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Pump-Probe Spectroscopy with Entangled Photons
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A pump-probe spectroscopy using polarization controlled entangled photons was proposed to
improve the spectral resolution of optical signals in solids. Numerical simulation showed that sti-
mulated Raman scattering response due to simple phonon and phonon coupled to orbital excitation
can be discriminated in transmittance signal of a small cluster system mimicking LaMnOgs, a Mott
insulator with orbital ordering. The simulation showed that orthogonal polarizations of the pump
and probe light field suppressed the simple phonon peaks, while it could not suppress the phonons

coupled to orbital excitation.

PACS numbers: 42.25.Ja, 78.47.J-, 42.50.Ct

I. INTRODUCTION

Light-matter interactions can provoke optical ex-
citations between the quantum states of the matter,
which result into distinguishable features in infrared
and Raman spectra. Analysis of the spectral features
provides the information of the interactions in the
many-body quantum states of the matter[1]. In some
solid matters such as strongly correlated electron sys-
tems, however lattice, charge, spin and orbital degree
of freedom compete each other on similar energy sca-
les to form the complicated low energy states|2], so
numerous possibilities are allowed for optical exci-
tations of microscopically different origins at similar
energy scales, which causes ambiguity in the inter-
pretation of the spectral features[3—6].

The ambiguity can be reduced, if multiple light
fields are employed as proposed in some non-linear
optical techniques|7]. Amplitude of the optical signal
is proportional to the expectation values of the dipole
operator acted upon the energy eigen-states of the
matter. When the multiple light fields are used, nu-
merous combinations of the light field creation or an-
nihilation operators are involved in the light-matter
interaction process in the experiment. Combinations
of light fields with different frequencies allow the
optical processes for different excitation-decay paths,
which makes the intensity signals of the processes to
appear at different places in the multi-dimensional
frequency space composed of those light field fre-
quencies. More information of the light-matter inte-
raction process thus can be obtained from the multi-
dimensional spectra[8]. Furthermore if those mul-
tiple light fields are entangled by their frequencies,
fine tuning of the interference between the entang-
led light fields can make signal intensities of different
excitation-decay paths to be different, which provi-

*Electronic address: p_munhkbaatar@yahoo.com

des the chances to discriminate the light-matter inte-
raction processes less ambiguously from the optical
spectral9].

Entangled-light-field spectroscopic methods there-
fore may have advantage to resolve the low energy
quantum states of the strongly correlated electron
solid matter systems. However, application of the
methods to the strongly correlated systems has not
been an issue of particular concern so far. It is
probably because the optical signals in those sys-
tems have bandwidth usually comparable or broader
than the minute energy differences between the sub-
band peaks formed by the emission or absorption
of phonon, magnon, or orbiton for the optical pro-
cesses. The signal intensity differences provided by
the entangled-light-field spectroscopic methods may
not be significant enough to distinguish the smeared
and overlapped neighboring peaks. In this paper,
we suggest that optical pump-probe method using
polarization controlled entangled-photon pairs can
be used to distinguish optical excitations of which
resonant energy is very similar but the microscopic
light-matter interaction process is quite different in
a model system. For the demonstration, we numeri-
cally simulated the polarization dependence of the
entangled-photon pump-probe response of a Mott
insulator of which geometrical symmetry of the va-
lence orbitals was broken.

II. MODEL AND METHOD
A. Hamiltonian

We choose LaMnOj3 as a model material system.
This material system is well known for the spin and
orbital ordering[2]. LaMnOghas Mn3t ions with
electronic configuration 3d* in high-spin state. Here
one electron occupies one of the doubly degenerate
valence orbitals. The orbitals show 322 —r?/3y? —r?
type ordering coupled to the JT lattice distortion
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and the spins show A-type ordering in the ground
state. To mimic one lattice layer of the orbital and
spin ordered LaMnQg crystal, we built an ideal Mn-

cluster composed of four Mn3* ions[10]. The Hamil-
tonian of the system was built based on a quasi-two-
dimensional two-orbital Hubbard model as follows:

_ T t f t
H = t(cl,BzQ—r202a3I2—T2 + C4,3m2—r2637312—r2 + Cl,3y2—r2647392—7“2 + 62,3y2—r28373y2—r2 + hC)

+ U nigeepen ey +weh)bo+ g0t +0) Y (1) TF + Qs> TP+ Y LTI (1)

?

Here the first term was kinetic energy of Mn ion e,
electron, t was the hopping integral between neighbo-
ring Mn sites. c;»ra (cia) represented the electron crea-
tion (annihilation) operator with orbital « at site i.
322 —r? (and 3y® — r?) represented the spatial sym-
metry of Mn electron orbital a. The second term was
the on-site Coulomb interaction. U was the Coulomb
repulsion energy between two electrons occupying
different e, orbitals of the same Mn site with high
spin configuration. The third term was Qo-type JT
phonon contribution. wy;, was the 2 phonon energy
and b (b) was the phonon creation (annihilation)
operator. The fourth term was the electron-phonon
interaction. g was the electron-phonon coupling con-
stant and T* was the localized orbital pseudo-spin
operator. The fifth term was Q3-type static JT dis-
tortion. Last term was the super-exchange interac-
tion between the orbitals in the four-Mn-cluster and
the outside orbitals surrounding the cluster. We
solved the Hamiltonian numerically to find the eigen-
values and the eigen-states[10]. Fig.1(a) shows the
energy eigen-states schematically. |g) represented
a set of eigen-states, i.e. |g1),|g2),... which inclu-
ded the ground state |g1). Double occupation of
electrons at one Mn-site e, orbitals was not allo-
wed for those states. The energy difference between
|gn) and |gn+1) was due to the phonon-orbital coup-
ling energy difference for different octahedral dis-
tortion and orbital ordering configuration. Second
set, |e) = |e1), |ea), ... represented the set of photo-
excited eigen-states. The excited state denoted one
hole and one double occupation. One element of the

Tl

011/
example. Here the arrows depict the pseudo-spin
(i.e. orbital) state of a Mn-site in the cluster. The
energy difference between |g,) and |e,) was mainly
due to Coulomb energy (U). The energy difference
between |e,) and |e,+1) was due to phonon-orbital
coupling between the sites similar as in |g,,). Third
set of higher energy (~ 2U) photo-excited states,
| ) (not shown in Fig.1(a)) can be also considered in
the interaction process. This set corresponded to the
two doubly occupied states which can be represented

set can be represented schematically as for

K2

(4,4)

schematically as

Tl0>
0 11/

B. Formalism of pump-probe signal

Here, the calculation procedure was briefly exp-
lained.  Details of the method can be found in
Refs.[9, 13]. (ki1, w1) mode as the pump light mode
and (ky, ws) mode as the probe mode was conside-
red. The frequency domain PP signal with quantum
optical modes (S (w1, ws)) was defined as S(wy,ws) =
T(wi,w2)with — T(W2)without- T (w1,w2)witn indica-
ted the transmittance intensity of probe light signal
measured with pump light mode illumination and
T(w2)without indicated the transmittance intensity
of probe light signal measured without pump light
mode illumination. The PP signal was calculated
as PG (third order polarization) in the probe mode
direction. The probe mode direction was l% — 121 +E2
because of the phase matching condition. Note that
the phase matching condition was considered in the
free space.

The nonlinear polarization was induced by the se-
quence of interactions with the optical fields. When
the last interaction occurs with the ks mode, it gene-
rated P®)(ky,t). Thus, the signal was defined as

following:
I -
- / dt <5;(t)P<3>(k2,t)>
-T
(2)
Here 8;(75) was the negative frequency component of
the probe mode, and 2T was the measurement time

[10]. In the rotating wave approximation (RWA), the
matter-field coupling was given by

Hint(t) = ' (D)e(t) + p(t)e" (1). (3)

Here the dipole operator was partitioned as puf(t) +
u(t), where

p(t) = e EET D) (k| (4)

k>1

S(wi,w2) = —Im
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was the positive frequency part and it represented
the transition from the higher energy state to lo-
wer energy state; {|k)} represented the energy eigen-
states of the four-Mn-cluster system. pu' represen-
ted the transition from the lower energy state to the
higher energy state.

The field of mode €,(¢) (j = 1, 2) was similarly par-
titioned as £(t) 4 &' (t), where the positive frequency
component was

(1/2)
27w, i
Ej(t) = <S_2J> a;e ]t. (5)

Here, a; (a}) was the annihilation (creation) boson
operator for the j-th mode and 2 was the quantiza-
tion volume.

Using the super-operator non-equilibrium Green’s
function (SNGF) formalism [9] and the eight close-
time-path-loop (CTPL) diagrams, Eq.(2) can be
expressed in terms of four-point correlation function
of the matter and the field as follows:

S(wi,w2) = —Im {WGT (WG (w1 + w2)uf Gwr) ) alabasar) + (UG (w2) uGT (wa + w1 )i Glwr)uT) (abalazar)
+ (uGT (wl)MGT(wl +wo) Gl (wo)pt) (alabaras) + (HGT (w2)uGT (w1 + wo) ! G (ws) ') (aalaras)
+ (WG (w2)pt G(0)uG (w1 (afazal ar) + langlepGt (w1 )uf G (wi — wa)uG(wi)pt) (alazalar)
+ (uG (W) piGT(0)uG (w2) i) (alaralas) + (G (w2)u G (w) —wl)MGT(W)HT)(a;alaIaﬁ}-
|
Here G(w) = (w+Ey —H+iv)~'. The eight terms in Let’t assume that our model system, i.e. the four-

Eq.(6) corresponded to the eight diagrams of Fig. 4
in Ref.[9]. The interactions were time ordered within
each branch of the diagram, but the two branches
were not time ordered with respect to each other.
By convention, the chronologically last interaction
was absorption and it occurred at the left branch of
the loop.

C. Pump-probe spectroscopy with entangled
photons

It is proposed that the PP process carried out with
two entangled optical modes. Original method was
proposed by Roslyak to selectively investigate quan-
tum pathways in the PP response of non-interacting
molecules [9, 11]. In the proposed PP spectroscopy,
the pump and the probe optical modes were pro-
duced by the parametric down conversion process
(PDC) in a nonlinear optical crystal such as BaBOs.
External excitation light with frequency we, and
the wave-vector Eem illuminates the nonlinear crys-
tal, then two entangled optical modes (wave-vector
1_51, k> and frequency wi, we respectively) were crea-
ted. Due to the phase matching condition, the fre-
quency (wave-vector) of the external excitation light
and the two entangled optlcal modes should satisfy
Wey = W1 + wo (kEm = k1 + kg) Note that the phase
matching condition was considered inside of the non-
linear crystal. In the free space the value and the
direction of the wave-vectors can be different because
of the refraction.

Mn-cluster interact with two entangled optical mo-
des such as (El, w1) mode as the pump light mode
and (k3, wy) mode as the probe mode. Then the PP
signal was generated by the change in the absorp-
tion of (K2, wy) mode due to the interaction of our
model system with (El, w1) mode. The arrival time
of (Eg, wo) mode and that of (El, w1) mode on the
sample were not well separated because of the same
path length. We added a small modification, a half-
wave plate (or periscope) to Roslyak’s original idea
for the polarization control of the pump light mode.

Schematic diagram of the proposed setup was shown
in Fig. 1(b).

Nonlinear optical processes can be generated by
many optical modes. Those processes can be desc-
ribed by the CTPL diagrams [13]. We interested in
only the PP process, which can be represented by
the sum of eight CTPL diagrams according to the
RWA [9, 13]. The CTPL diagrams are called as the
transition pathways. More detail explanation of PP
signal is given in pervious section. According to Ros-
lyak, the pathways can be divided into two groups if
three-energy-level system in the non-interacting ato-
mic limit is involved in the PP process. In the first
group, the pathways showed that the system evolves
from the ground state (g) to an excited state (e) by
absorbing an optical mode, then to another excited
(f) by absorbing one more optical mode, and to a
lower energy excited state (e) by emitting an opti-
cal mode, then finally to the ground state (g) by
emitting an optical mode, which can be represented
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(c)

le) == |es)
y —=le))  —ky
Ky
gy TH
lg) g2 ke
g0
(b) mitror chopper detector
d;
Kex . |PDC
Wex X(z)

== HWP

3ypar 1: (a) Schematic energy level diagram. (b) Sche-
matic experimental setup for the pump-probe method
with entangled photons. PDC was a nonlinear crystal
used to obtain entangled-photon pairs from the classical
external excitation beam by parametric down conversion.
BS was 50:50 beam splitter. HWP (half wave plate) was
used to control the polarization of I;l mode. The detector
measured the photon flux in Ez mode. di and do were an-
nihilation operators for the original non-entangled (cano-
nical) modes and a1, a2 represent the entangled modes.
(¢) Loop diagrams representing the entangled photon-
matter quantum pathways contributing to pump-probe
signal with weak external excitation field.

shortly by g — e — f — e — g. All of these path-
ways were multiplied by the optical field correlation
functions of the form (afaaa), where a(a’) was the
annihilation (creation) of the optical modes [9]. This
group is called as two-photon absorption (TPA). In
the second group, the system undergoes back and
forth single photon absorption and emission, and the
pathway can be described by g e — g — e — g.
This process or group is called as stimulated Raman-
Scattering (SRS). All of these pathways were multip-
lied by the optical field correlation functions of the
form (ataa’a) [9].

In case of conventional PP experiments, opti-
cal correlation functions of the form (afa'aa) and
(ataa’a) yields all identical response. Because the
light fields are treated as the classical optical mo-
des. Therefore optical correlation functions of the
form (afa'aa) and (afaa’a) pathways are all sum-
med together, hence TPA and SRS become indistin-
guishable.

On the other hand, the PP method with entangled
optical modes can discriminate those pathways se-
lectively as Roslyak et al. pointed [9]. It is because
the optical correlation functions can have different
signal intensity for different pathways. Let us look
into the proposed setup shown in Fig. 1(b). Pair

of photons was generated by the PDC process and
they illuminate the sample. The photon fields for
the pump light can be described by al(a];) and the
photon fields for the probe light can be described by
ag(ag). ay and as fields can be transformed from the
vacuum fields (dy and dg) with the conversion coeffi-
cients U = cosh G and V = —isinh G as follows;

1
[(Udy + Vdb) +i(Udy + Vdl)],

a =
! 2

= —T 1 Ty ) Il ]
@ = iU+ Vi) - Ud + V). (7

Here G represented the single-pass gain of the
conversion process and it can be written as G =
gleex|L, where g was a gain coefficient proportional
to the second-order susceptibility x(?) of the non-
linear crystal, €., was the amplitude of the exter-
nal excitation field, and L. was the interaction path
length. i was v/—1. More details of the operator re-
presentation of the method can be found in Ref.[14].

The PP experiment was conducted with these
transformed fields a; and ay. For the first group of
pathways (TPA), the optical field correlation func-
tion can be simplified into the following forms accor-
ding to Roslyak et al. [9]:

=

(alajasar) = (alabaias) = (ajalasay)
= (afafaraz) = V* (8)

The second group (SRS) has different forms. Among
eight pathways counted by Roslyak et al. [9], only
the fifth (v), sixth (vi), seventh (vii), and the eight
(viii) are belong to the second group. The fifth (v)
and seventh (vii) pathways have the following forms,

(alajalas) = (abazalar) = V2. (9)
The sixth (vi) and eight (viii) pathways have the
following forms,

(alasalay) = (alaralas) = V2 + V4 (10)

The pathways were shown in Fig.1(c) for which the
CTPL diagrams of Marx et al. were adopted [? |.
Note that therefore at low excitation intensity, the
intensity square term will be much weaker than the
intensity term, i.e. V2 > V* (V2 corresponds to
the external excitation light intensity). In this limit
the contribution of pathways of Egs.(8) and (9) can
be neglected. The PP signal therefore will be given
solely by (vi) and (viii) pathways shown in Fig.1(c),
and it can be given by following equation;

SE) (w1, wo) ~ [eer|? Tm[x V) (wy, wa)+x V) (w1, wa)).

(11)
For the derivation of the equation, see Eq.(6) in
pervious section. Eq.(6) can be simplified into



Scientific Transaction of the National University of Mongolia PHYSICS 19 (425), 2015 5

Eq.(11), S©™)(w;,wy) by considering only (vi)
and (viii) pathways. To get this PP signal in the
experiment, one need to measure the probe signal
only by blocking the pump light, then subtract this
signal from the probe signal with the pump light
illumination.

X( w17w2 Z Z Z :u’gle’ﬂ‘e g’lu‘g euegl Ieyl (WQ)IQ 91( W2 —

D. Numerical simulation for the pump-probe
signal with energy eigen-states

The PP signal of Eq. (11) was the sum of two
pathways contributions. The third order susceptibi-
lities of the pathways were given by

wi)lerg, (w2), (12)

X( w17w2 Z Z Z:u’gle’ﬂe g’:u’g eueglle.lh (wl)‘[g gl( 1= Q)Ie g1 (wl) (13)

Here pg, @8 was the dipole matrix element between
two energy eigen-states |e) and |g) of the full Hamil-
tonian (H), i.e (e|r]g). 7 was the dipole displacement
operator. The superscripts a and ( indicated the
polarization direction of a; (pump) and as (probe)
modes, respectively. I.,(w) was the auxiliary func-
tion;

leg(w) = 1/(w = (B — Eg) + 7). (14)

E, was the energy or eigen-value of |e). v was the de-
phasing rate which was equal to the phenomenologi-
cal spectral broadening parameter [9]. To obtain the
dipole matrix element, I used the current operator ;
7g) was obtained by solving jlg) = i(H — E4)7g).
Therefore the current operator ; and the dipole ope-
rator i should satisfy the following relations:

§*0 = —ilp? H),wlf = 38 /(B - By). (15)

[] represented the commutation relation [14]. j =
@D (nmy (€ nacmg—hc) For a = x, 0 = 322 —72.
For a = y, 0 = 3y>—7r2. n, m represented the nearest
neighboring Mn-ion site index of the four-Mn-cluster.
This allows us to calculate Eqgs.(12) and (13) based
on the energy eigen-states of the full Hamiltonian
(H) given by Eq.(1).

IIT. RESULTS & DISCUSSION

The PP signal Eq.(11) were numerically obtained .
Fig. 2 shows the calculated S(F™") (w1, wy). Here the
pump and probe polarizations were both parallel to
a crystal axis. To see the contribution of each path-
ways, (vi) pathway contribution (Im[y " (w;,ws)])
was shown in Fig. 2(a) and (viii) pathway contribu-
tion (Im[x("#") (w1, wy)]) was shown in Fig. 2(b).
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3ypar 2: The calculated transmittance intensity change,
T(w1,w2). Here the pump and probe polarizations were
parallel. (a) Im[x“? (w1, ws)] as function of w; and wa,
(b) Tm[x"% (w1, ws)] as function of w; and ws (c) sum
of (a) and (b), and for comparison, o(w) were shown.
(d) Summary of peaks observed in (a) and (b). Involved
intermediate states were noted.

Fig. 2(a) shows the calculated (vi) pathway cont-
ributions. Here two clear peaks appeared along the
diagonal line at w; = wy = 4.45¢ and at w; = wy =
4.65t. These peaks were schematically represented
as circles in Fig. 2(d). The w; = 4.45¢ peak was
due to the g1 — e; — g1 — e; — g transition
process, and the w; = 4.65¢t peak was due to the
g1 — ey — g1 — eg — g1 process. There could
be numerous available photo-excited states at higher
energies. In our calculation, only the lowest opti-
cally active two excited states were regarded, and
they were named as |e;) and |es).

In addition to these peaks, three more peaks ap-
peared along the vertical line at wy, = 4.45¢ and
one more peak appeared along the vertical line at
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wo = 4.45t . Former three peaks were due to the
g1 — e1 — g, — e1 — g1 transition processes. The
peak at wy = 4.3t corresponded to n = 2 transition,
which was marked by an open triangle in Fig. 2(d).
In this process, Q2-type phonons can be generated
according to our previous study. The strength of the
peak indicates the transition probability between the
ground state |g1) and the quasi-ground state |go) . If
schematically described, |g2) state was composed of
the single-occupied Mn-ions and the collective vibra-
tion of MnQOg octahedra. The width of the peak may
be determined by the life time of the vibration, but
in our calculation a phenomenological value (0.05%)
was used for all peaks in Fig. 2 and Fig. 3. The
peak at wy = 4.0t corresponded to n = 3 transition,
which was marked by an open square in Fig. 2(d).
Also in this process, Q2-type phonons can be genera-
ted, however the phonons should be strongly coupled
to the electron orbital occupations of every Mn ion.
If schematically described, |g3) state was composed
of single-occupied Mn-ions and the collectively vib-
rating MnOg octahedra. The octahedral vibration
frequency should be affected by the orbital occupa-
tion via JT interaction of the Mn-site. The peak at
w1 = 3.8t corresponded to n = 4 transition, which
was marked by an open pentagon in Fig. 2(d). In
this process, QQ2-type phonons can be generated. Ho-
wever the phonons should be strongly coupled to the
orbital occupations of every Mn ions via JT interac-
tion, and they should be also coupled to the collec-
tive excitation of the ordered orbitals mediated by
the SE interaction. If schematically described, |g3)
state was composed of single-occupied Mn-ions and
the collectively vibrating MnOg octahedra which is
coupled to the so-called orbital wave.

The latter peak along the vertical line at ws =
4.65t was due to g1 — e2 — g, — €2 — g1 transition
processes. Here the peak at wi; = 4.25¢ corresponded
to n = 3 transition, which was marked by an open
star in Fig. 2(d). The peaks was produced by the si-
milar process as that of the open square peak, but the
intermediate state |ez) may be more strongly coup-
led to the lattice degree of freedom than |e;) state.
le1) and |es) were nearly degenerate photo excited
states, the energy difference between the states was
due to their different empty-site and double occupied
site configurations and the interaction of phonon and
orbital degrees of freedom.

Fig. 2(b) shows the calculated (viii) pathway con-
tributions. About five peaks appeared in addition
to the two diagonal peaks. These peaks were sche-
matically represented as solid symbols in Fig. 2(d).
Peaks along the horizontal line at w; = 4.45t were
due to g1 — e; — g, — e1 — g1 transition process
(n = 2,3,4), and peaks along the horizontal line at
w1 = 4.65¢ were due to the gy — e3 — g, — €2 — g1
process (n = 3,4).

Fig. 2(c) the sum
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3ypar 3: The calculated transmittance intensity change,
T(w1,w2). Here the pump and probe polarizations were
perpendicular. (a) Im[x*? (w1, ws]) as function of w;
and wa, (b) Im[x " (w1,ws)] as function of w; and wo
(c) sum of (a) and (b). Dashed line represents the fre-
quency phase matching condition (d) Off-diagonal cut of
(¢) along the dashed line, ™ (w1, wep — w1).

Im[x") (w1, wa) + X% (w1, ws)]. Beside of
the panel, the linear optical conductivity, o(w) was
presented for comparison (Here the spectral broa-
dening was given by a phenomenological parameter
~v = 0.05t). Peaks of o(w) were well matched to the
diagonal peaks of S(¢™) (wy,ws).

Fig. 3 shows the highlight point of our study. It
provides basically the same signal, Im[x ("% (wy,ws)]
and Im[x(""") (w;,ws)], but here the probe optical
mode polarization was assumed to be orthogonal to
that of the pump mode polarization. The orthogo-
nal polarization configuration was achieved by the
half-wave plate (or periscope) as shown in Fig. 1(c).
The highlight point is that only a peak due to the
g1 — e1 — g4 — e — g1 transition process was
clearly observed here and other peaks were suppres-
sed. Note that g1 — e; — g4 — e; — g1 transition
process involves the phonon-coupled orbital wave ex-
citation response. A part of the spectrum along the
dashed line in Fig. 3(c) was presented in Fig. 3(d).
This was S(e")(wl, Wez — w1) for a fixed external ex-
citation light field frequency (we,). The line crossed
the two phonon-coupled orbital wave signal peaks for
@9 and x (") The peak for x(*) was sharper than
that for x(**) and it showed the negative response.
The negative response suggested that the transmit-
tance of the system was enhanced (or absorption of
the system was suppressed) by the pump light.

In real experiment, Fig. 2 and 3 can be obtained
by measuring the spectral transmittance of the probe
light mode signal. First the transmittance of the
probe light should be measured by blocking the
pump light illumination (T'(w2)without). To get the
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wavelength dependence, gratings and pinholes can
be used. Then the transmittance of the probe light
should be measured with the pump light illumina-
tion (T'(w1,w2)witn). By subtracting the first signal
from the second one, S(w1,ws) can be obtained. This
procedure can be simply and repeatedly done if an
optical chopper and a lock-in amplifier were com-
bined. The chopper can block and pass the pump
light repeatedly in a fixed frequency, the lock-in am-
plifier can pick up the given frequency signal only.
S(w1,ws) can be estimated from the signal; for exam-
ple, photo-voltage increase (or decrease) with respect
to the background corresponds to the signal. Also
the gratings and pinholes cab be used to select a spe-
cific wavelength components, but they should be cor-
rectly arranged to meet the phase matching condi-
tion (wez = w1 + wo and kow = ky + Eg)[12].

In present study, spontaneous parametric down
conversion process was considered for the pump and
probe light fields preparation. In the process, the
generated light fields are quite weak, so it may be
difficult to get clear signals. Intense light fields can
be produced by parametric amplification process.
Although the detailed nature of the quantum cor-
relations can be quite different for parametric down
conversion and for parametric amplification, quan-
tum state signatures of light used in this study can
remain also for intense light fields generated by the
parametric amplification process as Nagasako et al.
observed [14]. It means that we can expect the same
results as predicted in Fig. 2 and 3 for the mea-
surement used the parametric amplification process
for pump and probe light sources. Also if broa-
der band light source can be used for the external
excitation light, more spectral information can be
achieved. Ultra-short laser pulse can be used as the
light source for such purpose, and further theoretical
studies using pulse light source are demanded.

Finally, it should be noted that Fig. 3 implies
the promising advantages of the proposed method.
Note that in Fig. 3 only peaks corresponding to
g1 — €1 — g4 — €1 — g1 process (phonon-coupled
orbital wave excitation) were shown and other peaks
were suppressed. If the phonon-coupled orbital wave
exists in reality, application of the addition external
perturbation will reveal the different aspects of the
orbital wave. In many optical experiments including
the conventional PP method, the application of
external perturbations such as magnetic field and
hydrostatic pressure may change not only the
optical response of the phonon-coupled orbital wave
but also the other responses including the Mott
gap excitation and the simple phonons. If the
proposed method can be employed, it may have the
capability to separate the phonon-coupled orbital
wave signal from other responses clearly even under
the magnetic field and hydrostatic pressure.

IV. CONCLUSION

A PP spectroscopy method with entangled pho-
tons was proposed to investigate the low energy
collective excitations of LaMnOg theoretically.
LaMnOg may have a few low energy collective ex-
citations of which microscopic origins are different.
Among them, the phonon-coupled orbital wave is
interesting, but it was difficult to separate this mode
from other excitation modes. With the proposed
method, by controlling the degree of entanglement
of incoming photon pairs, it is shown that phonon-
coupled orbital wave mode can be selected clearly.
This powerful method can be used to study the
orbital wave of LaMnQOgs , but it can be also used to
investigate the collective excitations in many other
strongly correlated electron systems.
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Pump-probe experimental setup using 10 fs ultra-short laser pulse was successfully developed.
Using this setup, the excitation of coherent phonons in Te and GaAs were measured for calibration
and accuracy test of the developed setup. Coherent Raman-active phonons are observed by PP
experiments. 10fs pulse was not necessary to generate coherent optical phonon. Strongly chirped
pulse with roughly ~ 20 fs duration can generate it. Frequencies of these modes was in good ag-
reement, to values reported. It was demonstrated how spectrum of laser near of band-gap could
significantly affect the pump-probe signal. In near of band-gap, the PP response of GaAs is de-
pendent on the spectrum of the laser, but coherent optic phonon oscillation isn’t dependent on it.
Time-and-frequency resolved pump-probe optical spectroscopy is used to investigate the effect of
spectral dependence of pump-probe of GaAs. The measured modifications of the optical properties
of GaAs are consistent with the creation of a non-thermal state, metastable on the ps timescale,
after the pump-induced impulsive modification of the electron interactions.

PACS numbers: 78.47.J-, 78.66.Db

I. INTRODUCTION

Since the early 1980’s, many groups have been
studying the response of material systems to opti-
cal pulses on a femtosecond time scale using optical
pulse pump-probe (PP ) techniques. In a number of
these experiments, oscillations due to a Raman ex-
citation process are observed in the transmission of
probe pulses as a function of time following the ex-
citing pump pulse. Recently, femtosecond PP tech-
niques have been applied to the study of metals and
superconductors. In PP experiments on a number of
conducting or semiconducting materials, oscillations
have been observed in reflectivity (or transmission
through thin samples) with frequencies that corres-
pond to optical phonon modes of the samples. A
number of mechanisms have been proposed to exp-
lain these oscillations, including impulsive stimula-
ted Raman scattering , a nonlinear optical suscepti-
bility mechanism, and the screening of space-charge
fields at the surface of semiconducting samples.

In this paper, we developed pump-probe experi-
ment which is appropriate for investigation of non-
equilibrium system. In II section we will introduce
the experimental setup and the laser source which is
used to PP experiment.

In III section, a PP reflectivity of a GaAs single
crytal is measured to check the measurement sys-
tem. The PP data for GaAs was already reported in
literature. G.C.Cho et al. measured PP reflectivity

*Electronic address: p_munhkbaatar@yahoo.com

HWP
BS2 i PM

Ti:sapphire laser
140MHz,
1.5nJ, ~10fs.

3ypar 1: Pump-probe transmittance measurement
setup. PM: parabolic mirror, BS1: 70:30 beam splitter,
BS2: 50:50 beam splitter, P: polarizer, F: neutral density
filter. PD: photo detector, HWP: half wave plate. The
inset is pump-probe reflectance measurement setup.

changes for GaAs as a function of delay time between
pump and probe pulse using 50 fs laser pulses from
a ring dye laser [2]. The PP response is strongly de-
pendent on the pulse wavelength near the band gap
of GaAs.

In IV section, we reported coherent phonon oscil-
lations in Te crystal which is known as a good test
system. It is because the coherent oscillation appears
very clearly even with weak laser intensity.

In V section, we discussed the main difference of
the mode-locking condition dependence of PP reflec-
tion signal reported in III section.
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3ypar 2: Spectrums of femtosecond laser.
dashed line marks the band gap of GaAs.
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II. EXPERIMENTAL SETUP

For the PP measurement, the laser pulses were
generated from a mode-locked Ti:sapphire oscillator
[1]. The center wavelength of the pulse was 800 nm
(1.5eV). The pulse duration was 10fs. The pulse
energy was ~ 1.5nJ at a repetition rate of 140 MHz.
Experimental setup was shown in Fig. 1.

The band width of the laser pulse was shown in
Fig. 2. The laser beam was split into a pump beam
(~ 75%) and a probe beam (~ 10%). The pump and
probe beams were focused on the surface of a sam-
ple with 100 um in diameter. The pump beam was
normally incident to the surface, the angle between
the probe beam and surface normal was approxima-
tely 8°. The transmitted or reflected probe beam
was detected with a balanced photo-detector, which
subtracted the intensity of a reference beam to elimi-
nate the laser noise. The temporal coincidence of
the probe and pump pulses was checked by the sum
frequency signal generated from a §-BaBOs crystal.
The zero-time-delay was defined as the time delay
point where the sum frequency signal was strongest.
All experiments were performed at room tempera-
ture.

The inset of Fig. 1 shows the PP reflectance mea-
surement setup. Here the reflected probe pulse from
the sample surface were collimated by the parabolic
mirror and guided by flat mirrors to the balanced
detector. Others are same with the transmittance
measurement setup.

III. CALIBRATION OF RELAXATION
BEHAVIOR AND PHONON OSCILLATIONS
USING GaAs CRYSTAL

A PP reflectivity of a GaAs single crytal was mea-
sured to check the measurement system. The PP
data for GaAs was already reported in literature.

G.C.Cho et al. measured PP reflectivity changes for
GaAs as a function of delay time between pump and
probe pulse using 50 fs laser pulses from a ring dye la-
ser [2]. The polarization of the probe beam was kept
orthogonal to the pump beam. Periodic LO-phonon
oscillation was only visible, when the polarization of
the pump beam was parallel to the [011] or [011] axis,
as required by the selection rules for RS . The fre-
quency of this periodic oscillation matched exactly
the frequency of the LO phonon at ¢ = 0 in GaAs
(8.8 THz).

In the thesis experiment, the PP response is
strongly dependent on the pulse wavelength near the
band gap of GaAs (1.424¢eV or 870 nm). Spectrums
used in the experiments were shown in Fig. 2 for
two deferent pulses. Vertical dashed line shows band
gap of GaAs. One spectrum was whole in region of
above band-gap (solid line). Some part of another
spectrum was in under band gap (open square line).

In Fig. 3, the solid and open square lines shows the
PP reflectivity changes in GaAs for two deferent pul-
ses, respectively. The response of the system shows
small amplitude coherent oscillations, superimposed
on an exponential decay. For spectrum with above
band-gap, the decay was fitted well with a double
exponential of the form > ~,_, , Aze /7 (gray dashed
line). The first term is attributed to rapid electron-
electron thermalization, 71 = 150fs. The slower,
T = 2.5ps, second term is attributed to electron-
phonon thermalization. In Fig. 3, the open circle
line shows the coherent oscillations after the electro-
nic backgrounds have been subtracted. The Fourier
transforms of the data (open circle line) is shown
in the inset of Fig. 3. Periodic LO-phonon oscilla-
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3ypar 3: Pump-probe reflectance change of GaAs.

tions are only visible, when the polarization of the
pump beam is parallel to the [011] or [011] axis. The
dominant oscillation have frequency of 8.8 THz and
correspond, with good agreement to the values re-
ported in measurements reported by Cho et al. [2]
and Sadao Adachi [3]. The consistency demonstrated
that the setup of Fig. 1 worked properly. To check
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pulse spectrum dependence, we developed frequency
resolved PP experiment in section V.

IV. CALIBRATION OF PHONON
OSCILLATIONS USING Te CRYSTAL

Te crystal is known as a good test system to ob-
serve the coherent phonon oscillations using laser
pulse pump-probe experiment. It is because the
coherent oscillation appears very clearly even with
weak laser intensity. Coherent lattice vibrations in
Te were first reported by a group at MIT [4]. Using a
single-color PP setup, oscillations in the reflectivity
were observed at the frequency of the symmetry-
preserving A; phonon mode (3.6 THz) and at no
other after excitation by a 60fs pulse of influence
2.5J/m?2. Although the excitation of the symmetry-
preserving A; phonon mode in Te dominates the
optical response, the coherent excitation of other
phonon modes has also been observed [5, 6]. The
observation of oscillations at 2.77 THz and 4.2 THz
in the anisotropic reflectivity, precisely the frequency
of the two E1To phonon modes in Te, suggested that
other modes can be excited. Anisotropic reflectivity
changes in other geometries as well as the detection
of THz emission from Te under short-pulse excitation
revealed that coherent E';,o phonons can be excited.

Fig. 4 depicts the PP reflectivity change from Te
surface as a function of time delay (denoted as isotro-
pic reflectivity change). The Fourier transforms of
the time domain data are shown in the inset. The
isotropic reflectivity change is strongly modulated by
the coherent excitation of the fully symmetric A;
mode at 3.6 THz, which is selectively excited via the
displacive mechanism [2, 7]. This value is also good
agreement to value reported by Dekorsy et al. [5],
which demonstrated that the set-up of Fig. 1 wor-
ked properly for coherent phonon measurement.
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o

40 12 3 4
Time delay (ps)

3ypar 4: Pump-probe reflectance change of Te. In the

inset, the Fourier transform of the data, showing oscilla-

tion at 3.6 THz.

In conclusion, a pump-probe experimental setup
using 10fs ultra-short laser pulse was successfully

developed. Using this setup, the excitation of cohe-
rent phonons in Te and phonons and relaxation
behavior in GaAs were measured for calibration and
accuracy test of the developed setup. Experimen-
tal results consistent with the data in literature were
obtained, which demonstrated that the setup worked
properly and accurately.

V. WAVELENGTH OR FREQUENCY
RESOLVED PUMP-PROBE EXPERIMENT
IN GaAs

In this section, we explain the main difference of
the mode-locking condition dependence of PP reflec-
tion signal discussed in section ITI. In order to obtain
photon energy resolution, probe pulse was dispersed
through a diffraction grating and detected after ref-
lected on sample. The response was strongly depen-
dent on the probe wavelength near the band gap of
GaAs. The diffraction grating was located along the
optical line of the reflected signal: it is in charge of
the dispersion of the reflected spectrum before it is
acquired by a photodiode. A slit in front of the pho-
todiode was used for selecting a thin range of wave-
lengths of the spectra. The diffraction grating was
setup on a rotation stage. Selected wavelength range
can be changed by rotating of the diffraction grating.
A spectrometer was used to check wavelength selec-
tion before the measurement.

We measured the normalized variation of reflec-
tivity

R\, 1) — R(\, —0)

AR\, 7) = RO o) (1)

where 7 is the delay between the two laser pulses,
R(\, 7) is the reflectivity of the pump excited sample,
R(\, —00) is the reflectivity in the equilibrium state
or before pumping. X is wavelength of the selected
thin range.

The obtained raw data was shown in Fig. 5. La-
ser pulse was broad spectrum in Fig. 2 (open square
line).

