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We propose a hew mechanism leading to the ground state splitting for theidinin PbMnTe crystals. The
splitting is due to two effects, one of which is the hybridization dféectrons with the band states and the
other is the internal spin orbit interaction in Mnhand Mr#* states of the manganese ion. We also study the
effect of a local crystalline distortion on the character and magnitude of the splitting. The theoretical predic-
tions are compared to experimental results.
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I. INTRODUCTION excited states taken into account contain the same number of

Manganese is the most frequently used magnetic elemeffectrons on the®orbital as the ground state, it means five.

serving as the substitutional ion in semimagnetic semiconlin other words the excited states are limited to the excited

ductors (SMSO.2 It is commonly believed that its outer- States of a single manganese ion and the effect of surround-
most 42 electrons contribute to the crystal bonds while thel"d IS tken into account by point charge type models, cova-
3d° electrons remain localized and, according to Hund’s rule!€ncy and overlaps effects or, more recently, by the use of the
produce the total spin of the Mhion S=5/2 and itstotal ~ S0-called extended crystal field modeThe only exception
orbital momentunlL=0. Thus, in the absence of an external found by us in the literature is the Prycepin-spin mecha-

magnetic field, the ground state of the Mn ion is sixfold sping'osr?;iér;r\gg'm the excited configuratiordSis °D has been

?hegen_erate dandt duﬂe to thef \t’r?n'Shm? I"’]‘c.n?glar _Tosmer;]tum In the present paper we propose another mechanism lead-
ere IS no direct influence of the crystal field on 1t. suc aing to the ground state splitting of Mn ion in the crystal field.

picture of the manganese ion in SMSC serves as a startingamely we considefvirtual) electronic transitions in which,
point in & number of theoretical models describing manyye to hybridization of 8 orbitals with the surrounding or

experiments like, for example, the magnetization or magnetig, orbjtals of tellurium, the number ofd3electrons changes
susceptibility measurements. by +1 leading to virtual MA! (3d°) or Mn*3 (3d*) electron

It turns out, however, that the degeneracy of the groundtates of the manganese ighlote that in II-VI and IV=VI
state is lifted. The nature of the splitting depends on thespsCs the ground state of the Mn ion is Mn(3d°)]. It
symmetry of the crystal. In the case of IV-VI SMSC as means that the excited states of our system consist df Mn
PbMnTe with the octahedral coordination we obtain two engnd the hole in the valence band or ¥mnd the electron in
ergy levels, which are two- and fourfold degenerate, respeahe conduction band. This type of virtual electron transitions
tively. If the symmetry is lowered, for example, in the was shown to be of primary importance fprd exchange
uniaxial strain case, we obtain three doublets. The existenaeoupling andd-d magnetic interactions in SMSE'°
of splitting is confirmed in both 1I-VI and IV-VI SMSC by The physical mechanism leading to the splitting will be
electron paramagnetic resonan&PR) experiments reveal- discussed later, here we only notice that the most important
ing a characteristic five-line fine structure of the resonancéngredients of our approach asg@-d hybridization and spin-
spectrum frequently superimposed on a six-line hyperfinerbit coupling on a Mn ion. In Mt and Mri® configurations
structure®* the total orbital momentum does not vanish what results in

During the last more than four decades a great number afonzero coupling between orbital and spin degrees of free-
models and calculations devoted to the origin of this splittingdom. Hybridization elements in our model depend on the
have been presented in the literature. In most of the papergeometry of the manganese surrounding and due to this we
devoted to the problem the main reason for the splitting ismay study the influence of the strain on Mn ground state
related to a certain admixture of higher-energy spin configusplitting.
rations to the manganese ion ground st&&~" The total In the present paper we concentrate on PbMnTe SMSC.
orbital momentum in these excited states is no longer equalowever, the method we propose may be applied to other
to zero, and we obtain a certain influence of the crystal fieldsemiconductors containing Mn ions as impurities. Our ap-
on the state of the ion. The ground st88&wave function is  proach enables one also to study the Fermi enegy depen-
built either from pure atomiclike @functions of Mn or con-  dence of the splitting. What is particularly important is it
tains certain admixturp or s type functions originating from automatically takes into accouttia the semiconductor host
the anions surrounding the Mn idigovalency and overlap band structure calculationthe spin-orbit interactions on the
effecty. Note, however, that in all these theories, the virtual,anions.
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els known in the literature. Our main aim is to show that for L
a reasonable set of parameters, the calculated, within the

present model, splittings are of the same order of magnitudge can write down an unperturbed Hamiltonian of our model
as observed in experiment and due to this the propose# the following form:

mechanism should be considered when analyzing EPR

spectra. Ho= X EjJaM)(aM|+ 3 Eg,o|BRat0)BRe)
M Rg.do

Il. THEORETICAL MODEL + 2 ER'y'q0| ,},quo><,yquo|_ 2)
R,.do

In our paper we do not discuss quantitatively all the mod- |RB/ y=3 Pl ILZS?) (1)
'y ’
L%

In this section we construct the Hamiltonian of our model.
Let us consider a PbTe crystal at temperaflwd with one |, principle, we can add tél, the effects of the crystal field.

