculated lines at different forbidden band width

Eg ; 1-0,025eV, 2-0.05 V.
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Such behavior of R(7) in n-Ag,Te isn’t observed (fig.4).
Here the electrons play the main role in conduction and the
gas degeneracy removal with temperature growth up to phase
transition isn’t observed. Moreover, Hall coefficient R=1/en
weakly changes with temperature. The authors [1-4] show
that electron dispersion law in n-Ag,Te is obeyed to Kein
model and electron concentration is defined according to
[11]:

(2mnk0T)%
3°h’

I 32 (), B )

where I% (,u:,ﬁ) is Fermi two-parametric integral,

Hy = y%T , M, is chemical potential, g =k,T / £, 1s
parameter characterizing the band irregularity. From formula

(2) it is seen that n depends on two parameters &, and u, .

That’s why one can’t clearly say about correlation between
R(T) and &, . The relatively high value (0.058, 0.19 eV) is
obtained for &, at investigation of n-Ag,Te optical properties
[5,7]. It is seen that authors don’t take under consideration
Burshtein shift at definition of &, value. As it is established in
[2], Ag atoms in Ag,Te create the donor levels situated from
conduction band bottom on distance (0,002-7-10°T-K™") eV.

Thus, taking under consideration the calculated data
about g, obtained by us can be analyzed by following way:
in Ag,Te the edges of conduction and valency bands have
different structures [13]. The one electron is on the Ag
valence shells and the electrons of d-shell of Ag play the
significant role in formation of chemical bond. That’s why d-
electrons of Ag take part in formation of valency bands in
Ag,Te with S-bands of Te. As a result of this one can
suppose the presence of two valent subbands in Ag,Te: one
band connected with d-electrons of Ag and second one
caused by S states of Te.

Obviously, P and S bands of Ag in Ag,Te situate closer
to each other that leads to less value of forbidden band width
in Ag,Te. Here one can note that Coulomb interaction
between Ag and Te atoms depends on the number of
surrounding atoms, as a result of which the forbidden width
band &, forms in Ag,Te as Te atoms play the big rol in &
formation because of big ion radius of tellurium [14].
Insignificant forbidden band width leads to the fact that Hall
coefficient and thermo-e.m.f. are totally defined by electron
even at intrinsic conduction. The material is considered as
hole one and Hall coefficient is negative one when hole
concentration is bigger in several times than electron
concentration. This and some other consequences are results
of big value of matrix element of interaction
(P=5,4-10° eV-cm) [15].
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The effect of applied external electric field on DNA occurs mostly at high field intensity. The results of the theoretical ab initio
study on the applied electric field on A:T base pair components are reported. The geometries of the local minima were optimized at
DFT level (B3LYP). The 6-31G(d,p) basis set was used. The geometrical parameters, relative stability, interaction energies and
nature of hydrogen bonding energy are reported. Also, focus on the range of hydrogen bonding energy and the flexibility of the
rotation angle between the A:T base pair. So that the electric field mutation may be able to be classified as multi-point mutation.
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Pacs:

1. INTRODUCTION

After accurately describing the structure of DNA,
Watson and Crick suggested that the effects of
spontaneous mutations on DNA [1]. DNA can be
damaged by many different sorts of mutagens. These
include oxidizing agents, alkylating agents and also high-
energy electromagnetic radiation such as ultraviolet light
and X-rays. The type of DNA damage produced depends
on the type of mutagen. For example, UV light mostly
damages DNA by producing thymine dimers, which are
cross-links between adjacent pyrimidine bases in a DNA
strand [2]. On the other hand, oxidants such as free
radicals or hydrogen peroxide produce multiple forms of
damage, including base modifications, particularly of
guanosine, as well as double-strand breaks [3]. It has been
estimated that in each human cell, about 500 bases suffer
oxidation damage per day [4,5]. The most serious damage
of these oxidative lesions are the double-strand breaks, as
these lesions are difficult to repair and can produce point
mutations, insertions and deletions from the DNA
sequence, as well as chromosomal translocations [6].
Chemically induced or exogenous methylation occurs as a
result of exposure to chemical agents such as
nitrosamines,  di-methyl sulfate, and 1,3-bis(2-
chloroethyl)-1-nitrosourea. Recently, attention has been
given to the nitrosamines, which are a principle alkaloids
found in tobacco smoke (they make methylation base
pairs) [7]. However, partly due to its influence on
hydrogen bonding, methylation is the most pro-mutagenic
methyl adducts formed and can both silence gene
expression and cause point mutations [8]. Epigenetic
methylation occurs at the guanine and cytosine of CpG
islands in DNA and is regulated by an organism’s
methyltransferases and other enzymes. These enzymes
interact with DNA by flipping the target base out of the
double helix and into its active site [9]. The term base
flipping is commonly used to describe the rotation of
single base out of the double helix as a result of attractive
and repulsive forces imparted by enzyme’s active site
constituents.