As Fig. 5, AR(\, t) above the band gap was simi-
lar to the solid lines in Fig. 3. However, in AR(\,t)
below the band gap, the amplitude (A) of rapid
electron-electron thermalization was negative sign.
Near of zero time delay, frequency resolved PP sig-
nal was strongly dependent on wavelength. The open
square symbol line in Fig. 3 was the sum contribution
of these two kind of signals.

In conclusion, a pump-probe experimental setup
using 10 fs ultra-short laser pulse was successfully
developed. Using this setup, the excitation of cohe-
rent phonons in Te and GaAs were measured for ca-
libration and accuracy test of the developed setup.
Coherent Raman-active phonons are observed by PP
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3ypar 5: Wavelength resolved pump-probe signal
AR(M t)/R of GaAs crystal.

experiments. 10fs pulse was not necessary to gene-
rate coherent optical phonon. Strongly chirped pulse
with roughly ~ 20 fs duration can generate it. Fre-
quencies of these modes was in good agreement to
values reported. It was demonstrated how spectrum
of laser near of band-gap could significantly affect
the pump-probe signal. In near of band-gap, the PP
response of GaAs is dependent on the spectrum of
the laser, but coherent optic phonon oscillation isn’t
dependent on it.
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Wave Solutions of an a-cut Uniaxially Crystal

B. Daariimaa, G. Ochirbat, J. Khatanbaatar, and P. Munkhbaatar*
Theoretical Physics Laboratory, Department of Physics, School of Science,
National University of Mongolia, Ulaanbaatar 210646, Mongolia

We consider the problem of a plane wave refraction on an a-cut uniaxially crystal. We show that
ordinary and extraordinary waves in Kerr medium could be the plane wave with amplitude and
wavevector independent of coordinates. The another result is that the problem of polarization of
the isoradial wave in a biaxial crystal is reformulated. The driven equation is slightly different the
equation given in Ref.[2]. We solved problem for eigenvalues and eigenvectors of polarization of the

electric field for the isoradial wave.

PACS numbers: 81.05.Xj, 42.65.-k, 42.65.Hw

I. INTRODUCTION

Birefringence is used in many optical devices which
also plays an important role in second harmonic
generation and other nonlinear optical components,
as the crystals used for this purpose are almost al-
ways birefringent and nonlinear|[1]. If the intensity of
light propagating through the nonlinear medium is
sufficiently high, the refractive index of the medium
depends on the intensity of propagating field. The
effect is called Kerr effect.

In this paper, we focused on plane electromagne-
tic (EM) wave propagation in an anisotropic Kerr
medium. We consider the intensity profile of refrac-
ted wave in uniaxial crystal in II section. In next
section problem of polarization of the isoradial wave
in a biaxial crystal is reformulated as Ref.[2]. We
solved eigenvalues and eigenvectors problem for po-
larization of electric field of the isoradial wave.

II. DOUBLE REFRACTION AT A
BOUNDARY OF AN ¢-CUT UNIAXIALLY
CRYSTAL SURFACE

An important physical consequence for the
wave propagation in anisotropic media is double
refraction[3]. Poynting vector or energy flux of an
electromagnetic field is

S = %Re[E x H"|. (1)

The refracted wave, in general, is a mixture of or-
dinary wave and extraordinary wave, so its electric
and magnetic fields are given, respectively, by

E=(Cooe ™+ C ee er)eit

(2)

*Electronic address: p_munhkbaatar@yahoo.com
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Figure 1: Double refraction at boundary of an a-cut unia-
xially crystal surface

1 , , ,
H= — {C‘Oe_“‘O'lr k, X 0+ Coe Tk, x e} et
wp
(3)

Here k, (k) and o (e) are wavevector and unit vec-
tor of polarization of ordinary (extraordinary) wave,
respectively.

The orientation of the crystal, the incident wave
and refracted wave is shown in Fig. 1. For the case
of an a-cut uniaxially crystal surface[3], the intensity
of the wave is

a-

(4)

Using (2) and (3), we can find three terms of the
intensity:

e

- 2w

a-ex (ke xe),
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Co Ce
2w
+ a-e x (k, x 0)e ikeko) Ty
= %{a-ox (ke x €)
2w
+ a-ex (k, x 0)}cos[(ke — ko) - 1x]. (7)

Ioe = Re{a -0 X (ke X e)ei(ke_ko)'l‘

The last (7) term is the interference between ordi-
nary and extraordinary waves. This equals to zero:
I,.=a-S,.=0or

a-ox (kexe)+a-ex (k,x0)=0. (8)

Thus, the intensity of transmitted wave is the sum
of intensities of ordinary and extraordinary waves
which is independent on coordinates and time.

If the refractive index of the principal axis is de-
pendent on an intensity (Kerr medium), i.e both
ordinary and extraordinary indexes independent on
space coordinates and time, there could be the self-
consistent plane wave with amplitude and wavevec-
tor independent on coordinate.

When directions of the phase velocities of ordi-
nary and extraordinary waves are matched (isonor-
mal wave, k,//k.), the interference term in eq.(7) of
energy flux is non zero. For instance,

B C,C.
2w

Soe = o(ks,-e)cos((ke — ko) -1r). (9)
If refractive indexes on the principal axis are depen-
ding on an intensity, the refractive indexes depend on
coordinated because the interference term dependent
on coordinates. Thus, there cannot be an isonormal
plane wave with constant amplitude and wave vec-

tor.

III. PLANE WAVE IN BIAXIAL CRYSTAL

Let us consider E, D and H real vectors. A wave
packet can be viewed as a linear superposition of
many monochromatic plane waves, each with a defi-
nite frequency w and wavevector k. Each plane wave
component satisfies the following Maxwell’s equa-
tions in momentum space. Then Maxwell’s equa-
tions are:

kxH=-wD, kxE=wuH. (10)

The energy flux in the plane wave, i.e. its Poynting
vector is

1 1

S=ExH=—Ex(kxE)= —

wWHo WHo

(11)

The energy flux in biaxial crystal isn’t in same direc-

tion of the wavevector. On the other hand the energy
density is

w =

1 1

[kE®> —E(k-E)].

The refractive vector of the ray is given by

S
= —. 13
p=_ (13)
As well know connection,
w
k=—n. 14
’n (14)

Here n is the refractive vector of the phase. Using
these definitions of p and n, we can get as following
form of the eq.(12):

p-n=1. (15)
p is in same direction of s:
p-E=0, p-H=0. (16)

If (10) equations are multiplied by the cross product
of p vector, using equations of (14)-(16), we have
H=cp x D, E = —cuop x H. (17)

If we use these notations H = pocH, D’ = ¢E,
e = poc?n?, (17) equations become
E = -pxH, H =pxD. (18)

Now, lets assume that u;, us, uz are unit vectors
of the principal axis of dielectric tensor, the tensor
is given by the outer product of these vectors (g1 <
g9 < 83):

£ = €1UiUu] + £2U2U9 + £3U3U3. (19)

Furthermore, we will establish the following two vec-
tors using uj, us:

C1 = k1u1 + k3113, Co = 7]€1111 + k’3ll3. (20)

€2 — €1 €3 — &2
ki =4/ ———, ky =4/ —.
€3 —¢€1 €3 —¢&1

So, let us express the eq.(19) by c1, co vectors:

Here,

€3 —¢&1
e=¢eoll+

(Clcg + C2C1) . (21)

Here I is unit operator.

Polarization isoradial wave: According to the
literature [2], an equation for electric field of isoradial
wave have been written as following form:

€3 — €
{1-p’er — =5 (P cllp™c
X

+ [PXco][p*ci]) JE=0. (22)

Here ¢y, ¢y vectors are defined by (20). And p* is
the antisymmeter tensor of the vector p. Using this
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tensor, the cross product of two vectors can be writ-
ten as p*c =p X c.

p*p* =pp-p’ cp* =-—p*“c=—pxc. (23)

We couldn’t understand completely the eq.(22).
Thus we decided to solve the problem from the begin.
From the eq.(18)

E=-p*H = -p*p*D/, D'=cE (24)

€3 —¢&1

p*p*cE = ep*p” E + 5

We can change two terms within the parentheses:

p pici(ca-E) = (Ex (pxc)) x(pxer) =
p picz(ci - E) = (Ex (pxc1)) x(pxcr) =

or

E + p*p*cE =0. (25)

If we use the eq.(21), we have

(P*p ci(ca-E) +p p~cac: - E)). (26)

(pxca)((pxci) -E)—((pxec1)-(pxec2))E, (27)
(pxc1)((pxecz)-E)—((pxcz) (pxci))E.

In here, we used p(c; - E) = E X (p x ¢;) because of p - E = 0. Thus, the eq.(25) is now:

E3 — &
{1 “pte2 - 2%[1“01] [P ea] +

The eq.(28) is quite different from the eq.(22). First,
the third term is new. Second, fourth term has
opposite sign. But, the problem of eigenvectors and
eigenvalues of this equation procedure is same as fin-
ding eigenvectors and eigenvalues of isonormal waves
for magnetic field. Further, we have

Q = [p*ci][p™ca] + [p™ca][p™cu].

Also, eigenvalues of this operator are

Ar =[P ci] - [P es] £/ [preiP[pres]?. (29)

Eigenvectors are

VI[p*ca]?p*cr £ /[p*Xei]?pco. (30)

For the eigenvalue of the refractive vector of the ray,
the eq.(28) is now

€3 —¢€1 €3 —¢&1

Ar =0.
(31)

1—p’ey —2 [P ci] - [P ca] +

B (prelpen + [chQMchﬂ)}E =0. (28)

If we write the refractive vector of the ray p =
using s unit vector, substitution p into the eq.(31)
give us eigenvalues for s:

s
s

9
$2 =gyt 5 [s%c1]2[s%ca)?).

(32)

(s [s*ca)

Corresponding eigenvectors are

Ei = Aiei. (33)
Here A, , A_ is arbitrary constant,

er = /[s¥c2]?s™ ey = /[s*c1]?s™ca. (34)

We have shown that the driven equation for E elect-
ric fields of isoradial waves is slightly different the
equation given in Ref.[2]. We solved the problem for
eigenvalues and eigenvectors of the driven equation.
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Bepaunuruitn Xapumxaita Torrmos 60si0H IIbe30-3nekrpuk Kosddunnenrunitn
Omnoabia Too11o00101

H.Tesxapran', 2K Jlasaacambyy', I1.Jammsmbapan’, and [1.Yaxpaabamn?
' Monzoa Yacom Hz Cypeyyav,
HTunocasx yraans, cypeyysutin Guaukuln monTum,
Yaaanbaamap xom 210646, Mownzoa yac
[ITVA-uiin usux merHorozuiin Typsaasn

Bun SHIXYY axkJraap Bepiuuuruiin

XapUMXalH

TOITMOJIY YT, IIb€30-3JIEKTPUK

koabdunmentyymuitr  ab-initio kBant Mexanukuitn apraap CRYSTALI14 mnporpavMm amwrjiaH
TOOIOO0JIOB. Bramii TOOIOO/ICOH YP AYHTYYA 0yca TOOMOOHBI GOJIOH TYPINWITHIH YD JYHTYYATIH
caifH Toxupu GaiiHa. TYYHWISH yT CHCTEMUIH XyBh[ 933IXYVYH MIAXAJITHIH MOIYIh B, MMIKITARH
moaynb G, FOuruita moxyns F, Ilyacconsl xapbiaa v 600H [lebaiiH TeMIepaTyphir TOZ0PXOMIOB.

PACS numbers: 77.84.-s, 62.20.de, 77.65.Bn

I. OPLINJI

Bepaunur 6yioy AlPO4 #Hb 1bE30-3J1€KTPUK
mMrHK YaHap Oyxuit Mmarepuan oM. IIbe30-31eKTpuK
3 derTuir aroMbiH TYBIIIH aux 1927 oma Meisner
a-SiOo-mith KU 193D Taitnbapracan Gafigar [1].
I'sBu sH; kBapuuwitH OYTHHAT X3T XAJ0apPIHICAH,
TYYHHAT HMOHBI XOJIDOOCTOH 19K  OHPOJIIO0ICOH
Gaiimar. CyynuwitH yem XWiTICIH HUIIIL AXKIYYI
Meisner-uiin 3arsapaap Taitadbapaarggarryit. Ksapi
Hb XYUTO# KOBAJEHT XOJI000CTOH Oaimgar yuup
TaJgHBI TMAXUAraan opora Si-O XOOpOHI0X 6epUIeaT
Oara xapuH KBapIaJ sBaraax Oaiiraa rojl MeXaHusM
#b SiO4 TITpasmpuitH SpraaT roaruiir gudpakuuin
apraap rorroocon Gaitnar [2]. AIPOy -uitn 6yra1 Hb
SiOq -mitH 6y TOCOOT3H Gereem Si -MitH OpOHT,
Al 6onon P -ufin aroMmbir 33/0KJ9H Oafipiayy/cad
Terpasapyynaac torrono. bum emue AIPO4 -wuiin
3apuM (QU3UK [IHHAK TAHAPBIH OHOJIBIH TOOIO0 XUITX
zamaap P-O xomboockin xXyBbi KoBajieHT, Al-O
XOJOOOCHIH XYBbJ MOHBI IMUHXK dYaHapTail 6010XbIr
y3yyiacsn [6]. Wiimosc 9HY cucreM Hb XUMUiH
XOJIOOOCHIH XYBBJ XOJUMOr IMWH2K 4daHapTaii. Men
OuJi CHHXPOTPOH manpar OOJOH MOIYJISIUHH apra
amurman AIPOy  -wifH  ypBYy TIBE30-3JIEKTPUK
koaddunmentyyauiir  rogopxoisiicon  [6,7]. Bun

Xapumxaite torrmon C;; Hb CHCTEMUIH IHEPIuUsC
Xapplauryit  gedopmamaap aBcaH — XO€pyraap
paMOMitH  yaMiKJIamaap — Japaaxu  Oaiimaiaap

17

9HY akjaap OepjaumHUTHIH XyBbI ab-initio kBaHT
MEXaHWKHUIH apra aInriaH XapUMXaiiH TOrTMOMY Y/,
OOJIOH TILE30-3TEKTPUK KOIPDUIIMEHTYYIBIT TOOIOX
30PUJITO TAaBLCAH.

II. TOOIIOOHBI APTA BOJIOH OHOJIBIH

YHISC

Bun ab-inito kBaHT MexaHWKHH apraap
YHICYH TOJBUNH 3JHEPrH, 3JSHEPruilH TPaJiueHT,
JIEKTPOHBI  JOJITHOHBI  (DYHKIYYABIT  AIIATJIAH
KPUCTAJII CHCTEMUITH IMUHXK YaHAPY YIBIT TOOTI00JI0X
CRYSTAL14 uporpamm [8] ammrman AlPO4 -
uilH xapuMxallH TOTTMOJIYYJZ, Mbe30-3JeKTPUK
KO3 PHUITUEHTYYIARNUT TOOIIOO0IOB. JHIXYY TOOIIOOHT,
arombin  opburamaap Taycewn  dynkn  (GTF)
6osod B3LYP (Becke-uiin rypsan napamerpraii
comInObIH (byHKI[ GosoH jokas Oumr Lee-Yang-
Parr-uitn  xoppe/isiiuiin  QyHKI[) XaMUJILTOHUAH
ammraacan 601H0. XapuMXalH TOITMOJYYABIT Ou,
TaKMIT YYCIIX Xy4auitH (YHKIPIC Xamaapax
CHCTEeMUIH 3HEPrHiH NOJWHAMHMHAJ TOXUPYYJIATraac
010X OOJIHO. DT/ TOPBIH SHEPTUIC XAPBIAHTYH
gedopmarnuiia hyHKIIAap MIyBaaHI 331aH Ondbe.

WIPXAATSTAIHI:

0’FE

7 [own
6771‘6773' ’

Vo

ij =
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3H/1 V) Hb TOHIBIPT TOJIOB /19X CHCTEMUIH 333JIXYYH.
7 Hb XapblaHryii medopmaruitn 2-p paHruiiH
cumMMeTp Ten30p Oereen BolirrtwitH TIMAINIITID
ammrian 6uasan ij = 1,...,6(1 = zx,2 = yy,3 =
zz,4 = yz,5 = x2,6 = xy) OGaiina. BepauauT
Hb TPUTOHAJIL KPUCTAI cucteM P3121 cummerpraii
YUHUDP YT XaMaapax XyBbCATIUNH TOO 1eepd 6 6OTHO:

Cn Ci2o Cis 0 Ci5 0
0 0 Cs33 O 0 0
0 0 0 Cu 0 (i
0 0 0 0 Cu 0
0 0 0 0 0 Cgg

Quy Cgg Torrmoa #p Ch1 60onon Cho -aap napaaxu
Gaiigmaap WISPXUNIITIIHS.

Cos = (C11 — Cr2)/2.

TyyHWISH — 700pXH  OHPOJIIIOOJICOH — IMIIUPUK
mormmtraayyn,  amwurinas  AlIPOg-uita 3zaaxyys
mwaxanrbi (B), mmwpkuntuiin (G), HOwruitn (E)
MOJLYIUY/I, [yaccoHbl Xapbuaa (v) GoJ0H TOXOPXOil
TUIIIIL, XOHIOH (VUs), TYYII (Vp) YUTIIRI XapuMXail
JIOJIPHOH Tapax XypJl 39Pruiil TOOIOOIOB:

1
B = g(cu +2C9),

1 5
G = TO(CII —0124-3044)4—5(4(511 —S19)+3844) 7,

p_ 9B-G ,_ 3B-2

T 3B+G T 238B1G)

B+4G/3 G
Up = ?7 Vs = ;7

sux C;; Hb xapumxaitn TorrMmou, S;; Hb XapuUMXaiiH
MOJIYJIb, p Hb HATT. XapuMmxaii gedpopManmuiia My sKu
myys e 60JIoH YpBYY d TIhe30-3JeKTPUK TE€H30PYY/I
Hb XapbHaHTy#l HedOpMAaIbH AYH/ YYCIX Ty HIIIpast
P 6omon ramHBl TMAXWATAaaH OPOH F -339p yyeIx
xapblaHry#t medopmarl 7 -aac mapaaxu Oaiimnaap
XaMaapHa:

P=e-n, (3)
n=ec’ - E. (4)
Ty#mmpanablH ~ KOMIOHEHTYYX  Hb  XapbIAHTYH
nedopmanuitn TEH30PbIH KOMIIOHEHTYyAaap

Japaaxu Oaiiagaap MIIPXUAISTIIHS:

P)i = Z Civlly- (5)

DH/I93C BE30-3JIEKTPUK TEH30PBIT OJ00JI:

0P;
€iv = ) 6
<877v> E ©)

sum ¢ = 1,..,3; M Hb IPBI XaPbIAHTYH
nepopmammitn  Teusop.  CRYSTAL nporpaMMbin
xyBbs, Bawmuuepwuitn dyukir 3cean Bappu daseia
apra alirial DAXUiIraaH Ty Ipasbil TOOOOIOT.
IIsezo-amekTpuk TOorT™MoOMyyapir Bappu $a3 ¢; -
aac xapblanryit nedopmanaap aBcaH HAITIYTIIP
IPOIMOUITH yIaMIKIATAAD UIIPXUUIIH OUIBIII

Civ = 57 Xl: i (7)

60s10x 0a dHI a;; HB [-p MIyya TOPBIH BEKTOPBIH 1-D
KOMITOHEHT.

ITyyx 60/10H YPBYY IBE30-3JIEKTPUK TEHIOPY Y/ Hb
XOOPOHIO00 TAapaaxXy XaMaapaJTail baiina.

e=dxC, d=exS. (8)

Qua C  Hb cHCTeMURH SHEPIUIC XAPBIAHTYIA

nedbopMamnaap  aBcaH  Xoépayraap — dpaMOuiin

VITaMKIIATAAD UIBPXUAITICIIX JIOPOBIYTIIP

spambmitn xapumxaiie Temsop 6a S = C~! mp

JOPOBIAYTIIP PAHTUMH  XapuUMXailH  MOIOyJIHitH
TEH30D.

III. TOOIIOOHBKBI YP AYH
bBung  smHIxyy Toomoor Oyp3H  Ue/IeeTdii

TOXUOJIION] XUHCIH (Oreem 9H3 VeI 3T TOP M3X
aToMyys OOJOH TODPBIH ITAPAMETPYYH Hb T HBI
YHATAI9199¢  XaMaapaH — eepuierieHe.  MHrIsg
Oumuuit Toormooacon xapumxaita Torrmor Cj; (I'Tla)
Gomon xapumxaiin Moxynb S;; (1/TIla)-mitr mop
Y3YVII9B:

84.13 22.67 25.52 0 10.28 0
0 84.13 2552 0 —10.28 0
. 0 0 11341 O 0 0
E 0 0 0  46.70 0 —10.28
0 0 0 0 46.70 0
0 0 0 0 0 30.72
14.02 —3.57 —236 0 —-3.86 O
0 1402 -236 0 3.86 0
g 0 0 988 0 0 0
E 0 0 0 231 O 7.73
0 0 0 0 231 0
0 0 0 0 0 35.13
DHIIC Oycam XapuMxaiiH TOTTMOJIYYABIT OO0
93AXYYH MAXaaThiH Moaynbs B = 47.18 ITla,
wkuaTuiie moaysab G = 36.835I'MIa, FOuruiin
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monynb I = 87.68T'Ila, Ilyaccounr xapbiaa v =
0.19 6Gaitma. Xapumxail JOJTHOH Tapax XypAbIr
Kpucrodpdennitn  TOMMHUTII  AIMATIAH — OJCOHBIT
XYCH3I'T. 1-T y3yy/I9B:

Honruousr Bextop |V, (km/c) | Vi (xm/c) |Via(km/c)
[001] 6.53 4.19 4.19
[010] 5.62 441 3.11
[100] 5.71 4.07 34
[110] 5.67 1.26 3.23
[101] 6.69 3.71 3.27
[011] 6.46 3.94 3.46
[111] 6.05 3.98 3.73

Hebaitn  Temmeparyp Tp Hb xaryy Owueniin

XapuMXail IUHXK YaHADBID OAyJaaH Oarraamix,
Xaftlax TeMIeparyp, JHTPOIUHH ©epUJIeJT 33p3r
TEPMOAMHAMUK IIWHZK  9YAHAPYYATaH  x0n60mor
Cyypb XOMXKHUIIIXYYH oM. Ip -umir TOmOpXOHIOX
HIT CTAHIAPT apra OOJ TOJUKPUCTAJT MATEPHUAJIT
XapuMXai JOJTMOH Tapax AYHNAXK XypPH U, -HHAT
AllMIJIAaH Japaaxyu THCMIUTIIIND ToA0pXoiiaor [9]:

h [3n (Nap\]'*
Tp = — |22 (242 ,
D= Lm( M )] s ©)

sun, h Ilnapkwitn tortmon, kp Boabmmams
TOIMOJI, 72 MOJIEKYJT 13X ATOMBIH T00, N 4 ABOroaphIH
TOO, p HATT, M MOJEKYJbIH KUH. Uy, -HAT Japaaxu
WIDPXARIIINP 010X OOJTHO:

1/2 1\

Qumrac AIPOy cucremuiin ebaiin Temneparyp Hb
Tp = 215.5K rapu 6aitna. AIPO, -uiin xyBba myym

e;j 60soH ypByy dij 1Ib€30-3JEKTPUK TE€H30DYY/bIH
XYBbJl CHCTEMWIH CHMMETDIIC XaMaaPaH 3OBXOH
X0€p Y1 XaMaapax TMnryyHTi GaitHa:

0 0
€ij = |ea1 —ea1 0 0 ey O
0 0 0 O 0 O

0 —€14 0 €21

Yymssc Bappu ¢as3bin apra ammriaH TOOIOOICOH
MTbe30-9JIEKTPUK KOodpDurmenTyys b ey; = 0.182
kia/M2, eyq = 0.05 xk1/m? 6omon di; = 0.3.008 mv/B,
dy4 = 0.248 nv/B Gaiina.

IV. AOYTHDJIT

Bun  smsxyy axumaap Bepamaur Oyoy
AIPOy -uwitn  xapumxallH  TOrTMOJYYH ~— DOJIOH
Me30-3JIeKTPUK Ko durmmenTyyquiir  ab-initio

kBanT mexanukuita apraap CRYSTAL14 nporpamm
AITUTIAH TOOIOOI0B. TYYHUIIH YT CUCTEMUNH XY Bh/T
93IIXYYH MIAXAJITHIH MOIYAb B, MUIKUITANH
voaynb G, FOuruita monyns E, Ilyacconsl xapbuaa,
v 6omon ebaiin TeMmmeparyp 33PTHHT TOOIIOOJIOB.
Drsvp TOOIOOHBI VP AYVHTYYI Hb OYCAI TOOIOOHBI
Yp AyH OOJIOH TYPIIMJITHIH YITYYATAA YaHADPBIH
XyBba TOXupd Oaiima. bua maamma cymep TOpbIH
OMPOJIIIOOTON AIUIVIAH HIMIAT TOOIO0 XUUX OOJIOH
OuIHUN OMHO XWICIH TYPIMUATBHIH Yp IYHTYYAWHT
ammrian  AIPOy -wifH  XyBbA TIBE30-3JIEKTPUK
3¢ eKTUir aTOMBIH TYBIIWHI Tailm0apaax 30PHIIT
taBbK Oaitna. AlPQO, -uilH xapumxail mmMHXK
qaHap OOJOH Nhe30-3JJeKTPUK PPEKTHHT OYypaH
TYHIPR/T TaHBbXK M3ACIHIIP TYYHUA XIPITIIIIHUNA
OOIOMIKYYIBIT HIMAITIYYIIX OOTOMIKTOM.
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Metamorphism Trend in Some Mongolian Coals Revealed by Raman
Spectroscopy

S. Munkhtsetseg, R. Galbadrakh*, and L. Enkhtur
Department of Physics, School of Art and Science, National University of Mongolia,
Ulaanbaatar, Mongolia,

Raman scattering spectra of the representative samples from Mongolian low metamorphic coal
deposits as of Sharyn-Gol, Baganuur, Nalaikh, Alagtolgoi and Dovt were measured. Total carbon
content of these samples was measured by X-ray microanalysis method. An existence of graphite-like
domains in vitrinite of the low metamorphism coals has been revealed by the Raman measurements. A
Raman amorphous A band at 1342-1364 cm™ is less intense and broader than that of a graphitic G
band at 1560-1580 cm™ for all studied samples. The graphitic G band is found to be shifted to higher
frequencies within 1560-1580 cm™ with a decrease of coal maturity, while the Raman amorphous-
graphitic band intensity ratio R=fa/fg is found to be increased.

PACS numbers: 89.30.ag, 91.65.Pj, 91.65.Qr, 42.65.Dr,

I. INTRODUCTION

The energy sector of Mongolia based almost
only on a coal mining represents both a significant
economic hope and a considerable environmental
threat for the country. Consequently, coal
processing into clean charcoal or other refined
products through proven, existing modern
technology is highly required. In these
circumstances, start of structural characterization
analysis of all kinds of Mongolian coals also
represents immediate task.

The high sensitivity Raman spectroscopy has
been found useful for defining the level of organic
metamorphism (LOM) in carbonaceous natural
objects. For example, the degree of structural order
of polyaromatic chains in coals can be
characterized using Raman spectra, simply because
spectral frequencies are principally assignable to
carbonaceous functional groups.

In this work Raman spectra of five coal samples
from the biggest Mongolian coal deposits were
measured and used to characterize their LOM.
Total carbon content of the four coal deposit
samples determined by X-ray microanalysis
method was used as references for the studied coal
samples.

I1. EXPERIMENTAL

Freshly broken surfaces of the coal samples
from the Sharyn-Gol, Baganuur, Nalaikh,
Alagtolgoi, and Dovt coal deposits were radiated
by focused laser beam to excite Raman scattering
spectra. Spectra were excited by 50 mWt power,
647.1 nm red light of an argon-ion laser (Innova
90) and recorded with a Horiba Jobin Yvon T
64000 spectrometer. The Raman spectra in the
4000-250 cm™ range of wave number of each coal
sample was recorded in an usual laboratory
condition for 4 times by 1 sec data acquisition at

*Electronic address: galbadrakh@num.edu.mn
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each spectral position and then four spectra were
averaged to reach the best possible signal-to-noise
ratio. Spectra recorded from different spots
standing within 1-3 mm each other on a sample
surface were similar in background fluorescence
wide band intensity, shape, and Raman narrow
bands.

Raman bandwidth analysis was done using a
standard curve resolution algorithm and a multiple
point correction for background subtraction to
distinguish the amorphous (f,) and graphitic (fg)
Raman scattering clear bands of a carbonated
molecular species in samples.

A total carbon content of four coals (Sharyn-
Gol, Baganuur, Nalaikh, Alagtolgoi) was
determined by scanning electron microscopy
(LEO1455VP, Carl Zeiss, Germany) with X-ray
microanalysis using energy dispersive SiLi-
detector (Rontec, Germany) and the determined
values were used as a measured maturity of the
samples.

I11. RESULTS AND DISCUSSION

It seems reasonable to expect an equal number
of spectral frequencies of Raman scattering and
infra-red absorption bands [1, 2] in organic matter,
but for these coal samples a number of Raman
bands is much fewer than a number of their FTIR
bands [3-7]. For the coal samples studied, two
intensive Raman bands of carbon in the wave
number range of 1520-1600 and 1340-1370 cm™
were well dominated (see Table 1) over broad
weak shoulders in the region of 1900 and 2750-
2850 cm™.

A Raman band around 1560-1580 cm™ is from
a CH bond stretching of all pairs of sp® atoms in
both rings and chains labeled graphite-like (G) and
a peak near 1342-1364 cm™ is assigned to the
breathing modes of sp? atoms in rings [8-12]
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labeled amorphous (A) or defect (D), which are
typical to the Raman spectra of the bituminous
coal.

Table 1: Raman frequencies in the some
Mongolian coal samples

Raman bands
Coal sample Band Band
name . .
v, assignment v, assignment
cm? cm?
Sharyn-Gol 1344 1560
Baganuur 1357 1571
Nalaikh 1364 | Amorphous | 1578 Graphite-
. lik
Alagtolgoi | 1363 C-H 1580 e
bending C-H
Dovt 1342 1574 bending

The graphitic band shift to higher frequencies
within 1560-1580 cm™ means a disorder increase
of carbon CH bonds in a coal vitrinite structure. It
is generally observed for coals that the A band at
1342-1364 cm™ is less intense and broader than the
graphitic band G at 1560-1580 cm™. As shows in
Figure 1 (spectrum 1 and 2), for the coals from
Sharyn-Gol and Baganuur, A peaks are comparable
or stronger than neighboring G peaks, which may
be explained as a relatively increased number of
disorder defects with an increased number of
broken Raman transition rule in these samples.
Similar behavior has been observed in Raman
spectra of bituminous coal previously [13]. It is
also found that during metagenesis and beyond, the
intensity of the G band increases while the A band
decreases with an increasing sample maturity [13].
This phenomenon has been also observed here and
shows metamorphism level of the coals studied.

A band near 1900 cm™ is clearly appeared on
the shoulder of the graphitic bands of Sharyn-Gol
and Baganuur coal samples (Figure 1, spectra 1
and 2), while this band is negligible for the rest of
the coals. Therefore, we assume that this weak
band at 1900 cm™ is from defect disorder-induced
vibrations. Low intense broad band near 2800 cm™
is usually attributed to CH stretching vibration.
This band has been registered clearly on the spectra
of Dovt coal (Figure 1, spectra 5).

Laser red 647.1 nm, 50mW
Confocal hole 400, lens 100LF,
Acquisition time 20*4=80 s

Raman intensity, arb.unit

1000 2000 3000

Figure 1: Raman spectrums of the coal samples
(1- Sharyn-Gol, 2 — Baganuur, 3 — Nalaikh, 4 —
Alagtolgoi, 5 — Dovt)

Images of fresh broken cleavage surface of
coals from the optical microscope (Olympus) with
a magnification of 100 were made to reveal
heterogeneity in a structure of the studied coals.
The typical image of Sharyn-Gol coal sample (Fig.
2) shows a thin (1-10 um thick) yellowish-brown
color inclusive of mostly oxidized organic matter
included between coal vitrinite domains. Sharin
Gol coal sample was the richest with this oxidized
inclusive among studied coals, which indicate the
lowest stage of metamorphism of the deposit.

Figure 2: Typical optical image of fresh broken
surface of the Sharyn-Gol coal sample

In the table 2 it is given the band separation (G-
A) and the Raman intensity ratio R=f,/fg for the
studied coals. Differences in the appearance of
these bands well associated with the geological
history of coals. Depending on a maturity of coals,
both amorphous and graphitic bands might shift to
the high frequency side. Consequently, two bands
location have been shifted to a higher frequency up
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to 20 cm™ (Table 1). As shows direct X-ray
determination and fresh broken surface optical
images, coals from Sharyn-Gol has the lowest
content of carbon and relatively enriched with
inclusive of oxygen containing complexes.

Table 2: Carbon graphitic A and amorphous G
bands separation G-A and intensity ratio R=fy/fg
(found by curve fitting) for the some Mongolian
coals. Carbon mass content was measured using
micro X-Ray analysis mode of a scanning
electron microscopy

Carbon content, Raman band Raman intensity
Coal sample mass % separzj\ii,on G- ratio, R=fa/fs
cm*

Sharyn-Gol 43.67 216 1.01
Baganuur 72.38 214 1.00
Nalaikh 81.76 214 0.96
Alagtolgoi 82.93 217 0.95
Dovt >80 232 0.90

The Raman graphitic and amorphous band
separation and Raman band strength ratio for the
studied coals are plotted below versus carbon
content ranking in studied coals in the Figure 3a
and 3b.

As shows in Figure 3a, the Raman G-A
separation almost the same when the carbon
content in coals increases approximately two times
in the samples 1-4. However, the sample 5 shows
the highest band separation alone. It has
significantly different Raman bands from those of
others. It has the lowest background fluorescence
intensity and clear shaped Raman band with
narrow width. From the unusual Raman spectra
features of the sample 5a, here we note that a
carbon content measurement of the sample 5
should have been measured again for the clarity.

The Raman amorphous-graphitic band intensity
ratio R= fu/fg drops slightly from 1 to 0.9 with an
increase of carbon content in coals (Figure 3b).
This behavior might be explained by a
disappearance of oxygen rich inclusive and a
simultaneous size growing of graphitic domains in
vitrinite bulk of samples. The Raman intensity
ratio, R=fu/fg is the highest in the coal of Sharyn-
Gol deposit, which indicates again less graphitic
domains or less maturity of this coal among the
studied five coals.
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Figure 3: Raman band separation G-A (3a) and
Raman amorphous/graphitic band intensity ratio,
R=fu/fs (3b) for the studied coal samples (1—
Sharyn-Gol, 2 — Baganuur, 3 — Nalaikh, 4 —
Alagtolgoi, 5 — Dovt)

IV. CONCLUSION

The present Raman measurements reveal an
existence of graphite-like domains in vitrinite bulk
of the low metamorphism coals studied. The
amorphous A band at 1342-1364 cm™ is less
intense and broader than that of the graphitic G
band at 1560-1580 cm™ for all samples studied.

The graphitic G band is found to be shifted to
higher frequencies within 1560-1580 cm™ with a
decrease of coal maturity, while the Raman
amorphous/graphitic band intensity ratio R=fu/f is
found to be increased.

The high sensitivity Raman spectroscopy can be
an independent tool to reveal a metamorphism
grade of coals.

V. ACKNOWLEDGEMENT

The authors are Kkindly grateful to the
Laboratoire de Physique de I’Etat Condense,
Universite du Maine, Le Mans, France, (Professor
Philippe Daniel and his group) for the Raman
spectroscopy measurements and the Laboratory of
the Electron Microscopy of the Belarusian State
University, Minsk, Belarus, (Professor



24 S. Munkhtsetseg et. al., Metamorphism Trend in Some Mongolian Coals Revealed by Raman Spectroscopy

Poklonskiand his group) for the X-Ray  measurements.

[1] S. Munkhtsetseg, G. Shilagardi, and J.
Davaasambuu, ICCP-1V. Ulaanbaatar.
Mongolia. 100 (2007).

[2] S. Munkhtsetseg, ICCP-IV. Ulaanbaatar.
Mongolia. 102 (2007).

[3] S. Roberts, P. M. Tricker, and J. E. A.
Marshall, Org. Geochem. 23, 223 (1995).

[4] C. Spotl, D. W. Houseknecht, and R. C.
Jagues, Org. Geochem. 28, 535 (1998).

[5] J. D. Pasteris, and B. Wopenka, Can.
Mineral. 29, 1 (1991).

[6] B.Wopenka, and J. D. Pasteris, Am.
Mineral. 78, 533 (1993).

[71 T.F. Yui, E. Huang, and J. J. Xu,
Metamorphic Geol. 14, 115 (1996).

[8] A.C. Ferrari, and J. Robertson, (Eds.) Phil.
Trans. Roy. Soc. A 362, 2267 (2004).

[9] F. Tuinstra, and J. L. Koening, J. Chem.
Phys. 53, 1126 (1970).

[10] C. Thomsen, and S. Reich, Physical Review
Letter. 85, 5214 (2000).

[11] C. Castiglioni, E. Di Donato, M. Tommasini,
F. Negri, and G. Zerbi, Synth. Met. 139, 885
(2003).

[12] S. Piscanec, M. Lazzeri, F. Mauri, A.C.
Ferrari, and J. Robertson, Phys. Rev. Lett.
93, 185503 (2004).

[13] S.R. Kelemen, and H. L. Fang, Energy &
Fuels. 15, 653 (2001).



