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We investigated the effects of excited many-electron states in the optical control of the magnetic state in
undoped Mott-Hubbard insulator. To derive the spin Hamiltonian in material under optical pumping we
have used many-electron approach based on the X-operator representation. Extending the projection op-
erators approach on arbitrary energy spectra of the Mott-Hubbard insulator, we obtained the Hamiltonian
of superexchange interaction in analytical form. The Hamiltonian includes the spin-exciton variables
which are usually missing in discussion on the magnetic response to optical pumping, and is not additive
over contributions from the ground and optically excited states. As a test, a microscopic background for

the optical induced superexchange was analyzed in Laz CuOy (further La214).
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Introduction

An ultrafast optical manipulation of magnetic order is very actively developing area nowadays.
A number of experiments with femtosecond laser pumping of magnetic insulators has revealed
unusual magnetic response when the photon energy hv is less then absorption edge E, [1]. In
the absence of the interband excitations these effects results from the intraatomic d-d excitations
which form the weak and narrow absorption bands inside the optical gap of the crystal. Such
optical spectra are typical for the Mott-Hubbard insulators like La214 [2] and other transition
metal oxides [3,4]. These effects are beyond the conventional single electron approach to the
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electronic structure of solids based of different implementation of the density functional theory.
Nevertheless, for the materials in the ground state, the exchange interactions has been studied
in the ab-initio approach (e.g. in works [5-7]), but the initial many-electron representation still
looks more natural and short way to the final result when the material is in an optically excited
state.

The intra-atomic optical spectra can be obtained in many-electron approach, where the quasi-
particles are just the electron excitations between the many-electron states of relevant symmetry
and with different numbers of particles, for La214 and it was demonstrated in the works [8,9].
The undoped Mott-Hubbard insulators, unlike conventional materials have both a singlet and
degenerate ground cell states [10].

It is essential that the optically excited states would be introduced to the superexchange the-
ory together with the ground state on equal footing, because the intracell transitions induced by
optical pumping occurs much faster than superexchange interaction (Av/W < 1, Av is optical
transition width). Therefore, in the process of superexchange the spin and interaction between
them can be modified or even break down. A general theory with a fixed spin and orbital degrees
of freedom (e.g. the work [11]) is a good starting microscopic point to derive anisotropy effects
in the optical absorption at v ~ E; shows that individual contributions to superexchange are
given by virtual charge transfer excitations only. Because, it is necessary to derive the micro-
scopic Hamiltonian here, step by step, where the superexchange constant must be redefined,
if possible. To achieve this, there are two acceptable approaches to study the superexchange
interaction. First is the calculation with the intermediate states which arise through hop-
ping from ligand to ligand (e.g. between the oxygens) in the perturbation theory of higher
order than the fourth [12]. Another approach is the cell perturbation theory taking into
account all the excited states. The latter seems more appropriate [12-15], where, however,
it is necessary to work with a large number of the virtual charge transfer excitations [16].
Being based on the X-operators representation [17] the LDA+GTB approach [8,18] includes
the whole spectrum of localized many-electron states both ground and excited states with
different spin and orbital moments. Nevertheless, for the materials in the ground state, the
exchange interactions has been studied in the ab-initio approach It’s important to understand
further that the excited states in our work distinct from the virtual "excited states" occur-
ring in a perturbation theory of superexchange [19]. These excited states may be occupied
due to the optical pumping at the frequencies of specific d-d excitations only. As a result,
the exchange interaction can be modified. Despite the simplicity of the idea, the magnitude
and sign of the pumping effect on the exchange interaction depends on the orbital and spin
symmetry of the many-electron excited states.

In this work a Hamiltonian of superexchange interaction was derived in analytical form due to
the many-electron approach based on the X-operator representation [17] and technique of pro-
jection operators [20] generalized on arbitrary quasiparticle energy spectra of Mott-Hubbard
insulator. The Hamiltonian can be reduced to the usual Heisenberg type only under additional
assumptions. It has spin-exciton variables missing in the discussion on the optical pumping ef-
fects. The superexchange is also not additive over the states of transition element, in contrast the
contributions from the virtual "excited states". The superexchange in unexcited La214 is in ac-
cordance with the phenomenological Goodenough-Kanamori rules because 180°-superexchange is
antiferromagnetic (AFM), and ferromagnetic (FM) contribution from the virtual "excited states"
is very small. The induced AFM contribution to the mean energy will increase ~ 4 x 10~3eV/(%)
at the optical induced occupation (in %) of the excited states.
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1. General theory of superexchange in Mott-Hubbard
materials with optically excited states