The aim of this theoretical investigation is to use ab
initio approaches [10] to characterize the nature of
changes in the interaction energy and the molecular
structure in A:T base pairs under the applied external
electric field. To accomplish this, we analyzed the
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changes in the molecular geometry and the interaction
energy components [11].

2. COMPUTATIONAL DETAILS

Theoretical calculations are used to bridge gaps in
the understanding of experimental results. In many cases
the results of the experimental methods are unable to
describe accurately the small complex components. The
molecular quantum methods can be used to investigate
properties beyond the scope of the crystallographic
methods. Where they allow to study the physical and
chemical properties, which are not easily measured
systems in the micro and nano dimensions. Also they can
examine the interaction energies that are not provided by
the X-ray and NMR experiments. The predictive power of
the theoretical computational methods for DNA has been
confirmed in the recent investigation of experiments,
which concluded that the amino groups in the cytosine
and the adenine are non-planar form [12]. This was
postulated and predicted by the a b initio calculations over
10 years ago [13]. First geometries for all cases were
optimized at Restricted Hartree-Fock (RHF) method with
basis set 6-31G(d, p) and then optimized using B3LYP
method to include correlation corrections with basis set 6-
31G(d,p). Density functional are used, the Becke’s three-
parameter hybrid functional using the LPY correlation
functional which defines the exchange functional as the
linear combination of Hartree-Fock, local and gradient-
corrected exchange terms. The B3 hybrid functional was
used in combination with the correlation functionals of
Lee, Yang and Parr and non-local correlation expression
provided by the LYP [14]. Some previous calculations
[15-17] suggested that the B3LYP/6-31 G(d,p) results
gave good agreement. All geometries for each case were
performed using the Gaussian98 [18]. To examine the
effect of applied electric field on the adenine, thymine,
the A:T base pair and the hydrogen bonding between A:T
base pair, the electric field were varied from 0.00 au to
0.002 au in step 0.0005 au. The external electric fields
have been applied in x, y and z direction respectively.

3. RESULTS AND DISCUSSION

3.1 STABILITY OF THE ADENINE, THYMINE
AND THE SINGLE A:T BASE PAIRS

The geometry optimized without electric field of the
adenine, thymine and the single A:T base pair using
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B3LYP level are shown in figure 1. The change in
optimized total energies (AE~=E, (field-off) — E, (field-on))
of the adenine, thymine and the single A:T base pairs as a
function of the considered applied electric field in this
study are collected in figures 2,3 and 4, respectively. The
minimize energy calculation for the adenine, thymine and
the A:T base pair (in gas phase) appeared changes in their
stabilities. As the electric field increases in the x and y
direction respectively the adenine stability increases with
note that x direction shown more effected. While the
applied electric field in the z direction, which is
perpendicular to the plane of the adenine molecule, shows
very low effect compared with the x and y directions, see
figure 2. In figure 3 shown the effect of applied electric
field on the thymine, where the y direction shows more
increases in the stability of thymine compare with the
case of adenine. Also the applied electric field in x

direction shows more effect than the y direction, see
figure 3. The results of applied electric field in the z
direction for thymine appear to be the same as for the
adenine. When the electric field was applied in the x
direction, which is parallel to the two hydrogen bonds
between the adenine and thymine in base pair, the
stability of the single A:T base pair increases as the
electric field increases, see figure 4. While the applied
electric fields in the y direction shows the increase in the
stability of the A:T base pair. The applied electric field in
the z direction to the A:T base pair, which is
perpendicular to the plane of A:T base pair, does not
show interested effect on the its stability compared with
the x and y directions. For that, the enzyme of helicase,
which unwinding DNA, will response hardly in the

operation of separating the double helix of DNA due to
applied electric field in the x or y directions.