Haxmwiraan Craruk yyaryypmitn Hlyyx Yagsapeir Tyyaui X3/103p
XOMAKIITIU YsuiayyJaan Tooumoosiox Hb

K.Banunnxyy, b.bat-3pasns
MYUC, LIIVC, Qusuxkuiin mouxum

Haxunraan ImyynaTYypHUHH IIYYATHHH KO3()(UIMEHTHHT OHOJIOOP TOMOPXOMDK MIYYATHHH
KO3 (UIHEHT IYYATYYPHIH X37103p XOMKI3, XUIHH YpCrajblH XypA, 060MIPUHH XIMKIIHIIC XIPXIH
xamaapy Oaifraar cymmas. IIyynTyypuilH XeH/UIOH OTI'TJIONBIT €pPOHXHII TOXHOJAONI OJIOH OHIOrT
GaifHa I3XK Y3BJI OJIOH OHIOI'THHH TAJIBIH TOO Oyypaxaj MIYYJITHIHH KO3(QQUIMEHT HIMAITIIX 6ereen
AT TaNT TYPBaJDKHBI XyBBJ IIYYJIT XaMTHIH X, TOHPOT OI'TJIOJNBIH XyBBJ XaMTHHH Oara OaifHa.

MeH myyaTHHr GeeMIpHIH X3MK3IHIAC XaMaapyyldaH CyJabk <= 1 MM OeeMIPYYIUHH XyBBbI
MIYYITHIH K03 HIeHT 3pc 6aracaxsir TorrooB. LyyntuitH ko3¢ GunueHTHiiH yTra XUitH ypCraibH
Xypx 0a npeiduitH XypaHBI XapbllaaHaac Xamaapax 0ereej 5H? Xapblaa Oara Oaifx Tycam HIyYynT

HOMOI'ZIDHD.

PACS number: 52.80.Hc, 47.57.-s

axwunraan opoH aoTop Oairaa IPHIIT 0eemj
Kynmonsl xy4 yimuungsr. OH3  YHITWIDIHIAT
alIuIIIaH XUUT 0eeMIpeec Hb IPBIPIIK 000X
Oerees 9HY 3apuuMj TYJITyypiaH OyTI3coH
TOXOOPOMKUHI LAXWIraaH CTAaTHK IOYYIATYYP
rmor [1,3,4]. Ynasapiasi, TeXHHK, TEXHOJIOTHIH
OpoLeCCT  LAXWIraaH  MYYJITYYPUHT — epreH
amuraagar [2,5,7]. OHgep Xy4asardi myaryypIsp
0eeMIIep aryyicaH XHHH ypCTalIbIl OHTOPYYIIX3]
(3ypar 1)  wmyyrryyp — gotop  siBarmax
MPOLECCYYIbIH IYHA OOOMIPYYd IPHATIATIMK
OPHBI YHIWIANZP 3NEKTPOJBIH Tanapryy Idop
CYyX YIIPH 0eeMIpeec IPBIPISTACIH XU
raJarumiaar.

Mamnait YIICBIH HUATUHH Xajaanraj
XO0JIOOTAOOTYH OPOH Cyy1ll, MOHI'OJI I3PT aMbjapar
ailm epx Oyp eepuilH axylH X3pATIPIHIP? Tral
amuriagar 0eree/ maTaaiT ABYYIDK Oyl 3yyxHaac
WX XOMXDI9HHUHI araap Ooxupayyjard areHryyna
Oyxuit yraa smrapy Oaiigar. Illaranraac surapax
areHTYyZAbIH JOTPOOC OyTYyy LIATAITHIH Yp AaraBap

0onoH rapax Oeemuep (TOOCOHLIOP) XYHHIl
ambCTranax OHJIPHUITH TYBIIMH] UX33p
XYpUMTIArJaXk BSpyyd MO3HASA ceper Hejee

Y3YYDK Oaiimar. llaxwiraan mryyntyypuir aiin
OpXUIH axydH XdP3rLPdHUI 3yyXHaac sSHAaHraap
JaMKUH Trajarnuiax yraana Oyl Geemupyynuir
LIYYX3[ XOpIriadx OOJOMXKTOM Oereen %H> Hb

STHITAaHTaap raiar K Oaiiraa yTaaHsbI
XOIeNIeeH]] caall YYpyyJNarryd, X3parinxil
xsmbap, OBOp XOMKD? OaraTtalf, HaWaBapTai

aXWiaraataid 35par OJIOH AaByy TaiTail O0aiX oM.
I'spuiiH  3yyxaHn TOXUpPYYyJaH XHMMC3H UM
HIYYJITYYP OBOP X3MJK?I3I TOOLOOJOX acCyyIJIbIl
9H3 OrYYJ3JA aBY y33X 0OJIHO.

yyaTyyp AOTyyp XWHH ypcrajg eHrepex yen
0eeMUpPUIAH  KOHLEHTpaUW  siMap  XyyJuap
OyypaxsIl' 3X73371 aB4 y3be. beemmep aryyican
XMMH CHCTEMI3C LAaxwiraaH OpHBI YHIWIIIP
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OeeMLpHUIT 3aiflyynaxelH TYJAX OH TIPrYYHI
TYYHUHT IPHIMDX [Maapanaratail Oommor. XuidH
ypcerain JOTOP Oaiiraa OeeMIpyyauiT
TpUOOUAXWIITaaH Y33TA3J, TUTAMT LAXUIANT, XOT
sraad TysaHbl YWIWIdJ, LALpar WIABXU 33PTUHT
aliIIaH I[PHAMIK 000X Oereen »ArIdpHIH
JI0TpOOoC yTaaHbl HIYYJATYYPT XaMI'UiH
TOXUPOMKTOM, SHTUUH XMl TOCOp LIHAIIIIX apra
Hb TUTAMT LAXHIAIT oM [4]. TUTIMT HaxunanThir
amwuriacHaap OeeMIPHHT IPHATIDX, TYYHUHUT
XUMH ypcramaac 3aililyynax axJIbIl HAIT MKW
OPHOOP TYWIPTIAX OOJIOMK OYpIaT.

ToHXIATYyA Hb JaBXalcaH I[WIAHAP XdJ-
0dpTII MIYYNTYYPHIH XsU10ap OalryymaMyKuir aBda
y3be (3ypar 1.). Iyyaryypuiita ceper Xy4manrdi
HApUUXaH 3JEKTPOIBIT TUTIMIAIY  3JIEKTPO,
XapHH 9epar XY4YAdJ XOJOOTJICOH LMIIMHIP
XI0OPTIH  rajgaaj  SNEKTPOABIT  IyrJIyynard
ONEKTPOJ  IIr. XYWl — erexej  dArap
SJICKTPOJBIH  XOOPOHJ OpOH YYcdX Oereen
TUTAMJIIATY DJIEKTPOJBIH OPYMM OPOH MaIl XY4Tdi

HOr3H Tepen Owumn Oaiimar. Lllyynrtyyp pyy n

0eeMIIpHUIiH KOHIICHTPAIUTa) 7 yPCTaNbIH XypATal
yTaa (xmit Oa TOOCOHIIPOOC TOITOX
JIMCIIEPCIIOTIICOH  CUCTEM) OpJIOI TI'Y»K  CaHasl.
[IyynryypuiiH AOTOp 5H? KOHLEHTPALA XOH]JIOH
OTTJIONIBIH Jaryy JKUTH TYIcdH Oaibk uamaxryi
[2,4]. TYyyHWH WYYATYYPHIH Jaryy Xeuiex yex
LIYYATUMH  yiaMmaac yTIra Hb  ©OpUIer/ieHe.
Xsnbapwiax — YYAH?3C ~ XMHH ~ TOOCOHLPBIH
KOHIEHTPAlMIH TYI3AT MIYYATYYPUHH XOHIUIeOH
OTTJIONBIH JIaryy Xurj Oaiigar rax Tteceeibe. JHI
TeceeIMir  Gogur  OalpanTail  HHMIYYIRX

30pPUIITO0P OPOATOOC ¥ 3alJ OPIINX XOH]UIOH
OTTJIONIOOP OHTOPOX YTaaHbl JOTOPX OOOMIIPHITH

KOHIIEHTpAlMWT AYHJaXX yTraap Hb aBaaj T q(}-‘}
2K TOMIOTIRE. ODHI TOXHONAONI OeeMIpUitH
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yperanbli HArT M, (¥)v Gaiina. LUlyynryyp notyyp

XeAnex 0eeMIPYYA XUHH XaMT ¥ TIHXJIAT Jaryy ¥
XypATall ypcaxaac TrajHa XeHAJOH YWIJIJ OPHEI

YATWIANEID U XypATahraap WIyyTrd S3JEKTPOJbIH
3YT XOI6JHe. XOHIJIOH UYWIIIICOH PHI YPCrajblH

HATT N, (V)u Gaitna. Llyyaryypuiin ypTeiH Aaryyx

d) eHAepTdH XOCTMHTI yTaa TyyjaH rapax yen
TOOCOHIIPHIH KOHIIEHTPAIH/]] Tapax eepuwIeNTUNr

Q—C;-»’}:

— - -, llyyracsH yraa
/- — T'apant
\“ Tutamiara

/ ATEKTNOTT
- Iyyru
Y JIEKTDOI
e N
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Opoar
a
Bboxwup yraa

+
3ypar 1. Haxmwiraan myyaTyypHuitH Oyayysd

dn me. HyynTyypuilH XeHJJIeH OI'TJIOJbIH
Ta;mbait 5 0oy myyaTyyp A2dp OeeMmiep Cyyx

YIICOHUM yhaMmaac dy  ypTTail XOCTHHAT TYYIDK
OHI'OPOX6/1 rapax ypCrajblH 66PWISNITHIH XIMKII

Svdn Oaiina. Heree Tamaac cyyx YIACOH

OeeMmipuiiH Too mryyrd Tajibai (Pdy, P-xeHmieH
OFTJIOJIBIH  MEPUMETP) OOJOH ypCraix HATTHIH

YpKBIp My (VJuPdy Gyloy XOHIUIOH YHMIT XOIJIeX
ypcranaap TOJOPXOMIIOTOHO. )¢ ¢! X0€p
XOMKHUTIIPXYYH TIHIYY TYJ

Svdn = —n,(y)vPdy.
DHIP3C

dn Pu o)
— = ——=—ngly)
dy Sv #
3HY TATIIUTIAN OMJT NIYYTd SJIEKTPOJ XYPCOH
0eeMc OYXdH Cyyx anbaryid r3Aruir TOOLCOHTYH.

Oepeep XdIMO3J, MYYrd DJICKTPOJ JI3P OUMK

Oaiiraa Geemupuiin ypcran N uPdy 6yra ToHI
mUHMX anbaryi. [IMHrICcOH yperajibiH X3MXKIIT

Pv, 1y B3I 9HA XOEpP ypCrajibll XapbllyyJcHaap

i o

. = O XyBb Hb JI IIMHIXK YJJI9HY TICOH YT FOM.
0

YyHUIT  TOOLBON  3H)

X2JI03PTIH OOITHO:

TOTHIHUTIIJI Japaax

dn Pu
ti_}-‘ = —o E;ﬂq(}}

Dy mrumrrmiir ny(y=0) =ny (g
IYYITYYP PYY Opk Oaifraa yraaHsl OeeMIpHiH
KOHIICHTPALMITH AQHXHBI yTra) AHXHBI
HOXIIOJITIUTIIP UHTETPATIHIOAT:

_ ( LU )
n=neexp|—d-_V ).

OH> (QYHKI MYYATYYpUHH YPTBIH Jaryy
KOHIIGHTpAI| siMap Xyyiauap OyypaxbpIr Y3YYJIHD.
IyynTyypuiiH eHIpuir L Tk Y3394 TYYHHHT
TyyJIaH rapcaH yTaaHbl 0@eOMIpPUHH KOHIIEHTpAIH

1, = n{y = L) ssmap 60JIcOH GalXbIr 000

Pu
:rlL=:r1.3.exp(—6——L). (1)
HlyyntyypuitH myyx daaBap Oyroy IIYYJITHIHH
KOOPOUIUEHTUHT TIYYTACOH OOeMIpPHIfH TOO

My = Mg — Np-MAT aHXHBl yTraHJ XapblLyyJcaH

n=1 —% xapblaaraap yHamr [1-4, 6]. Dun

JIPAPX WIBPXUWLIMIT TOOLBOJ LIYYX YaaBap

1 ng_i ("PHL)
n= 'ﬂ1_ EXp 051‘3 .

DHAPIC Y39X3A MIYYJATYYPUHH IIYYX dYaaBap

. L. .
TYYHHUH  X310%p  Oyioy EL-I/II/IH 30XUCTOU

XapbllaaHaac TrajJiHa XWHH ypCrajiblH Xypa Oa
0OOMIIPUIHH XOHJUIOH YHIIIDNI XOAJOX XYPIHBI
xapbllaaraap TOJAOPXOHIOTIOHO. Haamapia

TOOIOOH T Ouy & A 1 rak aBax OOJIHO.
Typuutaraac y33x3/1 TOpUIAH 3yyXHbI SHQHTaap

rajarmwpk  Oaifraa yTaaHbl ypCTalblH — XyplH

~1mfc Oaligar Oereeji yTaaHbl YypCTAIBIT
JaMUHApP, XOH/JIOH OTTJOJIBIH JIaryy KWL T
y33x Oomuo [1,3]. Xapun myyaTyyp I0TOp OpHBI
Jaryy xeneijpk Oaiiraa OeeMupuilH nped¢uiin
XYPIBIT Japaax XasoapTairaosp [3] aBu 60iHO:

u = 0.11810"°FE2r/p, ()

sHI: E-mryyrd OpHBI XYWiar, r-0eeMupuiiH

panuyc, p-0eeMIpHUHH XOUIel. DHD Xypi TaJHBI
OpHBI yTra OOJNOH O0eeMILpPHHH XIMKIIHIIC
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xamaapu Oaiiraa Tyji IIYYATHHH KodQduIHeHT 9
M6H STr33pI3C XamMaapHa.

IIyynTyypuiiH X6HIJIOH OrTJION €pOeHXUU
TOXHUOJIJIONI OJIOH OHIIeIT X3I03pTaH Oaitna. Uiim
ydpaac 36B OJIOH OHILOITUIH NepuMeTp 0a TaibiH

Xaphllaar CyJaJrbs. @ TaJITal ¥l TOOHBI TAJIC OYXUil
36B OJIOH OHUOI'THHH NepuMeTp P = na. DH 0JIOH
OHLIOI'T 71 IIUPXAT I'ypPBaJDKHAAC TOI'TOX TYJI TanOan
Hb 5 = n5,. OJoH eHuertuiir 6yr»k Oaiiraa HAT

TYpBJDKHBI HUWIAIY OpoilH eHuer o = 360°/n.

OH> TypBADKMH @ CyypbTall amwl XaxyyT
TYPBaIDKUH Oaiix ba TYYHHHA oHIep
a 3607 .
h=-- ctg( — ) Ty Tandan Hb
A =T
a actgl 3607/ 2n) .
Sp=-"h= fa Oaiina. ['ypBamkHBI
@y , . [360° .
Xaxyy TanelH ypr [l =|=]/sin|— OaifHa.
L =T

Witmn, a yprrail i Tan Oyxuii 36B OJIOH ©HLOI THIH
zs0f
. E”‘EtE[—m} . . f360°
Tambait § =nS, = ne— = [“sin
!

OaiiHa. r paamyc-Tal TOWPOIT OarTcaH OJIOH
OHLI'MIAH YaHApbhIl alIMIJIaH OYyT33Td TypBaKHBI
TanblH ypT Hb OartaacaH TOWPTUUH paxuycTai

[N

THOYYy [ =71 Oaiixer omk OonHo. OunoH

OHIIOTTUIH Tan0al 0a mepuMETPUH Xapbiiaa

360°
s_a'ctg( 7n )—13 (35{1“)
P z 2 o/
Tyxaiin6an,
:r1=36on£=f=i_,
P a2 3
n=4 60J1E = a4,
P
k) VB = o o
n=6 O6on == v3a/% Gaitna. llyymrruitn
KO3hGUIUEeHTd ] IYYITYYPUHH TmepuMerp 0Oa
Tas0aly xapbliaar TOOLIOK LY YATHIH

KOO QHIMEHT INYYITYYPUHH YPTHIH Jaryy smap
Oaiixpir ok OonHO (3ypar 2). DHY xamaapiibir

TOOLI00JIOXI00 MPAKTHKT HUHNIYYJI9H
E=150kB/M, p=0.181-10"% r =75 MKpM,

a = 1.61- 1072 yrryyasIr ammrias.

1OF T T T T

o
TYPEBAIDEHH- .

o0&l /ff'=§r"'ﬂ)=JGf gt Tbﬁ;}l:, =0 1

Va

0.1 0.2 0.3 0.4
X—IVVIITVVPHEH YPT, M

3ypar 2. HlyynrwitH ko3ddumuent 6a ypTeIH

Xamaapa

)¢ ¢! rpadukaac xapaxaj Ty YATHIH
K03 PULMEHT MYYITYYPUIH XOHJIOH OTTIO0JI00C
XY4T3H xamaapax 0ereej 3eB OJIOH OHUOIT Cyypb
OYXUi MUIHMHIP XAIOAPTIN MYYATYYPYYA JOTPOOC
agul  TalT TYpPBADKUH OITJIONTOM LIYYITYYp
XaMIUiH CaiiH IMIyyJaTT d Oalix Hb Xaparjiax

OaifHa. YyHmc ragHa LY YATHIH
KOOPOUIIMEHTHIHH  OTerJceH  HAT  yITaH[
UIYYATYYPHIH €6p eep eHIep XaprajizaHa. JHd Hb
LIYYATYYPUHH  XOHIUIOH  OTTJIONBIT  ©6pwIex
3amMaap IYYIATYYpHUilH OHJpUIT  ererJaceH
nraapiaraj
Xycnsem 1
= = E = = o
= @) o % < = B
= = = (=0 a Q.
= 2 g | g = s |5
& e o) >~ . o
=

LM 016 | 023 | 028 |0.321

TOXUpyyJlaH Oaracrax OOJOMXKTOW  OJTOJOT.

Tyxatn6an, n = 0.95 myyaTmdi myyaTyypuiH
yYpPT TYYHUH XOHIJIOH OrTJIOJI00C XaMaapd sMap
Oaiixpir  XycHarr 1-m y3yymB.  Epenxwuit

TOXHUOJIJOI 1-IIYYITUHH KO3()(UIIEHT erericoH
yrrataii yea WYYATYYPHHH YPT OITJIOJBIH OJIOH
OHLIOITMHH TaJblH TOOHOOC X3PX3H XaMaapaxbir
3ypar 3-T y3yYi3B.

OHIP3C Xapaxaj HIYYJITYYPUHAT XaMTUiH 1166H
Tajg OyXWl OJIOH OHIOIT OrTJIOJTOW XUHBAI WUHM
LIYYATYYP XaMruitH O0rMHO 0erees XaMruiiH caifH
oIyyx 4vajasaprail Oaiix Hp xapargax OaifHa.
Orerncen pamuyctail Tolport Oarrax oJIOH
OHLIOITUHH TajJblH TOO I®OPeX TycaM YYCIrard
TYpBADKHBI Cyypb ypTacd, XapuH 6©HIep Hb
Oyypmar.
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7—IIVVIITHRE KO3Q@HIHeHT

55 0.65 0.75 0.85 0.95

3ypar 3. Ulyynrtuitn ypt 0a X6HIJI6H Or'TJIOJIBIH
OJIOH @HUOI TUMH TaJIbIH TOO

Witm yupaac yyHO XxaprajzaH WOIYYX TanOaiiH
X3MXKI9 MXCIXK 3JIEKTPOJ XOOPOHIBIH 3aii Oaracax
ydpaac I@6H TalTall OJIOH OHIerT Xd3I03pTai
XOHJJIOH OrTiIoN OyXuil WIYYATYYPHHH IIyyX
YazaBap A33ILATHD.

Omoo 0JIOH 6HIEeITHHT YYCI3rd TypBaJKHBI
CYYpHilH ypT, TajdblH ypT, OHAPUAH XapbLaar aB4

ysbe. a = 2-r-sin(360°/2n)-r ammrnan a =r

Oaiix xs3raapeil’ on6on 1. =6 Oyly 3ypraax
OHUOITUHH XyBbJ TalblH YPT CYYpUHH ypTTai
TOHIPX ©0a YYH3C ONOH OHLUeITHHH XYBbJI
CYypHiiH ypT Hb TalblH ypraacaa Oara OaiiHa.

Xapun h =a wnexueneec tg(360°/2n)=1/2

:'T v
XaHrax "N = — = 6.75-uiin

arcig i

TATLIIUTTIIUNT

XYBB/I OJIOH OHIIOTTHHT YYCI3Tr'd TYPBaKHBI OHAOD
CYypuiiH ypTTaiiraa TIHIDPX 06ree] YYHIIC HX
00J10X0J] 6HAep Hb CYypUHH ypTaacaa MX OOJIHO.
Witmn, cyypuiitH ypT HBb eHApeecee wux 0Oaiix
XaMTUIfH OJIOH OHLOrT OOJ 3ypraaH TaiT IOM.
WitmMaac mryynaTyypuitH OrTion OJIOH eHIerT Oait
TOXUOJIZION TajblH YPT 6HApeecee Oara OOIDK
mIyyrd TtajbaiiH XdoMKdIdr Oaracraxaac TajHa
0eOMIpPHIH XOHIJIOH YUIT Tyyjlax 3aMbil
UXICIAT.DHAIIC MYYIATYYPHUHH XOHIJIOH OrTIOMN

71 > 6 OJIOH OHUOIT 0aiiX Hb Yp AIIUITYH T3C3H
JOYTHAIT XWIDK OoiHO. XapuH IIyYITYYpUUr

mapayiens srrac (1 = 1,2) XombopToi XHMHBAIT
myy Tanbail HMXCK, JJNEKTPOJl XOOpPOHMABIH 3ail
Oaracax OO0JIOBY IIYYrd SJIEKTPOABIH XOEp 3ax
OpuMOOp SIBK Oaliraa XWiH ypcraja DaxuiraaH

opoHA  Oapar epresryilr3sp sABax  yupaac
LIYYT/A93TYH O0OeMLpHIH TOO X3MIKID HXICIHAT.
YyHsaac 3aUICXUNXUHH TyJ1 TUT3MIIAIY

ANIEKTPOJIBIH TOOT HAMITAYYIIK 6TreX X3PATTIH 10M.
OH? TOXUOJION UAXWIraaH OpPOHI OpTermex
XUUH ypCrajlblH IIYyTaMblH TOO OJIIUPY MIYYJT
MDBJITARXYHIL CailKUpHA.

- lﬂ_l LI R | .'.. L — '__l |_ o T 1]

& 150 kB/u—"

= 08} P R

£ /100 kB/m —

-E- 0.6} I.;.’ _d.-f"-—-‘ 1

g [/ 750 kB/u

= i -~

= 04f [/ ]

= [/ -~

5 [/ e

g: 0-2 L ,-'.l /"/ T

= W

T !

=007 L ! ! . N
0 2 4 6 8 10

r—DeeMUpHIH PamyC, MEM
3ypar 4. OpHbl sSH3 OYpHWiH yTraHja xapraizax
myyaTuidH  kodp¢umueHT 6a  0eeMIpHItH
X3MXKIHHUI Xamaapan

Opoo myyntuitH ko3 GUIMEHT OeeMIpHiH
XOMIKIIHIIC XIPXOH Xamaapaxbil aB4 y3be. (2)

WIPXANIITUAT LIYYJITHIH ko3 PumenT 1
TOOLIO)K TOM XOMIXKIITIH OOOMIpPHUIH XYBb]
myyntuitH - kodddunmenr wux Oaiix Gereen

0eOMIIPHUIH X3MXKID KIKUTPIX TycaM IIYYJITHHH
KO3 UITMCHTUIH yTra 0aracHa rac3H JYTHAITUNAT

~T=15Mfc —
o=l mMfc— ]
/ 7 z=0.5 m/fc

= e bt —
= h o =
T T T T]
N N
-,
L 1 /]

-y YITHRHEO 9 () Qi e
o=
]
...
1

=
=)
-

0.00 0.05 0.10 0.15 0.20
X—IOYYITYYPHEH YPT, M
3ypar 5. XwifH XypIOHBl sSH3 OYpHIH yTraHn
xaprajyzax IWyyartuitH koadouuuent (XypIHsl
Xapraizax yrIreir rpaduk OypT 3aax eres.

Hpeithuita xypm « = 0,15 /)

xsutbapxaH raprax 0071HO. MeH myynTyypuitH
JIOTOPX OpPHBI XOMIKIOT HAMDIX 3amaap IIYYJITHIH
KOA(POUIMEHTHHT HAMITAYYIDK  Oonox  Oereej
OpHBl HMX yTrang Oara XdOMXKIITIH Oeemuep
HIYYTI3X OOJIOMMKTOM TIIATHHr Xsut0apxaH Xapik
O0onHO. VYTaaHel JIOTOpPX OOOMIPUIH XIMKII

0.1mMrM <+ < 10 MM OGaiinar [8]. Beemupuiin
X3MXKDI3 SHI MYKuA OalfiX TOXMOJIIONA INYYJITHIH
ko3 ument simap Gaitxsir 3ypar 4—T y3yY/IdB.
yyntuitn  koadduuument xuitH xypn Oa
apeiiuitH  XypIHBI  XapbllaaHaac  X3PXdH
xamaapaxpIr 3ypar 5-1 y3yy/ioB. XWH ypcrajibiH
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XypABIT Oaracraxk AperGuiiH XypABIT HAMATIYYIIIX
3aMaap WIYYJITUHH KO3QQUIMEHTUUT HIMAITIYY-
75X OONOMKTOH 10M. XUHH XypAbIl OyypyyJlaxbiH
Ty MYYATYYpUHH Oaiipiax Xd3CArT XOOJOWH
JaMeTPUNT HAMAIAYYIDX Hb XaMIT'HUH
TOXUPOMKTOM 3aM IOM. TacpainTryWH TATIIWATIAIN

€Co0p SAHJIAHTUIH 5 OI'JIONTOM XACII3p ¥ XypATan

XOMe/uK Oyit XUl XOONOWH S’ OrTIONTONW X3CATT
r &) o o

v =\ v Xyparai xenemne. Miim yupaac

MyyATYYp  Oaiipmax  XOCTHHH — ITHaMETPUHNT
WX3CTICHMP XUHH XypHaplr Oaracraxk OOJHO.

WNHrIcHIp XUitH Xypasir Oyypyyiaazn 30TCOXTYH
OpreH XACOrT Oalpnax WIyyrd YYPYYIUHH TOOr

HAMICAYYJDX  Oonomsktoit  Gommor.  Iyynryyp
OJIOH YYpTaU TOXHUOJII0JI]T Y YJTUMH
ko umueHTHiir  yyp ~ OypudH  IIYYJNTHIAH
k03 puLMeHTHITH apupMeTHK TYHJaX
1
7 = = X;7;-aap onHo.
OIPCT HB  OTOrNICOH yTratail [axmiraa
WYYJITYYPUUT XUWXUWH TYyJNO SHY  OTYYIII

IypAcaH XY4YUH 3YWIYYAUHUT TOOLUOH TYYHUU
X2JIOAP XOMKIIT OYPIH TOAOPXOUIIK OOITHO.
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NaFe(Wy75M0¢ 2504), 6a NaFe(W5M050,4), Haraayyauiin Kpucrann
Byrumiin Cyganaraa

JL.Hsm-Ounp®™”, O.'spanmaa’, H.Tesxapran’, P.Tan6ampax’, B.9chapyyn2
Y@usuruiin monxum, MYUC-LIYC
2Xumuiin mowxum, MYUC-LIIYVC

Xaryy Ouenitn ypBanbin apraap NaFe(Wg75M0g250,), 6a NaFe(Wq5M0y50,4), HIrmryyauiia
KPHUCTAUTBII TapraH aBax TYPIIWITHIT YPBAJIBIH TeMIeparyp, Xyraiaa, OpuHBl €ep eep HeXIem[
TYHIPTrIB. [IP9KYYAUNAT HYHTTHHH PEHTIeH AUGPAKIBIH apraap CyJaDK, KPUCTAUlT HAITIUTYYAUNT
TOIOPXOMICOH 6a OYTUHMIH mapaMeTpyYyAuir TOIOpXOHI0Xn00 PUTBenbIuitH apraap TOOLOO XWMB.
NaFe(Wy75M0g 2504), KpHCTAIIBIH 331 TOP Hb MOHOKJIHMH CHHrOHHH P2/c (13) ortopryiiH rpynmnrai,

TopelH mapametpyya He a=9.908(2)A, b=5.743(1)A, c=4.963(1)A, p=90.632(1)°

Oatican 0o

NaFe(Wq5M0g504); kpuctamisia xysb a=9.904(1)A b=5.746(1)A ¢=4.955(1)A p=90.574(1)° Gaits.

PACS numbers: 61.05.cp, 61.05.cf

I. OPHINJI
Jasxap Bosibdpamur NaFe(WO,), kpucTauibia
COPOH30H OyTumiiH cynajiraaraap HaM

TEMIEpPaTypT COPOH30H XapWilaH YHITWIIWWH
IYHZ 5131 TOpBIH a T3HXAr aaryy 10A opunm

3aiin Fe aToMbIH HOHYyJ XapwilaH 3Cpar
Oatipmacan  yp ayn wmwopedr  [1]. Men
NaFe(M0QO,), KpuCTaIbIH COPOH30H OYTIHHAT
CylajicaH  CydajiraaHj  COMHYYIHWH  Ham
TeMmreparyp Jaxb YHIUIDIHAT TOTTOOX33 [2].
Darasp CyairaaHyybir XaphIlyysaxaj
NaFe(WO,), 6a NaFe(MoQO,), wuarmiyyauita
KPHCTAJUT 331 TOp Hb ©6p ©6p CUMMETPHIiH
OTTOPIryWH  TIpyHOTdH, ©ep  eep  TOpPbIH

TOTTMOITyyATal Oaiiraa 6Gereem cCOpoH30H OyTIHIAH
AT3J1 TOPYYIl Hb MOH 06D XOMKIICTIH Oaiiraa 1om
[1-4]. W Gomorn MO aromyyaslH HOHBI pajyc
KPHUCTA/UT OYTIMAH 5331 TOPBIH XIMXKIICYYIDI
HOJIOJIOX acyyjaai OOJIOH HaM TeMIeparyp Iaxb
Fe®* HOH XOOPOHBIH TOPHIH @ TIHXIAL AATyYX
COPOH30H  XapwillaH YWIWDI  Hb  3IrIdp
aromyymaap xopx3H mgamxmk, NaFe(WQO,), 6a
NaFe(M0Q,), HIrAIyyauiiH COpOH30H OYTSI Hb
suraaTail Oalraar TONPyyJiax 33par acyyalyyIbIH
yyausc NaFe(W,Mo0,.,0,), HIrmmiiH Kpucramt
OYTIMIfH Cyaairaa Hb a4 XOJOOTJOJITOH FOM.
Hitmaac tyc axumng NaFe(W,Mo;.,0,), Harmwmiin
kpuctambir X=0.75; 0.25 yrryynan xatyy Oueuitn
ypBaJbIH apraap rapraH aBaX 30pPHITO TaBBK
KUIUIANAA.

1. TYPIIUJIT

Xaryy Ouewniin ypBaibia apraap NaFe(W,Mo;.
«Q4)2 wormmmitn  kpuctamier - X=0.75;  0.25
yrryynan rapran aBaxeiH Tyng Na,MoO,4-2H,0,
MoO;, WO;, Fe,O3 warmiyyauiir  tomopxoi
Xapbliaaraap >KUTH?XK, IIWHTOH alleTOH COPOH30H
Xonur4yoop 4 uaruiH Xxyramaarairaap XoJIUB.
YyHuil napaaraap xaraax, IIaxcaH O31I3UUIT
araapT OOJIOH araapsIl’ COpyyJicaH KBapIl XOOJOMH

*Electronic address: nyam_ochir@yahoo.com
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OalipyymK, 550°C-33¢ 900°C XYPTAIX
Temneparypyyaan 12-24 maruiiH xyranaarairaap
ypBan SABYYIIK NaFe(W0.75M00.2504)2 Oa
NaFe(WosM0gsOy4); HITUTYYIHIH — KPHCTAUIBIT
raprax aBax TOXUPOMKTON HOXIUIUNAT
TOJIOPXOMITIOX TYPIIWITYYIBIT SBYYJICaH.
TypmunTyyapIr BYyJICHBI Iapaaraap A33:KYYAUIr
HYHTTMHH  peHTreH audpaktomerp PW1800
toxeepemxkeep CU anomasin Ko narparaap, STOE
Stadi P mudpakromerpr Mo anompi  Ka
namnparaap tyc Oyp bpoarrmitn 5°-60° eHurmitH
MYXHIT XOMKWXK, XOMKWITHHH JYHI KPUCTall
(a3plH  YaHAphIH aHANW3 XHWHCOH 0a TOPHIH
napaMeTpYyAUUr TOAOpXOoillioxn00 PutBenbaniiH
apraap FullProf mporpammu [5] Too100 xuiicaH.

I1l. PEHTTEH JU®PAKIBIH X3MKHIJIT,
TOOLI00

NaFe(WosM0gsO,),; HIrmmuiiH 031131y y auir
eep eep TemmepaTypT 12-24 paruiiH Xxyramaarai
TaBbXK YpBaJ SBYYJICHBI JlJapaaX HYHTIMWH PEHTTECH
TUGPaKIBIH - XAMKUATHHT  3yp. 1-1 y3yy/uima.
JudpakTorpaMmy,  XUHCOH — KpucTad  (asbiH
yaHapblH aHanmm3blH  nyHn Fe,0;, Na,W,0-,
NaFe(MoQy),; 3spar HarmIyyax wWmdpu Oaiican
bereenq 600°C TtemmepaTypT ypBad sBYYJICaH
mykua  muEdp  NaFe(WosM0gs04), kpuctamt
nmanraap yyceas yp ays rapas. NaFe(WosM0oys50,),
mrmuir Toorox100 NaFe(WO,), OyTumiir aHxHe!
3arBap OOJITOH aBaB.

NaFe(Wo75M00250,), Harmmitn 63511311yy 11
MOH ypBajl SBYYJICHBI Japaa XWHCOH HYHTTHIHH
peHTreH AM(PAKIBIH  XIMKHIATYYIIA KPHUCTaLT
¢daspiH  yaHapblH  aHam3  xwiExdg  800°C
TEMIIEePaTypT SIBYYJCAH YPBAIbIH 3K XaMTHiTH
cailH yp IyHT Y3yyJicoH. MilMa yr XSMyKWITHNUD
COHrOH aB4 PuTBenpauiiH apraap OYTIHIH
napamerpyyauir — tooroonoxgoo  NaFe(WO,),
OyTIMIH ererJyIMir aHXHbI 3arBap OOJTOH aBaB.
NaFe(W,Mo0,,0,), 1yBaansl Heree 3ax 000X



32 L. Nyam-Ochir et. al., Crystal structure study of NaFe(Wg 75M0g 250,4), and NaFe(Wy 5sM0g504)»

NaFe(Mo0Q,), OYyTIHIiH ererInir MeH aHXHBI
3arBapT alUIIaX TypHicaH 0ereex 3raji TOPHIH
06D XOMXDIICIIC INANTraalK OIT TOXHPOXTYH
Oaiican OomHO. ToOIOOHBI Yyp AYH Oyioy
mudpakTorpaMMBIH 1T OYpJ 3arBapaac TOOIICOH
yrra OOJIOH X3MKWITHHH YTIYYIBIT XapbIlyyJcaH
yp nayar 3yp.2-T  y3yywo. Owxonm  60JOH
TypUUIaTBIH  36pYYr XaMruiiH Oara Oaitirax
XYBBCArdyyAblH YTTBIT OJIOX YI' TOOLIOOHBI AYHI
aron  TophlH  mapamerpyymuiir - a=9.901(2)A,
b=5.741(1)A, c=4.960(1)A, £=90.632(1)°
yTratairaap TOAOpPXOMJICOH 0ereejx CHMMETPHUITH
XyBbJlT MOHOKIIMH cuHronuit P2/c (13) orropryiin
Tpynm Tyc OYTIA TOXHpOB. PurBenpamiiH apraap
XHUICOH TOO00H 30 XYPTI/IX MapaMeTpUiH yTTBIT
XYBBCT2)X MHUHHMANb4iaX TOOLIOOT XHUHCOH 0a
SICUIH Yp AYHT rapras aBaxan Rg=4.9 0aiis.

PutBenbnuiiH apraap rapraH aBcaH KpHUCTaJLI
OyTUYYOMiH 3r31  TOp Jaxb  aTOMBIH
Oaifpianyynbll TOOMOOJCOH Yp nyHr Xyc.l-nx
HOTTIB.  DIr’dp  Yp  AYHTYYAdIC  Y33XAI
NaFe(W;75sM002504),  6a  NaFe(Wq5M0o504),
KpUCTAIUTYy[lT Hb OYTIUIH XyBBA TYH OWPOJIIIO0
Oaiiraa Oerees xapraizax napaMeTpYYIUIH XyBb]l
1% OosoH TyyH?3C Oara 3epyyT3dr TOOII00
XapyyJas.