In this section, we apply the method of projection operators [20] to derive an effective spm
Hamiltonian from Hamiltonian of the pd-model with any number of orbitals H = H + H +
+H +H pas Where

Hy = Z [(& — 1) difgdAfU + %U,\n‘,(fn;}’—i-

fAo
+ Z <Jdd:\~_fgd)\fa’di_/fa/d)\/fg + Z VA)\/anniif/>‘| )
No! f
I:IP = Z [(5 /u') pamgpozmcr + U NG Mo + Z VaarnZ,,ne, m’] , (1)
moo a'mio!

I:Ipd = Z Z (t)\apgmﬂdf)\g + he. + Va)\ngmng\;c>,

mf aloo’

I:IPP = Z Z (toéﬁp;rma'pﬂmla' + hc)

mm’ afo

and nf, = difadkfg, N2 = PhmoPames / and m run over the positions dy; and pay,, which
are sets of localized atomic orbitals; likewise €) and ¢, are energy appropriate atomic orbitals,
trq and t,g are the hopping matrix elements, Uy, U, and Jy are the intraatomic Coulomb
interactions and Hund exchange, V, is the Coulomb repulsion between the electrons at the
copper and oxygen. In this section a consideration is given to the case with one hole per cell in
the undoped materials and arbitrary number of the occupied orbitals. This is relevant for the
high-Tc cuprates.

In the many-electron approach it is necessary to introduce a symmetrical cell oxygen states

Dzk
Dor by an unitary transformation pgr = AgPak, where the column vectors Par = | Py and
Dzk
Po1k o
Dok = Do,k at o or w type of bonding. The transformation matrix Aj depends on the
pagk

cell symmetry and index # numbers the irreducible representations of the symmetry group of
cell. The transformation matrices can be found in works for cuprates [14,15,21,22], manganites
(eg — orbitals) with the orbital ordering [23-25] and cobaltites (to; — orbitals) [26,27]. In a new
symmetric cell representation the dependence of the intra-cluster and inter-cluster interactions,
including Coulomb, are renormalized [14] due to strong localization of new symmetrical Wannier
cell functions pos. As a result, Coulomb interactions are taken into account in a single cell
through a procedure of exact diagonalization, and the interaction between cells is calculated in
the framework of cell perturbation theory (see e.g. the diagram approach [28]) The different
Coulomb contributions in the cuprates investigated in the work [14,15] in detail. In respect of
other oxides the approximation is based on a sharp drop in the renormalization coefficients with
increasing distance between cells [22,23,27|. Further, a crystal lattice is divided into unit cells,
so that the Hamiltonian is represented by the sum Hy+ H,, where the component Hj is the sum
of intracell terms and component H1 takes into account the intercell hoppings and interactions.

- 161 —



Semen I. Polukeev, Vladimir A. Gavrichkov, Sergey G. Ovchinnikov Effects of Optical Intra-gap. ..

The component Hy is exactly diagonalized, and the exact multielectron cell states |p) (|¢)) and
energies §p are obtained. Then these states are used to construct the Hubbard operators of the
unit cell Ry : X% = |p){q|, where the meaning of the indexes p and ¢ is clear from Fig. 1.

N N, N

- +

lo )

Ll
P

~

hy oo

|0)

<
X

Fig. 1. A configuration space of all possible cell states involved in superexchange with one hole
per cell. The sectors Ny and Ny correspond to states (6) and (7) respectively (Ny is hole number
per cell in undoped material, N_ = Ny — 1, Ny = Ng+ 1)

ﬁO_Z{EOXf +Z El Xlala+z XVV} (2)
f
is the sum of intracell terms. A component

Z Zt XfXT (3)

takes into account the intercell hoppings and interactions, where t};‘/ is defined by the matrix of

hopping integrals t”‘/ :

=3 ST B () e () 700 (1) a0 ()] (@)