Fig.1. The optimized normal A:T base pair at B3LYP/6-31G(d,p) level.
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Fig.2. The change in total energies of adenine as a
function of the electric field in x: O, y: ¢ and z:A
direction respectively at B3LYP/6-31G(d,p) level.
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Fig.3. The change in total energies (in Kcal/mol) of
thymine as a function of the electric field inx: O,
y: 0 and z:A direction respectively at
B3LYP/6-31G(d,p) level.
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Fig.4. The change in total energies (in Kcal/mol) of A:T
base pairs as a function of the electric field in x: O,
y: ¢ and z:A direction respectively at
B3LYP/6-31G(d,p) level.

3.2 NATURE OF HYDROGEN BONDING ENERGY
OF THE A:T BASE PAIRS

-0.5 4

The change in HBE (Kcal/mol)
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Fig.5. The change in hydrogen bonding energies of A:T
base pairs as a function of the electric field in x: O,
y: ¢ and z:A direction respectively at
B3LYP/6-31G(d,p) level.
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Fig.6. The hydrogen bonding energy as a function of the
change in the distance (in A°) between the A:T
base pair at B3LYP/6-31G(d,p) level.

The less computationally expensive for the
B3LYP/6-31G (d,p) method, which describes hydrogen
bonding interactions in A:T and G:C base pairs, was in
good agreement with higher-level MP2 calculations
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[15,16]. In order to examine the nature of hydrogen
binding between the adenine and the thymine which form
the A:T base pair, we adopted only a single A:T base pair
in this work. The optimized of the single A:T base pairs,
without electric field, which considered in this study are
shown in figure 1. The hydrogen bonding energy (HBE)
in the A:T base pair, HBE =E .7 — (E sgenine TE1hymine)> and
the change in hydrogen bonding energy, AHBE
HBE(field-off) — HBE(field-on), as a function of applied
electric field shows in figure 5. Where the applied field in
the y direction is shown more lower in the hydrogen
bonding energy compare with the effect of applied
electric field in x direction. The applied electric field in
the z direction, which is perpendicular to the plane of the
two hydrogen bonds in the A:T base pair, is shown
significantly different from the other two directions. It
shows little decreasing in the hydrogen bonding energy
and then few increasing due to field increasing.
According to this result, when the electric field applied in
the x or y direction may be not difficult the role of enzyme
to separate the DNA sheets, which lead to be easy in the
processing of the DNA copy. In general we hypothesize
that the genes at the electric field may be not silenced as
in the case of G:C base pair [17], because of the ability of
bases to flip out of the double helix into the active site of
enzymes due to the relative lower in the hydrogen binding
interactions under electric field. In order to more explore
the nature of the two hydrogen bonding lengths without
an applied electric field, we calculate the hydrogen
bonding energy as a function of the distance between the
adenine and thymine in the A:T base pair using
B3LYP/6-31G(d,p), see figure 6. Whereby the distance
between the adenine and thymine in the A:T base pair
increase from the optimized distance, or equilibrium
point, the hydrogen bonding energy shows repaid
decreases beyond few angstroms, and with 3A° distance
from the equilibrium point the hydrogen bonding energy
finish, approximately. Also if the adenine and thymine as
base pair closed once from another, then the hydrogen
bonding energy exchanges into the repulsion item. The
energy equal to 0.798¢V enough to dispersion the
hydrogen bonding energy in the A:T base pair so that
each one from the adenine and thymine in the A:T base
pair will be alone. To examine the nature of flexibility the
two hydrogen bonds by doing rotation between the
adenine and thymine in the A:T base pair with step 10°,
see figure 7, using B3LYP/6-31G(d,p). It shows that the
hydrogen bonding energy at the rotation angle equal to
10° will dropped to 10.9%, while at 20° the hydrogen
bonding energy will dropped to 18.8%. This may be
giving theoretical investigation about the limited of the
rotation flexibility in arrangement 20+£10°. Also, the
enzyme of helicase may be need to rotating the two
hydrogen bonds in the A:T base pair by angle 20+10° to
flip it out of the double helix.