IV. JYTHDJIT, YP IYH

TYPIIHITBIT 550°C-23¢ 900°C XYPTIJIX
TeMneparypyyaan 12-24 maruiiH xyranaartairaap
XUHACOH YP JOYHTYYA33C Y33X311

NaFe(Wo75M0250,), kpucramuia ypsaisia 800°C,
NaFe(WosM0os04), kpuctramin ypsaasia 600°C
TEMIIEPATYypyyA TOXHPOMKTOW OaiB. J[Pakmy
aryymarmax W Oomon Mo-mifH xapeiiaa Oara
X3MIKIAIIIP 36pYYTIN X3IMM 4 KPUCTAJUIBIT Tapran
aBax YpBJIbIH TEMIIEpaTyp Hb XapbllaHTyH WX,
200°C-uiiH suraaraii 6aiiHa.

VpBan sAByymaH TapraH aBcaH  JPIKHI
HYHTTHIHH PEHTIeH AU(PaKIbH apraap KpHCTaLI
($a3pIH YaHapBIH aHATU3 XUIK IIKAWH IPBIP
Oaliuiblr manracan Oereej WHMHY OYTUYYIUIH
xyBbJ NaFe(WO,), OyTuuiir aHxHbI 3arBap OOJIroH
aB4 y3/133. YT 3arBapbIl’ amuriad PutBenbauiin
apraap AuQpPaKTOrpaMMTail XapblyylJaH TOOLOX
3amaap NaFe(Wy.75M0g 2504)2 0a
NaFe(WosM0osO4),  KpHCTaTyyaplH — OYTIHHAH
napamMeTpYyIulr TogopXoyx Xyc. -1 Hartras.

Tyc TOOIIOOHOOC Y33X3A TYPIIMITAAP TrapraH
aBCaH KPUCTALIYYIbIH OYTIUIH mapamMeTpyyl Hb
x00poHm00 1% 06osoH TyyH?3C Oara 3epyyTdii Oa
JPIKUJ TyXailH KPUCTAJI JaHraapaa aryyyiariax
Oaiiraa yp nmyH rapu OaifHa. Uitmdac 1maammn
NaFe(W,Mo0;,0,),; HIrImuitH COpOH30H OYTIRI
Mo Goson W atomyyabIH y3YYII3X HeJleer cymiax
JlapaaruiiH cyJajiaraas]i TyC axxiaap TOIOPXOMICOH

Xaryy Oueniin YPBAJIbIH apraap aprawiagaap I3KUUT O3IITrK, cyLairaa sByyiax
NaFe(Wo7sM002s0s), 6a  NaFe(WosM0gsOy), — 2Pratiaraap i JITE, Cyral yyn
. 00JIONIIOOTOH K TYTHXK OaifHa.
HSFI[J'IYYILI/II/IH KpI/ICTaJ]J'II)IF rapraH aBax
16000:ll1||||llllllllll!! T T T T
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3yp.1. NaFe(Wy, sMog, 5O,); HIrWMitH O3A3LyyIuidr 3yparT 3aacaH TeMIeparypyylnal ypBasl sSBYYJICHBI

Japaax AM(HpaKkTOrpaMMyyIbIH X3CIT.
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3yp.2. NaFe(Wq75M0¢2504), kpucramn Oytiuiir NaFe(WQ,), OyTuuitn 3arBapaac PuTBenbauitH apraap
TOOIICOH TOOII00 OOJIOH TYPUIMITHIH OTOTIJIMHH XapbIyyJdaaT. Xap IIyraMaap TOOIIOOHBI Yp AYH, yjaaH
IPTYYA3P XOMKUITHIAH erermuiir aypcidB. (Rg=4.9)

Xycnort. 1. Tudpaxrorpammaac tooricon NaFe(Wq75M0g250,), 6a NaFe(WosM0y50,4), kpuctamn
OYTIMITH MapaMeTpyy/.

NaFe(Wo,75M00.2504), NaFe(Wq 5M0g504),
a=9.901(2)A, b=5.741(1)A, c=4.960(1)A, a=9.904(1)A b=5.746(1)A c=4.955(1)A
£=90.632(1)° £=90.574(1)°

xla y/b zlc Occ xla y/b zlc Occ
w 0.237(1) | 0.184(2) | 0.257(1) 0.75 0.238(1) | 0.184(1) | 0.258(1) 0.5
Mo 0.237(1) | 0.184(2) | 0.257(1) 0.25 0.238(1) | 0.184(1) | 0.258(1) 0.5
Fe 0 0.671(1) 0.25 0.5 0 0.675(1) 0.25 0.5
Na 0.5 0.693(2) 0.25 0.5 0.5 0.687(1) 0.25 0.5
0O-1 | 0.092(1) | 0.631(2) | 0.625(2) 1 0.097(1) | 0.637(1) | 0.609(1) 1
0-2 | 0.372(2) | 0.393(1) | 0.380(1) 1 0.358(1) | 0.387(1) | 0.388(2) 1
0-3 | 0.323(3) | 0.093(1) | 0.938(1) 1 0.326(2) | 0.085(1) | 0.951(1) 1
O-4 | 0.105(1) | 0.106(2) | 0.572(3) 1 0.124(1) | 0.095(1) | 0.570(1) 1

33

[1] L. Nyam-Ochir, H. Ehrenberg, A.
Buchsteiner, A. Senyshyn, H. Fuess, and
D.Sangaa, Journal of Magnetism and
Magnetic Materials, 320, 3251 (2008).

[2] E. Muessig, K. G. Bramnik, and H.
Ehrenberg, Acta Cryst. B 59, 611. (2003).

[3] P.V.Klevtsov, and R. F. Klevtsova, J. Solid
State Chem. 2, 278 (1970).

[4] R. F. Klevtsova, and N. V. Belov, Soviet
Physics-Crystallography 15, 32 (1970).

[5] T. Roisnel, and J. Rodriguez-Carvajal,
Mater. Sci. Forum, 378-381, 118 (2001)



34

L. Nyam-Ochir et. al., Crystal structure study of NaFe(Wg 75M0g 250,4), and NaFe(Wy 5sM0g504)»




Anbda TempuiiH YaH XapumxaH Torrmoyyasir ®OHOHBI
CrnekTp33c Too100/10X Hb

A. Jlymmaa*, H. [lor6aapax, P. 'anbGanpax
MYUC, LTYC, Puzuxuiin moHxum

Bopu—Bon—Kapmanbsl oHOIOOp 33M3XYYH TeBieceH moo (DTLI) Torrouroit o-Fe
MOHOKpUCTAIUTBIH (oHOHBI crekTpeH [100]L, [100]T, [110]L 6a [111]T ugurmmita
Jaryy GUTTHHT XHIDK ySH XapUMXaiH TOITMOJIYYIBIT TOOIIOOJIOX OOJIOMXKTOH GOJIOXBIT

XapyynaB.

PACS numbers: 89.30.ag, 91.65.Pj, 91.65.Qr, 42.65.Dr

. YIAUPTTAJI

Kpucrann maspx Geemcuiin (HeHTpoH, HOTOH)
CapHWIBIH Y33TIUTYYA, KPHCTAI1 JOTOPX AYYHBI
JNOJTHOHBl  TapXaJT, COPOH30H  3P3IMOBIIAIT,
XapUMXaiH 3HEPruiH TOOLIOOJION 33p3IT YSH
xapumxaiin C;; TOTTMOJYYJ a4 XOJOOTIONTOMH
Oadimar [1]. VYsaH xapuMxailH TOTTMOIYYJBIT
TOJIOPXOMIOXOA X3T aBHAHBI apPTBIT XAPATIBAIT
00JIOBY yI aprbil’ 36BX6H MOHOKPHCTAILT 33K
XIPITIIMK XapUMXalH TOITMOJYYIBIH YTTBIT WX
OYp3H TOMOpXOMIOX OosomMkToN. JKummano3i,
oo 3ra1 yyptau kpuctawig Cqq, Ci,, C44 TypBaH
TOTTMOII a4 XOIIOOTIOJITON Oaimar 601 3Ar33pIsc
30BXOH XOEPBHIT Hb TMONHUKPUCTAILT JAIKHUA XOT
aBUaHBI apraap TOAOPXOMIOX O0IOMXKTOH Oaiinar.
VsaH XapuMxallH TOITMONYYIBIIT MOHOKPHUCTAJUI
JP3pX HEUTPOHBI OOJOH PpEHTreH IanparuiiH
XapuMxaii Oyc CapHWIBIH CcyJairaaraap Oymoy
(OHOHBI CHEKTP33C JaM TOJIOPXOWIDK OO0IIoT.
Yyua bopH — Bon - KapMaHbl OHOJBIT [2] TYT35MAI1
XOparmdr  6a  9H®  Hb  KPUCTAII  TOPBIH
JUHAMHUKHUIH CyAairaaHbl YyXajl X3parcai IOM.

OH3 eryyJuiuiiH = 30pHIITO IBIIXYYH
teBnecen Mmoo (OTIL) rorronm Oyxuii o-Fe
kpuctaiblH  Cqq, Cqp, C4q ysIH XapuUMXallH
TOTTMOJIYYABIT (OHOHBI CHEKTP33C HUI OPYHBI
JIOXONITUIH apraap TOOI0OJIOXOJ] OpUIMX Oereen
Yp ZYHT X3T aBHaHbl apraap TOAOPXOMICOH
Xaprajzax yTryyarail XapellyyJiaxal OpLIMHO. O -
Fe wMoHokpucTammbiH (OHOHBI cnekTpuiir [3]
OYyT33511 HEHTpPOHBI Xapumxail Oyc CapHWIBIH
apraap xaMxmx BbopH - BoH - KapmaHsl OHOJIBIT
X3OPAMVI3H DXHHUA TaBaH Xepul AaTOMbIH XY4HHH
TOTTMOJIYYABIT ~ OpOJIIyyJdaH (UTTHHT  XHIDK
(OHOHBI TOJBHHH HATTHI TOOLOOJICOH Oaifnar.
XY4HUE TOTTMOJIYYIBIH YTITYYABIT ammrian [4,5]
OYT2MHitH aprauianyyabir XaparinH Cqq, Cio, Cyy

Hb

ySH  XapuMXallH TOTTMOJIYYABIT  TOOIIOOJIOX
OOJIOMKHIT [3] OyTIIHiTH 30XHOTYHT
amuriaaryii  Oaitma. OpuymH  yem  TOpBIH

JUHAMHUKHUIH CylairaaHa HATTHIH (PYHKIIHOHATUHH
apryyIaell epreH XdOparidkK Oaiiraa Oereenm [6]

*Electronic address: dulmaa@num.edu.mn
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Oyronx o 6a B - Fe xpucramr TOpeIH TUHAMHUKT
CITUHUHT PIMOIIIAT O0JI0H COPOH3KHUITHIH HOJIOOT
WIPYYI3X ToouooH  bopH — BoH - Kapmansl oHON
0a [4] aprawiajbIr XOpIIJdH YAH XapUMXalH
TOTTMOJTYYABIT YHIJTH).

I1. TOOHOOOHBI APTAYJIAJL

BopH-BoH-KapmaHbl OHONBIH XYP33HI aToOM
XOOpOHJABIH  Oymaax Xy4 Hb  aTOMYYABIH
XapbIaHTyH MIWDKUITIAC HIyraMaH XamaapanTaii
r»k Toougor. TyxailH TArm X5MHMH YUIIIAI
Jaryyx MOJBIH XyBbI | m3x atombiH (I m3X 3ran

YYPUIH)  XOIeNreeHHid  TATMIMTIA  Japaax
X2II03p TN OaifHa:
Miig; = = ¥ @aa (L, ug - 1)

YYHI U, HB | 13X aTOMBIH TyXallH @ YW
(Ty#nmpanbiH) Jaryyx LOIHDKHJIT, aTOMBIH Macce
M, ®,, (1,1 Hb I 15X aTOM @ YArITAI HITK 321
OWDKAX3A | 739X aroMI « YUITRIWHH Jaryy
yirwmx Oynaax xyd oM. Japx wuiinoopr [ =1’
THUIIYYH OpPIOT Ty Zl(baa(l,l') =0, yuup Hb
HOT3H TOPON UIMDKUITI], KPUCTALT TOTTBOPTOH
Oaiina. (1) TOMIUMTrAIWAH WAL Hb TYWHTY
JOJITUOHBI X3JI03PTAH:

Uqr = Ugexp(iq - R)exp(iq - Ry — iwt). (2)
Yyax R; Hb TOOJUIBIH 3XJBiIdC | X aroMm
XypTanx Gaiipianbin BekTop, Ry Hb | 19X aToMooc
I” X aTom XYpTaun TaTcaH BekTop OaiiHa. (2) -uir
(1) —n opmyynban
Mw? = 3y @4q (L )exp(iq - Ryr).  (3)
OH3 TATMUTIAINIH X3JI03pHIAT XyBUPrak OMUBIIT
Mw? = YN_, ®,[1 - cos(naq/2)]. (4)
YyHI a Hb TOphIH mapamerp, q = |q| 6a @, Hb
Dy (l, l') —YYAUHH ImyramMaH KomMOuHan Oereen
5Ar33pHiH XyBbA ( * R;;” da3 Torrmon Gaiina. bux
(4) TombEor xoparmmH [3] Oyroax T = 295K
TEeMIIEpaTypT XA3MXKCIH o-Fe (oHOHBI cnekTpt
GUTTHHT XUIXD]] KPHCTAUT TOPBIH —IMapamMeTphIr

a 2.865A, aTOMBIH MAaCCHIT
M =55.847 M.a.H. X3MP3H  TOOICOH. @,



36 A. yamaa ...,

Anvpa Tompuiin Van Xapumxaiin Toemmonyyovie @ononvt Cnekmpasc Tooyoonox no

X3MXKHIJIDXYYH Hb TyXaillH aToM 0a 7 MIMpXAT
XaBTrail ajracd ¢ BEKTOPT HOpMalb Oaiipriacan
XaBTrail (xo€p) XOOPOH/BIH XYUHHT HIDPXUAIIAT.
HuiinGopt N rumyyH opox 6a n > N 6ox @, =
0.(4) WDPXWIIHIAH OOPBOJDKHH XaalT IOTOPX
sIraBphIr ¢ — 0 Xs13raapT aBd Y3B3JI

-(1-3639)

1—cos(naq/2) =

2,22
=—n‘a
8 q
DHD TOXHOIION (4) TATIIUTTINKH X2I03p
1
Mw? = n 18naq 2D, )

[1] sHOMBIH 4-p Oyiorr Torm xomuite [100],
[110] 6a [111] yurmdn Tyc OypuiiH aaryy Tapxax
Tyym 0a XeHUIeH JONTHOHYYIBIH XypHn 0a ysH
XapUMXaiH TOT'TMOJYY/ABIH XaMaapIielH
TOMBEOHYYIBIH Taprajraar XuiicoH Oaigar. YyHA
[100] uur garyy Tyyur qOJATHOHBI XY

1,
vs=——(p) Gyloy pw? =Ci1q%  (6)

OTUI TorrousH XyBsa p = 2M /a3 yuup (5) 6a
(6)-aac C;;1 TOTTMOJIBIT WIDPXUIAIOAT:
1 N n?
7o 2n=17 Pn. (7)
Witmaae [100] gwmr paryyx tyym (HOHOHBI
MeupHitH TypmHIThiH w?2(q) xamaapais QUTTUHT
xuiik O, XY4YHHH TOTTMOJIYYABIH YTTYYABIT 000
(7) Tomboroop ysiH XxapuMmxaiiH TOrtMout Cyq —HIAT
TOOLIOOJK OOJTHO.

Ci1 =

Jeapxwuiin amunaap [100] uur garyyx XeHIUIoH
dononsl TypmmnaThH w?(q) Xamaapnaac Cyy
TOT'TMOJIBIT TOOII00JI0X TOMBEO

2
Cag = i ﬁ=1n7cbn- (8)

Men [110] naryy xenmieH 6a Tyyir (HOHOHBI

TypIHATHH w?(q) xaMaapnaac

Cll +C12+2C4_4_ = oa z

n=1 2
(tyym L); (9)
2
Chs = ﬁ N . n? D, (xenmmeH T,);
(10)
2
Ci1 —Cip = ﬁ 1 nz (xenmwieH Ty).

(11)
[111] naryy xenmieH ©60a Tyym (OHOHBI
TypIHITHIH w?(q) XaMaapnaac

Cia + 2012 +4Cs = 5 Z 3 cb
n=

(tyymr L); (12)

_ 1 N le
Ci1 —Cip+ Cyy = >a n=17q’n

(xenmmen T); (13)

Iaspx (7)-(13) Ttombéo OypT P, TOTTMONBIH

yBpajd yITyya eep eep 0aiix 0a TypIIMITHIH

(hOHOHBI CHIEKTPHUIH MOYHp OYpP3IdC PUTTHHT XHIDK
TOJOPXOMIIIOT.

I1l. TOOLIOOHBI YP IYH BA
X3JIDJIY YT

bun TempuiiH (GOHOHBI CHEKTPUHH  TATII
xomuiid [100], [110] 6a [111] gurman Tyc Oypuitn
naryyx w(q) xamaapan Tyc OypUilH QUTTHHTUITH
XyBb] (4) TOMBEOHBI HUIIOIPT OPCOH TUILYYIUIH
N TOOT XapwilaH aguiryidi aecaH Oereen
TOOLIOOJICOH XaBTrail XOOpOHAbIH XyuHUil @,
TOT'TMOJTYY/IbIT aIlUTIIaH @) - (13)
TOMBEOHYY1aap XapUMXalH TOITMOJLY Y ABIT
TOOLIOOJIOXOA YP IYH Hb &b 0OJOX TYPIIMITHIH
yITyyaTaii oWp Oaiflxaap COHTOCOH  OOIHO.
Kumsnban, [100] uurmnuwitH garyyx QOHOHBI

Tyyml MeYpUHH QUTTHHrp rapcaH & =
138.8 H/mMm, ®, =343H/ M YITYYIBIT
oponiyynan  (7) Tomboroop ©Ooacon Cyq =
24.06-101° H/M? yrra XoT aBuMaHbl aprbiH

typumtraap [7]-a 300K TemmepaTypT XIMIKCOH
Cy; = 23.31-10'° H/m? yp ayumii oiip Gaitna.
Witmaac  (4) TOMBEOHA 36BXOH OJXHHUM X0€p
TUUIYYHUUT OpOJILYYJIAH TOXUPYYJTBIH MYypYHr
Oaifryynax Hb 3y HUHIPX Oereen 1-p 3ypar a33p
[111], [100], [110] uwmrmenm maryyx L wmeupwmitn
TYPIIWITBIH 0a TOXUPYYJTHIH XaMaapiyyabIT
Y3YYJI3B.

Xycuort 1 meap Tarm xamuita [100], [110] 6a
[111] 49urmen Tyc OypuilH aaryyx TOMpHIH
(hoHOHBI CIEKTPIIC TOOLI00JICOH D,
TOTTMOJIYYIBIH ~ YTTyyA 0a ysH XapUMXaiH
TOTTMOJTYYy/T OOJIOH TIATIIPHUNH HUHIOIPYYIHITH
YTTYYIbIT TYPIIUATHIH [7] yp AYHTI# XapbilyyiaaH
y3yyms. [100]L, [100]T, [110]L 6a [111]T uurmaxa
Tyc OypuitH AaryyXx (hOHOHBI JUCIEPCT (DPUTTHHT
XHUX3] Tyc OYpT Hb (4) HUIIO3PHIH IXHUH XOED
THIIYYH OYyI0y 3a/apraaHbl 9XHUI X0€p rapMOHHUK
xaHranTraii Gaitma. Yyum (7) (9) 6a (13)
toMbéHyyaan ®;, ®,—uilH xapraizax yTTyyAbIl
OpOJILIyyJIaH TOOIIOOJIOXOA ~ Hb  rapcaH YsH
XapUMXaifH TOTTMOJYY/IBIH yITYyA 0a T3ATrIpuitH
HUAIOAPYYA TYPUIMITBIH Xaprai3ax yTryyarai
oilip 0omox Hb l-p XYCHAIITI3C Xaparjax OaiiHa.
J29px 9urmdnyynuiiH naryyx (OHOHBI CIIEKTPT
(uTTHHT  XUIX3A 36BX6H XO0€p  TapMOHHK
XaHranTTay Oaifraar OMI TYpPIIMITHIH YUTII TYC
Oypuiin gmaryyx w?(q) xamaapmyya xsubap
MOHOTOH  (YHKIMHH  X3103pToi  Oaiiraaraap
TainOapiaak 00J0X IOM. DATIIP YUTIT Aaryy
TyXallH aToOMJ YHIWI3rY XYYUUT 33pTajaddXx Xoép
XaBTrairaap TOOIoX OOJIOMMKTOWT XapyyJK OaiHa.
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XaMaapJiblH CHHYCOHWJ X3J03p33p Taiinbapiarmax
0a [111] umradn paryy aToMyyd XaMruiiH oOip
3aiiTaii OaiipiacanTail Xo000ToH Oaiik 000X IOM.

[110]T; MeumpT GUTTHHT XUHXDI 3XHHH TypBaH
TapMOHUKHIAH 3aJapraa XaHrainrrai Oaitna. [111]L
MOYPHIAT WIPXUAIIXd (4) 3amapraanbl AXHHN

JI0TOOH TAPMOHHK MIaap/Iarataii 6airaa ue w?(q)
9 T T T T 9 T

[111]: :[1001

0.2 0.4 0.6 0.8 1.0 1.0 08 0.6 0.4 0.2 0.1 0.2 03 0.4 05
alq,,,, alq Al

®oHonbl gaBTamk ( TlMy)
-k n w S [4,] [0} ~ (o]
N w » (&) (9] ~ (o] (G}

max

3ypar 1. a-Fe monokpuctamisia [111], [100], [110] uurnsn maryyx tyyir L 6a xeuanen T meuup
Ouyx MO-TypuniTei yrryya [3]. L-uitn Toxupyyncan mypyid. T-uiiH TOXUpyyJIcaH Mypy#

Xyenart 1. a - Fe MoHOKpHCTaIUTBIH QOHOHBI CIIEKTPAIC TOOIOOICOH XaBTrail XOOPOHIBIH XYYHUH

TOTTMONIYYA 0a ysiH XapuMXaiH TOI'TMOJIYYI.

Xyunuit Torrmon (H/m)

Xapumxaitarorrmon (10™° H/m?)

Yurmnan
D, D, [ON O, D5 Dg (o8 buaaniitoomoo TypurwT [3]
[100]L 138.8 34.3 - - - - - C11=24.06 Cy1=23.31
[100]T 1340 -0.5 - - - Cas= 11.53 Ca=11.78
[110]'. -53.9 184.7 - - - - - C11+C12+2C44= C11+C12+2C44:
=59.75 =60.41
[110]T, -62.7 113.8 -13.7 - - - - Cu=11.75 Cu=11.78
[111]'. 44.3 30.8 91.8 6.3 1.8 - -0.52 C11+2C12+4C44: C11+2C12+4C44=
0.06 =97.06 =97.51
[111]T 127.8 29.0 - - - - - C11—CptCyy= Cu—Cp+Cyy=
=21.27 =21.58

IV. JYTHDJT

Bopu—Bon—Kapmans! onosmoop OTII Torromroi
o—Fe MoHOKpuCTamIbIH ()OHOHBI CIIEKTPT (GUTTUHT
XUWK YIH XapUMXailH TOITMOJIYYJBIT TOOII0O0JI0X
GonozkTol Gaitna. Yyma TypmmiteiH w?(q)
XaMaapJbIl TapMOHHUK (QYHKIYYZ?3p 3aajaxasn
[100]L, [100]T, [110]L ©a [111]T pmaryyx
MOUYPYYJUNUT 36BX6H XO€p THUIIYYHAIIP 3ajuiaxaj
xaHrantTtail 6o [111]L meupuitH XyBbI I10JI00H

THIIYYH OpK Oaffiraa HH yr Meuywp aroM
XOOPOHJIBIH XapWILaH YIIWIIUNH Tajaap WIyY
HX MDJIPIJI3I aryyJnK OyHr xapyymk Oaiina.

V. TAJIAPXAJI

OH3 cypanraar MYUC-uilH eHnep TYBUIHMH
“Kpucramun TOpBIH JUHAMHK, COPOH30H OYTOI,
ONTHK INWHX 4aHapyyn ©0a 3p3MOdIBITHIH
cypanraa” camsr (MYUC - IIYC — 2015 - 09)
TOCIUUH XYP33H]I TYUIITIIB.
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AtomslIr JlazepbiH Ilyiabscadp Oneex Marapiaausir IlcBenocnekrpuana Apraap
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*
4. AJ'I,Z[apMaal , JL XaHMazlaxl, I'. 3opurt 1, O. JIxarea’
Ynvruc, X1y e, dusukuiin monxum
M VUC, LIVC, Quzukuiin mouxum

DHIXYY aXmig
Cy/JIaX —XyraraaHaac

HAaHOMETpP YpTTall Ja3epblH OOTHHO IIyJIbC, aTOMBIH XapHWILAH YHIWIIIUUAT
xamaapcad lllpeaunrepuiin

TOTIUTININD  WIBPXUIIDK, JlexanapbiH

NICeBIOCHEKTPHAN apraap MIMHACIH. YH/ACOH TOJOBT Oaliraa ycTeperduiiH aToM 0a reiauiiH HOHTOH
XYYT3H J1a3epblH IyJbCHIH YT TOJOPXOH TENeBYYIR[ 6©466erleX MaraJUlajlblH XyralaaHbl

XaMaapajbIl' TOOLIOOJIK,

Oycal @XIyyIslH Yp IYHT?H XapbIyylaH IYH IIHEKIITID XHHIII.

OneenTHitH Mara/uiajl Hb ITyJIbCHIH YPT OOJOH Ja3ephlH 3pUMdIAC XaMaapax 0ereej Ja3epblH SpUHM
O0COXOJ Marajulal HMXC»K, SXHHH TONeBT YIIPX Marajuian Oaracak Oailiraa Hb aKHIJIAr/CaH.
Xyramaanaac xamaapcad llIpequHrepuilH TATIIMTIIMAT MMAAYK DAr39p TapracaH yp IYH Hb
MADNESS nporpaMsiH MynbTHB3IBIET 6aazaap [14] 601COH yp AYHTAH ToXupy OaiiHa.

PACS number : 67.63.Gh, 67.80.Fh, 67.25.dt, 42.60Rn, 31.55ee

I. OPHINJ
ATOM, MOJEKYyNJ fBax V33T XyBUpad Hb

10 —10"%c ospombo™Ii Gyloy acap GormHO
XyragaaHj yprapkungdr. WMilma atoMelH epeent,
WOHWION, OOJOH XHMHUHH ypBallblH  ©PHOI
XYBUPJIBIH MPOIECCHIH INMUHK YaHAPBIT Ja3epblH
OOrMHO TMyNBCI3P TaHAAH CyLIax Hb aTOM
MOJICKYJIBIH ~ CyJairaaHbl  IIMHY  YHUIJIDJIUIT
TOAOPXOMDK OaiHa [1,2]. Jla3ephlH XyuTdi MyJibC
Hb aTOMBIH OYTIHMHT XOHACOHeep NIyramaH Oyc
Y SBI] 6PHOX, YPbI OMHO XXKHIIIaX OONOMKIYH
OaiicaH 0JIOH (POTOHOOP aTOMBIT ©/106X 0a HOHUIIOX
Y33TA3J, ©HIep MAaBTaMKTai (OTOHBIT YYCTIX
Y33TA371  33p3T  OHOJBIH  OOJNOH  TYPIIMJITHIH
CyZAaJraaHbl IIUHY OOJOMXHIT 4 HI3XK Oaiiraa rom.

Jlazeprin MyJIbCUIAH YPTHIT X3X3H
aTTOCEKYHIIBIH XAOMXI9HJI XYPTT OOTHHOCTOXK
YyaJBaJl MOJIEKYJ] TOJUWUTYH, aTOM JOTOp sBarjaax
MPOLIECCHIH JOPBOH X3MIKIICT TYPCIIUIT rapral
aBax Oomomxroil Oomox rom. XyramaaHaac
xamaapcad IIpeauHrepuiiH TATIUTIIMUT TOOH
apraap IIMAA9X 3aMaap Jia3ep aTOMbIH XapHILaH
YHTWIANMHNAT 3y TOITJIBIT WISPXUUIAX Hb OHOJIBIH
Tynryyp apra oM. XyramaaHaac XamaapcaH
[lIpeauHrepriiH TOrMHATIIIANAT OPUYUH YEI XOTIKHK
Oyl rypBaH XdOMXK33CT TOpPbIH apra, Oac cyypb
¢yHknaap 3amnax apraap 0Oojox OaiiHa. baa3
(YHKIBIT COHTOXJI00 aTOMBIH XYBUHH JOJNTHOH
¢byHk1 AcBan BonkoswiH [3] GyHKI Oomon Oycan
[4,5] byHKUBIr amwmriaH XyramaaHaac XamaapcaH
xoépayraap 3paMOuitH nuddepeHnran TIrmUTII
raprad aB4, yr' CUCTEM TOTIIUTIIMUH IIUHAWNAT
TOOLIOOJUIBIH apraap TOHOpXOMnk OaiiHa. TopbiH
apraap 0Oomoxjoo Tercrener suraBap [6,7] TooH
0azuc [8], tercremer smemeHt [9], B cmnaiiHbr
[10] ammrnaH ToomoOor XWHCAIH OaitHa. DAranpasc
XOH/IeX OHOJ, XY4Tdi opHbl ©Oonon Kymon —
BoJIKOBBIH  OMPOJIIOOJIIBIT  TYJAXYY X3P3TIIAT.

*Electronic address: aldaraa2004@yahoo.com
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Hemuitn KynoHBI OpHBI YHIUIAI Hb JIa3epbIH OPHBI
yimwmase Oara yem eepeep X3I03M Ja3ephlH
OpPOH HIH DJpYUMTIN Oaiixam XydTd OpHBI
OMPONIIOOJUTBIT  XAPITIdX  00NoMKTOM. Jlazepbin
OpPOH Jlaxb OJJEKTPOHbl XOIeJINeeHN LIOMHITH
Kynonsl opbl y3yyisx Heneer KynoH-BonkoBbiH
(YHKII alllUTiIaH TOOLOOK OOJTHO. DHAXYY aXKUIIJ
Ja3epblH OOTMHO MYJBCIZP, YCTOPOTrYHiH aToM 0a
TeJIMH HOHBI ©106raex 0a HMOHWIOX MPOLECCHIT
XyrauaaHaac XamMaapcan lIpenunrepuiin
TOTTHHUTIIJIZ0P HHSpXHﬁHX(, yr TOTHIHUTIIJID3
JlesxaHApBIH MICEBAOCHIEKTPUAN apraap HIHHJICIH.

1. HCEBIOCHEKTPHUAJI APT A
JlazeperH opoHa Oaifraa aTOMBIH 3JEKTPOHBI

xyBbJ lpenquHrepuiiH TarmmTranuir 6myasai [11]

i@%?9=wgﬂﬂﬁmwﬁn (1)

A

Y (F,t) -aTombIH 21eKTpOHBI KoaruoH dyuki, H, -

aroMbiH  rammibTanuon,V (F,t) -nmasep  arombid

XapWiIlaH YHITWIdJ. Xy4Tdi a3epblH OpOH]I Jlazep-
ATOMBIH  XapwilaH  YAIWJIMHT  OUHOJUNH

OMPOJIIIO0JION] YPTHIH TOXHPYYJIraap COHIOH aBOal
[12]:

V(F,t)=-T-E(t) 2)
JlazepplH UaxwiraaH OpHBII CHHYC KBaJIpar
XYP33TIUr33p COHTOH aBiaa [14].

2
. [t
E(t) = E,cos(o-t+¢,)sin| — (3)
T
E,-masepbln maxwiaraan OpHbl Jamain, 7 -
MyJbCUIH  YPraJDKIdX — Xyramaa, (@ -AaBTaMX,

Xyramaansl ! sromHI J0ArHOH (QYHKIT MOIOTIK
aiiraa toxmommoing t+ At osrmmu mx monruon
GbyHKIBIH yTrHIT 0510011 [13]:
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Iaxwiraan OpHBI XYWOT (a.H)
b

—-0.15F

Xyrarmaa (a.H)
3ypar 1: JlazepblH HaxwiraaH OpHbl XyranaaHsl
xamaapan (7 = 9.6a.n = 230a.c)

W(r,t+At) = e "o Vp(r 1) 4)

OHjA Xyramaar XyBaax apraap XyralaaHaac
XxamaapcaH ©0a Xamaapaaryl omeparopyymubir
canrad CTpaHKWIH apraap MOJTHOH (QYHKIBIT
TOJZOPXOMITOOMT:

W(r,t+At) :exp(—'H;At]

[ iV (r,0,t+ At/ 2)At
xexp 7#

()
|

xexp(—lH;At]‘{’(r,t).

HonruoH QyHKUBIT JIexaHIpbIH OJIOH THUITYYHTHIHH
HUWIORp Oaifraap WIdpXUAI0T:

lP(ri’gj't):Imzaxgl(ri)l:)l(cosej)' (6)

P, -JlexxaHapelH OJOH  THIIYYHT |,
I"aycc- JlesxanapbIH KBagpaTypaap OJDK:

g(r;)-miir

L+1

gl(ri) :ZWkPI(COSHk)‘P(ng :t) (7)

r- uiie (0,Fmax) Myxuiir x #6 (-1,+1) Myxun ytra
aBaxaap mryramat Oyc XyBUPTajiT XHife:

1+X 2L
r=r(x)=L—— a=—
1-x+a . (8)
r(x)
(a)' 200 b P
|
150
L=100
L=50 100 }
L=20
L=10 sol
-

5 (b)

-‘\-—.uollotooooooooovooololo'toll'ﬂ L= 100

3‘-——«onn-ou'-~-- LI IR I B ) L-'-SO
2\-—.“.l000000 L . . . . . L J L=20
lw_moooto L ) -~ o . . LI ) L= 10

0 50 100 150 200
3ypar 2: Illyraman 6yc XyBupranteid GpyHKIL ().
®OyukrpiH xXoToiaT (). 3anrmmaa mEryYYn

[lyraman  Oyc  XyBUPTaiaThiH  (DYHKIIBIH
rpadukaac y33x31 (3ypar 2A) L -uiir uxscraxsa
l—uiiH WX yTra pyy 3aHruiaa [PTYYA HATTap4

GaliHa. X, 3aHrmIaaHbl yrryynan xapramsax I, (X;)
yrryyn He L -95c Xamaapan XopxoH —Tapxak

Oaifraar (3ypar 2B)-n xapyynas. lllyraman Oyc
XyBUpPraaT Hb I -wifH Oara  yTryymaa OJOH

3aHTHaa [T aBaxX  OOJOMKHHT  OJITOJOT.
BbemGener  KOOpPAMHATBHIH  CHCTEMJ  aTOMBIH
TaMHUJITAHUOHBIT 6H"IB3J-[:
qo_ 10 1 110+
'o2dr2 r 2 r? 9)
r-ssc X XbecanI/IH TTHJIKBOJI:
~ 11 d* 1
==~ % 2 VM)
"2 () dxX® r'(x) /(r(9) (10)
1 1(1+1)
V (F(X) = ——— + )
/(r() rx) 2r(x)>2 (11)

JlexxaHApBIH OJIOH THUINYYHTUHH YJIaM KJIAJIbIH
SI3TYYPYYABIT OJK X KOOPAHHATBIT TUCKPETUUIIBAI
Hi-ap  Matpun x>n05pT mWwnpKuHd. JlexannpoiH
[ICEBJIOCTIEKTPHAl apra Hb X KOOPAMHATHIT
JUCKPETYMIDK, JIexKaHIpbIH OJIOH TMIIYYHTHUHH X-
33p aBcaH yJIaMkJiaJl 00JIOH MHTErPaIbIT -allUIIaH
Tonopxonnoxo opumnHo. AToMbiH Llpenunrepuitn
TATMUATIAIAAH Tdauir -1<x<l myxun Taycc-
Jlexxannp-JlobaTToruitH  KBajpaTypblH 3aHTHIIaa
LPTYYI T3P TOMOPXOWDK O0yHO. YYHUE Tyia

SATIIP 3aHTWAa  IPTYYIUNT Pn+e1  Oyroy
JlexxaunpeiH N+1 5paMOMHH OJOH THUIIYYHTHIH
yIaMKJIaJblH  S3ryypyyZdaap — OOJOXK  OJHO.

MuracH?3p aToMbIH raMuiIbTaHUOHBI HY| HB gapaax
MaTpHIl X3703pT mwnkuH? [ 13].

[HP ], = (@) % ()5, 12)
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1 (N+D)(N+2) 1

=6 sw-d o )
1 1 1 .
(DZ)ij - r'(x) (% —%)* r'(x;)’ "1

E. (1)

ncenocnektp Gomon xysuiin Bektopsir X, (1)

H , MaTpuipH XyBUIH yIra

Martemaruka7.0 mporpamaap
TOOLI00JIOB. TONOPXOMIOIACOH XyBUMH YITYYyJ Hb
aTOMBIH  CHEKTPTAM  Xapbllyylaxajy  OIyy.X
MaBXIAaXryii  OOJIOBY  OWPOINIIOO0  CHEKTPHHT
TICEBIOCTIEKTP Y3YY/LAAT. YYHA X0J1000CT TOIeBeecC
ragHa TacpaiTryd TeneByynl 9 ©Oac AuCKper
CIIEKTPTIH OaliHa.