AN o

where the matrix element is represented by expression
Yo (T) = <(N+7MS)IJ| Cfao ‘(N07 MS)Z> X 0 (SIM Sl + |U|) o (Ml/a Ml + U) ) (5)

where ¢y, runs over all operators pgs, and dy . In the approach one assume that the quasipar-
ticles are unit cell excitations which can be represented graphically as single-particle excitations
(transitions) between different sectors N, = ...(N_ = Ny — 1), No, (Ny = Ny + 1),... of the
configuration space of the unit cell (Ny is hole number per cell in the undoped material, see
Fig. 1) [29]. Each of these excitations forms a r-th quasiparticle band, where the vector band
index r = {p, ¢} in configurational space [30] numerates the initial |p) and final |g) states. The
excitations with the number of electrons increasing or decreasing, form the conduction or valence
bands, respectively. Note that the the possibility to derive the Hamiltonian (2) and (3) from (1)
in terms of arbitrary symmetry of the material has not yet been investigated.

In the case of one hole per cell Ny = 1, the cell states |(No, Ms),) are a superposition of
different hole configurations of the same orbital symmetry:

|(No, Ms),) Zﬂx (ha) |hx, Ms). (6)
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In accordance with the spin selection rules, the non-zero matrix elements (5) are possible for the
one-hole spin doublet states C%NA = 2N, in the sector Ny and C’QQNA = Ng + 3Nt of the spin
singlets Ng = C’JQ\,A + N, (low spin partners) and Ny = C’JQ\,A of spin triplets in the sector N, :

(Ny, Ms),) = > By (A, hoxr) [, oxr, M) (7)
AN

(high spin partners) in the two-hole sector N, and the N, orbital approach. The superexchange
interaction appears at the second order of the cell perturbation theory with respect to hop-
pings [13]. That corresponds to virtual excitations from the occupied singlet and triplet bands
through the insulating gap to the conduction band and back. These perturbations are described
by the off-diagonal elements t}g with r = {0,lo} and ' = {lo, v} in expression (3). In the Hub-
bard model, there is only one such element, which describes the hoppings between the lower and
upper Hubbard bands. To extract them, we extend the projection operator method proposed
by Chao et al [20] on the arbitrary energy spectra of Mott-Hubbard material, where the total
number of diagonal operators X}m/ is equal to N, + N; + 1 and the sequence indexes [ and v
(1 <1< N,1<v <N, runs over all electron states in the configuration spaces in Fig. 1.
Using a set of operators

lolo lolo
po = <X?°+ZX1- >(X;?0+ZX]. ) (8)
lo lo

pu =X X XN X (9)

and

with v(u) = 1,2,... N, we can identify the contribution to the superexchange from the interband
transitions. As will be seen below, a approach with the operators (5) and (6) differs from the
work [20] just in details. It can be checked that each of operator py and p, is a projection

operator p3 = py and pi = p,. These operators also form a complete and orthogonal system,
N/A,

po+ > pu =1, pop, =0 and p,p, = ,.p,. We separate the diagonal and off-diagonal matrix
p=1

elements in expression

H = (Ho+ H™) + H. (10)
According to the work [20], one can introduce a Hamiltonian of the exchange-coupled (ij)-th
pair: h = (hg + h{™) + h$"* = H,j, where H = Y H;;, and
ij

ho + I = pohpo + Y _ pubpy, (11)
uv
and
hg"t = poh <Zpu> + (Zm) hpo (12)
" M

are intra- and inter- band contributions in H; respectively. In the unitary transformation

h=e%he ¢ (13)

the matrix G satisfies to equation

() (e

G, (poitpo + Zpuﬁpuﬂ =0, (14)

pv
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and transformed Hamiltonian are given by

. . . 1
i~ | poh hpy | + =
(Po Po+ > Py p>+2

pv

G, (pofz > put Zpuﬁpoﬂ : (15)

where the contributions from inter-band transitions involving only low-spin partners can be

poil (Zp;;) Z Z th A ;L XZUOXZ ap (16)
o

o p

calculated as

and
(Z]h) hpO _ Z Ztul a, Olo’ Xp,l UXOZU (17)
p o
where n(c) = £1 depending on the spin direction. Similar expressions can be obtained and for

high-spin partners. The solution of Eq. (14) has the form

lOlu

G = Z Z A”/ (Xul aXow Xl;aoX;’6p>7 (18)

n o

where Ay, = €9 + ¢, — (€10 + €r5), and the commutator in Eq. (15) can be represented as