3.3 GEOMETRY ANALYSIS OF THE A:T BASE
PAIRS

The change in the optimized of the two hydrogen
bonds lengths between the adenine and thymine in A:T
base pair, Ar =r(field-off)-r(field-on), is shown in figures
8 and 9 respectively. Calculations using B3LYP/6-



THEORETICAL AB INITIO STUDY THE HYDROGEN BONDING NATURE OF THE A:T BASE PAIR

31G(d,p) are made on the A:T base pair in order to see the
effect of the electric field on lengths of these two
hydrogen bonds between the adenine and thymine in base
pair. The applied electric field in x and y directions
respectively, produce compression of the hydrogen bond
length Ar(H30-N7) as the electric field increase. Note that
the effect of the field on the bond in x direction is more
than the y direction. The applied electric field in z
direction, which is perpendicular to the plane of A:T base
pair, shown uninterested effect on the hydrogen bond
lengths, see figure 8. The electric field effects on the
hydrogen bond length, Ar(H14-O18), shown behavior,
approximately, opposite to the case of Ar(H30-N7) under
the electric field, see figure 9. Where the electric field
extensions the Ar (H14-O18) length. At electric field in x
and y directions respectively shown effects differ on the
A:T base pair comparison with the case without electric
field, in two ways: first, the change of the hydrogen bond
length between adenine (H14) and thymine (O18) atoms,
extension. Second, there is an closing of the hydrogen
bond length between adenine (N7) and thymine (H30)
atoms more than the normal case. This indicates an
closing of the hydrogen bond at the middle site of the pair
and opening at the down site. In other words, the aberrant
A:T base pair under the electric field at (O18) atom, the
electric field acts on the hydrogen bond so that it causing
to lose its ability to participate in one of two hydrogen
bonds, leaving it susceptible to mis-pairing with bases
pair, which untypical for two hydrogen bonds such as A:T
base pair. The effect of the electric field give the same
results to that of mutagenic by methylate effect on the
A:T base pair [15,16]. From the geometrical data it should
be noted that the geometrical factors of all the electric
fields effects differ significantly from each other with
respect to intermolecular bond lengths. The effect of the
electric field on the hydrogen bond lengths is excessive
when the external electric field is applied perturbs in the
same directions of the plane of A:T base pair. In other
words, the applied high electric field in the direction that
coincident with molecule of A:T pair is significant
enough to disrupt one of the two hydrogen bonds in the
A:T base pair. The molecule of adenine and thymine of
the A:T base pair still in the same plane of the normal A:T
base pair under all fields.

-12

HBE (Kcal/mol)

-14

-16

-20 &

10 20 30 40 50 60 70 80 90

Rotaion angle between AT base pair

Fig.7. The hydrogen bonding energy as a function of the
rotation angle (in degree) between the A:T base pair
at B3LYP/6-31G(d,p) level.
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Fig. 8. The change in the hydrogen bond distance (A°), Ar,
as a function of the electric field in x: o, y: ¢ and
z:A direction respectively at B3LYP/6-31G(d,p)
level.
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Fig. 9. The change in the hydrogen bond distance (A°), Ar,
as a function of the electric field in x: O, y: 0 and
z:A direction respectively at B3LYP/6-31G(d,p)
level.

4. CONCLUSION

In summary, the results of our calculations show that
the applied electric field on A:T base pairs causes
significant changes in the interaction between adenine and
thymine compared to the Watson-Crick hydrogen-
bonding pattern. This probably is a result of inductive and
steric effects. As a result of changes in the A:T hydrogen
bonding energies, the energy required for base flipping
may not exceed to that which is provided by the enzyme
which is responsible for this process. Our results are
summed up by the following:

* Based on our data, the increases in the electric field may
be introducing significant changes in the geometrical
parameters of the A:T base pairs. In the case of Ar(H14-
018), which is known to cause base transitions, it is
shown that one of the hydrogen bonds is lost.

* We have found that changes in interaction energies in
the A:T base pairs (with applied electric field) do directly
correlate to adduct pro-mutagenicity.

Additionally, our data reveals that electrostatic
contributions predominate in interactions of all
investigated complexes.

* The order of stability of adenine, thymine and the A:T
base pair is a function of electric field intensity and
direction.
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» The applied high electric field on the A:T base pair
decreasing intermolecular bonding energies.