00
s
T _o1
<
N
~ -02}
g 1
o ~—03 H[n] = - —
= 2 n2
B 04| (a)
—0s5 L
0.1
. 0.0
=
Cti -0.1
SN
= -02
=
% -03
=
D ost (b)
—-05 E
3ypar 3: YcreperuuiiH aTroOMbIH CIEKTp 0Oa
[IceBnocnekTp (a). ATOMBIH  CHEKTp (b).
[IceBnocnexTp
6): ) Hb XyraljaaHaac xamMmaapcaH
[lIpeauHTepUitH TATIUTIANNNRH — MURAWNAT Xs10ap
WIPXUNAIIX OOJOMKHUIT  oiromor. OAr’dp
CHEKTPYYIUIH XYBUIH BEKTOpYya Hb OypdsH 0Oaa3
1 ()¢ y4up XyraraaHaac XamaapcaH

[IpeauHTepUiH TAITIIATIINIH TOITHOH (DYHKIIBIT
9HIXYY 0aa3 Jpop 3a/j1aH, Xyralaar XyBaax apraap
(5) TOrMWUTrIMAH MHHIMAT TOOIOOIHO. DHIXYY
QKW aTOM H3DKUHH CUCTEMHUIT allliriiacaH.

I11. TOOHOOJIOJ BA XAPBIYVYJIAJIT

YHJCOH TeleBT Oaifraa ycTeperdyuitH atom 0a
FeJIMMH MOHTOM XYUYTAH Ja3ephlH MyJIbC XapWILaH
YHITWIX31 aToM 0a MOHBI TOAOPXOH TeNeBYYHIdX
©/l0er71IeX MarajjajblH XyranaaHbl XamaapJibIr
TOOLIOO/DK ~ Oycaj — akiIyyarait  yp  OYHTIH
XapbllyyJuiaa. YH1coH TOJIOBTOO Oaifraa
YCTOpPOruniH aToM J93p YHACA3H TeneBT 230a.c
yprrait 10" Br/cM® 3pumMTIi 1a3ephIH IIyIIhC
Tycrasan 2s, 3s,4s TeneBT egeernex maramian 10°-
10 3pamGrTIi GaiiHa.

2,

=
g -3t
=
[
g
= 4
o)
=
E 57
=)
g
= 6f
@

/// 100 200 300 400

Xyrauaa (a.H)

3ypar 4: YcTeperumifH aTOMBIH — YHACOH
TOJOBOOC  ©J06raex Marajjajl XyralaaHsl

xamaapa’i(S-S Teses)

2p, 3p, 4p TeNeBT eneerIex Maramian Hb 10™-
102 apom6a it Oereeml  YHICOH TOJIOBOOC
OI00r 16X yuup s,d TeneByymdA e1eeriex
Marajjan Oara Gaiina

=
< |
B
=
<
= [
S 4
«: v
,§ ~§
= 5
=
o] I
S -6
=
o)

) || ’

| 100 200 300 400

|

Xyranaa (a.H)
3ypar 5: YcTeperuniiH aTOMBIH — YHJICAH
TOJIOBOOC  ONIe6TNeX  Maramjal  XyralaaHbl

xamaapai (S-P Tenes)

=
<
=
s
|-
<
=
=
=
=
=
=
[}
[}
&
)

100 200 300 400

Xyramaa (a.H)

3ypar 6: T'enmiilH HWOHBI YHJICIH TOJOBOOC
©JI06rI6X Marajian XyranaaHbl xamaapan( S-S
TOJIOB)
lenuitH  WOHBI YHACOH TeneBeec 2S, 3S, 45

TOOBT o1e0r1ex Marauian ub 10°-10™ spam6aTait
OaiiHa. MeH reJuidH MOHBI YHIC3H TelleBeec 2P,
3p, 4p TeneBT enmeermex Maramial 10*-102
3paMO3TIH. YcTeperunitH atoM 0a TEIHMHH HWOHBI
YHJICOH  TelleBeOC  OJI0eTJeX  MarajyiajiblH
tooroosicod yp nxaynr Nicolas Vence, Robert
Harrison [14] wnapeir MADNESS 3arBapunanaap
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TOOLIOOJICOH YP IYHTOIH Xapblyy/DK 1-p XyCHIITI[
xapyyJuiaa.

O1001THHH Maraja

100 200 300 400

Xyrauaa (a.H)

3ypar 7: T'enuiiH WOHBI YHJCIH TOJOBOOC
e[1eer6X Maramian xyranaansl xamaapan( S-P
TOJIOB)

IV. JYTHDJT

OH)Y cyfanraaHbl QXKW YHACOH TOJeBT Oaiiraa
yCTOperdyuitH atoM O0a TEeTUHH HOHBIT XYUTIH
Xycuort 1: Oneentuiin maramnan (H, He)

JIa3ephIH MYJIbC YITUIAX3 TIATIIPUNT ©/1606T1COH
TOJNOBYYADJ IIWDKUX MarajjaiblH XyraaaHsl
XaMaapaibll TOOLOODK  Oycaa axiIyydblH Yp
OYHT3H XappUyyJaH JOyH [OUHXWIT) XHUIC3H.
OpeenTuitH Maraajal Hb IYJIBCHIH YPT OOJOH
Ja3ephlH JpUMAIC Xamaapax Oereej Ja3epbiH
IpPUUM ©COXeJ Maraajal UXCIK, IXHHA TOJIeBT
YAIdX Maramian Oaracak axkuriarmiaa. XydTdu
OpHBl  OMPOJLOOJOJ, OJIOH CYBIHMHH XY4TdH
X0JI000CHIH apra, Kynon-BonkoBbin
OUPOJIIIOOJUTYy ATal [15-17] XapbllyyJaxa
0OJIONTHIH HApPUUBWIAT CAalyKUpPY TapracaH yp JAYH
v  MADNESS  (Multiresolution  ADaptive
Numerical Environment for Scientific Simulation)
MynbTHBI#BIET Oaazaap [14] GomcoH yp IyHTI#
toxupu OaitHa (Xycuort 1.1). Iaamua 60Z0NTHIH
HapUUBWIANBIT CalKpPyyJaH aTOMBIH HOHWIOJIBIT
TOOIO0JIOX 30PHIIT TaBbXK OaifHa.

1s 25 2p 3d

af 59 Pbound F)ion

H 0976 209x10° 5.03x10° 1.17x10°
H 0978 1.78x10°  4.63x10° 0.98x10°

He* 0975 1.00x10*  2.14x102 6.72x10°
He* 0.976 0.84x10*  1.96x102 5.67x10°

2.4x107 107 0.0076  0.016 [14]
574x10™M  1.11x10™ 0.006998 0.01469 Buunii

TOOLI00

2.1x10% 10" 0.025 8.5x10™ [14]
1.71x10%  2.26x10™® 0.0225  7.3x10*  Buwmii

TOOLI00
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Keant INunrmuuii lunamux Oiipoanoosuioop I'emiiH ATOMBIH YHICIH
TeJsieBuiir Toon00/10x Hb

. HapqunMarl’*, 0. nyl, JI. Xormomx', H. L[or6a)1an2
YIVTHC, XITVC, ®usukuiin monxum
M YUC, LIYC, Quzukuiin mauxum.

OJNOH 3JEKTPOHT CUCTEMHHH 3NEKTPOH OYTUHHH TOOLOOJJIBIT KBAHT IUUHIIHUI
OUHAMHUK OHMPOJILIO0IONIO0p XUHX Hb WYY Xsu1bap Oaiimar. KBaHT IIMHI HUI TUHAMHK
0O0JIOH HATTHIH (YHKIMOHAIHMIH OHOJBIT XOCHIyyJaH XyraraaHaac XamMaapcaH IIyraMaH
OyC KBaHT IIMHIYHHUH AMHAMUKBIH HAT TATIIHTIAJIMNAT Tapraxk aBcaH. DHD TATIIHATIIHAT
[aam Hb XyypMar XyramaaHsl apraap AU(Qy3bH TATIUTIU XyBHpracHaap, YHACOH
TOJIOBHHH JOJITHOHBI (QYHKI[ PYY IIWDKIDK MAHT Hb ogoHo. Juddy3sH Tarmmrrmmir
OeMOenier KOOpAMHATTAH CHCTEM]I EPOHXHH NCEBIOCIEKTPUIH apraap 00ACOH. DHA Hb

KOOPIMHATBIT KUTJ OUII TOXHPOMMKTOMIOOp JHCKPETUHIIK,

MIUAAMAT Taprax aBHa.

PACS numbers: 31.15.eg, 31.15.ee, 31.15 E

l. OPIINJI

Hartein dyskimonans onon (HPO) ub xaryy
Ome, MOJEKYyN, aTOMBIH DJJIEKTPOHBI OYTIHIiH
TOOLIOOJIOJNBIT XUWA3T KBAaHT MEXAaHUKUWH apra
oereen XouOepr-Kon [1], Kon-IlI>muiin [2]
axmnyyn m33p  yamemramar.  Kon-II»muitn
TATIUTTAYYX Hb 3 X3MXKI3CT OrTopryiin Xaprpu-
@DOKMIfH TATMIUTIAYYA OJOH OWEHITH XapuJIaH
YHIWIAN Hb JIOK&JIb  COJWILIO0-KOPPENSIIUITH
MOTEHIIAANAap WIIBPXUAIATAIAT. OH»
OMpONI00I0I] ANEKTPOHBI HArT Hb N mmpxor
opOuTang 3aapax y4ypaac TITLIIMTISIMAH CHUCTEM
yycraud. OjioH OHEHH CHUCTEMHUIH OOJIOrbIT
Tomac-®epmuiin  xyramaanaac [5,6] xamaapcan
3arBap 199p biox [4] anx 6ozicoH. DHO 3arBap Hb
kBaHT MmUHMHUKA guHaMUK (KII)-biH  aHXHBI
3arpap TOAUUIYH DJJIEKTPOHBI CUCTEMHWI 46JIOOT
JIEKTPOHBI XWUH THK Y3C3H, OJOH HIEKTPOHTOU
CHUCTEMHHMH OJJIEKTPOHbI CTaTHK HATTBIT HAC I
TOrmuTrmdp  Ooxmor. HD®O  6a  KII/J-bH
ToMBEO0N HB 1980-aax omooc xerkcen [7-9].
Yyun KIOJA 6a HOO-bIr xocayynaH xyramaaHaac
XamaapcaH AJIEKTPOHBI HATTHIH HAT TATTHUTTAIANUT
raprax Hb COHHpXoJ Tatak Oatican [10]. KIII-siu
YHZACOH XOEpP TATMUTIAII Hb 3 XOMXK33CT DisIepblH
XONMO3pUIH TArMUTIA 6a yperan TacpainTryitH
TOTMATINYYA  (d7ekTpoHsl  HarT  p(F,t)

j(r,t) Xo€p  ya
MDIPTIAPXTIH) oM. JI99pX XOEp TATIIUTIIIYYAIIC
rapraJk aBcaH TOTHIMTIAID HIT  X3OMIXKIACT
XyranaaHaac XaMaapcaH EpOHXUIUICOH IIyraMaH
oyc Ulpenunrepuiin Tarmutran (EIIBIIT) ramgor.
O3 ©Hp xommiiradp rann  UlpenuHrepwuiin
TOTIHUTIIIMAT  0010X 0O0JIOBY HapUUBYIAIL Hb
Xaprpu-®okooc minyy OaiiHa. DHS TATIIMTIAN Hb
TOM CHCTeMHHT Oomoxon caitH toxmpmor. KIIJI-
H®O-EIBIIT-witH ~ OHpOJIIOONIONBIT  YHACOH

TYWUIMAH ~ HATT I3C3H
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HapuiBuian cafTai

TeneBuiiH Tooroo [12,13] 6a AuHAMHK TPOIECCT
[14-16] xapariacan Gaiiar.

Oy eryymug KHIA-HOO  TermmTranuiir
O6embeer KOOpJIMHATA/L CpOHXHH
ncesaocnektpuiti apreir (EIIC) [11,17] xaparisH
oommoo. Oy KIUI/J-H®O oiiponioonon Hb
ANIEKTPOHBI OYTHMHH TOOIOO XHWX3J alIurrai
Tantaii  OONOXBIT  Y3yy/Mdxuiir  30pminoo.OnoH
SJIEKTPOHT CHUCTEMUNH YHICOH TOJOBUNH IIHHXK
YaHapbll  TOOLIOOJIOXO[ XTI Xyypmar
xyranaanbl  apreir  ammriaad  EINBIIT-uiir
muddepeHnnans TArIUTII IWDKYYIICIH.

1. CYJIAJITAAHBI APTA 3YI
KBanT MexaHUKBIH KIIA, TOMBEOJIOJIBIT
Mapnenynr [18], He-bpotin [19], Bom [20] map amx
yamacmacsH. KIIJ[ aprag myramanm Oyc TyxaiH
ynamkinant  auddepeHnuan  TATMHTINYYIHHH
CHUCTeMHHT 000X Iaapjjiara rapaar Hb IIyramaH
[lIpenuurepuiin TATIIUATIDIIHUT 0010X00C
TeBort M. I[hBu KHI/I-T 31€KTpOHBI  YYIHIAT
knaccuk Kynonsl xy4, Oycaj KBaHT NOTEHIIMAIBIH
YHTWIDN33D XOUIeX KIACCUK IIMHIBH TK aBd
y309r. OJOH 3JIEKTPOHT CUCTEMHUHI 3 X3MKIACT
OTTOPTyia OyH TacpaiTryidl KJIACCHK IMTHHTIK TIK
y3caH. KHIJ-bIH YHACOH XOEp TOrMMITAT Hb
31eKTpoHbl HATT p(T,t), ryimammitn mart j(F,t)
XIMKHUTIIXYYHYYAd3¢ Xamaapaar [7,10,12-16].
Ypceran TacpaTryiH TArIMU T

MJrv.](r,t):o )
ot
DUmnepuitH XAI03pUIH TATTIUTTAI:
), 1,2, B, Feeldl o
a2 »  » ’
)
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J(F0) = pVx(F,t) |
NOTCHIIMA, Eee — DIIEKTPOHYYABIH TYIX3IIJIMWH

GlA] dynxu,
o(F,t) — DNIEKTPOH-LIOGMHUHH TaTAIUIBIH  OOJIOH

OHp x (7, t) — Xypassl

SHEpTH,

“HATTBIH  YHUBEPCAJIb

raHbl OpHbI IOTCHIIUAJINY ABIH HPII7UI63p.

Glp] =T, [o]+ T [Pl + E, o] =

1¢|Vp 3)
gf' p' dr + T[]+ E,c[P]
Oun  E[p]— commmmoo 6Ga  koppemsimiin
¢ynxuuonans, T, — Baiflj3ekkepuiiH KHHETHK

srepru [3], BaiilzekkepuitH KHHETHK DHEPTH Hb
HOr 0a x0€p osmekTtpoHTOW XapTpu-DoKuitH

CHCTEeMJI Malll CallH TOXHPJOT ydupaac |,

corr HCEPIH

Hb FeJIMAH TOXUOJIION TATTAH TOHUYY I Y3HD.

Texact = TW [p] + TCOH‘[IO]

Kommnexkce, XyraijaaHaac

THIAPOJMHAMUK JOITHOHBI (OyHKIIMHAT
() =p(rt) e ™ @

K TOOOPXOUITHO.

(1) 6a (2) TerumTranyymac  ammrnan y(F,t) -

XamaapcaH

WIT 3alinyylicHaap Xyraunaanaac xamaapcan KIIIJI-

H®O-p1H  xemenreeHwmid  TATMHTIA  OyIOYy
EIIBIIT-uitr raprax aBHa.
1 ov(r,t
{—Evz +UJ¢)[p]}‘P(I’ t)=i (gt ) (5)

7 =—it xyramaar (1) 6a (2) TOrUTOAIYYAdL
opiyynban auddysuiH xa163puitH TarmmTran (6)
rapHa.

R(F 1)
o (6)

1 =
{— §V2+Ua¢ [p]}R(F,t) =-
Muddysn HE U, [p] >ddexrus norenumanrait

R(F,t) mubdy3eiH  ¢GyHKD  HB
runpoaunamuk W(F,t) ¢ynkn oum, R(F,t) Hb

sABarjaaHa.

Xyraaanbl TyXalH STIIMHA HOPMWIOTAOOTYH Oa
1)34)[/0] MOTEHLHANaap TOAOPXOWIOI/IOX aTOM,

MOJIEKYJIBIH OOIUT cHUCTeMJ Xaprauzaxryd. 1'»Bu
mupoy3uitH  QyHKIUHAT  XyramaaHsl — TYPIIWZ
HOPMYMJICOHBI Yp AYHI XaMTHUH 0ara SHEepPTHTIU
YHIC3H TeieBT o4Ho [12,13].

Dmw Uy ([p];T,t) norenmman wp  kmaccux Ga

KBaHT TUIIYYA33C OYpIHA.

dEee + ﬁnu + £XC + é‘rCOFI’ iext

()
OHA HSXHUH 3 THIIYYH DJIEKTPOH-3JIEKTPOHBI
TYJIXDJIRI, eM-3JIEKTPOHBl TaTallal, COIHIL00
— KOppeJIIMNAH NOTeHLuanyy, 4 19X IMIIYYH Hb

) [p] =

3acBapiarcal KIJIACCHK OWIN KHHETHK SHEPTHITH
TULIYYH, CYYJIMMH THIIYYH FaHbl OPHBI XapUILaH
YANUIIMAH NOTEHUUaN oM. ['eluiiH aTOMBIH
XyBbJl COJWILOOHBl DSHEPrUMH ST TOOOPXOU
XONO3pUIT coHroxx Oommor Oa xapuH Oycan
CHCTEMYYID[ SHEpruiiH (YHKUMOHAIWHH JIOKAlb
X37103pYYAMHT coHTOXX aBaar [21].

”p(r t)/0(r D grar @®)

___I,O(F B g ©)

Jlokanb mapamMeTpwiIsraAcIH BI/IFHepI/II/IH X203 pUITH
KOppeISIMIAH  dHEpruiiH  QyHKIMOHAnuir [23]

HUUT cucTeMI X3parmdHI. a,b,c — mapamerpyyn
Hb OYX CHUCTeMIl TOXUPIOT. DHD (HYHKIIMOHATHHAT
XYYTPH J1a3ep AaTOMbIH XapWILAH  YHIWIAI,

MOJICKYJI CHCTEM, aTOMBIH YHJCOH 0a ©10eraceH
TONOBYYIS OYTI9/1 Hb xaparnam 6ouztor [24, 25].

c == , dr (10)
a+b ,0 1/3
az . -1/3
c__ atcp a1

% (a+b-p )
Dun: a=9.81, b=21.437, c =28.582667
Jughpysuitn mazuwumesnuitn moon wuiio: (EINC

apza)
(6) TormuTraIHHT

LR(F,t) = —w =[H,(F)+V (F,)]R(F,1)

(12)
K JaXyUH OMYH?.
OH? TOTWMTIAI HP  XyypMar Xyraraarau
TATIIUTIAII FOM.
A 1 R
Ho(f)=—§V2 +v,, ([o];7,0) (13)

VTt =v,,((p:T.) -0, [pl:T.0) (14)
Yyun |:| o QHXHBI TaMUJILTOHHAH, I:lo -1 t=0 yeuiin

yrra opcon. V(F,t) xyramaamaac xamaapcan

3¢ (HeKTUB MOTEHIHAIL.
R(r,t +At) yrreir

KOOpJAUHATTal cucremy 2-p 3pIMOUitH
OIIEpaTOPBIH XyBAAJITBIH CXEMHUIT X3PAIII3CIH.

R(F,t+At) = o HoAI2-V (1 0,t+AL12) At g~ HoAt 12

R(F,t) + O(At?)

OJIOXBIH TyNn Oembeser

(15)
Hubdysuitn yakumiir R(F,t) chep xoopanHaTeiH
cucremn epretreeq JIeKaHIPHIH TOJTHHOMBIH
6asaap R €0s(60;) s3amanGan:
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R(G,0;,0) =29, (r, )R cos(d;)  (16)

Oupx P, -yya Hb HOpMwioracoH JlexaHApPHIH

g|(ri7t) T

KBaaparypaap TOHOpXOﬁHHO.
L+1

g,(r;,t) :ZWkPI (cos O, )R(r;, 6,,1)

k1
Yyun {cosé, } up L+1 spamOuitn Jlesxanapbin

[OJIMHOMYY . l"aycc-Jlexxanipeia

(17

HOJIMHOMBIH INHIAA, W, KBaJpaTypblH >KUH OOJHO.

Xyranaansl 3xHud anxam (18) wdpXuitaamIp
XUWTIH?.

~Hoat/ —
e HoAt ZR(rI,HJ,t)—

. 18
ZefH,,Atlzgl(ri’t)R(COSlgj) (9
I
. 1d* 11+ P
H;):_EW—i_ 2r2 +Ueff ([p]’r’o)
(19)

(18) wmmpxumitmanuiin  gonaruoH QyHKI Hb (),

00NroHBI XyBBA One OWEHPICId VI XaMaapaH
000 I0H0. DHY TAMUATMIH I Hb [0, o] My»xu

Oaiix 0a myraman Oyc [26] XyBUpraiaThlH
TycaavkTai [-1,1] Mykun opyyiHa.
1+x
r=r(x)=L—— (20)
l1-X+a

OHY Hb KOOPAMHATHIH JXHUW OpYMM 3aHTHIIAa
IPTYYOUHH TOOT  ONIIPyyJICHaap HapUHBYIAT
caitaili yp AyHT rapraH aBu Oaifraa Hb JKHT]
XyBaaiaTTan yen OJIOH 3aHTHI1aa AT
maapznaraapaa naByy oM. CHMMETp TPOIECCHIAT
amuriaasan [26]:

¢ (r) =1 (x) - 7, (r(x)) (21)

H f (I’) oreparop Hb (22) x3103pT OpHO.

o,y 101 d® 1
Hi(N=-3 £ r,(x)+V| (r(x))
(22)
Onu:
I(1+1 =

Vi = % + Vg ([PL3T,0) (23)

Jubdy3uitH TATIUTIIMAT Xyramaaraap 0010X0.
R(F,t) ¢ynkn Hb HOpMWIOrmooryi Oaiipmar Tyn
Xyraiaasbl anxam OypJl HOpMUIOX IIaap/Jiarataii.

1. TOOLIOOHBI YP AYH

ToomoononelH  Yp JAYHI TEIMHH aTOMBIH
3pdpexTHB 6a 1eM  3JJIEKTPOHBI  XapwJilaH
YATWIIUH HOTEHIINAIBIH XapblyyJIanT
OaifryyicHbIr 1-p 3ypart y3yya3B. Bapuansa HATT
OOJIOH  TOOLOOJOJIBIH ~ HATTBIH  (DYHKIYYIHAH
XamaapisIr 2-p 3yparT y3yYyJ9B. ['enuiiH aToMbIH
VHICOH TeneBuiiH sHepruiir Xaprpu - @ok [22]
6oson Poy Hapein [25] ToomooncoH yp IyHTdi
©OpCIUIH Yyp AYHI XapblyyicaH yp IyHr 1-p
XYCHOII'TAHJT XapyyJliaa.

02
=
&
=
g L S Dpghexmue nomenyuan
= -04 !
= 1
L ] -
g i Llom anexponvr xapunyan
= I
-0.61 ,’ YURYINUUH NOMEHYUAT
1
I
I
-8t !

3ypar 1: DddexTuB 6a mOM ICKTPOHBI XapHIIIaH
YIATYIIMIAH TOTEHIUAIBIH XapbLlyyJIaiT

—— Bapuaywin Haem

...... Too1100J10BIH HATT

D1eKTpoHBI HATT(a.H)

051

0.5 1.0 15 20 2.5 30

KOOpPAMHAT

3ypar 2:. BapuaublH HATT OOJIOH TOOLOOJOJIbIH
HATTHIH (QYHKIYYIUHH XapbIyyIauT

XycHart 1: TenuitH aTOMBIH YHJICOH TOJIOBUIH YHEPTHITH TOOIIOOHBI Yp AYH (a.H. -33p)

3 -E, -E <— Z/ I’> <T > -E
rl2
Xaprpu-Dok [22] 2.0516 0.042 6.7492 2.8617 2.8617
Poy Hap [25] 2.0651 1.0325 0.0423 6.7850 2.8974 2.8973
Masaii yp ayu 2.1093 1.0546 0.048 6.75 2.8476 2.8869
3eB yrra [27] 1.026




46 . Hapanuumde..., Keanm Llunesnuii Junamux Oliponyoonnoop I enutin Amomuvin YHOCOH ...

IV.  JYTHDJT

Oy axunn HOO - oop renuitH aTtoMbeiH
s dexTnB MTOTCHITHAIT, COJIHIIIIO0 0a
KOppemsuiH OOJIOH YHACOH TOJIOBUIHH SHEPTHUAT
TOOLI00JIK Oycam axJIyyIslH Yp JYHTOH
XapblyyJlaH AYH IIHHXUIT? XUMcoH. UM 3H
apra Hp HapuUBWIAN cailTail, Xyrauaa X3MH3C3H

cailH apra 0ooxX Hb xapargax OaiiHa. OJoH
JJIEKTPOHT CHUCTEMHUHH DJCKTPOH  OYTIHHH
tooroosieir KIIJI ofiponoomioop Xuilx Hb
wiyy xsumoap Oaifmar. [laammax — OomodTHIH
HapUUBWIANBIL CaibKpyyldaH WHEPTUHH XUKH
atomyynasia (Ne, Ar, Kr, Xe) a1eKTpoHBI HATT,
YHJICOH TOJOBUMH SHEPTUMI TOOILOOJOX 30PHIT
TaBbXK OaiiHa.
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Dependence of the g-Factor of Mineral Coals on a Metamorphism Level
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The basic directions of the up-to-date use of
fossil mineral coals of all levels of metamorphism:
energetic electric power, heat production and
technological reception of furnace coke, chemical
raw materials, gasification and devolatilization of
coal of coals. Mineral coals also use at their
transmutation into liquid yields as motor, furnace
fuel and raw materials for the chemical industry
[1]. Efficiency of their application is in many
respects spotted by quality of diagnostics of their
physicochemical properties at procedure stages.
Methods of magnetic-resonance spectroscopy are
accessible express methods of their controls [2].
Perfection of quick tests of diagnostics of
heterogeneous structure of coals is necessary also
at definition dangerous the gas-dynamic
phenomena (fire danger, bump hazard, sudden
exhausts of coal and gas) [3].

In the report possibility of use of specialized
evaluators of a magnetic resonance for the express
control of a level of metamorphism of coals on
value of the g-factor [4] is proved. The method is
grounded on sensitivity of a signal of a magnetic
resonance of coals with various concentration ch -
and c-phases [5]. The physicochemical connection
of the g-factor of a signal of a magnetic resonance
and a linewidth of a spectrum of the gauged sample
is compared with similar  observational
dependence. Character of dependence of the g-

factor from the c-phase share in the sample of coal
is presented in figure 1.

RESULTS

It is positioned, that accuracy of definition of
shared C- and CH-phases in heterostructure
practically does not depend on the shape of the first
derivative spectrum line. Thus, the expedient of
definition of the g-factor by measured of a zero
signal of the powdery sample of the coal
traditionally used in methods of magnetic-
resonance spectroscopy of mineral coals [3] is
necessary.
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Figurel: Dependence of the g-factor of

absorption spectrum (EPR) from a C-phase
shared at three values AH.,
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C otkpeITHEM (DYIUIEPEHOB B KOHIIE MPOILIOrO
BEKa MaTepuanoBebl MONYYMUIH NPUHLUUIHAIBEHO
HOBbIE HHCTPYMEHTHl JJIsl KOHCTPYHUPOBAaHHUS
MaTepUasoB U CTPYKTYp, O3BOJIUBIINE YIPABIATh
X CBOWCTBaMHU. 3a KOPOTKOE BpeMs IOSBUIOCH
MHOXECTBO IyOJMKAIMH KaK 110 METOAaM CHHTE3a

¢GymiepeHoB, TaK W HX HCIHOJb30BAaHHIO B
pazpaboTke  HOBBIX  MatepuanoB [1]. K
HacTosIleMy  BpeMeHH  Haubojee  OCTpoW
mpobieMoii  crama  mpobiremMa  MPUMEHEHUS

bynaepeHcoaepKaluX MaTepraos.

B nmawHOl paboTe paccMOTpEHBI HEKOTOPHIE
CHOCOOBI (dhopMupoBaHUs MaTepUajoB,
comepxkammx ¢ymiepeHsl Cg, WX CBOWCTBA H
MEPCIEKTUBHBIEC HANIPABICHUS TPUMEHEHHS.

1. Dnexmpomexnuueckuii mamepuan. Metan-
(hymiepeHoBbIE TUICHKHA TP HEKOTOPBIX IOJEBBIX
COOTHOIICHHUSAX aTOMOB MeTauia U Mosekyl Cgp
CTPYKTYpHO  TpPEJCTaBISIOT  co00il  cucTemy
ANEKTPOTIPOBOISAIINX YaCTHII MeTaia,
pa3lelieHbIX HEOONBIIUMH  POMEXKYTKAMH U3
TUDJICKTPHUUECKIX HaHOYaCTHI ¢bynnepura.
DNEeKTPUYECKH TaKhUe CTPYKTYPhl DSKBUBAJICHTHBI
CepUM  TOJKIIOYEHHBIX  KOHJIEHCATOPOB W,
CleIOBaTeIbHO, MX IOJHOE  COMPOTHUBIEHHE
JOJDKHO yYMEHBIIAThCSA TPH YBEITUYEHUU YaCTOTHI
MIEPEMEHHOTO TOKa. YBenuueHnue JIOTTH
(yJIepUTOBBIX HAHOYaCTHUI] B MeTaI-
(dymIepeHOBO# CTPYKTYype IS MEPEeMEHHOTO TOKa
BIEYET 3a Cco0Oi  W3MEHEHHe 3HAYeHHUs, Kak
€MKOCTHOM, TaKk M PE3UCTUBHOM COCTABISIOIINX
3NEKTPOCONPOTHUBIICHUSI. 3t0 M3MEHEHHUE
MIPUBOJUT K CIBUTY MUHUMYMa CONPOTHBIICHHUS B
00JacTh 00Jee HU3KUX 4acToT.

Takum
CTPYKTYPBI

oOpa3oM,  MeTamu-(yIIepeHOBbBIE

Ha TIEPEMEHHOM TOKE TMPOSBISIIOT
ceoiictea R-C-L memodek [2] u  MoryT
HCTIONB30BaThCs KakK MaTepuai
AJIEKTPOTEXHUYECKOTO HA3HAUCHHS.

2. Mamepuan 01 noOBUINCHBIX INEKMPUYECKUX
KOHMAKmMoa. Pa3paboTka  TOKPBITHN___ s
TTOABMKHBIX IJIEKTPHUICCKIX KOHTaKTOB
OCYLIECTBJISUIACh C MCHOJIB30BAHUEM BaKyyMHOMN
[3] u ranbBaHUYECKOM [4] TEXHOIOTUH.
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Hns BBISIBIICHHS MOIXOISALINX
KOMIIO3UIIHOHHBIX MaTepHajoB BaKyyMHOM
TEXHOJIOTHEH OBUTH MPHUroTOBIICHB 40 BapHaHTOB
KOMIIO3UIJMOHHBIX MAaTepualioB C Pa3IHYHBIMH
JOJIEBBIMH COCTaBAMH KOMIIOHEHTOB CHCTEM Ag
- C5o Cu - C5o, Al - Ceo, Fe - Ceo, U UX CMecen.
OnruMu3zanus COCTaBOB KOMITO3HUITHOHHBIX
MaTepHaloB MPOXOAMJA MO IBYM KPUTEPHUSIM: a)
KOMITO3HMIIMOHHBI ~ MaTepHan JOJDKEH HMETh
Hanbosee BBICOKYIO HIEKTPHIECKYIO
OPOBOAMMOCTh, ©0) BBICOKYIO IPOBOJUMOCTD
coyeTaTh ¢ HU3KUM KoddduipmentoMm TpeHus. 13
PacCMOTPEHHBIX BapHaHTOB Jydmme
ANEKTPHYECKHE u TpUOOJIOTHYECKHE
XapakTepucTUKU nokasai coctas 60%Al + 30%Cu
+ 9% Fe + 1% C60, xoTOpbIii UMEET yIeJIbHOE
snexTpocompoTuieHne  60*¥10°%  Om*M  u
k03 urment cyxoro tpenus paBusiii 0,22 [4].

3. Iloxkpvimue Onsi 3nO0onpome3os. IlokpbiTus
UId  DONPOTE30B  IOJNyyald  COBMECTHOM
KOHJIGHCALMEeH B BakyyMe TUTaHa U (yJICpEeHOB
Ceo. TurtaH-pymiepeHOBbIE MTOKPHITHS ITOKA3aIH
BBICOKYIO XUMHUYECKYIO CTOWKOCTh B
pa3baBieHHBIX KHCIOTax W Imenodax (3%-ble
pactBoper  HCl, NaOH, KOH). Beigepxka
o0pa3loB B KUCIOTHOM M INEJIOYHOH cpenax B
teuenne 2400 4y He mnpuBOAMIA K 3aMETHBIM
HM3MEHEHHUSIM Ha TIOBEPXHOCTH TOKPBITHH.

Bricokass OmoxumHUecKasi CTOMKOCTH [5] u
CPaBHHUTEIHHO HEBBICOKOE yaeIbHOe
SJIEKTPUIECKOE COIMPOTHUBICHUE [6] TO3BOJSIOT
UCIOJIb30BaTh TUTAH-(YJICPEHOBBIC IIJICHKH B
KauecTBE  TOKPBITUH  JJA AIEKTPOIOB
KapIUOCTUMYIISITOPA, a TaK e IS METUITMHCKIX
UHCTPYMEHTOB.

4. Tloxpwimue oas ysnoe mpenusi. HambOonee
MOJXOJSAIIMM TOKPBITHEM JJISl  y3JIO0B TPEHHS
OKazanach  OKCHJOKEpaMHYECKHE  TTOKPBITHS,
chopMHpPOBaHHbIE Ha AJIOMHHHEBOM  CIUIaBE
AK5M2 mMeTonomM MHUKPOAYTOBOTO OKCHINPOBAHUS
U TOCIEAYIOUEN MPONUTKOM B HACBHIIEHHOM
pactBope ¢ymnepenoB Cg B Tosyose. Takue
MOKPBITHS, coJiepxaiiie (QyJulepeHbl, TOoKa3ann
3HAYEHUS] WM3HOCOCTOMKOCTH B TPH pa3a BHIIIE
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(1,=2,5-10") [2], wem i1 mOKpEITHII 6e3
¢$yniepeHoB, a 3HaueHUs Kod(duuuenTa TpeHus -
Ha 30...40 % wumwke. Anpobanus mokpertus Al,Oz-
Ceo B KOHKpETHOM wW3llenuu (IyaHCOH TMpecc-
(hopMBI TIIaCTMACCOBBIX M3ACIHA, MWHCKHNA 3aBO
XOJIOAWIBHUKOB «ATJIAaHT») TIOKa3aja yBeJIHUCHHE
pecypca paboTsl B 14 pas.

5. Tenzopezucmuenvie s1emenmsl. Vcnonb3ys

TEeH303NIeKTpuueckud  dpdekr  MoryT  OBITh
MOCTPOCHBI TEH30JJATYHKH Ha MeTal-
(hyJIepeHoBBIX IICHKaX. MeTtami-QyuiepeHOBhIe
TJICHKH AMEIOT BBICOKHH ko3 durreaT

TEeH304yBCTBUTENbHOCTH (Oojee 10, B TO Bpems
KaK CaMbIii BBICOKHIA JIJISI METAJUIOB - JUISI TUIATHHBI
oH 1,0).

6. ®omonuwvie damuuxuy. OymiepeHsl 001a1aI0T
(OTONMPOBOIUMOCTBIO B AMATIO30HE JUIMH BOJIH OT
280 mo 680 mM. BepostHOCTH 00pazoBaHUS
C-)J'ICKTpOH'I/IOHHOI\/'I napel IIpy MOrJIOMICHUU OJHOTO
¢orona cocrarmser 0,9 [7]. Ha ocHoBe
(byIIepeHOBBIX W METAJUIMYECKUX YaCTHI[ MOYKHO
CO371aBaTh CTPYKTYPHI JABYX THIIOB: OCTPOBKOBBIE
(T.e. ¢ M30JMPOBAHHBIMU BKJIIOYCHUSIMU METaIlIa)
U ceTeBbIE (T.€. C COCMUHSIONMMHUCT MEXKIY cOO0i
BKJIIOUCHUSIMA MeTaiuia). Takue CTPYKTYpel —C
NepuoANIHOCTbIO, CYIICCTBECHHO MeHBbIIeHn JJIMHBI
BOJIHBI JJICKTPOMArHuTHOTO HM3JIYYCHHA, BCAYT
cebst kKak (DOTOHHBIE KPHCTALIBI C 3alpelIeHHON
(hOTOHHOM 30HOM.

7. Copbyuonusie  0amuuxu. Mertamt-
(yJIepeHOBBIE TUIGHKU — SIBJISIOTCS  XOPOIIMMH
copOeHTamu. Haim uccieioBaHust JIEKTPUUSCKUX
cBoiicTB TOoHKuX MeHok Cu — Cg  pasHOro
cocraBa (M3MEHSIOCh COOTHOIICHHUE YHCIIa aTOMOB
MEIM B pacyeTe Ha OJHY MOJIEKYJIy (yiepeHa
Ncu:Ncep) TOKa3am BBICOKYIO YyBCTBHUTEIBHOCTH
WX DIEKTPUUYECKOTO COIMPOTHBICHUS K COPOIUU
kuciopona [3].