= 15 ([0 (o )]} -

1 lOl'
sy
n%

ul’ﬁ Olo o0 yl'op kOku ,uks Oks |_
ZA”, ( X577 = XX ) >t ( X,

o kk's
+ Xj’?szf'gﬂ)} } . (19)

Calculating commutator in the above expression (19) we obtain the effective Hamiltonian for
the exchange-coupled (ij)-th pair:

lO 4 utl?o 14 m (5
h=> 2 ( A”/ ) ;V{ (XfT’“Xj- PRT L X T i) _ (XZ?WX]; LKL
Wkk! pv

A01'v k0K

’ ’ t ~ ~

U,k Utk v "

+ XX T)} S ( A >5k15k’l’ (XXM 4 XY X) = 6]y, + Oy, (20)
U kk! pv

where only a first contribution includes the superexchange interaction 61‘}5,” =5 8hs—cs. The

latter can be expanded in powers of variable ngjs)ls the mean value of which v;” = X ff’js’ls is an
probability of optical intracell excitation:
5Hs—ez = I:Is + Herca (21)

where the superexchange in unexcited material and contributions from optically excited states
are given by:

2

: a2ty 1N Ryt s
Ho=> > A SieSit— ghiteMjto -3 (St + R | ¢ (22)
ij o lop P lop
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lOl,utkOku

Z Z Z Wy %5 7) A”/ ) {(5101@25—#51012;,2 + 5lkSil) (5lok'Z 1+ o Z k,—&-
ij Wkk' 1

N 1 o R - R
+0p1r Sjir) — 1 (810kYs + O11ysy + Sufrr) (5lok'yﬂ/ + 5lol/yﬁ/+5l/k/nﬂ/) }, (23)

and S = XlT ) =Y "n(o) Xf”’l”7 Y = g Xt Zh = S’ilonol are a spin, electron-exciton

ag
operators and spm—exciton at the i-th cell. The commutation relations for the latter operators
have the spin character in the mean field approximation Z;lr = ilovf7 and the contributions
involving the spin-exciton variables result in additional effective field in Eq. (22):

x5

po kK

lO U ,u) (tkO K’ ;L)

Ay (Ulj(slol + vy Ok + 5lol5lk) (Uz_f&lol' + vy, O n +

+5lol/§l/k/ —2ZT+O(’Ui) + ... (24)
oM

Note that at [ = k and I’ = k&’ the contribution in Eq. (23) takes the form

Hep = ZZ { A zj( SuSi — fmmjz/> - Jﬁ:ij (5¢l.§jl/ + z’flilﬁjl/> } (25)

ij U
It is much like to a conventional superexchange (22), but with other superexchange constants

’ ’ 2
ﬁlj =2 Z ( #0 “) /A”/ and Jsz = Z ( ol ) /All/w which is additive over the singlet

and trlplet v1rtual u-th "excited states" respectlvely.

Applicability of the expessions (24) and (25) is limited to small excitation energy d;, < Ej,
where d§;, = ¢, —¢;, and E; = (e, + €0 — 2¢1,). The usual mechanism of the superexchange (22)
in the ground state is shown in Fig. 2b, while the superexchanges (25) via optically excited state
is shown in Fig. 2a. At [ # I’ the last represents a non-symmetrical interaction with one excited
cell in the pair. The spin-exciton contribution (~ X’ E’l)) in Eq. (23) beyond Heisenberg model is
shown in Fig. 2¢. From Eq. (24) it follows that the optical pumping effects on the superexchange
are frequency selective and linear on the amplitude pumping.