* The electric ficld may be able to produce the multi-point
mutations.

» The range of the hydrogen bonding energy in the A:T
base pair was lower than the optimized distance by
~0.24A° and higher than by ~3A° approximately.

* The rotation flexibility in the A:T base pair was limited
as 20°+10° approximately.

* Finally, some results of applied external electric field on
the A:T base pair same to the results of C:G base pair and
other differ [18].

[1] J. Watson and F. Crick. Nature, 171, 1953, 737.

[2] T. Douki, A. Reynaud-Angelin, J. Cadet and E.
Sage. Biochemistry, 42, 2003, 9221.

[3] J. Cadet, T. Delatour, T. Douki, D. Gasparutto,
J. Pouget, J. Ravanat and S. Sauvaigo. Mutat.
Res., 424,1999, 9.

[4] M. Shigenaga, C. Gimeno and B. Ames. Proc.
Natl. Acad. Sci. USA, 86, 1989, 9697.

[5] R. Cathcart, E. Schwiers, R. Saul and B. Ames.
Proc. Natl. Acad. Sci. USA, 81, 1984, 5633.

[6] K. Valerie and L. Povirk, Oncogene, 22, 2003,
5792.

[7] S. Hecht, Chem. Res. Toxicol., 11, 1998, 560.

[8] B. Singer and D. Grunberger. Molecular
Biology of Mutagens and Carcinogens, (Plenum
Press, New York 1983.

[91 R. Roberts. Cell, 82,1995, 9.

[10]J. Sponer, J. Leszczynski and P. Hobza. J. Phys.
Chem., 100, 1996, 1965.

[11]1W. Sokalski, S. Roszak and K. Pecul. Chem.
Phys. Lett., 153, 1988, 153.

[12]1F. Dong and R. Miller, Science, 298, 2002,
1227.

[13]J. Leszczynski, Int. J. Quantum. Chem., Quantum
Biol. Symp., 19, 1992, 43.

[14]1R. Ditchfield, W. J. Hehre and J. A. Pople. ].
Chem. Phys., 54, 1971, 724.

Received:20.06.2011

44

[15]G. Forde, A. Flood, L. Salter, G. Hill, L. Gorb
and J. Leszczynski. J. Bio. Struc. Dynam., 20,
2003, 811.

[16] 4. Flood, G. Forde, L. Salter, G. Hill, L. Gorb
and J. Leszczynski. J. Bio. Struc. Dynam., 21,
2003, 297.

[171M. J. Al-anber, Z. S. Abdalla and A. A. Salih.
Fizika, 17, 2008, 151.

[181M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C.
Strain, O. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G. A.
Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, N.
Rega, P. Salvador, J. J. Dannenberg, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, A. G.
Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, 1. Komaromi, R. Gomperts, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C.
Y. Peng, A. Nanayakkara, M. Challacombe, P.
M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
J. L. Andres, C. Gonzalez, M. Head-Gordon, E.
S. Replogle, and J. A. Pople, Gaussian. Inc.,
Pittsburgh PA, 1998.



FIZIKA 2011 vol. XVII Ne3, section: En

CALCULATION THE DIFFERENTIAL CROSS SECTION OF du+T, IN MUON
CATALYZED FUSION WITH USING OF MORSE POTENTIAL

HEYDAR IZADNESHAN
Department of Physics , Marvdasht Branch , Islamic Azad University, Marvdasht , Iran

izadneshan@gmail.com

We present results for calculating the differential and total cross section of elastic du+T, with using of morse potential. The
calculations are performed in the framework of the adiabatic representation of the three-body problem. This is done by calculating
the excitation, ionization, and charge-transfer cross sections for the this collision and scaling the results. The spin-flip processes of
the muonic atoms are also considered. The differential and total cross section calculated for centre-of-mass collision energies
€<30eV, are needed for a correct description of many experiments in Muon catalyzed fusion and cold fusion physics.