O6pazoBanne ¢a3 B MeTaI-QyIEPEHOBBIX
CTPYKTypax [2] TO3BOJIIET TEXHOJIOTUIECKUMU
METOJIaMU  JOOWBAaThCA [UISI HHUX  IKEJIAEMBIX
XapaKTepUCTUK W BBICOKOH HM30MpaTeIhbHOCTH
aacopbuuu. [lo »TMM mapameTpam BHIHO, YTO
dyiiepeHcoaepxaiie  MaTepUalibl  SBISIFOTCS
MIEPCIIEKTHBHBIMHU JUTS CEHCOPHBIX
(hOTORIIEKTPHYECKUX YCTPOUCTB.

[lommyueHHble  W3MEHEHUS  3JICKTPHYECKOTO
COIPOTHUBJICHUS Ha JIECSITKU MIPOLICHTOB
YKa3bIBAIOT Ha XOPOILIYK MEPCHEKTHBY IS
WCIIONIb30BaHUS TOJO0HBIX CTPYKTYp B KadecTBE
COpPOITMOHHBIX JTATYHKOB.

8. Hamuuxu cunogvix noneu. BHemHue
JNEKTPUIECKOE u MarHuTHOE oI,
B3aMMOJCHCTBYSl C  JJEKTPOHAMH  METajll-
¢bymnepeHoBoi IUICHKU U3MEHSIOT eé

JJIEKTPUIECKUE CBOWMCTBa [4]. DOTO TO3BOISIET
HCIIOJB30BaTh TAKUE MJICHKH B KaUeCTBE JATUHUKOB
HE TOJBKO [IJIsi OMpPEAENCHUS! BEIUMYUH BHEIIHETO
BO3ICHCTBHA, HO A (QUKCAIUHA IOJIOKCHHH,
3HaUYCHUHA AedopManmii W Ap. BKpamieHHBIE B
METAJUTUYECKYI0 MaTpully (QyJuiepeHbl MOryT
CIIY’)KHThb JaTYAKaMH CJIa0BIX JJIEKTPOHHBIX U
JNEKTPOMArHUTHBIX ~ TOTOKOB,  jAedopmanui,
CUJIOBBIX MOJIEH, TOTOJHSS APYTUE HCIIONb3yEeMbIe
MaTepuaibl, pacIIupss Auana3oH BO3MOXKHBIX
MOJIXO/I0OB U PELICHUM.

9. Cmumynamopel pocma pacmenuti. Panee [ 8,

9] Obuta co3maHa METOOHWKA BBIpANTUBAHUS
HaHOKPUCTALIOB  (YJUICPUIOB  METaLUIOIICHOB
METOJIOM  CIIOHTAHHON  KPUCTAUIM3AallUd W

00Hapy)XKeHO WX CBONCTBO BIHUSATh Ha IPOIIECCHI
KU3HeAesTeIpbHOCTH. [lpm WHKpycTammm cemsH

parca " MyCTBIPHUKA CepAeYHOro
HAHOCTPYKTYPHPOBaHHBIM bymrepuaom
(epporieHa B pe3ynbTaTe HECHEIH(PHIECKOTO
9HJIONMTO3a  KIETKAMH  CEMSIH  HaHOYACTHII

OMOaKTHBHOTO MaTepualia K 6-My JHIO OHTOTeHE3a
HabJroaeTcs yBeJIMYeHHe BCXoxecTu 10 16,5 %.
Kpome Toro, ma 10% yBenuuuBaeTrcs JUIMHA
IPOPOCTKOB parca Mpyu OJUHAKOBOW JJTUHE KOPHS
y  WHKPYCTHPOBaHHBIX B  CpPaBHCHHH  C
KOHTPOJIBHBIMHU 00pa3liamy.

10. Onmuueckue ycmpoiicmea. IIpu
HCCIIEJOBAaHUHI CIIEKTPOB MIPOITY CKaHWsI
CBEPXTOHKHMX CJIOEB (py/uIepuTa 30JI0Ta, MEIH,
cepebpa, omoBa Au - Cgy, Ag-Cgo, Ceo— Cu u Sn -
Coeo, B BumuMoM U OmmwxkHeM MK mmamaszonax
YCTaHOBJICHO, 4YTO CIEKTPAJIbHOE IIOJOXKCHUE U

MHTEHCHUBHOCTb TIOJIOCHI PE30HaHCHOTO
I1JIA3MOHHOT'O TIOTJIOILEHHUS 3aBUCHAT oT
[IapaMEeTpPOB  HAHOCTPYKTYp,  YCIOBUH  HX

HOHy‘-IeHI/ISI U NJIUTCIIBHOCTHU XpaHeHI/IH Ha BO3[IyX€
[10].

Twun MmceTajia, JOJICBBIC COOTHOIIICHUSI
MCTAJJIMYCCKOI'O U (I)ynnepeHOBoro KOMIIOHCHTOB,
pasMEp HaHOYACTUL] OHNPECACIIAIOT CIICKTPAJIbHOC

IIOJIOXKEHUE MaKCHUMyMa PE30HAHCHOTO
I1JIA3MOHHOT'O HOTJIOLEHUS, HIUPUHY u
MHTCHCUBHOCTh  TIOTJIOIIEHHWs.  BapeupoBaHue
TOJIIIMHON HAHOCTPYKTYP MOXKET IO3BOJIUTH U IIPU
OJIMHAKOBBIX JIOJIEBBIX COOTHOILIEHUAX
KOMIIOHEHTOB OJIy4aTh JIOIIOJIHUTENbHBIE

BO3MOJKHOCTH TI0 YIIPaBJICHHUIO XapaKTEPUCTUKAME
[I0JIOC PE30HAHCHOTO TUIa3MOHHOTO TOTJIOMIEHHS,
9TO0  OOECHeYMBaeT  CO3JaHHE  ONTHYECKHUX
YCTPOKUCTB C pa3HBIM JUATIA30HOM XapPaKTEPHUCTHK.

VYHuKaneHble ~ CBOMCTBa  (QYJUIEPEHOB U
MaTepHalOB MX COJEpXallhe YKa3blBalOT Ha
IIUPOKHWE BO3MOXKHOCTH HWCIOJB30BAaHUS 3THUX
MaTepHajoB B NPUOOPOCTPOCHUH, OMOMETUIIMHE,
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OynnepeHsb SIBIISIIOTCS YHUKaJIbHBIMU
YTIIEPOIHBIMH HAaHOYACTHIIAMH, OTKpBITHE
KOTOPBIX JTaJI0 MaTEPHAIIOBEAAM MPUHIUITHAIEHO
HOBBIE WHCTPYMEHTHI [JIs KOHCTPYHUPOBAHHUS
MaTepuaoB C YIpPaBIIEMbIMH CBOHCTBAMH. 3a
KOPOTKOE€ BpEMs MOSBUIINCH THICAYM ITyONUKaIMi
KaK 10 MeToJaM CHHTe3a (YJICpEeHOB, TaK U UX
WCTIONB30BaHMIO B pa3paboTKe HOBBIX MaTepHaioB
[1,2]. ®ymnepens, obnagaronme  OOJIbIICH
SHEpPTUEH  CpOJICTBA K  DJIEKTPOHY,  YeM
aKIEeNTOpHbIE (QparMeHThl MHOTUX MMOJMMEPHBIX
MOJIEKYJ, MOTYT OOpa3OBBIBATb KOMIUIEKCH C
nepeHocoM 3apsiaa [3].

B kauecTBe MOJIMMEpPHBIX MATPHIl CIYKIN
nonuctiposnn  (IIC) W DOAMATUIEH BBICOKOTO
nasnenus (II9BJ). Monekynsl ¢dyinepena Cgo
BBOJWINCH B TMOJIMMEPHYIO MAaTpHUIy JBYMS
cnocobaMu:  a)  CMEIMIMBaHUEM  PacTBOPOB
MOJIMATHIICHA W (PyJUIEepeHOB B TOJdyosie, O)
nponutkoil mieHok I[I9BJ[ B pactBope Cg B
tomyone (1,4 wmr/mum). B mocnmegHem cimydae

JoJeBOe  cojiepkaHue  QyiuepeHa B IIJICHKE
BappUpPOBAIOCH IYTEM HM3MEHEHHS BpEMEHU
mporutku (0,5 u 3 q).

UccnenoBanucey Mexanuuyeckue (pa3pbIBHAS
MallliHa) U TpuboiornvecKue CBOWCTBa
(tpubomerp  TOVY-1), crpykrypa  (POM).

OnTHueckas TUarHOCTHKA UCCIeAyeMbIX 00pa3IioB
mpoBoaMiach ¢ momormipio Dypbe-ciekTpomerpa
IFS66 Bruker B mmamasome 500-1500 cm™,
COOTBETCTBYIONIEM aKTHBHBIM KoJjiebanusim [IC,

HSBH u Ceo.

HonupoBaHHMEe  TOJMMEPHOTO  Marepuala
¢ymiepeHaMM  OPUBOJUT K 3HAYUTEIBHOMY
MOBBIILIEHUIO IPOYHOCTH MaTepHuala, CHIDKCHHIO
kodpduIMeHTa TpeHHs, W3MEHEHUIO YIPYTHX
XapakTepUCTUK W JPYTrUX CBOMCTB MaTepHaia.
CBoiicTBa MONMMMEPOB B OOJBIIION CTEIIEHHU 3aBUCST
OT JtoJieBoro conepxanus pymiepenon. [lokazano,
4TO HarOOJBIINIA ap ekt MIPUMEHEHUS
¢dymiepeHos 0OHapyKHUBaeTCs npu 1754
konmentparuu 0,1...0,2 macc.%. B stom cirydae
obecrieunBaeTcs HauOoJbIIee CHIDKCHUE
kodpduumenrta Tpenus (B 3,2 paza), OIHAKO
nobasneHne (PyJIepeHoB B MOJIMMEPHYIO MAaTPULLY

MPUBOIUT K OXPYNUMBAHHUIO MaTepuaia, Mpeneln
pacTsbkeHust  cHmwkaerca Ha 10-30 %, momyns
IOnra nmpu 3TOM BO3pacTaer.

B  o6mactu
B3aMMOJICHCTBUE
HAaHOYACTHILl C
TIPOMCXOIUT MTOBBIIIICHNE a3 pexTuBHOM
IJIOTHOCTH CeTKH momMepa. Cesi3u
MaKpOMOJIEKYJ C IMOBEPXHOCTBIO YacTHUL[ MO>KHO
paccMartpuBaTh KakK  JOMOJNHUTENBHBIC  Y3JIBI
NPOCTPAHCTBEHHOHM  CTPYKTYpbl  CETKU.  ITO
JIOTIOJIHUTENBHOE CTPYKTYPUPOBAaHUE OIpPEaeIsaeT
MEXaHMYECKHE CBOMCTBA HAIIOJHEHHOW CHUCTEMBI.
Hamomaurens BITUSIET Ha YCIIOBUS
Ha/IMOJIEKYJISIPHOTO CTPYKTYypOOOpa3oBaHUsI
MaTpulibl, H3MCHAA COCTOAHHUEC IOJMMEpA Ha
MMOBEpXHOCTH  HamomHuWTens. Kpome  Toro,
(hymaepeHoBbIe KIIACTEPHI TIPOSIBIISIFOT
CIOCOOHOCTh ~ CaMU  CTPYKTypHpPOBAaThCs B
IIOJINMEPHOM MaTpHLIE.

HCBBICOKHX
MOBCPXHOCTHU
MMOJIMMCPHBIMHU

KOHIIEHTpalui
YIIIEPOTHBIX
MOJICKYyJIaMU

[Tonumepsl, conepkamye GymIepeHsl, 110
CTPYKTYPHOH OpraHW3allid MOXKHO DPa3JeiHuTh
YCIIOBHO Ha YETHIpE THIA: 368630000pasHble — B
HHUX MOJIeKyJa (yJiepeHa BBIIIOIHAET POJb sAapa
JUIE  TIPUCOCTUHEHHBIX  JIMHEWHBIX  [EMOoYeK
MaTpHIIBI; «ACEMUYICHOE odicepenvey —
cojepKaT MOJEKyabl (yiepeHa B OCHOBHOM
Henyu; «bpaciem ¢ nodgeckamuy — COAEpIKAIIIe
MOJIeKyJIbl (hysuiepeHa B OOKOBBIX 3aMECTUTEISIX U
SBJISIIOTCS,  Pa3HOBHIHOCTBIO  TpeOHEOOpasHOM
CTPYKTYDBI; «HepezyNApHas cemKa» — MOJEKYJIbI
(ynaepeHa BKIFOUCHBI B 3aMKHYTHIE LIETIOUKH.

H3meHennemM  coctaBa  KOMITO3WUIIMOHHOTO
MaTepuaja Ha OCHOBE MOJMMepa U (yJIepeHOB
MO>KHO YHPaBJIAThH ero cBoiictBamu. [Ipu 3Tom Bce
nojlyyaemMble  MaTepHallbl  MMEIOT  HH3KYIO
IUIOTHOCTb M  TOBBILIEHHYIO TEMIIEpaTypHYIO
YCTOUYUBOCT.

PaGota BbINIOIHEHA B paMKaX MEXIyHAPOIHOTO
COTpyZHHYECTBa Mexay HWHCTUTYTOM Temio- H
maccoOmena nmenu A.B.JIsikoBa HAH benapycu
n HanuoHansHBIM yHUBEpcHUTETOM MOHTONMNM MU
¢unancoBoii  moamepxkke  bemopycckoro  u
MOHTr0aBCKOr0 ¢doHI0B (hyHIaMEHTATBHBIX
uccienosanuii (ko mpoekra T15SMH-001).

*Electronic address: eshpilevsky@rambler.ru
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CunekrpanabHnoe [IposiBinenue [liiasmonnoro Pesonanca B MeraJui-
®dysuiepeHoBbix HanocTpykrypax

2. M. LL[HHJIeBCKHﬁl, A. L. 3aMKOBeH1, M. D. LHHI/meBCKI/Iﬁl, C. A. qDI/maTOBl, I.
]_UHnarapIu/IZ’*, IL TmeHHTypZ, 11, Xanamaa®, P. HHMILYJ'IaMZ
1thcmumym menno- u maccooomena um. A.B.Jlvikosa HAH benapycu, e. Munck, berapycw, 220072,
Munck, I1.bposku, 15,
Hayuonansubiii yhusepcumem Mowneonuu, Ynan-bamop, Moneonusa

ITokazaHo, 4TO MONOXKEHHE MAKCUMyMa, (OpMa M IIHPHUHA IIOJOCH PE30HAHCHOTO ILIa3MOHHOTO
TMOTJIOIIEHUSI B ONTHYECKUX CIEKTpax MeTa/ul-(QyJIepeHOBBIX HAHOCTPYKTYP 3aBUCAT OT O0OBEMHOM
JOJIM METAJUIMUECKOH M (yNIepeHOBONH KOMIIOHEHTOB, pa3Mepa OCTPOBKOB, CTEHNEHH 3allONHEHHS

MOBEPXHOCTHU MOJAJIOKKH.

Spectral manifestations plasmon resonance in metal-fullerene nanostructures.

It is shown that the maximum position, shape and width of the plasmon resonance absorption
spectra of optical nanostructures metal-fullerene depend on the volume fraction of the metal and the
fullerene phases island size, degree of surface coverage of the substrate.

I. BBEJEHHE.
Merauioconepxaiue HAaHOCTPYKTYPBI
06Ha}:[aIOT YHUKaJIbHBIMUA OIITHYCCKUMU u

ONTOAJNEKTPOHHBIMU CBOWCTBaMU. OTH CBOMCTBa
BO MHOTOM OOYCIOBIeHBI TeM, 4To B YD m
BUIUMOM  JIMama3oHax Ui  METaJUTH4eCKHUX
HAHOYACTHIL MPOSBIISIOTCS TOJIOCHI PE30HAHCHOTO
IUIa3MEHHOTO MOTJIOMIEHUS (WM TaK Ha3bIBacMbIC
MTOBEPXHOCTHBIE MO/JIBI), BO3HUKAIOIIHE
BCJIEICTBYE KOJUIEKTUBHBIX KOJE€OaHUl CBOOOIHBIX
JIEKTPOHOB B HaHoudacTumax [1]. CnekrpanpHas
00JIaCTh TPOSIBICHUA IMOBEPXHOCTHBIX MOJ JUIS
HAaHOYACTHIl METAJIJIOB OIpEAEIseTCs YCIOBUEM
Openuxa I TU3IEKTPUUECKUX MTPOHULAEMOCTEN
MaTpHLIbI u HCTIOJIb3YEMOTO MeTajuia.
XapaKkTepUCTHKH TTOBEPXHOCTHBIX MO/ (MJIH TIOJIOC
TUIa3MEHHOTO TIOTJIOIIEHUS) 3aBUCAT OT MHOTHX
(akTopoB: MaTepHuana HAHOYaCTHI u
OKpY’)Karollel MaTpullbl, pa3MEepOB YacTHUIl U HUX
(bOpMBI, IIIOTHOCTH YIAKOBKH U T.1. [2-4].

Mertoa rcniapeHus ¥ KOHACHCAIIMKA MaTepHajioB
B BakyyMe sBJSIETCS OAHUM H3 S (EKTUBHBIX
SKCHEPUMEHTAIBHBIX ~ METOIOB  (POPMHUPOBAHMS
CBEPXTOHKHX METAIUIOAUAIEKTPUIECKUX CTPYKTYP,
B KOTOPBIX  TPOSBISIETCS  TOBEPXHOCTHBIN
IIa3MOHHBI  pe3oHanc mornomenus (IIITPIT).
Hapsimy ¢ BO3MOXXHOCTBIO  MPAKTUYECKOIO
WCTIONIb30BaHMS ~ TaKUX  HAHOCTPYKTYp  JUIst
JNETeKTUPOBAHUS  MOJIEKYyJd B  Ouojoruu u
MEJWIUHE, UIMPOKHE MEPCIIEKTUBBI OTKPBIBAIOTCS
JUIL  CO3JIaHMsi Ha OCHOBE TOHKOIUIEHOYHBIX
CTPYKTYp YCTPOMCTB HOBOTO TIOKOJICHHS JUISI
XpaHEeHUs u 00paboTkn UHPOPMALUH,
00J1aTaroIIHIX HAaHOMETPOBBIM JIana3oHoM
pa3MepoB JJIEMEHTOB u BBICOKUM
ObicTponeiicTBieM. Jlns pemieHus 3TuUX 3agad
MOTYT  OKa3zaTbCsl  A(QQPEKTHBHBIMA  METaJlI-
(yniepuToBBIE CTPYKTYHI, y KOTOPBIX
*Electronic address: gshilagardi@yahoo.com
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YHUKAJIbHBIMA CBOMCTBaMU o0J1aaroT KakK
(hymnepeHoBast, Tak M MEeTAITNYECKast HaHO(Da3bI.

B Hacrosmieit paboTe mcciaenoBaHbl CTPYKTypa
Y CTIEKTPHI MPOMIyCKaHusi HaHOCTPYKTYp Au - C60,

Ag - C60 u Cu - Co60 C Ppa3IUYHOMN
HOBerHOCTHOI\/'I IIJIOTHOCTBIO KOMIIOHEHTOB.
BeiOpanHple  TpH MeTajula pacIoiaraiTcs B

OJHOH TpyIe TaONUIbl XUMUYECKUX 3JIEMEHTOB U
HUMEIOT OJUHAKOBOE YHUCIO JIEKTPOHOB HA
BHEIITHEH 000JI0YKe, OHAKO pa3Mephl HX aTOMHBIX
OCTOBOB PA3JIUYAIOTCS, I03TOMY XapaKTepU3yITCs
Pa3HOH CTENEeHbI0 YKPAaHUPOBAHUS 3apsizia spa.

Il. METOAMKA 3KCIHEPUMEHTA.

HccnenoBanbl HAaHOCTPYKTYPHI TOJIIMHOM 2 —
20 am C pa3IMYHOM  MaccoBOoM  Joneit
METAJUINYEeCKOH M (yJUIEPEHOBOH KOMIIOHEHTOB
(ot 0 10 100 %), KOTOpBIE MOJTyYaJId TEPMHUECKUM
WCTIapeHHeM U KOHJeHcallueil B BaKyymMe Ha
MOJUIOJKKAaX M3 CTEKJIa M KBapla B BaKyyMe IpH
OCTaTOYHOM JaBJICHUU BO3AyXxa 2- 107 Ia u3 JIBYX
ncrapurene  (OTAETBHO AN MeTaula |
¢dymieputa). B nporiecce hopMupoBaHus MeTaLI-

(GyIIEPEHOBBIX  CTPYKTYp  TOIJIOKKH  HE
[0JJOTPEBAJIUCE. Temneparypa TIO/ITIOKEK
cocrasisiia 20-21°C. BapsupoBanue
COOTHOIIIEHHEM  IUIOTHOCTEH MOTOKA  aTOMOB
MeTajula M MONeKyn1 (QyluiepeHa B 30HE

(hopMHupOBaHUSA HAHOCTPYKTYpP OOCCIEUHBAIOCH
U3MEHEHUEM MECTa PACIOJIOKEHUS MOJJIOXKKHI

OTHOCHUTEIBHO  HCHapHUTENeH. CrTpyKTypHBIE
UCCJICIOBAHUSL  OCYILECTB/SUIUCH C  IIOMOILBIO
aTOMHO-CUJIOBOI'O ~ MHUKpockomna  «Nanoscany.

CrekTpaibHble XapaKTEePUCTHKH 3alUChIBAINCH HA
cnekrpodoromerpe «Cary 500».

1. TIOJIYYEHHBIE PE3YJILTATBI U UIX
OBCYKJEHME.
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W3roToBiICHHBIE  CTPYKTYPhI — MPEACTABISIH
co00#1 TOHKYIO TUICHKY (yJUIepUTa C XaOTHYECKU
PacMoIOKEHHBIMU BKPAIICHUSIME METATHYCCKUX

HaHOYACTHUL. TUNWYHBIE BHUABI IOBEPXHOCTEU
WCCIIETIOBAHHBIX HAHOCTPYKTYp, TOJYYEHHBIE C
TOMOIIBIO ATOMHO-CHJIOBOTO  MMKPOCKOIIa

MIpeICTaBJICHbI Ha puc. 1.

ACM

Puc.1. n300pakeHNEe  OCTPOBKOBBIX
MeTauT-QyuIepeHoBEIX CTPYKTYp: a) Au - Cey,
(3,92:10° r/em® Au, 1,52:10° r/em?® Cq); 6) Cu -
Ceo, (4,40-10° r/ecm? Cu, 3,12-10° r/em? Cg); B)
Ag - Cg (3,62:10° r/em® Ag, 3,52:10° r/em?
Ceo)

CHCKTpaJ'ILHOC IIOJIOKEHUE MaKCUMYMa I10JIOCHI
PE30HAHCHOI'0 IIJIA3BMOHHOI'O IMOIJIOUICHUA (JIJISI

METaJUIMYECKUX HaHOYAaCTHUII onpenensieTcs
ycinoueMm @penuxa: €0 = -2em, e €0 u em -
JIARICKTPUIECKIE MIPOHUITAEMOCTH

METaJUIMYECKOM YaCTHULbl U OKPYKAIOIIEH Cpelbl,
COOTBETCTBEHHO) [1].

CrhexTpel  MPOIYCKaHHS OCTPOBKOBBIX
ctpyktyp C60 meMOHCTPUPYIOT HalIM4YHe Yy HHUX
Tpex I0JIOC IOIVIOUIEHUS ¢ LEHTPaMu Ha JJIMHAX
BoJaH Al ~ 340 am, A2 ~450 amu A3 ~ 600 HM.
ITo-Bunumomy, »s1H HOJIOCEI  00YCIJIOBIICHBI
ME)X30HHBIM TOTJIONIeHHEM Y QysuiepuTa (IIHpUHA
3amperieHHoi 3061 y C60 nopsiaka 1,5-1,95 3B).
Ha puc. 2 npezacraBieHbl CHEKTPbl MPOIyCKaHUS
OJIHOKOMIIOHEHTHBIX ~ OCTPOBKOBBIX  CTPYKTYp
¢ymnepura C60 u menu.

CoBMecTHass ~ KOHJEHCcallud  MeTaulia U
¢GymiepeHOB MeEHSeT Kak CTPYKTypy caMHx
METAJUIMYECKUX YacTHLl, TaK W YCJIOBHA Ha
rpaHune paszgena Mertami—¢ysmieput. Hamudme
($ynepeHOB B HAHOCTPYKTypax NPUBOIUT K
KOPOTKOBOJIHOBOMY CIBHTY M M3MEHEHHIO (hopMbI
II0JIOCHI PE30HAHCHOTO MJIa3MOHHOTO ITOTJIOIIEHUSL.
Hexoropoe ociabieHue IIJIa3MOHHOTO

TOTJIOIICHUS B METaT-QYITICPUTOBBIX
HaHOCTPYKTYpPaxX CBSI3aHO C OTJIMYKUEM OT HYJS JJIs
Ceo MHHMOH YacTu JUDIICKTPUUECKON
MPOHUIIAEMOCTH.
100~
. 80+
== 1
=
=
3 60 -
o
)
S 404
E
20- K&/\
(o)

800 1000 1200 1400 1600 1800 2000
JUTMHA BOJTHBI, HM

400 600

Puc.2. CrexTpsl TPOIYCKaHHS OCTPOBKOBBIX
crpykryp ¢ymiepura Cqo (1) 1 Meau (2)

VYBenmuueHHe  MOBEPXHOCTHOW  IUIOTHOCTH
MeTajula IPUBOJIUT K yiupeHuto nojocs! IITTPIT u
€e CIOBUTY B JUIMHHOBOJHOBYIO  OOJIacTb.
Hampumep, mpu W3MEHEHMH IOBEPXHOCTHOM
wioTHOCTH 30110Ta 0T 3,38 - 10°° r/em® 110 4,50 - 107
® r/cM® CIIEKTpAIBHBIA CIBAT MAKCHMyMa [OJOCHI
IIIIPIT cocraBiager ©Oosee 80 ©HM, a 14
HAHOCTPYKTYp MEIH H3MCHCHHE TOBEPXHOCTHOM
wiotHocTd ot 3,57-10° r/em® nmo 4,46-10° r/em?
MIPUBOJIUT K CIBUTY MakCUMyMa Ha 35 M (puc. 3).

A sG .
max
Cu
./I/'
720 _/

680 + /.

640 T T T T T T
32 34 36 38 40 42 44

46 48

w 2,4 3-6
m/s, o s 1
Puc.3. TIlonoxxeHue  MakcuMyma  HOJOCBHI

nponyckanus [IIIPII wHanoCTpykTYyp Meau u
30J10Ta OT OOBEMHON IOIHM  METAIUTMYECKOM
¢da3el (3 dexTuBHAS TOMIMHUHA HAHOCTPYKTYP ~
23 HM)

Ha puc. 4 mpuBeneHBI CHEKTPHI MPOMYCKaHUS
JBYKOMITOHEHTHBIX OCTPOBKOBBIX CTPYKTYp Au -
Ceo € pa3TUYHBIMHI 0OBEMHBIMU JIOJISIMH 30JI0TA.

g Bcex pacCMOTPEHHBIX HAHOCTPYKTYP
IOJIOCHI MJIA3MOHHOTO PE30HAHCa PACIOJIOKEHB! B
BUIUMOW obOnacTu crekrpa. Jlims HaAaHOCTPYKTYP,
COIep)KaIllUX pasHble METaUIbl C  ONHU3KUMHU
3HAYEHUSAMHU MTOBEPXHOCTHBIX IJIOTHOCTEH,
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HaOJIIOIAr0TCs CYIIECTBCHHBIC pasITHIHs
CHCKTPATBHOTO TIOJNOXKECHUS M (OPMBI  IOJIOC
MJIA3MOHHOTO PE30HAHCA, YTO CBSI3aHO C Pa3HOM

CTETICHBIO BITUSTHISI Ha ONTHYECKUE
XapaKTepUCTUKH  PAacCMaTPUBAEMBIX  METaJIOB
MEXK30HHOTO  TOTJIONIEHUS W Pa3IUYHBIMU

SHAYCHUAMMU JJIA HUX 4aCTOThI CDpeJH/Ixa.

T, %
80 1

60{J

40

400 800 1200 1600 i

Puc.4. CnexkTtpbl mNpomyckaHusi OCTPOBKOBBIX
cTpykTyp Au - Cgp C pa3muIHBIMH 00BEMHBIMA
noisamu 3oiota; 1 - 20%, 2 - 23%, 3 - 25%, 4 -
32% (3¢hpexmusnaa morwuna 16 Hm)

IIpu coBMeCTHON KOHAECHCALIMM METAIOB U
GynaepeHoB  KOJMYECTBEHHOE  COOTHOIICHHE
aTOMOB MeTajula M MOJIEKyNl (ysulepeHa B 30HE
(opMHPOBaHUSI HAHOCTPYKTYPBI OIpenesieT ee
apXUTEKTYpY, JeTald KOTOPOH HaXoAiT CBOE
OTpaXEHHE B ONTHYECKUX cIlekTpax. OT 3Toro
COOTHOILICHMS 3aBHCUT CTeNeHb Aedopmanuu
JNMEKTPOHHBIX  O0OJOUEK U  pacHpesesieHue
HanpspDKeHU Ha rpaHmnax HaHodas. Kak Obwio
MOoKa3aHo B paboTe [5] 3HaUNTEIHHBIE BHYTPEHHHE
MEXaHUUYECKHE HAIPSDKEHHUS MOTYT CO3aBaThCsl B
Mmonekynax  Cg B pesynbraTe HX 3axBaTa
METAJUINYECKUMH HAaHOYACTHLIAMH.

T,%
(U]

S
.
S

201 \- .

18 +— T T T T T
20 25 30 35 40 45

50 C, %

Puc.5. 3aBucumocTh MNpOMyCKaHUs Ha JAJHMHE
BOJIHBI MakcumyMa mnojocel PIIIT HaHOCTpYKTYp
Cu - Cg or oObemHOTO comepxanus Cu
(TommMHA HAHOCTPYKTYP ~ 23 HM)

Iomocer IIIPIT wHanocTpykTyp Me - Cgo
ornuyatorcs 1mo ¢opme ot mosoc IITPIT ms
CTPYKTYp W3  UYUCTBIX  METaJUIOB. st

HAHOCTPYKTYp Me - Cgp, B KOTOPBIX MaccoBas JOJIS
Ceo npesbrmaer 10%, pe3oHaHCHOE ILIa3MOHHOE
morjiomenre ociaadnserca. OcmabiaeHue IMoa0C
[ITPTT B HanHocTpykTypax Me - Cg YacTUUHO
MOJXKET OBITH CBsi3aHO ¢ oTinuaneM sl Cgo OT HYISA
MHUMOM YaCTH JTUAIEKTPUUSCKOMN MPOHUIIAEMOCTH.
B kxoopamHaTax  «CHEKTpPaIbHOE  IIOJIOKCHHE
MaKCHMyMa IIOJIOCH TUIA3MOHHOTO TIOTJIOIICHUS
HaHOCTPYKTYP - 3((EKTHBHAS TOJIIMHA TUICHKI
(puc.6) noxy4aeM MOUYTH JTUHEWHbIE 3aBUCUMOCTH,
YTO yKa3plBa€T Ha B3aUMOCBA3b BBIOPAHHBIX
BEJIMYMH.

‘max”
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700 - /
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¢ d. ToNIMHA IUICHKH, HM

Puc.6. CnexTpaibHOE NOJOKEHUE MaKCHUMyMa
TIOJIOCHI IUTA3MOHHOTO MOTJIOIIEHHS
HaHOCTPYKTYp Au-Cgp, CuU-Cgp m Ag-Cgo B
3aBUCHUMOCTH  OT  3(QEKTUBHON  TOJIIUHBI
TUIEHKH

B KkoopaumHatax «CHEKTpalbHOE MOJOKEHUE
MakCUMyMa  IOJIOCHI TNIA3MOHHOTO MOTJIOIICHHS
- MaccoBasi MOBEPXHOCTHAS MJIOTHOCTh METAJLIa
HaOJI0/IaeM JIOCTATOYHO BBIPAKCHHBIE TIIAJIKUE
3aBUCUMOCTH (puc.7).

% HM
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G40 | ‘l- : .f
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Puc. 7. CnextpanpHOe TOJIOKEHHE MaKCHMyMa
TMOJIOCHI TUIA3MOHHOTO TOTJIONIEHHS
HaHOCTPYKTYp: Au— Cgo (1), Ag— Ceo (2), Cu—
Ceo (3) B 3aBHCHMOCTH OT 3HAYCHHH CyMMapHON
MacCOBOH MOBEPXHOCTHOH IUIOTHOCTH METajlia
(cootnomenue kommnouentoB Me/ Cgy=2/3
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Takum  o0pa3oMm,  ONTHYECKHE  CIIEKTPHI
HAaHOCTPYKTYp METaJUIOB, a Tak K€ MeTaJll-
¢dynnepeHoB ¢ pa3HON 3PPEKTHBHOW TONIIHMHOM,
cOpMHUPOBAaHHBIX Ha CTEKJISHHBIX M KBapIEBBIX
MOJIOKKAX, pa3IyaroTCcs TIOJIO’KEHAEM
Makcumyma, (GOpMOH M MIMPHHOW  MOJOCHI
PE30HAHCHOTO TIA3MOHHOTO MTOTJIOICHHS.

IIpy opMHAKOBOM COAEP)KAaHMHM METallia
Hamure (yUIepeHoOB B CTPYKTypaxX MPHUBOAMUT K
KOPOTKOBOJTHOBOMY CJBHTY TOJIOCHI PE30HAHCHOIO
[JIAa3MOHHOT0 noriomeHus. B Hanoctpykrypax Me

- Ceo ¢ MaccoBoii moieit Cgp, COCTaBISIONIER OoJIee
10 %, pe3oHaHCHOE IIJIAa3MOHHOE TIOTJIOIICHHE
oca0seTcs.

Bapsupys 00BeMHOI TTOJICH
METaINTNYeCKON u (pynmepeHoBOH KOMIIOHEHTOB,
pa3MepoM  OCTPOBKOB, CTEHECHBIO 3alOIHEHUS
MTOBEPXHOCTH TMOJIOKKH, MOKHO U3MEHATH (hopmy
M IIUPHHY TMOJOCH Ia3MOHHOTO PE30HAHCHOTO
MOTJIOIICHUSI, a TaK K€ MOJIOKCHHE MaKCUMyMa
3TOM MOJIOCHI.
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MDA YinaanGaaTap XOT OpPUMBIH araap MaHIJIBIH ONTHK TONBHHH MapaMeTpyyx Ooiox
a30pO30JMHH ONTHK 3y3aaH OONOH AHTCTPOMBIH SKCIIOHEHTHIH XM OOJOH XOHOTMHH TypII JIaXb
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l. OPHINJI

Hapnaac wupx Oyl wpaupar araap MasHzan
OYHAYYP HOBTPIH Ta3pblH Tagapryyl HUpIXadd
araap MaHAJbIT OYpAYYDK Oyl XHHH MOJEKYIyyxd
00JI0H araap MaHJaJI] aryynaraax Oyi a3po3onyyn
139D capHUX OOJIOH IIMHII3IIIX MPOLECCYYIbIH YP
OYHI 5puydM Hb cyidapiar. Hapuel nanparuiin
PUMUIT CyNpyynax a’3po30iyyl Hb yyp ambCradi,
XYHHUH 3pYYJa M3HJ, razap TapuajlaH I'3X M3T OJIOH
3YHIIT cepreep HeOIeenex OO0JOMXKTOW TyN araap
MaHAal JaXb a’po30JIbIH ONTHK IIMHX YaHap,
XOMXKIOHUK TYI3JT, OpPOH 3all Lar XyrauaaHbl
0OPWIONTUIH 3YH TOITJIBII CyAJax Hb OHOJI,
MPaKTUKUIAH UXI9X9H a4 X0JI00r101ToM tom [1-2].

VnaanOaatap XOTBIH XyBbA XYH aMbIH
HATTapIIMI MXCK, XYHMM YHI aXuiularaaHsl
rapaitai a3po30JIbIH X3MXK33 YIIMK HIMITACIHTIN
X0JI000TONro0p Tyc XOTBIH araap MaH/AJIBIH TOJIeB
Oai[UTBIT  OpYMH YeWiH, MAAPAIMTTUH Oarax
TOXOOPOMKeep CylUlaX acyyaal TyjlrapcaH Omimn.
OHoIXYY acyymielH xypasHA 2013 onbel 9 capaac
9xi3H SAnon ynceiH Ywmbarwmitn Mx Cypryynuiin
spmMmami  xamtapd SKYNET omoH  yiceiH
cymkauuit  Ckaiipagunomerp  (Skyradiometer)
00s10H xXoMkunTHiH Oycan Oaraxkuir MYUC-niin
leomorn, T'eodu3ukMitH  TIHXUMUHH  araap
MaH/UTBIH ONTHUKANAH XOMKHITHHH J1a00paTOPHT
CyypwiyyllaH  CyAallraaHbl  @XKIBII  JX3JCOH
OomHO[4].

OH> cynanraaHsl axJIbIH XypadHz YiiaanOaatap
XOT OpPYUM JlaXb araap MaHAJbIH ONTHK TeJIOBHIH
Y3YYIATYYA OO0JIOX a3pO30JIBIH CIIEKTpalb ONTUK
3y3aaH  OOJIOH  @HITCTPOMBIH  OKCIOHEHTHIT
TONOPXOMJIOH,  TOATIIPUKAH  KWIMHH  OOJIOH
XOHOTHHH SIBIBIT Taprax, 00pwWIeNT XyBbCIBIH 3Yi
TOTTIBIT Tai0apiIax OpoJAJIOTO XUIIIII.