= o)
@
‘1): T BI>
&) —
hv
- Y
Ay o) | |4,)
UERE S
i cell i-tn cell Jj-tn cell i-tn cell J-th cell
J-th cell a b c

Fig. 2. Two circles (dashed line) are a sequence of intracell transitions at the light-induced
superexchange J& (a) and J/? (b) between i and j cells in Eq. (25), (c) illustrates the single

circle (spin-exciton) contribution ~ (t‘.’ﬁo bAt?? bA) /Agpa (for cuprates), which can be reduced to

the spin Hamiltonian using additional assumptions only (see Eq. (24))
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2. Optical effects on superexchange in La,CuQOy

We test the approach to derive the superexchange in the high-T, parent materal La214 under
optical pumping. The initial Hamiltonian (1) is similar to the one of multiband pd-model [31].
The difference with the low energy three orbital pd-model [32-34] is related to an addition of
the z-oriented d, orbital and p{*” orbital of the apical oxigen ions. In the LDA+GTB method
the Hamiltonian parameters are calculated ab initio [8]. Unlike the work [34], where the method
of projection operators has also been used to derive the superexchange interaction, we take into
account the intracell excited states in CuQOg cell. Some improvements are also achieved with the
help of the cell representation. Indeed, a comparison of the results of the fourth-order with the
calculations in higher orders of perturbation theory [12] in atomic representation and the exact
diagonalization of finite clusters [12,35-38| shows that the in-plane superexchange J depends
significantly weaker on (pady)-hopping (~ tp,q), because of the intermediate two-hole states which
arise through hopping from oxygen to oxygen (~ tp,). These effects are partly included in the
present approach even in the second-order of cell perturbation due to the exact diagonalization
procedure for the intracell part of Hamiltonian (1).

Here, it is also useful to obtain the expression for the AFM contribution in Eq. (25) in the
mean-field approximation:

< . em> _722{111 Xfo’lo’> <X]l_'&z'&>%
ij

i

[Jzolo Pl +2) TS+ Y T pzpz'] (26)
Il LU #l

where pj, = 1 — [ D> pi | and p; = <XZWT> = <XZW¢> is a probability to detect a cell in
I#1o
|(No, Ms),) excited state. Using the exact diagonalization procedure with LDA parameters:

Jop ~0.15 €V, 0y, = 0ap=1.78 €V, E; =2.00 eV taken from the work [8], and the band index
r = {2b;, A} associated with the first removal electron state for pair of indexes {lo, 1o} [14,22],
one can obtain the weights a4, §; and A,,, B, at the doublet (6) and singlet, triplet (7) states:

[201) = |(No, Mshia) = D° B () [y,

A=d.,p.,a (27)
Par) = |(No, M)y = >° @i (ha) [has oy )
A=d,,p:,a
and
|A1> = |(N+7Mé")#o> = Z Auo (h)\;hk/)|h)\7h)\’,0>,
M =b,dy,a,p. d.
(28)
PBi) = |(Ny, Mg)) = > > Bul(haha) |ha, b, My),

A=b,dy N=a,p.,d,

where hy, and hg, are the holes in the b-symmetrized py; cell states of oxygen and d;2_,2 cooper
states of the CuOy layer, respectively. Because of d, < E4, only two contributions from the
doublets |2a1> and |2b1> are available in the sum (26) over [ indexes. Due to the symmetry
CuOs layer v ({?a1, A1}) = 0 at any orbital index A, and therefore tbo ad t“o “4 — 0. Thus we
evaluate the contribution from excited states like the next:
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AN (tbo,bu)z , (tb(),ap,)z (taO,bp,)z (taO,ap,)2 ,
6Hsfez = 5 — 2 a —D,
< > 2 Z { Abu pb+ * Abau * Aba/:, PaPe * Abu P

N 4a0,bA, 2

~ L 0.15(6V)-p(2,+27( )papb - (29)
2 AbaAl

In unexcited material p, = 1, p, = 0, and Eq. (29) results in the exchange interaction

Jpp ~ 0.15eV in the ground state [16]. What are the modifications of the exchange interaction
we can expect in 1214 under resonance light pumping? The answer to this question depends on
the ratio of the exchange interaction at the ground |2b1> and excited |2a1> states. Depletion of
the ground state p, = 1 — x decreases Jy;, contribution, and a new contribution Jp, from excited
state a; appears (see Fig. 2a). Summing over all p-th virtual "excited states" in the second term
in Eq. (29), we finally obtain the result that the superexchange AFM contribution in La214 will
increase at any small population of excited states by a factor of ~ 4-1073eV(%)~!, i.e. the
superexchange interaction is increased by 4 meV at x=0.01.