1. INTRODUCTION potential may be described by many equivalent or nearly

. . . . equivalent forms[2]. We shall explicitly use the form :
A scattering cross section into which particles are auiv 2] Apieity

scattered during the collision with the force field of —a(r-n) | 2

another particle was first developed by Ernest Rutherford. V(r)=D, ll —€ ’ J (5)
The idea behind the scattering cross section is that a

mathematical relationship can be derived which will Where D,is the depth of the well, 7, is the

relate the probability that particles will be scattered into a equilibrium separation, and « is an additional parameter

given angle[1]. In the absence of dissipative forces the  roja1ed to the strength of the bond. Notice the brackets [ ]
total energy of the system must also be conserved: are squared. Note that (r-r,) corresponds to the

displacement from the equilibrium separation fig (1).

E =T +U = constant (1)
and o] o Dlssosigtion Energy |
E=1 ('2+r292)+Ur i
o H () @
where
ikr
e -
lr//sc = f(e)_’ I%D
r 3) l-ﬁ D, Dy
And cross section with harmonic potential defined as
[2]:

2
[xcosyﬂmll—x2 sin? l//:|
a(y)=o(0)-
\ll—xz sin” 7% )

The Morse potential, named after physicist Philip M. From math, we know that any reasonable function
Morse, is a convenient model for the potential energy of a  can be expanded in a Taylor series about a point (in this
diatomic molecule in a given electronic state. It is a better  ¢ase the equilibrium separation):
approximation for the vibrational structure of a molecule
than the quantum harmonic oscillator. The Morse

Te
Internuclear Separation (r)
Fig.1: Morse potential versus harmonic potential.

1 o n ) 1 ¢° 2
r0-32 2 (ny= s 0 L en) w22 e
~ ! o o 6)

where expressions for the Oth , 1st, and 2nd order terms Icalculation of the differential cross sections for du
have been written out and we can expand the Morse scattering in the hydrogenic crystals[3]. In this formalism,
potential in Taylor series too. the cross sections are expressed in terms of the response

A Muonic hydrogen atom du can be approximately  function S, which depends solely on properties of a given
treated as a small neutron-like particle. Therefore, the target for fixed momentum and energy transfers. A
methods derived for the description of neutron scattering  definition of this function involves both quantum-
in condensed matter can be applied to du scattering in  mechanical and statistical averaging over the target states
dense hydrogenic targets. Below, this is adapted to the at temperature 7. It is assumed that there is no coupling

45
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between the translational and collective motions of the
molecules in the condensed target and the molecular
rotations and vibrations. The internal molecular degrees
of freedom are already included in a single-molecule
process [4] and, therefore, do not enter into the response
function. It is assumed that a bulk dense target is kept at a
sufficiently low pressure, so that distortions of a single
bound molecule due to the interactions with neighbors can
be neglected. This assumption is fulfilled in the case of
low-pressure (< 10 kbar) solid hydrogenic targets [5,6].
The mean distance between the neighboring molecules in
such targets is several times greater than the diameter of
these molecules. The Van der Waals force between the
molecules is weak. As a result,

the rotational and vibrational numbers remain good
quantum numbers, although small broadening of certain
excited molecular levels takes place [7]. This broadening
is not taken into account in the presented calculations.

Low-pressure hydrogenic solids are quantum
molecular crystals, which are characterized by a large
amplitude of the zero-point vibrations of the molecules in
the lattice. The standard lattice dynamics can be applied
to these crystals, after certain renormalization of the
molecule-interaction potential [5,6]. Also, the Debye
model of a solid can be used as a reasonable
approximation. The wavelength of a very slow (. 10 meV)
muonic hydrogen atom is comparable to the nearest-
molecule distance of about 3.5 °A [5,6]. Therefore, strong
interference effects can be observed at such energies.
These effects are described using a conventional
separation of 3 the total differential cross sections on the
incoherent and coherent fractions.

2- METHOD

The coherent scattering takes place only if specific
geometrical conditions are fulfilled. Analogous to the
neutron coherent scattering [8], the coherent cross section
for ap scattering in a solid single-isotope hydrogenic
target can be written down in the form:

2o
oQoe’
c

_ k'
_Nmol k

oh

o

cth(k,a))

(7

Where N, is the number of molecules in the target. The
energy transfer @ and the momentum transfer K to the
lattice are, respectively, equal to

w=-&—-AE k=K -K' )
where € and €’ denote the initial and final kinetic energies
of the scattered muonic atom and AE is the sum of the
internal-energy changes of ap and of the target molecules.
Vectors k and k' stand for the initial and final momenta of
au. These momenta and collision energies are connected
by the relations

g:%KZ/May and S'Z;K'Z/Ma,u ©)
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in which Mau denotes the ai mass. The function o, in
Eq. (7) is expressed by the amplitude Fmol for du
scattering from an isolated molecule [9]

2
O-coh z‘Fmol

(10)

The horizontal bar stands here for averaging over a
random distribution of the total spin J of the du+molekule
system and over a distribution of the initial rotational
states of the molecules. It is assumed that there is no
correlation between the direction of the molecular spin I
and the lattice site. Incoherent scattering does not include
interference effects from different molecules in the lattice.
The incoherent cross section takes a general form [8].