1. CYJAJITAAHBI MATEPHUAJI, APTA
3YH

SKYNET OJIOH YIICHIH CYJDKIIHUHN
VYnaan6aarap xot (47.550, 106.53Y, n.t.n 1310 m)
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naxp ctaHn 2013 onbl 9 capaac araap MaHIUIBIH
OINITHK TOJIBUHH X3MXKHJT XHIK DXIJICIH. DHIXYY
CyJdanraaHpl aXJIbIH XYp3dHA Tyc craHmun 2013
oasl 9 capaac 2014 omer 10 cap XypTidX HAT
JKAIIMAH ~ XyragaaHJl  XUWULACOH — XOMIKUITHUNH
ererJUIMIAT COHTOH aBY, 30XUX apradjajiblH Jaryy
OrerUIMHH OOJOBCPYYNAIT XHIDK TYHIDITTICIH
6oiHO.

Ckaiipaguomerp Oarak Hb HapHaac HUpXK Oyi
mIylyyH OOJIOH TONOPXOHM ©HLreep CcapHUCAaH
Harnparuitl (aTPMyHKaHTHPATHIH XOMIKHIIT)
SPYMHUT JONTHOHBI YPTHIH X3 XO3AH MYKHUJ,
TOTTMOJI XyTalaaHbl HHTEpBaJTalraap XdM>KUX
00JOMXKTON aBTOMAT Oarax IoM. YiaaHOaaTtap
cTaHI[ Jaxb axurinanTeiH POM-01 ckaiipagmnomerp
Hb 3158M, 400HM, 500HM, 675HM, 870HM, 940HM,
1020aM godarnoHBI ypT OYyXWil HApHBI HAIPATHiH
SPUYUMHUHUT XOMKUX 0a 3Ar’dp XOMKHITHUHH Yp
OYHI3p araap MaHUIBIH ONTHK IapamMeTpyyYA

0oox adpO30JIbIH  CIICKTpaJIb OINTHUK 3Yy3aadH,
AHFCTpOMBIH OKCIIOHCHT, 4a3pO030JIbIH XYyTrapJblH
WITIar4, CapHUWJIbIH EU'IB6€I[O, aCCHMMeTpHﬁH

rapaMmeTp, adpo30JIbIH 333IXYYHUH TYI3AT DX MIT
araap MaHJUIBIH ONTHK TeJIOB, a3PO30JIbIH IIUHXK
YaHapbIl WOPXUWIIX OJIOH MapaMeTpyYAuir
TOJIOPXOUIIOX OOJIOMIKTOM.

A. Asposoasin Ontuk 3y3aan

CrnextpuitH sH3 OypuiiH MYXUZ Ta3pbIH
rajapryya up>x Oyl HapHBI [alparuifH 3pUMUANT
Byre-JlamOepThIiH Xyynuap TOAOPXOUIIOT.

V(4)-d? = Vg (A) exp[—7(2) -m(8)] (1)

Oun: Vi Hb CHOEKTpWitH TyXalH MyKHI araap
MaHJIBIH TaJHa XWIJI WUpXK OyH HapHBI UIyIYyyH

Lanparviid a3puum, ¥ Hb CIEKTpUIH TyXallH MY>XH]T
ras3pelH rajapra A33p HpX Oy HapHBI LIyITyyH

nauparuitn  spunm, mif,) = 1/ cosfy—araapsin

MaHJJIbBIH Macc, dHb Hap-JI3JIXUH XOOPOHBIH 3air
ACTpOHOMHUIH H3D)K 3alJ XapbllyyJCaH Xaphbliaa,

iy Hb opoiin 3ait, T()) Hb CeKTPUIH TyXalH My
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Jlaxp araap MaHJJIBIH EPOHXHH OINTHK 3y3aaH
0outHO.

Araap MaH/UIBIH CPOHXHIl ONTHK 3y3aaHbIl
napaax xam0opadp Oyioy ONTHK 3y3aaHyy.IbIH
HUII0p Gaiimmaap wpxuiink 6oHO [2].

T{A) = 14 + 1A+ 14,(1) + T,y (A)+
+Tpue (1)
2)

Yyuu: 14 (A)-asposonsin, Tg(A)-peneiin capauibim,

T g, (A)-030HBI, Tpg(A)-xomumor xuiin, Tp,,(A)-
YCHBI YYPBIH ONTHK 3y3aaH TYC TyC OOJIHO.

(1) Gomon (2) TOMBEOHOOC a’pO30JIBIH OITHK
3y3aaHBIT  TOAOPXOWIOON  Japaax  XdIOdIPTIH
OJIJIOHO.

() = m%n}(mv@ () — IV () -d2) -

—{TR(.-:{.} + T, (A) + Tpg(d) + TPW(A}}
3)

B. AHIrCTpOMBIH IKCIIOHEHT
OH3 mapameTp Hb TyXaWH aXWUIJalT, cyJairaa
xuibk Oy Oyc HyTTWiH araap MaHIaI[
aryynarjax Oyl a’po30JIbIH IIyraMaH X9MK33CTIH
Xamaapanrtaii 0ereeji aHTCTPOMBIH SKCIIOHCHTHITH
WX yTra Hb TyXaiH araap MaHAaj JaXb adpO30JIbIH
X3MIKIIC XapbIAHTyH JKWKUT Oaifraar, xapuH Oara
yTra Hb TyXailH araap MaHzaajj XapbLAaHCyl TOM
X3MXKI3CT a3p030JI TONWIOH TYICIHHHI TyC TYC

HIJITTAIAT.

AHTCTPOMBIH SKCIIOHEHTHHT CIIEKTPUIH TyXalH
MyX Jaxb ad3po30JblH ONTUK 3y3aaH OOJOH
JOJITMOHBI YPTHIH Xapbliaaraap Togopxoungor [5].

—ik
Ta A
=) @
Tﬂ.g (4]
(-aHI'CTPOMBIH SKCITOHEHTHHT TOHOpXOﬁH6OHI

@=——20 )

AHFCTPOM bIH 3KCMOHEHT
0.3

0.2

0.0

0.1

-0.2

-0.3

Ln(AO3/A03500mMm)

-0.4

-0.6 4

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Ln(W500uMm)

00JIHO.

Hdo9px xamaapan wmryraman xd3103pTdi  Oaliraa
(xoppemnuanbiH Ko3¢h¢unmeHTsH yTra R? =0.9993)
Hb AHICTPOMBIH 3KCIIOHEHT Hb JOJIHMOHBI ypTaac
xXamaapaarryi 00J0oXbIT WITTHK OalHa.

1. CYJAJITAAHBI YP IYH BA
X3JI2JI0YYJI2I
VYnaanbaatap XOT OpUYMBIH araap MaHIJIBIH
a’pPO30JIBIH  XAMXKIIT YHAUX 3opuiroop 400HM,
500mM, 6758M, 870HM, 1020HM HONTHOHBI YPTHIH
YITYyA HAaxb araap MaHIJIBIH a3pO30JIbIH ONTHK
3y3aaHbl KWINHH ABUBIT 3ypar 1-1 xapyynas.

0.32

0.28

0.24

0.20

0.16

A3p030J'ILIH OIITHK 3y3aaH

0.12

0.08

0.04

—— AO3400HM
o- AO3-500HM

o~ AO3-675HM
=+ AO3-870HM
—+— AQO3-1020HM

2 3 4 5 6 7 8 9 10 11 12

Cap
3ypar 1. 400uMm, 500uM, 6758M, 870HM, 1020HM
JOJTHOHBl  YPTBIH MYXYYA Jaxb a3pO30JbIH
ONTUK 3y3aaHbl )KUJIUIH SIBLL.

3ypar 1-33c xapaxazn eBmuiiH capyynan (XII, 1,
I cap) adpo30NBIH ONTHUK 3y3aaHbl  yTra
XapblaHTydl ux, xapuH 3yHbl capyymax (VI, VI
VIII cap) Oara yrtraraii Oaiiraa Hp YinaanOaatap
XOTBIH XYBbJl ©BOJ Hb T3P  XOPOOJUIBIH
rajjlaraaHaac yyAdJaTai a3po30i1 UX33p TapXaarrtait
xonbooToil Tk Y33k OaiiHa. Xapun IV capa
a’pO30JMIH ONTHK 3y3aaHbl yTra Oapar eBJIMIH
capyyIblH yTraTail oWpojmoo 0ok ecexx Oaiiraa
Hb XOOUMI33p TajularaaHbl YYADJITIH  yTaaHbI
X3MX33 Oaracmar 4 macaH Oypxyyn Xaiuok,
XYypalIIMAT siBarjcaHTaid Xxoi1000TOMroop HIopoo,
TOOC X3J03pUIH a’p030J1 HUXICIATUHT XapyyinK
OaifHa.

3ypar 2-t VYnaanOaaTap XOT OpYMBIH araap
MaHIJIBIH ~ a3pO30JIbIH  ONTHK 3y3aaH  OOJIOH
AHICTPOMBIH  SKCIIOHEHTHUHH XOHOTMMH  SIBIIBIT
yimpan Tyc Oypadp Y3yy/uid. DHIIIC Xapaxan
AQHTCTPOMBIH SKCIOHEHT OOJIOH a3pO30JIbIH ONTHK
3y3aaHbl yTIBIH yIUpan OYpUH XOHOTHUHH TYpII
Jaxb JAyHAQX ©epuwIeNT Hb XapwilaH aJuiryi
OaiiHa. AHTCTPOMBIH SKCIIOHEHTUHH XYBbJI ©BIUNHH
ynupang Oycaj ynupiaac XapbUaHTyd eHIep
yIrataid, XapuH XaBpblH YyJIUpaJlJ  ©BJUHH
yaupantail xapbllyyjiaxaa 2 JaxuH Oara yTraTtai
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Oaiiraa Hb XaBpPBIH YJIHPAILL TOM XOMXKIICT
A’PO30JIMHH X3MXKID 3PC OCATHUT XapyyJDk OaifHa.
ByX ynupnelH TypIIMA aHTCPOMBIH SKCIIOHEHT Hb

erjiee, OpONJ00 OHJep yTrarail, XapuH eJepTee
XapbllaHryl Oara yTraTaii 6aiiHa.
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3ypar 2. Ynaan6aaTap XOT OpPUYMBIH araap MaHIJIBIH a3pO30JIbIH CIIEKTPallb ONTHUK 3y3aaH O0JIOH AHICTpOM
SKCIOHCHTHIH XOHOTHIH sBII. (a)-eBe, (b)-xaBap,(c)-3yH,(d)-Hamap

AHTCTPOMBIH SKCTIOHEHTHUIH yTra erjieejee ux,
enepree Oyypaan opoiioo Oyiaan ecex Oaiiraa
Hb YnaanOaarap XOTBIH XyBbJl ©IJIe6 OPONHI00
a’3pO30JIBIH  X3MXKIDC OKIKHI, XapHH ©JepTee
XapbIIAHTYH TOM XOMXKIICT a’3po30J JlABaMIaibK
Oyir xapyymk OaiiHa. YyHWI [IanTraad Hb
©J16pTe6 ra3pblH rajapra xajcHaap araapblH 60coo
YHUTIIT yperan Ouil OoJpK, araap MaHIall[ TOM
MIUPXATTIA  ad3p0o307  (TOOC, TOOCOHIIOP) JIIAII
XeepaerTi xon000Toil oM. OBen O0JIOH XaBpPHIH
yIMpail — adpo30iiblH  ONTHUK  3y3aaHbl  yTra
orJIeeryyp eHIep yrrarail Oaliraa Hb XYHUH YW
axmwuraraatad  xoja0ooroil  OyHy aHTPOIOTEH
OoxupnodToil xamaapanTtaii Oaibk 000X IOM.
AHTCTPOMBIH O3KCIIOHEHTHHH XOHOTWHH SBIBIT
yIpiaac XxamaapyyJiaH TOAOPXOMICOH AYHT 3ypar
3-1 y3YYII3.
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3ypar 3. VYmaanOaarap XOT OpYMBIH araap
MaHIAI aryyjariax ad’po30JibIH aHTCTPOMBIH
9KCIIOHEHT TapaMeTPHUiH yIUpiaac XamaapcaH
XOHOTHMH SBII.

3ypraac xapBal YnaanOaarap XOTBIH araap
MaH/UTBIH aHTCTPOMBIH 3KCIIOHEHTUWH yTra XaBap

——Taie

-0 - XaBap
o+ 3yH

—= Hamap
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OOJIOH HAMpPBIH YIHPAIA OJPHUIH Iaraap ©BIUNH
yIupanTaid Xapblyynaxan 2 naxuH Oara yrrarai
Oaliraa Hp araap MaHAald Jdaxb adpo30JbIH
oIyramaH X3MX33C HX Oyly XapbLaHIyH ToM
XOMMKIICTAIN a’p030J1 UX XOMMKIAIIP TYTCIHUUT
XapyyJok OaiiHa.

I. JIYTHDJIT

Vnaanbaatap XOT OpUMBIH araap MaHIJIbIH
a’pO30JIBIH ONTUK 3y3aaH OOJOH aHICTPOMBIH
JKCIIOHCHTUHT TOAOPXOWMJICOH IYHI?3C Japaax
IOYTHANTYYAUNT XUk OaliHa. Y YHA:

JloNTHOHBI YPTHIH MYX OYPT TOIOPXOMIOTICOH
a’pO30JIbIH ONTHK 3Yy3aaHbl YTra ©BIUIH yIupaina

Oycam ymupanTaid xapbIlyyliaxal XapbIlaHTyH
eHNlep yTraTail O6aiiHa. JHA Hb YiaaHOaaTap XOTOX
P XOPOOJOJBIH TajljjaraaHaac IIajNTraajaH HX
XOMIKIIHHAU a3P030J1 YYCATTIH X0JI000TOH.

A3p030IIbIH ONTUK 3y3aaHbl yTra 4-p capa ux
IYHTOH Oaiiraa Hb X3T XyypaWmiTaac YYIRH HX
X3MXKIOHUH  TOOCKMAT YYCIITTIA  XO0J00O0TOM
OaiiHa.

AHTCTPOMBIH 3KCIIOHEHT MapaMEeTpUiH XYBbJ
OBOJII0O XapbLAHIyldl ©HIep YyTIrarai, XaBpblH
yIvpan eBeNTIH Xapbellyylaxan 2 maxuH Oara
Oaifraa Hb XaBap TOM X3MXKI3CT a’PO30JIHUIH
X3MIKID 3PC UXICIITHIT Xapyyik OaifHa.

[1] T. Takamura, P. Khatri, B. J. Sohn, N.
Tugjsuren, B. Thana, M. Campanelli and G.
Padithurai, “Aerosol optical properties and
aerosol direct effect over typical sites of
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Impact at a Gobi Desert of Northwest China
during the Spring of 2012”, Journal of the
Meteorological Society of Japan, 92A, 33,
(2014).

[3] N. Tugjsuren and Ts. Baatarchuluun,
“Aerosol optical properties over Ulaanbaatar
and Mandalgovi, Mongolia”, The 2014
International Workshop on SKYNET and
Asian Lidar Network, (2014).

[4] Gregory L. Schuster, Oleg Dubovik and Brent
N. Holben “Angstrom exponent and bimodal
aerosol size”, Journal of geophysical research,
vol.111,D07207, doi:10.1029/2005JD006328,
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Since the discovery of chalcogenide semiconductors in 1955 at loffe Institute, it had passed half a
century. During this time the unique properties of chalcogenide semiconductors were extensively
studied, which had found many technical applications. In the past decades has seen an explosion of
new interest to the chalcogenide semiconductors, due to their use as media for optical and electrical
recording information based on “glass-crystal” phase transition. The properties of a high-resistance
state (“OFF” state) and low-resistance state (“ON” state), which is resulting from the switching effect,
i.e. phase change and nonlinearity of the current-voltage characteristics are studied intensively in
recent year. In this research work, we studied the properties of phase change in chalcongenide
semiconductors. Calculations was made by using Matlab.

PACS numbers: 74.70.Xa, 61.43.Dq, 47.20.Hw, 83.10.Tv.

I.  INTRODUCTION

Since the discovery of  chalcogenide
semiconductors in 1955 at loffe Institute, it had
passed half a century. During this time the unique
properties of chalcogenide semiconductors were
extensively studied, which had found many
technical applications. In the past decades has seen
an explosion of new interest to the chalcogenide
semiconductors, due to their use as media for
optical and electrical recording information based
on “glass-crystal” phase transition. Several firms
such as Intel, Samsung and others are working on
flash memory devices based on phase-change
memory (PCM) cells, which is a promising device
for nonvolatile technology. The properties of a
high-resistance state (“OFF” state) and low-
resistance state, which is resulting from the
switching effect, i.e. phase change and nonlinearity
of the current-voltage characteristics are studied
intensively in recent year. In this research work, we
studied the properties of phase change in
chalcongenide semiconductors.

II. ELECTRONIC-THERMAL

BREAKDOWN

Thermal breakdown or thermal instability is the
explosive increase in current and temperature of
the sample, which occurs to the exponential
dependence of conductivity on temperature. In this
case electrons, receiving energy from the electric
field, give it to the atomic lattice. Heating the
lattice increases the concentration of electrons. The
breakdown that occurs in the presence of an
explicit dependence of the conductivity on the
voltage of electric field is called “electronic-
thermal breakdown”. It is known, that in
semiconductors with  conductivity of form

*Electronic address: batpurev@num.edu.mn
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_AE
oc=0,
breakdown be than:

heat can’t

2

AT =T-T, ~ Klg
AE

more

for AE >> kT,

where T, is ambient temperature and AE is the

activation energy of conduction. Thus maximum
increase in conductivity, associated with Joule
mechanism, can’t be greater than:

o(T) ~exp(l) =3
o(Ty)

But in subsequent studies show, that the increase
in conductivity due to nonlinearity reaches the
greater value. This implies, that nonlinearity
observed in fields F<F,

can’t be explained not only by the Joule
mechanism.

It was shown, that the dependence of
conductivity on the field with good accuracy
obeys:

o~e'
For ComPOSition SizTesAS33GesGag
conductivity was presented as:
_AE, V.
o =0,e KTy Vo

The most significant conclusion made in these
studies can be considered as the assumption of an
existence of phase-change “semiconductor-metal”,
which occurs at temperature, close to the
temperature T,, at which linear dependence of

VoonT, approaches to zero.

0

Also decreases linearly the value of Vg with
increasing To. Extrapolation to zero the dependence
Vin(To) gives the value of temperature, up to tens of
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degrees, which matches with the values of T,. The
temperature T, is called “temperature of switch”.
The most probable view of explicit dependence
of conductivity on the field is:
F
o =0,e Fo
Namely this dependence for single thin films and
volumetric samples, taking into account the
presence of a phase transition from the
conductivity of

FO *
0T -T
T T -7

at the temperature T is the most consistent with
some experimental facts:
_F
F T
F(l—i)

BT

o ~¢€
I11. MODELS FOR ELECTRONIC-
THERMAL BREAKDOWN

Thermal breakdown in a sample plate with a
thickness of L occurs in the “weak” place with a
few more conductive than the rest of the material,
and having a kind of thin filaments, with cross
sectional g. Neglecting the release of heat in the
material out of the thread, we form the heat balance
equation, that determines the temperature of
thread:

_AE
gLo,F% T = AL(T -T,)
on the left the total power Q, which distinguishes
the entire volume of the thread gL and on the right
is the term describing the heat Q,. Since the thread
with a small cross section, the heat occurs
throughout the length of the sample L and the A is a
heat transfer coefficient. Let’s expand in Taylor’s
series around the Ty:
T=T,+AT
AE | AEAT

KTy kT

o =0,

For thin films, the heat balance equation would
look like:
AE

gLo,F% ¥ = AL(T-T,) @

Q Q(F=F=F)

3 Q;(F<Fy)

Figure 1: Heat Balance Equation

points 1°, 2’, 3° are representing solutions of

equation (1) in the case, where F< Fth and the
conductivity is a type

When temperature was expanded near T, just
like T=T,+AT, the heat Q with increasing the

temperature T, increases without limit, and the
equation (1) has a only two roots, corresponding to
1,2,

Thus, for small values of F the equation (1) has
only two solutions 1°, 2° which are towards each
other with increasing F and the temperature T’
(point 1°) corresponds to a slight heating in a fields
smaller than the threshold value. The value of the
field, when the solutions 1’ and 2’ merges, denote
by Fi. Let’s find this value.

IV. CALCULATION AND MODELING

A. General Case

Mathematically, the merge of the two roots of the
equation (1) is a equality of derivation by
temperature from the left and right sides of the

equation.
N
gLF?%o, KTZ® Ko K& — 2L
0
AE AEAT

GLF%oe ™ K = AL(T -T,)
and therefore

KT?

T, =T, +AT, =T, +A—E
AE 1
B AKTY 2T, 2

"V LoAE

we obtain the roots of the systems of equation.

The meaning of Ty, is the maximum temperature
of the high-resistance state.

In further calculation, we will take

AE =0.8-10"°J and
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kT?

T, =T, +—2 =316K
N

For convenience, let’s make equation (1)
dimensionless:

AE
Lo, k —» o
—F%ce " =(T-T,
7 AET O =(T - )
we introduce dimensionless values of fleld f, and

use:

90, k o
A AE
-7
f=42.10 F
instead of F.
Do the same for the T, and use dimensionless t
instead of T:

kT
t=—and t=175-10"T.
AE

Let’s rewrite the equation (1) in this form:
1

fle t =t—t,.
and find the roots, through graphical method to the
point where the curve will intersect with the line.
The scientist of the time, considered the thermal
break, as a harmful effect, since in those days it
was always about the electrical strength of
insulating materials. The situation changed after
the discovery of the switching effect in
chalcogenide semiconductors.
There was done theoretical works from the point
of view of its beneficial use. In contrast to the
breakdown of insulation materials, breakdown in
halcogenide semiconductors was reversible under
certain condition, i.e. halcogenide thin film can
withstand a large number of switches, each time
restoring their properties, which is important for
technical applications.

B. S-Shaped Current-Voltage Characteristics

of the Halcogenide Semiconductor.

An importance reason for the disappearance of S-
shaped current-voltage characteristics was pointed
out in a 1966 by Chirkin L.K., Lototskii B.Yu. [2].

According them:

AE

qLF 2006 iz —/1L(T12 )

AE
AE
QLF %20, —-e M = AL
KT
)
Expanding near temperature T,, we get:

AT, ~T)2E _ a1

12

And this leads as to a quadratic equation for
temperature:

AE AET
T1.22 _TTLZ +TO =0
The solutions are:
2
T12=A—E(li 4kT) T+kT°
' 2k AE AE

(at condition AE _ , ). Inour case T, is a Ty,
kT,
Let’s find a differential conductivity. We can
write a current by the product of conductivity and

voltage.
AE

| =oF =Foe ¥
then the differential conductivity is a first order
differential from current by voltage. By
substituting above expression, gives:

di e ~= AE dT

= Oy =08 T +Foe T ———

dF differ 0 0 k-I-Z dF

Let’s consider an implicit function ®(T(F), F):
AE

O(T(F),F)=qLF2c,e  —AL(T(F)-T,)=0

AE
do =qgLF?c, AEZ ~AL=0
a7 *KkT
AE
z—f:ZqLFaoe kr
From this we get a differential form of
conductivity
AE
AE _AE *E
Gduqbdz:dTI:_UOe T 4 Fo,e kT AEZ ZqLFfE-OeAE
qLon'oe kT W—ZL
AE AE
AE
~QLF’c%e 7 —Jloe T
q O'o kT2 Oy

AE, AE
qLF oy ep(— =) oz
From the expressmn of differential conductivity,
we can we see current-voltage characteristics has
two vertical sections, at value of the field F,=F,
and F,. For these values of field o, =oo, and in

the interval between F, and F,, for one value of

field correspond three value of current. In other

words at the values of F; and F, the differential

conductivity goes to infinity, and between them

three values of current is located. Thus we can

assume, that current-voltage characteristics has a
S-shape.
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T

T2

F2=Fm U
Figure 2: Current-Voltage Characteristics

C. Explicit Form of Conductivity

But later it turned out, that some of the features
of the electrical transmission can be explained, if
we take into account in the calculation of the

explicit dependence of the conductivity in the form
F

e ™. Thus conductivity in the case of electronic-
thermal breakdown has a form:

o =0,€ , Where F=aT (a=const)
Experimentally, in some range of temperature
and voltage we can write the explicit form of
conductivity:
_AE_F
R
O =0,€ °
This can lead us to apparently phase change. In
the exponent, two terms
AE F
"kt

- -0
T
Fo(l——
o TS)

are a cancelling each other and we get the
constant conductivity o =o,, as in metal. This

phase change is meant not on the structure of
semiconductors, but the conductivity, which
depends on temperature and voltage is constant and
we consider impact of such a phase transition to
the electronic-thermal instability.

And so we have the equation, which changes:

AE F
s
gLF%c,e B =q(T-T,) 3)
To make the equation above dimensionless, let’s
make substitution as before:

I_UokF for field, and t:k—T for
AAE AE

temperature and we get the dimensionless form of
the equation (3):

f:

1 F

_7+7
f2e t aTs(TS—T) :t—to

so therefore:
F fF, f

T. t. t
a(l_Tt) a(l—E) fO(l_E)

LAE
Where f, = aJW, a=6-10°V/m, and t is a

dimensionless temperature, f is a dimensionless
field.

Considering this, we get:

1 f
=+

t t
fo(l—
of t )

f% =t-t, (4)

V. RESULTS OF CALCULATION

A. Dependence of Heat from the Thickness
of Sample
Let’s solve the equation (4) graphically. We take
three values of T, T,=1000K, 500K, 400K. For
each value of T, vary the f, until the straight line

t —t, will be tangent to curve:

t
bof-)
f%e s
The intersection point Fy, Ty is a switching

temperature and field. The thickness of sample
depends from f parameter as below:

%
a’AE

Temperature, K

Ts - infinity

Ts=1000K

Ts=500 K

Ts=400K

Wy

anzeef

I
Lenght, mkm

Figure 3. Dependence of heat AT, required for electronic-
thermal switch, at different values of Ty

As can be seen from the Figure 3, for T;=1000 K,
dependence of heating temperature AT, from
thickness of sample is weaker. This weak
dependence due to the fact that the phase change
transition temperature is far from the phase change.
With a decrease of T to room temperature,
dependence is increasing.
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As a result, accounting phase change
semiconductor-metal transition occurring in a
strong electric field, reduces this heating AT,
required for electronic-thermal switch.

This reduction is expressed more strongly, if the
thickness of sample is smaller. This means that the
electron thermal switch in thin films, in a strong
electric field occurs at much lower temperature
than the bulk samples

B. Conclusion

The main goal achieved in this work is the fact,
that inclusion of the phase change semiconductor-

metal transition, occurring in a strong electric field
reduces that heating is required for electronic —
thermal switch. This reduction is expressed more
strongly, if the thickness of sample is smaller. This
calculation takes into account, that conductivity

.
has a nonlinearity form of & ~e®, and effect of
this nonlinearity on the characteristics of electron
thermal instability.
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b. Ypanunmar*, H. Hopos

Momneon yncvin ux cypeyyas, Llomutin ¢pusuxuiin cyoanreaanvt mos

OHIXYY eryymwmap YiaanbGaatap XoThiH 120 X, 1391 OONOH epeHXHH GOJIOBCPOIBIH CYpryyib
0OJIOH IPIPPIBTUitH 367 Oaiipnang paxoHBl 33IIXYYHHH WBXur PAJ]7 Oaraxkaap XIMXKHK,
pazoHOOC aBax HanparuifH 3p(exTHB TYHT TOXOPXOMIDK, MOHTOJ YIICHH 30BIIOOPOTIOX XIMKIITIH
XapbllyyJlaH, X3MKHITHHT erer[yyyJuHT aIluriaH MaTeMaTHK CTATUCTUKHHH apraap TYTITUHH

GyHKIWIAT Galryysiaa.

TYIXYYp YI': paioH,TOPOH, aKTHHOH, PaJOHBI 93I3XYYHUH HA3BX, 3P (EKTHB TyH

. YAUPTT AJI

MaHnaii OpHBI XyBbJl L[aXWITaaH CTaHIl, YypPbIH
3YyXHbl LaUpar HIPBX HUXT3A Xasrgal YHCUUT
almuriaX YHCOH OJIOK  VHIABIPIAX, XaHBIH
MaTepuajl aluriax, OaWIIMHIUHH Jyjaanraj
IIyyJ amuriax 33p3r ceper Y33ruiyyn Oaipar.
OH3 Hb X3IUHA X3MXKISHUHM Laupar UIPBXT3UA YHC
ammriax Oaliraaraac MIANTraabK — YHAIIBIPINK
Oaiiraa 3apuM OapwirblH MaTepuall IalparduiiH
aloynryd  OalUIbIH  [mIaapjuiara  XaHTaxryd
TOXUOJAONI TAHJA KWK, aMbIapd, Cypaax
Oaifraa XYMYYCHIH 3pYYJl M3HIDI COper Heyee
Y3YYJIOXUUT YTYHCI3X apraryu.

Pagon HBL ypaHBl mHaIpar WABXT 3aJpaliblH
Oy paauiiH 3ampanaap YYCIAT Haipar WAIBXTIH
WHEPTUHH xud oM. bairanuiln nanparuiin
JIPBCTIP TYBILIHUHM 3X YYCBIpuUilH 55%-uiir pamoH
X Oereen TyyHuit 69.3%-uiir  Oapuira
Oaifryymamx naxe pamnos, 18.5%-wiir 1ooHOTHITH
YCHBI pajioH, 9.2%-uiir rajgHax araap Jaxb pajioH,
2,5%-niir GapuirbiH MaTepuanbiH pajnoH, 0.5%-
WHT XYH aMblH X3PATI3 YHIHBI YCHBI PaJIOH TYC
TyC 333K Oaiina [1]. Pamon Hb xepcHeec, raaHa
araap, TYYHWIDH OapWrblH MaTepuaj, IIyram
XOOJIONH yC, YHIHBI yC 33pIr3dp OpOH OaiipaHbl
araapT xypumriarggar Oaiina [2,3].  Pamonbl
XUIrI3p aMbCrajcaH TOXUOJAON PalOHBl OOIMHO
HacTail 3aapaiblH OYTI3IVIDXYYHHHA HOHXKYYJIax
anpa 0eeM YyImTHHBI 3] 3CTIH XapuillaH
YHIWIGH XaBaap Yycrax, Ilaanuiaaj aibha 0eem
TeHeTUKUMH 53c37 TaMTan  yupyymwk JHK-uitn
TYBIIUHI HOJee yycra»k Oommor [1;3]. Pamoms
araap Jaxp aryyira HaMmpblH CYYJ433C OBIUNT
IyyCcTal XaMIMHH WX, XaBpPbIH CYY/IY33C 3YHBIT
IyycTaq XaMruiiH Oara, IIeHe, erjee, Yypadp
XaMTUHH OHNIep, Xarac yA3] XaMruiiH Oara Oaiijar
[1-5].

VYnaanGaarap XOTBIH XYH aMblH JUHIDHX
XYBHHT 333JI3T Cypryyib, IRIPPITHHH
HACHBIXHBI CYpIyyJib, LDIPPJIATHHH OapHIrbiH
OpoH OalipHBI araap aaxb pPaJOHBI 33JIIXYYHHMA
UIPBXUAH XOMXKIIT CYAQDK, YHIDCHUH OOJOH
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OJIOH YIICHIH 30BIIOOPOTIOX XIMIKIITIHN
XaphIlyyJiax, MeH paJ0HOOC aBY Oaiiraa rarparuiia
TYHT YHYJDK, XOM)KHITHAT OTeTUTYYAUNT allnuTiiaH
MaTeMaTUK CTaTUCTUKUNH apraap TYTDATUHH
(GyHKIMIT 6alTyyIaxbIT 30pbCOH.

JIpnxuiid 3pyys1 MoHauiH Oaitryysmara (World
Health Organization)-aac rapracan opoH OaipHbI
araapblH PaJIOHbI Cyaairaaraap HaCaH, Xypardisac
WIYY I[PIPPIBI, CYpryyidiiH HACHBIXaH, MOH
TAMXH TaTAar XyMYYC33C WIYYTIH  TaMxu
TaTAAITYd XyMyyc WIYY epTaer OOJOXbIT
TOrTOOCOH Oatina [1].

1. OHOJIBIH X2C3Ar

XV-XVI 3yyHsl yem xap TyrajiraHbl XyId3p
onbopiox yexn ABCTpUHH yypxalumj Hyymjar
“VyIblH 6BUMH —00p YX3X Hb HX OaiiB. 1879 oHn
Xaptuar Oa Xecce Hap OHY YypXaluyablH
MAIPTOKIUIHH ©BWION Hb YYINIUTHB pak Oaibx
0ojox Tyxal Owumwk Oaite. 1987 onooc Pak
eBuHnii cymanraansl Osnon Yiacein Tes (CIRC,
JluoH, ®paHi) XYMYYCT YYUITHHBI pPaK Yycrard
PaZoOHBI 3apajIbiH OYTIITIPXYYHYYIHHT
aHrwnKdd. 1994 oun Pak OBunenuiin YHADCHUU
Ho3n  Cypryynes razap poopx yypxahH 11
QKWIYIBIT  XaMpyyJicaH CyJanraa IIHHXWIT)
AByyJiaB. OH? IIUHXXWUII? Hb 65 MsHraac Wiyy
QXKITYJIBIH OTer/I6JT 3P YHAICIICOH O0a 2620 xyH
VYIITHHBL pakaap ©BYMICOH TOXHUOJION Tapydd.
3apuM y3YYIATYYA3p PaJOH Hb XYYXID] HacaH[
XYpPIardidsc  HWIyy MPAPAIMTTUI  Oaiiraar
xapyyimkan [3;4].

Panon (*’Rn) Hb eHre, yHAp, aMTIYH, maupar
WJ3BXT, araapaac 7.5 MaxuH XYHJ Xl Oaimanrtai,
anba Oeem manapyyiagar 0a pagoHbl OYyJIUHH
mampar HIPBXTIM K HIPIDIIPX X3  X3I9H
naupar WI3BXTAU HATUIMAT  yycrsgar. Panonsl
Oaiiranuifn 3 marpar MIPBXT HM30TOm Oafimar [2].
YyHa:

e Pamon **’Rn (Rn), Ty=3.82 xoHOT
e Topou 22Rn (Tn), Typ=55.6¢
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e Axtunon °Rn ( An), Tip=3.96 ¢ Dum:
Ty, — xarac 3aJipajibiH ye

Oyprrager.  JlerekTop — LAXWiIraaH  COPOH30H
OpPOHTOI 06ree 3epar LPHITTIH 06OMUNT 6106k

Panonbl 3aIpaNIbIH OOTHUHO HacT  erjer. DHd Hb sMap u3oTomn (mojgoHu-218, monoHu-
35 anep 3 MuHyT 27 MutsyT 20 My
gsRn??? ——* ..pp 218 a—l" :2Pbhild —* .. B4 I}—P gsPoll4
v
3ypar 1. PagoHsl 3apaiisiH Oy TI9TI3XYYHYY X
OYTI3IIXYYHYYA (218P0,214Pb,214Bi,212Pb,21zBi, 214 X MOT)-BIH Hanpar 00JIOX TYYHWISH MYy

21pp, 21 Bj)-pit 3ampaisir 1-p 3ypart xapyyias.

VYpaHbl XOIBLUTONW YyidyyJar, XepceH ] paJoHBbI
aryynra ux OaifHa. bailrammitH xui, yc, ragHax
araap, OapwirelH Marepuan, Oapwira J00pX
xepceH]| Oalmar 0a pajoH Hb XaHa, IIaj, ycaH
XaHTaM)KHI{H CHCTEM, XOJOONTHIH XOOJIOHHYyyaaap
JaM)KHH, OpOH OaiipaHn HIBTIpY opaor. OpoH
OalipHbl araap Aaxb PajoOHBl A3IIXYYHUH HIIBX
raJHax araap Aaxb X3M)KI9HI3C OyHIXKaap 8 JaxuH
ux Oaiinar.

PagoHbl XWHr?3p ambCrajica TOXHOJIOJA
paznoHbl 6oruHo HacTai 3apaiblH
OYTOrdXYYHYYA aib(da I[amnparuiir rapracHaap
YYIITUHBL 3 3CT3YA XapWILaH YWIWISH ©B4Ied,
xaBmap yycrdx Oa maamuraan JAHK-m ramTan
yupyyazar. PagoHbl Xui, TaMxu Tarax Xoép
39PArIPX33p YYLWITHHI Mall HOUTOW aryn Oyloy
XOpT XaBmap yycramor. JpnxuitH sH3 OypuitH
HyTar JI3BCTIPT OpOH OalpHBI araap Iaxb pPajoOHBI
AyHIOK 93mXyyHmid wmex  11-140Bk/Mm°  6a
Eppon, xoilnx  AMEpUKT paJoHbl  AyHOAX
331meXyyHUil uaesx 10-50 BK/MB, CKaHINHOBHITH
xoitruitn opryyaax 20000 Bx/m*—1 xypmor Gaiina
[1-4; 14]. Araap naxp paJoOHBI 33IIXYYHHI
UJPBXUIH X3MK33 XaMruiiH ux yncyya: Kazakcran
-5000 Br/m*; Comonroc- 1350 br/m*; Upan — 3070
Bx/M*; BHXAY-380 Br/m® mmpcsn Gaitna. OnoH
yJIC OpOHA OpoH OalpHBl araapT pajOHbI
36BIIOOPOrIOX XAMKT Tortooxk (150-400 Br/m’)
cranmaprunican Oaiimar [1]. MaHnait OpHBI XyBb]
MOH OpOH OalpHBl paJOHbl 3OBILEEPOraAeX
xoMkddr  xyyuu (<200 Bx/m®) Gomon mmmH> (
<100 Bx/mM’) GapwirblH  XyBBA  TOTFTOOCOH
cTaHmapThIr Mepaer [7].