Conclusions

In summary, we have examined the response of superexchange in magnetic Mott-Hubbard
materials with the arbitrary spin under optical pumping. To derive the effective spin Hamiltonian
we use the initial pd model Hamiltonian in the Hubbard operators representation (LDA+GTB
approach [8]) and method of the projection operators [20]. The effective Hamiltonian (21) con-
tains not only spin-spin interactions involving optically excited states but more complicated
interactions of non-Heisenberg type accompanied with exciton or bi-exciton. The Hamiltonian
is non-additive over the ground and optically excited states, but it is additive to the virtual
"excited states". To test our approach, we have calculated the superexchange interaction and
D-M interaction in antiferromagnets La214 under optical pumping.

In cuprates under optical pumping with a frequency of d-d transitions (v < E;) AFM su-
perexchange enhanced by 40K on 1% of the occupation of excited state. The D-M interaction
of also does not undergo radical changes since the ground and the optically excited states of cell
are Kramers doublets in La214 (Fig. 2). Under irradiation with a frequency of corresponding to
the charge-transfer excitations(v ~ E;), the optically induced magnetism of electron-hole pair is
not appear because the electron and hole are at the many-electron spin singlet states. A spectral
dependence of modified superexchange should coincide with the d-d absorption spectra in the
transparency window AFE ~ 0+ 2eV. Let us note here the discrepancy of our results and the
general trend given in the work [39], where the excited states contribute to the FM exchange at
the low "charge transfer energies”" (A, in our notation).
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DddeKThl ONTUIEeCKNX BHYTPUINEJIEBBIX MEePEX0/I0B
B cyrniepoomMenHoM B3amojieiictBuu B LasCuOy
C HepaBHOBECHBIMU (POTOBO30YKJIEHHBIMU ITEHTPAMU

Cemén U.IlonykeeB

Baagumup A.I'aBpuykoB

WNucruryr dbusukn um. JI. B. Kupenckoro @I KHIT CO PAH
Axanemropomok, 50/38, Kpacroapck, 660036

Poccus

Cepreii I'"OBUYMHHUKOB

Nucruryr dbusuku um. JI. B. Kupenckoro @I KHIT CO PAH
Axanemroponiok, 50/38, Kpacnosipck, 660036

MucTuTyT MHXKEHEPHOH (PUBUKU U PaIM03IeKTPOHUKHI
Cubupckuii demepasbHbIl YHUBEPCUTET

Csoboguntit, 79, Kpacuosipck, 660041

Poccus

Mo uccaedosanu apdermo, 8036YHCIEHHDIT MHO20INEKMPOHHDIT COCTMOAHUT 8 ONMUYECKOM Ccnocobe
YNPABAEHUA MAZHUMHBLM cOCmosruem nedonuposartuxr Momm-Xabbapdosckuxr mamepuanos. as 6oi-
68004 CNUM0B020 2aMUNDMOHUANG 8 eujecmee Nod 8030eTUCNBUEM ONMUYECKOT HAKAUKY OBl UCTLOADI08AH
MHO20INEKMPOHHBIT MEMOD, 0cHOBAHHBIT Ha npedcmasaeruu X-onepamopos. C nomouyvio 0b6obuienHo-
20 HQ NPOU3BONBHBIL IHEP2EMUNECKUT CNEKMP Memood NPOEKUUOHHBIT ONEPAMOPO8 Mbl NOAYHUAU 20~
MUABTNOHUGH CYNEPOOMEHH020 83aUMO0ETUCTNEUL 8 AHAAUMUNECKOT dopme. [amusbmonuar A8AAEMCA
He adOUTNUBHBIMU O BKAGIAM 0T OCHOBHBIT U ONIMUYECKY 8030YHCOEHHBIT cocmoarutl, a MaKxice codep-
HCUM CNUH-IKCUTNOHHDIE NEPEMENHBIE, KOMOPBIE 00DIMHO OMCYMCMEYIOM 8 00CYHCICHUY MAZHUMHO20
OMKAUKG HA ONMUMECKYIO HaKauwky. B Kauecmee KOHKPEMHO20 NPUAOHCEHUA OAA THEOPUU MbL PACCHU-
maau uHdyYuUPposantull cynepobmen oan onmusecku 6036yacdennozo kynpama Laz CuOy4 (6 dasvretiuwem
La214).

Karouesvie crosa: cynepobmen, onmusecku 6036yscdennvie cocmoarus, duasexkmpurx Momma-Xabbapda.
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