Where :

%o K

oQoe' |. mol K incSi (K@)

inc (11)
7 —2
:‘Fmol‘ _‘Fmol‘
inc
(12)

and the incoherent response function S;(k, @) is a fraction
of the total response function S(k, @). In the limit of large
momentum transfers, the coherent processes disappear, so
that Sk, w)= S;(k, ). The total differential cross section
025 /0Q o’ 1s a sum of the coherent (7) and incoherent

(11) cross sections. The inelastic scattering processes
which change the internal state of du or that of the target
molecule (such as the spin-flip and isotopic-exchange
reactions and the rotationalvibrational transitions) are
fully incoherent processes. No averaging over the states
of the different target molecules is performed and,
therefore, in this case o, reduces to the single molecule
squared amplitude

o. Fmol 2 and ~0 (13)
mnc coh

When the states of the muonic atom and molecule
are not changed during collision,

O.onand oy, are equal to the coherent and incoherent
fractions of the elastic cross section for ap scattering from
a single molecule. Their values depend on a given choice
of the hydrogen isotopes, the total spin F of du, the
population of the molecular rotational levels, and the
collision energy. In particular, when F” does not depend
on the spin J and only one rotational state is populated,
the scattering is fully coherent

o, (14)

= = and O. - O
h ‘Fmol‘ ‘Fmol‘ inc

For example, such a situation takes place in the case
of elastic scattering du+T7, in the ground rotational state
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K=0 of the T, molecule.In general, both o, and o;,. can
have nonzero values.

At ¢ < eV, molecular-binding and electron-screening
effects are very important [10]. In this energy region
(molecular regime), the scattering from hydrogenic
molecules is well described by the method presented in
Ref. [11], with the use of the harmonic potential for
interaction between the molecular nuclei.

At intermediate energies between the molecular and
nuclear regimes (crossover region), where the centrifugal
distortions and anharmonicities of highly-excited
rotational-vibrational states play an important role and

dissociation of the molecule during collision is possible, a

doy, (¢) _, ‘
a0

in the case of three identical hydrogen-isotope nuclei in
the scattering process [11]. In this relation the label 0=(X,
M;, v=0) denotes the set of initial rotational and
vibrational quantum numbers. Since temperatures of
hydrogenic targets used in experiments do not exceed a
few thousands kelvins, it is assumed that the molecule is
initially in the ground vibrational state v=0. The label
n= (K/ Y )stands for the set of final rotational and

vibrational numbers, if the molecule is finally in the
discrete-energy state. When the dissociation takes place in
the collision process, the label |, = (K/aMZ v ) represents

the final molecular state with the continuous energy E’.
The reduced masses for muonic atom scattering from a
molecule and from a free nucleus are denoted by M an du,
respectively. The function Fy, introduced in Ref. [11], is
a linear combination of the nuclear scattering amplitudes
for fixed values of the initial F and final Ftotal spin of
the muonic atom. Since the symmetric molecule 7, have
definite parities for even and odd rotational numbers, the
function Fy also depends on K and K. The horizontal bar
in Eq. (15) denotes averaging over the total spin of the
system and over the initial molecular spin. The quantities
K, and K, are the values of initial and final momentum of
the atom, respectively, and q= Kn — K0 is the value

of momentum transfer. The initial € and final ¢’ kinetic

kk ‘ 7 k/vazl(q)

better approach is necessary. This has been deduced from
the experimental investigation of du atom diffusion and
thermalisation in low-pressure T, targets [12]. Also, in the
case of deep-inelastic neutron scattering from 7,
molecules, discrepancies between the experiment and
theory using the harmonic approach have been observed
in the crossover region [13].