I11. CYIAJITAAHBI APT A, APT'A 3YH

Cynanraang AMepukuiiH HAracaH yncan 2009
oHI yinaedpmacsH, -40-+60°C  temmepartypt
@XWUIagar, HAIT MUHYTaHn | JUTp araap COpiK,
YHIHBI yC, aXJBIH OOJIOH OpOH OaiipHBI araap,
XOPCHUI XHIiH 13X pagoH 00j0H TopoHsl 4-40000
BK/M333J13XYYHI/H71 UJIPBXUNUT TOJIOPXOUIIOX I[AXUYpP
netektop Oyxwit 3eeBpuitH  PAJI7 Oaraxuiir
ammrias. Uaxuypr nerekrop Hp 0-10 Mb>B
SHEPTUHH Myxu] anbda OeeMHIH SHEPrUAT

IIMHY YYCCOH PAJIOHBIT XyYYUH PaJIOH, TOPOHOOC
SUTTK JTOXHO eraer. “Rn He ambda 3a1pamt opx
separ mPHArDH  2°PO MOH 6OmK  XyBHpJAr.
IMaxunraan OpHOOpP B5HD 3EPAr IPHAITINA HOHBIT
YAWpAAaH AETEKTOPT OYpTraJIoT. 2P0 mw3oTOMEIH
xarac 3aapan ye Oorumuo (3.1 MuHYT) yupaac
JICTCKTOPBIH rajapra A33p TyccaH ajb(a OeeMuiiH
OYpTraK, anb(da OeemuitH SHEPTUTIN
NPOMOPLUUOHANIAAp LAXWITaaH COPOH30H JIOJITHOH
OOJITOH XyBUpTraar.

PAJI7 3eBxeH ?8Po-piiH  OXHMOr  AIIMIIAH
pPalloOHbl  33JIDXYYHUH HIPBXUWT  TOIOPXOMIIOX
Oereen xarac 3agpajblH Y€ YpTTail pagoHBI
3aJpaiblH Japaa AapaaruiiH OyTIsrAdXyYHYYAUHT
Oyprraxryil. OpoH OaipHBI TOB XJCOTT, IIATHAAC
I 75-120 oM, noHX, XaHa, 3aarai3yyx, xaaiara
0O0JIOH HapHBI HIyy[I Tycrajaac aib OO0JIOX XOI
Oaiiyiran XaMxuH? [6].

1IV. CYJAJI'AAHBI YP IYH

Cynmanraang HUHT 6 ayypruiia 120 cypryyss,
PIPPIBrUH 367  Gaiipnan (XHUYIIIHIH —aHTH,
TAHXUM, T[OJ[Bajlb, LIATHBl XOHJHIi)-1 pPaJOHBI
XOMXKWIT XUUB. DBapuirblH HaCKWITUHH XYBb/JL
1960-1980-aanx oHBI OapwiTyy] JUAIIHX XYBHHT
3332JIC3H.

XycCHaIrT 1: XOMKUITI], XamparzicaH
HUMCIDIMIH  Cypryyib, IRIPPISTUHH O0I0H
X3M>KUITUIH TOO

5 XMk Crangapt-c
Huiit N X3TIPCOH
Hdyypar JITUIH N
CYpryyib 00 X3MKWITUHH
TOO
éaH'yyH L |17 47 24
ot s
B;fm Xp 28 90 30
BaﬂHrYi 20 66 20
i o 16 56 20
N OHI'MHOXa 21 60 26
WpxaH
Huiir 120 376 134

I. OPOH BAMPHBI ATAAP JAXb
PAJIOHOOC ABAX D®®EKTHUB
TYHI'AHAH YA JTAJT:
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OpoH GaiipHBI araap Aaxb paJoHbI I3IIXYYHUHA
HAIPBX33C d()PEKTUB TYHT YHIIIXWUUH TYJJ araap
Jaxb PaJOHbl J3I3XYYHUM UABXUWI TYyHTUWH
yagang —IOWDKYYJIdX — KodpduuueHt, pagoHbI
3afpanblH  OYTI3IAIXYYHHH XOOPOHIOX Lampar
WIPBXUWH TOHIBIPUHH KOd(h(UIMEHT, TyXaiH
Oaifpani XYYMYYCHIiH Oalpiiax Xxyrarjaa 33pTUir
aBa y3ud. 2000 oust UNSCEAR Taitnann pamgoust
33JI3XYYHUI UIIBXUIT TYHTUWH qaaanj
moKyymx  kodddumumentuiir br/m® 6ypr 9.0
M3B/uar Gaiixaap YHA/I2H, opoH Gaiip maxe “°Rn
mampar MI3BXUIH TOHUBIpUHH K03 dumment 0.4,
CYpryyJib JOTOp Cypard, OIOYTHBI 0aliX XyramaaHbl
koddpumment 0.3 K y3BAI,  CYpTyydb,
LPIPPISTHHH TyXalH OalpIIiiag cypard OIYTHBI
xwin aax odddexktuB TyH (Hg)-r mapaax
TOMBEOTOOP TOOLIOONHO [3;9]:

H = Cg, *FxTxD (1)

e
222 o 3
Crn— “““Rn —b1 33113XYYHUH HIPBX, BK/M

F — Araap naxp 22 Rn-b1 nanpar HIdBXUNH
TOHIBIPUAH KodPPunuent- 0.4

T — Cypryyab J0TOp Cypard, OHOYTHBI Oaix
xyraraa (0.3- 24 nar- 365.25 = 2630 mar/xun),

D- TyHruiin qaaai LIMJDKYYIIRX
koaddumment-1 Br/m® 6yp 19X 33I9XYYHHUIT HIIBX
b 9.0+ 10 M3B/1ar TyHI XapransaHa.

Cynanraaraap araap 1axb paJoHbl 93JI9XYYHUH
UIPBX XaMrunH ux 550 Br/M® Oaifxam TyxalH
OaifpaH XUUIAIM CyyXK Oaiiraa cyparduiiH >KHII
aBax 3¢ dektuB TyH 5.2 M3B (XycHOrT 1) GOIHO.

XycHarT 2: PaioHBI 9379XYYHUH HIIBXI3C KU
aBax mamnparuiiH 3pQeKkTHB TYHI TOOIOOJICOH
AYH

I. MOHIOJI YJICBIH YHAICHU

Panonsr D¢ dexrn | Pagonsr O¢ddexrn
33I9XYYHUI B TYH, 33J9XYYHUI B TYH,
HJIIBX, Br/m® | M3B UJIPBX, Br/m® | M3B

50 0.47 170 1.61

80 0.76 190 1.80

100 0.95 200 1.89

120 1.14 400 3.79

150 1.42 550 5.21

CTAHJIAPT (MNS 5627:2006)-TAM
XAPBIYYJICAH JIYH:

Cynanraansl yp AYHI MaTeMaTHK CTaTHCTHUK
AHAIU3 XUUX 30pWITOTOW XAMXKWITHHH yTraap

OaifryyyicaH THCTOTPaMMEIT 4-p 3yparT xapyyJjas.
Xomxuntuitn  too:  N=367, 120 cypryyis,
LPIRPIAT, apudMeTHK AyHaax 138 Br/m®, reoMeTp
nyHnax 99 EK/M3, xamruiiH ux yrra 1052 Br/M®,
xamruitn Gara yrra 34 bir/m°, wmemman 86
Bx/m6aiina.
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3ypar 2: XoMKWITIIp XHMHCOH IYHT MoOHroxa
yaceiH yHmcHu crangapt (MNS 5627:2006)
Tail XapplyyJlaH y3YYJIIB.
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3ypar 3: 1940-eex oux Oapuracan 6apuiarer 80
HacTai rax y3Ho.
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b. Ypanuumoe..., Yaaan6aamap Xomein 3apum Cypayyas, Lpyspaseuiin batipuor Aeaap Jaxs...

BapumireiH Too

21
15
13
28
23
2 15
3
10 20 30 4 50 60 70 80
Hacs#mnT, #Hn
3ypar 4. PagoHsl 33IBXYYHHE ~HIOIBXUIH

©OpWISJITUITH TUCTOTPaM

1. IYTHDJT

1. Hwifcmmuitn 6 nyypruiiH 5 BX 931, Cypryyib,

63

epeHXHuil  OOJIOBCPOIBIH

Cypryynp, 52

IPIPPIBruiH  HUAT 120 GaliryyiiarblH  OpoH
OaiipeIr XxaMpyyJicaH 6a HAT Cypryyiib, IRIIPIATT
IyHIDKaap 2-4 epee, TacanraaHya Oyroy HUUT 367
PafOHBI X3MKUIT XUKII).

Xomxuntuitn ayHrsce xapaxax 200 Br/m*-3¢

JIPOII XOMIKIITIH 62 TOXHOIOJI, TOOII XOMKIITIH
305 Toxupuo, xapun 200-400 Bx/m® xooporzox
ytra 49 Toxuomon Tyc Tyc OaifHa.

. Cynanraassl
PalloHEBI

IOYHTI3C Y3B3JI Manpar MIdBXT
aryynmamxk 367 Oaiipmann MY-bH

. Ux  moon

YHIDCHUH CTaHZApT X3MJKIBHIIC OHAep Oyroy
202-1600 Bx/M° XoMk33T3il  MIBPCOIH  GaitHa.
Yyuao 5 ux mgooa, 28 epeHxuil OOJOBCPOIIBIH
Cypryyip, 24 IDPIPPISTHAH TOABaib, 1-p
JaBXpbIH XWY9JIMHH AaHIM TaHXUM, IIATHEI
XOH/IMI Xamaap4 OaifHa.

0ooH  epeHXUH  OOJIOBCPOJIBIH
CYpryyJib, IPLPPITUAH OapuIrblH HACKHUITHIH
xyranaar 1940-2010 o xypTden apaB, apBaH
JKUIIP2P JKWI3p Hb rapranaa. Cypanraanp
COHTrocoH HUUT OapwnrbiH 13 xyBp HB 2007
OHOOC XOWIN OyI0y 9 kunuiiH HacTall, 17 XyBb Hb
20-30 xunuit Hactal, 68 xyBb Hb 40-60 xui,
2 xyBb Hb 80 aac mPAMI KWIUHH HACKHUITTA
Oapwura XxaMparscas 00JTHO.

. Huifr pamonsr 367 XoMXHUNITUHH apuMeTHK

nyagax 138 EK/MS, reoMeTp ayHaax 99 Br/MS,
xamruite ux yrra 1052 Br/m®, xamruitn Gara yTra
34 Bx/m°® GaitHa. XOMKUITHIH XaMIHilH HX yTra
#p 1052 Br/M® Gaiiraa up BHCVY-miiH opoH
OalfipHBl araap Jgaxb paAAOHBI  I3IIXYYHUI
WIPBXUiTH xamruitn ux yrra (1350 Br/m’)-rait
oiiposmoo GaifHa.

. Paponsl »3m3xyyHuil umsBxuiiH yTtra 550 Br/M®

Oaiixag cyparymblH aBax d((dEeKTHB TYyH
5.2M3B/5KUNT Hb XYH aMbIH KHJIJ 30BIIOOPOTIOX
XOMXKII-1 M3B/KMI-33C 5.2 1axud ux OOJIHO.

[1]

[2]
[3]

[4]

[5]

[6]
[7]

[8]
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20090H
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DHoxyy axnaap Taitnann yicein TPP-1/M1 cynanraanst peakropsir 1.2 MBT, 1.5 MBT, 2.0 MBT
TOTTBOPTOH YajaiTail aXwulax GalX TOXHOITYyHa] PEaKTUBHTHHH ©OpWIONTHIT CyIuiaB. DIrasp
toxuonmonn peakrusutuir 0.5 $, 1.0 $ ok COHroH aBY peakTOpbIH Yajgai, TYJIMIHHN TyHIaX
Temieparyp, peaktuBuTuitH xamaapisir EUREKA-2RR kox ammriad ToomoosioB. DHY peakTOphIH
yanan Hb uMIynscsiH ropuma 2000 MBT xypasr. PeakropsiH ronomMrooc mapargax Oaiiraa I33:KUNAT
cyranaxaj YYCdX peakTHBUTHHH xamruitH ux yrtra 1.0 $ Oaiixaxg peaktopsi uaman 18.1 MBT 6omk
OaifHa. DHY Hb UMITYJIGCHIH TOPUM/I AXXWIIIAX XaMIHUIH HX YajanTail Xapbllyynaxaa Mam Oara OaifHa.
MeH 3H3 yeq TYIIIHUNA MakCUMyM TeMIEpaTyp 394° C Gaitraa us TYYHUH Xaifnax temmeparyp (650O
C)-aac Oara 6aitna. ViiMa peakTOpBIH aKMJUIaraaHs ssMap HATH JIOTOJIAOJ YYCIXTYH IOM.

This study investigated relation between reactor power, average fuel temperature and reactivity
using EUREKA-2RR code for steady state of the TRR-1/M1 research reactor when initial power
values are 1.2 MW, 1.5 MW and 2.0 MW, reactivity values are $ 0.5 and $ 1.0 and SCRAM signal is
considered. The maximum pulsing power of TRR-1/M1 reaches 2000 MW. When the maximum
reactivity which allowed to insert to irradiation hole of TRR-1/M1 is $ 1.0, the peak power is 18.1
MW. It is relatively low compared to the maximum pulsing power. Also, the maximum fuel
temperature is 394° C, which is less than its melting temperature (650° C). In this case, any failure in

the reactor safe operation will not arise.

Tynxyyp yr: peakTHBHTH, peakTOpbIH Yajai, TyamHui tTemnepatyp, EUREKA-2RR,

. OPIINJI

Homxwuitn 71 oponp 773 cyprant, cymairaaHbl
peakTop aXWUIYYyJDK OalicHaac 07100 247 peakTop
aXWwuiax OaifHa. MaHaii yic cyprair, cyqanraaHsl
peakTopToit 601K OMHIH canbapbH
MAPI3KUATIH O3NITIdX, AMHAITHWH OHOLUIOT00,
SMYWITIHUM ~ HM30TOIl  YWIAB3PIAX, HEUTPOH
UJPBXKWIMAH IIUHXWIT XUUX 33p3rT alluriax
30pHIT TaBbxk OairiHa[1].

3ypar 1. Mopokko ynceiH TPUT'A MAPK-II
CyJlanraaHbl PEaKTOPbIH YCaH CaH

Cynanraanbl  peakTOpPBIH  3pYMM  XYYHHH
pEakTopooC sUIrarAax OHIVIOT Hb TYYHA YYCIX
JyJIaaHBbl SHEPTUr OWIl XapuH HEUTPOHBI
yperanell  amuriaxajg opmuHo. Cynanraansl
PEakTOpPBIH TOJI X3P3MNd Hb CypraiT, Cyjairaa
OOJIOH 1OMWIH OJIOH TOPIUHH  TYPIIWIT
CylajraaHj IlaapjiiaraTail HEWTPOHBI YYCTYYpP
Oonmron ammrnax sran oM. CynanraaHsl
PEaKTOPbIH JyJlaaHbl Yajgajd Hb TIrIAC (KPUTHK
sBnyyiar) 200 MBT xypran Gaiizar.
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Cynanraansl peakTOPBIH aXHJUIaraa Hb 3PYUM
XY4HUH  peakTopooc xsubap Oereen  Oara
TEMIepaTypT  axwuiagar.  TyyHd3C  rajgHa
CyJalraaHbl PeakTop OBOP XAOMKI)3 Oara yupaac ux
I3 cypryynuynan — jabopatopu  Oaifmimaap
ammriiax Hbp TYr?9Mda Oaiimar. MeH wmam Oara
XOMKIOHHN TYIII XOPATIDIAT ydypaac alluriiacan
TYJNIIHWA ~— Xasrjag Mam  Oara. OMHe  Hb
CyJairaaHbl peaKkTOpT TYJII OOJNTOH eHIep
OaspKUITTal ypaH amuriagar oaiican 00 CyyJauiH
yen 20% xypraon Oara OaskunTTail  ypas
X3PATIRIAT 00K OaifHa.

Cynanraanbl peakTop A33p Tapax HEHUTPOHBIT
alIUriaH MaTepUalIblH CyJdaraa, yia 3BI3X COPUIL,
HEUTPOH  WDPBXKWIMUH — IIUHKWITD  XHMX,
SMHIJITMHH OOJIOH aX YWIABIPUHH 30pUIT00P
X3PAMNdX  [aupar HUI3BXT H30TON  YHIABIPIAX,
TPAaHCMYTALMIH apraap IB3p Xarac AaMKyyJard
YHIABIPIAX, TOENBIH YyJyyHbl OHTHMUI €©6pwIex

39p3r  aMmbApala  e4ep TyTaM  X3PAridradx
3YHICHHAT YHIIBIpI»K OaitHa. TyyH?3C TamHa
LalparuiiH ~ xamraajajur, awyiaryid  Oaimai,

PeaKTOpBIH YHI aXwijiaraar yaupaax 33porT
OIOYTaH CypaJlardjbll JaUIarakXyyDK [OMUIH
TEXHOJIOTHAT Tepen OypuitH canbapT armmriax
OOJIOMXKHHT OYPAYYJIdX dyXall ad XOJOOTHOITOU
om[2,3].

1. CYJAJITAAHBI 30PUJIT'O
TPP-1/M1 cynanraansl peakTOPbIH XyBbJ ITYY[
YHTpaXx  CHCTEM  Hb  XOE€p  TOXHOJIONI

axmnanar[4]. Yysm:
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1. Peakropeir xypman 3orcoox daman (SCRAM)
2.2 MBrT-aac XdTp3XdI YAMpAJArblH caBaar
TOJIOMTOJ IITyyJT OPYYJIK, PAaCKTOPBIT YHTpaaHa.

2. TynmHuMiA Temmeparyp 600° C-99¢ ux 60mOX0x
YIUPJUIATBIH  CcaBaar OpYYJDK, peakTop IIyyn

YHTapHa.
DHoXyy cyaamraadnel  axwin — 1RR-1/M1
PEaKTOphHIH PEaKTHBUTHITH aHaJIN3BIT

TYHLPTIOXUNH Ty Aapaax 30pUiIro TaBbCaH.

e Peaktop 1.2, 1.5, 2.0 MBT uananraii
TOTTBOPTOI TOPUMOOP KHIUTAXK Oalx yen
YAMPAJIATBIH CcaBaar CyrajiaH Tapraxasn
PEeakTOpBIH Yajai, TYJIIHUN TeMIeparyp,
PEAKTUBUTUIH ©OPUJIOJITUNH aHAIN3 XUKX.
OH3 Y€l PeaKkTOphIl MIyya 30TCO0X
YaJUIbIH yTrBIT 2.2 MBT 9K COHrOH aB4
peaktuBuTHIH yTreir 0.5 $ rak aBY y39x.

e Peaktop 1.2, 1.5, 2.0 MBT uananraii
TOTTBOPTO# FOPUMOOp KHJUTAXK Oarx yen
mapjarklH  JIPYKUNT CyrallaH rapraxaj
PEaKTOPBIH Yajai, TYJIIHUN TeMIeparyp,
PEaKTUBUTHIH ©OPUJIOITUIH aHAIN3 XUUX.
OHP Yeo peakTOphIl IIyyA 30TCO0X
YaanueH yTIreIT 2.2 MBT % COHroH aB4
peakTuBUTHIH yTIBIT 1.0 $ rak aBu y39X.

111. OHOJIBIH X2CAr'

IleMuiiH peakTOpblH KHHETUKT PEaKTHUBUTHU
[T Hb LOMHHH DPEaKTOp KpPUTHUK TOIBOOCOO
Xa3zalx XazalllIThIl WIDPXUMIIAT Y3YYJIAIT IOM.
Peaktopsin XSTHAJITBIH caBaar aluriaH
PEAKTUBUTUHIT yaupjjar. PeakTopblH TOJI0MTO.
sBarjax Oaiiraa HOMUIH XyBaaraax ypBanaac yycd
Oaiiraa HEUTPOH OJIIIIPOX ¢ dexTuB
kodpumment (K,yy) Hb yycu Oaiiraa HEHTpOHBI
TOO, IIMHI3C3H OOJIOH aijaracaH HeHTPOHBI
TOOT00p TOJOPXOMIIOTIIOT.

HEATPOH YYCIX Xypa

B =
29 HEHTPOH WHHCIX XyP4 + 4154rgax xypa

XopB3 Hypg =1 00N UOMMHH THHXUH ypBaj
eepuiiree HMXHUX Oyly JapaardiiH ypBaiz
maapagararai HEUTPOHBIT XaHTaJaTTan
yHnaBapadk OaiiHa r3caH yr. Oepeep X3035
PEaKTOp KPUTHK TOJIOBT OPLIMH TOTTMOJ YajanTtai
AKWIIaHA.

PeakTuBuru:
p= Kalblb -1
Ezpd

3K TOJOPXOMIIOTI0HO.

K. =1 yen peaktuButd (0 Oaiina.
PeaktuButuitn abCOJIOT TOOH yTra Hb KPHTHK

TOJIBEOCOO X3P XOJ Oaliraar xapyynax 0a. ceper

yIra Hb PEaKkTOp YHTpax, »Jepar yIra Hb
CYTIEPKPUTHK TOJIOBTOO XYP3X MaraisaibIl 3aaHa.

PeaktuButn “momnap”, “meHT’, “XOXKHMICOH
HEUTPOHBI XyBb” TIIX MOT YHIMIDXYH Oa
XapbhLAHTYH HATKIIP XOMKHUIIPHD. Y HAIMIDXYH
HADKIIP XOMXKHUX VeI 3apuMmiaa pPEaKTUBUTHUMH
yIreiH gapaa Ak/k year xon0ox TaBpaar. DHI Hb
sSMap 9 HAMAJIT MDPJRJ aBu SBaxXryi Oereen

XOMKWITHAH ~ HAMK — amjgarmaaryd  OOJIOXBIH
eBepMeIll Wpyyaard OoynHo. XapuH 3aacaH
PEAKTHBUTHUT YHIMIIDXYH HATXKTIH  OONroHO.
3apummaa PEaKTHBHUTH TIPOTICHTOOD

WIPXUAIrIH?. JKums He p =0.002 Hb p = K,y -
1/k,4 =0.002 racan yr. Men p =0.002 Ak/k acBan p
=0.2% Ak/k acBaa p =0.2% xom03pTdi OHUMK
00mHO. XOP3B JKHUIIID Hb XOKUMJCOH HEHUTPOHBI
a¢dexktuB xyBuiiH yrra p=0.004 Gonm xapbLaHryi
mrkua  Omumracon  0.002 peakTuBATH  HB
p=0.002/0.004=0,5 B Oywy p/p =0.5 6omnHo.
3apuMaaa pEaKTHBUTH XOXXKHMJICOH HEHTPOHBI
3 (eKTUB XyBUIH MPOIEHTOOP HIIPXHAIATIIHI.
X5p3B peakTUBUTH [J-aac OJIOH IaxwH Oara 001 3HD
Hb TOXUPOMMKTOW. DWIHMIA 5H3 TOXHOJIIOJII
peaktuBuTH 50% B-Tali TOHIYY. XOMKUITHHH
K “momutap” ($) Hb B-Tall SIKBUBAIEHT, ©66POOD
xom0on1 1$=1P. bara peakTUBUTHIT XIMKUXD[
“nosmap”-bid 3yyHsl Hor 1¢=0.01$ =0.01 B 6omox
“ment” (¢)-r xaparmous[5].

NitHxXyy MaHail TOXUOJIIOJILL;

p=0.007=0.007Ak/k=0.7% Ak/k=0.7%=1.0 $

p=0.0035=0.0035Ak/k=0.35% Ak/k=0.35%=0.5
$

Xapun $=0,007 yen:
p=0,007=0,007 Ak/k=0,7% Ak/k =0,7% =1.0
p=10$=100¢

LemwuifH XyBaar/uiblH THHXKWH YpPBaJbIH JYHJ
armyH 3yypblH OOJIOH XOXKUMJICOH HEUTPOHYY.
Omit Oonmor. PeakTUBUTHII3C YYARITIH OCON Hb
36BXOH AarmuH 3YypblH HEUTPOHYYIBIH yiMaac
yyczor. PeakTopbIH 4yajnan SKCIOHEHIIHAIaap ecd,
XSHANT aijarjaHa. PeakTHBUTHUIIAC —YYARATIH
0COJI Hb MWIIMCEKYHIBIH Y33T/AJI ydpaac HATIHT
3H? TOPJIMHH OCOJ OOJIK, PEaKTOPBIH aXUIjIaraa
JIOTOJIZICOH 00JI pPeaKTOPBII TOTTBOPXKYYJIaX siMap 4
Ooomomkryil. UimMn peakTHBHTH Hb PEAKTOPBIH
TOITBOPTOM, AIOYATYH  aXWUlaraanbl  Yyxal
Y3YYIITYYAAH HOT 1oM][6].

IV. CYJAJITAAHBI APTA 3YH

Cynanraanbl peaKkTOPBIH alOYITYH OaiimIeH
YHOII29HUA  Iaapajarbll  TaBUXJaa  peakTop
KWK Oaiix yel alMBaa 3pcIdil rapaxaj, eepee
YHTpaxX XaHTAJITTall yaJaBXuTai Oailk, YPraJKIH
X3BUHH TOPUMIIOO OpXK @XKWIIaX PEAKTOPBIH

3arBapeir  OapumranHa. EUREKA-2RR  Hb
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CyJdanraaHbl PEaKTOPbIH TOJOMTOX 3EpAT, Ceper
PCaKTUBUTH YYCIIX YeI PEaKTOpPhIH aryiaryi
Oaifiany IyH NIMHXHUITY XUHX OHJOp YaJaMiKTai
koMmmbioTepuiin  kox oM. EUREKA-2RR-biH
TOOLIO0TOT Hb peaxKTopBIH KHHETHK
KOMITBIOTEPUIH KOJI XOCOJICOH IIOMUUH JyJaaHbl
OOJIOH IMIPaBIMKHITH aHaNn3al YHIICIIOT [8].

TortBoproii TenBuiiH Toonoononx EUREKA-
2RR Hb peakTOpPBIH TOJOMTBIH CHCTEMHUHH
XaMI'MH UX TEeMIIEpaTyphIl TOOLOOJOX YYPIrT3i.
EUREKA-2RR-pIH yp ZOYHA armuH 3YypblH
IyJaaHbl ypcraj, YpJIOH TYJIIHHA TeMIeparyp,
TYJNIIHUA OYPXYYIUIH TeMIeparyp, XepryypuiH
TEeMIepaTyp 33p3T OJIOH HOXIeN] TeMIIepaTypbIH
TapXalTHIl XapyyiHa. PeakTOpblH TOTrTBOPryi
yaaaelH ropuMbeid Tooroonong EUREKA-2RR Hb
XSHAITBIH CaBaar OPYyIDK Taprax, peakTUBUTH
YYCT3X 33p3T TOXMOJJOJNA Malll OJOH TepIHiH
napaMeTpYYAHIH eepwIeNTHIT Xapyysaar.

EUREKA-2RR-bIH TOOIOOJUIBIH 3arBapbir 2-p
3ypart xapyyiaB. ToOLOOJUIBIH 3arBap Hb 5
cyBartail Oaiix Oereenm cyBar Oyp Hb JyJaaHbI
XaBTraii, XepryypuiiH XaBTraii, Xou0ord, nyjaaaHsl
XaBTrailH Iyraap, XepryypuilH xaBTrailH mayraap,
xonboryuiia ayraapaac 6ypaus[4], [7].

{E——o
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3ypar 2. EUREKA-2RR-b1H TOOIOOIIBIH 3arBap

V. CYJAJITAAHBI YP IYH

1. PeakTopblH roJIOMTOOC yIMPIUTarblH CaBaar peakTWBHiH X3Mxk33 0.5 $-oop cyramax yewitn yp
ayHr 1-p xycHartan y3yymdB. 3ypar 3, 4, 5-T peakTopblH 4Yajgan OOJOH pEeaKTUBUTHHNAH
©OPWISNTHIT XyralaaHaac xaMaapyyiaH Y3YYI3B.

Xycuort 1. Peaktuutu 0.5 $ Gaiix yeuiin yp ayH

Y3yymaryyn Yp ayn

Peaktop TorrBopToii ropuma axxmwmiax yagan, MBrt | 1.2 1.5 2.0
Maxcumym gagan, MBT 2.31 2.87 3.81
MaxcumyM gagann Xypd Oaifraa xyramaa, cex 2.084 | 2.071 | 2.064
TynmHKi MaKCHMYM TeMmieparyp, “C 275 312 374
Tymmauii GypXyy MaTepHalbiH TeMieparyp, "C 135 138 150
OHepru srapant, MBT-cex 3.09 3.86 5.14




76

b.Tyyn..., TPUT'A Topauiin Cydaneaanvt Peakmopwin Peaxmusumuiin Anaauz
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Xyraraa, cex

3ypar 3. PeakTopbiH 4ajai, peakTUBHUTH, Xyranaansl xamaapan (Peaxtustu 0.5 $, TorrBopToii TeIeBT Yaaant
1.2 MBrT)

2 3.5
""""" HuiiT peakTHBHTH
----- Tymmusni Temneparyp (Jomuiepwiis 3¢ {eKT)-aac xaMaapax PeakKTHBHTHHE ©epwWIenT
= = = Vpaampyynard (Vc)-milH TeMOepaTypaac XaMaapax peaKTHBHIHIH eepwieNT 3

= « = OpyyncaH peaKTHBHTH

1 = = Scram peaKTHBHTH
— Qagan 5
b v vy Ly
e 2 &
=0 i-——--.;m o g " 5
E =
=]
: 1.5 &
~
1
-1
0.5
-2 O
2 2.6 28 3 1o W
Xyraraa, cex

3ypar 4. PeakTopbiH 4ajal, peakTHBUTH, Xyranaanbl xamaapan (Peaktustu 0.5 $, TorrBopToii TONeBT Yagan
1.5MBT)
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% ! = : = OpyyiICar PeakTHBHTH E
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Xyramaa, cex

3ypar 5. PeakTopbIH Yaial, peakTHBUTH, Xyranaanbl xamaapan (Peaktustu 0.5 $, TorrBopToii TeneBT daga
2.0MBrT)

2. PeakTOpbIH TOJIOMTOOC IHapJiiarsiH Jeoxkuir cyramad 1.0 $ peakTuBUTH Yycrax yewi#H yp AyHr 2-p
XYCHOIITIA Xapyynas. 3ypar 6, 7, 8-1 peakTopbIH yagan 00J0H PEaKTUBUTUUIH 0OPUWIONTHIT XyramaaHaac
XamaapyyJaH y3YYJI3B.

Xycuort 2. Peakrusuru 1.0$ 6aiix yeuiin yp nyu

Ysyymaryya Yp ayn
Peakrop TortBOpTO# ropuM I axxminiax dagan, MBT 1.2 1.5 2.0
Maxcumym gagan, MBT 12.7 14.6 18.1

MaxkcumyM gagann Xypd Oaifraa xyramaa, cex 2.089 | 2.082 | 2.076

Ty/nmH#i MAKCHMYM TeMmieparyp, “C 289 328 394

Tymmanit GypXyyI MaTepHaiIbiH TeMieparyp, “C 139 144 166
Ouepru strapant, MBt-cex 4.03 493 | 6.44
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Xyramaa, cex

3ypar 6. PeakTopsIH Yaiall, peakTHBUTH, Xyranaansl xamaapan (Peaktustu 1.0 $, TorrBopToii TemeBT dagai
1.2 MBr)
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-1.5 L. = = Scram peaKTHBHTH 2
= Qagan
-2 s 0
2 2.2 2.4 2.6 2.8 3 3.2 34

Xyramaa, cex

3ypar 7. PeakTopsiH uajial, peakTHBUTH, Xyranaanbl xamaapan (Peaktustu 1.0 $, TorrBopToii TONeBT Yaga
1.5MBT)
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----- Tymmusni Temneparyp (Jomuiepriis 3¢ {eKT)-aac xaMaapax peaKTHEHTHAH ©6pwWIeNT

17
— = — Voaampyynars (Vc)-uii TeMIepaTypaac XaMaapax PeakTHBHTHIH ©pIenT
1
\ = + = OpYVVicaH pPeaKkTHETH 5
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Xyratiaa, cex

3ypar 8. PeakTopsIH Yajiall, peakTHBUTH, Xyranaanbl xamaapan (Peaktustu 1.0 $, TorrBopToii TemeBT dama
2.0MBrT)

3. IP9px TOXMOMUTYyJdaa PEaKTOPbIH Yajail OO0JOH TYJIIHUN TEMIIEPaTyphIH ©OPUIOITHIAT
3ypar 9, 10-T xapyynas.

20
.............. 0.5 $: 1.2 L‘[BT

18 ----10.5%,1.5MBr
0.5 %, 2.0 MBT

6 LN s 1.0 $: 1.2 MBT
» - = =108, 1.5 MBr

1.0'$, 2.0 MBT

Yanan, MBT
=)

2 2.05 2.1 2.15 22 2.25 2.3
Xyramaa, cex

3ypar 9. Peakropsia TOrrBopToi TenBuiiH uanan 1.2 MBT, 1.5 MBrT, 2.0 MBT, peakrusuruiir 0.5 $, 1.0 $
yIraap erexej 4aJulblH 60pUWIeNT 60pUIONT
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----(0.58%, 1.2 MBT)
------- (0.5 $, 1.5 MBT)
(0.5 $, 2.0 MBT)
- = =(1.0%.1.2 MB1)

Tymunuii ayHaax temmmparyp, C

240 0 TTT=—el 7 me=a- (1.0 $. 1.5 MBT1)
220 (1.0 $. 2.0 MBT1)
200
1.5 2 2.5 3 3.5 4 4.5 5
Xyraiaa, cex

3ypar 10. PeakTopsin TOrTBOpTOM TenBuiiH yaman 1.2 MBT, 1.5 MBT, 2.0 MBr, peaktusutuiir 0.5 $, 1.0 $
yTraap erexe TYJIIIHAN TeMIepaTyPbIH 06PWIONT

VI. AYTHQ2JIT

Peaktop TOrTBOpTOM Topuma axuwuiak 0aiix yem 0.5 $ peakTHBHUTHITH XIMKIITIATIOP YAUPATIATbIH
caBaar TOJIOMTOOC CYrajDK, PEaKkTOpBIr XypAaH YHTpaax 4auibir 2.2 MBT r9% COHrOH aB4 Y33B.
Peakrtopeia TorrBopToit ropumeid uagan 1.2 MBT, 1.5 MBrT, 2.0 MBrT 6aiixag xapranzan 2.031 cex, 2.014
cek, 2.006 ceKyHI3I PeakTOPhIT XypAaH yHTpaax 4ajuaia Xypd Oaiiraa X37uil 4 peakTOPBIH Yajall aalil
ypramximsH ecd 2.084 cek, 2.071 cek, 2.064 cexyHIPA XaMTHAH WX yTraHiaa Xypadn Oyypdu Oaiina. DHd
ye/I Ty/IHmi MakcuMyM Temmepatyp xapraman 275° C, 312° C, 374° C Gaiina.

Peaktop TOrTBOpTO# ropuma axXmLUIax OaifX yell peaKTOPBIH TOJIOMTOOC IIapiarklH AIKHUNUT cyrajgax
XxaMruiiH ux ytra Oywoy 1.0 $ peakTHBUTHITH XOMKIITIMrIdp MIapiarbiH I39KHUAT cyrajiaH aBaB. MeH
PCaKTOPBIT XypAaH yHTpaax 4amisir 2.2 MBT rax conros. Peakrop TortBopToii ropuma 1.2 MBT, 1.5
MBrT, 2.0 MBT wagnaap axwmnax Oafixan xapramsan 2.011 cek, 2.009 cek, 2.004 cekyHAd peakTOPHIT
XypHlaH yHTpaax dajaij Xypd Oaiiraa X»aui 4 peakTOPBIH Yajall Iaall YPraJpKidH ecy xapran3ad 2.089
cek, 2.082 cek, 2.076 cexyHIdA XaMTHHH HMX yTraHjgaa xypd OaiiHa. DHO yea TYJIIIHUN MakCUMyM
temmepatyp xapransan 289° C, 328° C, 394° C Gaiiua.

OH3 peakTopbIH Yagan Hb UMIynbcbiH ropumza 2000 MBT xypasr. PeakTopbIH roioMTOoOC Iaparaax
Oaiiraa JPKHUIAT Cyragaxaj YycdX peakTUBHTHIH xamruiiH ux yrtra 1.0 $ Gaiixam peaktopsin yaman 18.1
MBT 60k GaitHa. DH? Hb UMITYJIBCHIH TOPUMJT KHIUIAX XaMTUHH WX YajaiTail Xxapbllyyinaxaa Mmair Oara
GaitHa. MeH 3HY yex TyimHui MakcumyM Temmeparyp 394° C Gaiiraa Hp TYYHHIT Xaiilax TemmiepaTyp
(650° C)-aac Gara Gaiina. FiiM/| peakTOPBIH aXKHILIATAaH T IMap HOMDH AOTOIION YYCOXTYH FOM.
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