A solution to this problem is to use a more realistic
potential for description of the internuclear interaction in
the hydrogenic molecules, e.g., the Morse potential [14].
The differential cross section doy,(€)/d2 (without the
electronscreening corrections) takes the following form in
CMS:

(15)

momenta Kjand kn. The coefficients Wk/lk are defined in

Ref. [11]. The molecular form factor Dvl in Eq. (2) is

given as:

0

D, (q)=[u,(R)j (qR/2)u,(R)dR (6)

0
Where u, and u, uv are the initial and final radial wave
functions of the molecule. The / th spherical Bessel
function is denoted by j, . The cross section (15) is
averaged over the initial angularmomentum projection M;

and summed over the respective final projections M ,i .

3.RESULTS

The differential cross sections doy/d(2 presented
below are calculated for fixed values of the initial
rotational number K and summed over the final quantum
numbers

do, do,
dQ _kz

ZI do,, ——OgrE a7

It is widely accepted that a dfu molecule can be

energies in CMS are expressed in the formulae dod e e 4 b
_ 1,2 /o . regarded as being resonantly formed in a two-body
3 _ko/ 2M and ¢ _ki/ 2Mby the resp ectlvel collision between #u and [1].
tu(2s)+ D, Py [ dt dee} 18
1(2s) (diu), y (18)
And then:
[(dtu) dee | =" du(1S)(1KeV )+ ... (19)
[(dtp) dee | =" tu (1S )(1KeV )+ ... 20)

In this reaction, the collisional energy and the
binding energy of dfu molecule are absorbed by the
rotational and vibrational energy of the [(dtu)dee]

[ . . .
complex, as shown in relation (18). This resonant

formation mechanism has succeeded to explain a high
muon cycling rate, which is predominantly determined by
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the dtu formation rate. It was natural that a theoretical
calculation based on this mechanism [15]. predicted the
dtu formation rate to decrease steeply with decreasing
temperature below 100 K, at which the collisional energy
did not reach the lowest resonance level. However, this
was not consistent with the experimental results [16,17],
and even in liquid and solid D-T mixture, high fusion rate
was observed. From equation (19) we can see that fusion
reaction from du branch is very important.

A role of the discrete or continuous energy spectrum
as a function of collision energy ¢ can be visualized by its
contribution to the total cross section oy

/
o, = Z o,, + ZI o,,dE
Ky K

which is expressed by the total cross section 0, for a

(e2))

fixed final state

do,,
0y, = Id—QdQ (22)

The numerical calculations have been performed for
several lowest rotational levels. The analogous
differential cross sections for du scattering from the
excited deuterium molecule 7, (K = [) are presented in
fig.2. Also Total cross sections for du scattering with
morse potential (bold line) versus its total cross section
with harmonic potential (dashed line) for scattering the
from the excited deuterium molecule 7, (K = 1) are
presented in fig. 3. The contributions from discrete and
continuous spectra to the cross sections op for this
processes are shown in this figure.[18]

4- CONCLUSION

We have considered the problem of highly accurate
calculations of bound states in the three-body muonic
molecular [(dfu)dee] complex. Note that all muonic
molecular ions can easily be created in real experiments
and their various properties can be measured quite
accurately. From a certain point of view, theoretical and
experimental study of these ions is more interesting and
informative than the traditional analysis of atomic three-

body systems. Cross section of the formation of mesic
molecular complex in the reactions
du(F =0)+T,(K =0)—> du(F' =0)+T,-is calculated at
low energies (E<30ev). We assume the Morse potential
energy dependence of the cross section. Accounting for
the Morse potential modifies considerably both the energy
dependence and the value of the Muonic Molecule
Complex formation cross section. From fig (3) and (4) we
can see that cross section of du+T) is greater than du+D,
reaction, that’s according to relations (18) and (19).

der fdL2 (107 cmifsr)

18030

Fig. 2. Differential cross section for the scattering
du(F =0)+T,(K =0) — d u(F' = 0)+ T, Versus
scattering angle 8 and collision energy ¢.

cm)

cross section {107

o
1o

£ -4 3 -2 -1

[V {1 1w 10t

collision energy (eV)

Fig. 3. Total cross sections for du+ T, scattering with
morse potential in compare with total cross section
tu+ D, reaction
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