Iﬁadbatodm replaced bg tEe n?anganzge _a;om. We ass dum”e :I‘%wever, as we verified, the effect of the crystal field on the
the band structure and the electron distribution around all t Fnal results is small. Thus, for simplicity, we neglect it in the

atoms remain the same as in a perfect PbTe crystal, the on }Sllowing
difference is the presence of an additiodarbital with five Let us' turn back to the perturbation part of the Hamil-

electrons on one of the cation sites. This model is reall>fonian. We consider the perturbation due to the hybridization

simplified because it neglects a number of features related Q. een the 8 state of manganese and the band states. One
a large difference between Pb and Mn atoms. However, We, . optain the following expressions:

believe that its qualitative predictions should remain valid

for some more sophisticated models, too. Let us for a mo- 3- 20

ment neglect the hybridization of manganes$eelectrons (BLESqo/H|aM) = D (- 2o [ ———

with the band states. The ground state of such a system is o 5

sixfold degenerate, the free electrons fill the band states up to X Ssmrol L |h|Xq ) )
o T o H

the Fermi level, and the factor of six comes from the degen-
eracy of manganese spin 5/2. We denote this statievkly

where -5/2<M=<5/2 is the projection of spin on the quan- 3+ 20
. . . . . . Z _ L2
tization axis directed along th@01) crystallographic direc-  (yL?Sqo|H|aM) = > (- 1) T(SSM—U<Xq0|h|¢—LZO'>1
tion. The statesaM) are the eigenstates of the unperturbed o

HamiltonianH,,. (4)

As was pointed out in the Introduction, we are also inter-

ested in the states of the system, for which the number Qf\/hereo':i%, Xq is the two-dimensional spinor describing
electrons on the orbital is different from five. Let us denote the statey,, andd, 2, is the product of the spatiaFunction

by |BL*Sqp) the state with six electrons on thieorbital of  ang the spinofe). Notice thath in the one-electron hybrid-
Mn and one electron less in the Fermi sea. The band state ¢fation element ¢, z,/h|x, ) is spin independent
(o o} "

the electron transferred to thleghell is characterized by a set Using the hybridization matrix elements we can construct
of quantum numberg, containing the wave vector from the ¢ fqjlowing effective Hamiltonian for states:
first Brillouin zone, the number of the band, and one addi-
tional quantum number necessary to fully characterize the ,
band state. In the absence of spin-orbit coupling it can be Huwm = > <aM|H|'8RBqO><BRﬁqO|H|aM )
spin of the state, but we should note that in PbTe crystals the Rpdo Eo- ERBQO
spin-orbit interaction is strong and cannot be neglected. /
From now on we include this quantum number in the band + > {@MIH|yR 00X YRl H|aM >,
index n. R,% E«~Eryg,

According to Hund'’s rule, for six electrons on tdeshell
the total orbital momentum is equal to 2, and the total spin igvhere the sums ovey, in the first and second terms on the
also equal to 2L? and & ranging between - L?<2 and right-hand side run over states, energies of which are below

—2<F<2 in the statd BL?S'q) are the projections on the and above Fermi level, respectively. Equatihis the stan-
direction of quantization axis. dard formula of perturbation theory for degenerate spectra. It
Similarly, we denote byyL%Sq) the state with four elec- €nables one to calculate the influence of higher energy states
trons on thel shell of manganese and one additional electrorPn the states we are mainly interested in.
0o in the band. In the unperturbed Hamiltonikig, we also In order to calculate the matrix elemer,z,|h[x,) we
include theinternal manganese spin-orbit coupling. Due to have to know the spinor wave functiogg (r). We apply the
the coupling described by, ,, the |BLZSq0) and [yL%Sqyy  tight binding model of the electronic structure of PbTe, and
states, as the states with well-defingdand &, arenotthe  we use the parameters presented in Ref. 11. We take into
eigenstates of the unperturbed Hamiltonian. In order to obaccountp ands orbitals of cations and anions. For a given
tain the eigenstates we must build certain their combinationsnomentumk belonging to the first Brillouin zone, the tight
Introducing the statemﬁ,p, which are the eigenstates of the binding Hamiltonian is diagonalized in the basis of 16 func-
manganese ion in the presence of internal spin-orbit couplingons of the form

©)
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dasn 1 KR Cla Ill. RESULTS AND DISCUSSION
ko) = ?E e Nelag(r — Rc/a)|0'>, (6)
VNeRg, For the perfect octahedral symmetry of the nearest neigh-
borhood the sixfold degenerate ground state of thé*Non

where ¢73(r —Ry,) with i=py, Py, P, are the cation or an- splits in two levels—doublet and quartet. If the symmetry is
ion atomic orbitals centered on the lattice siRgor R,,  lowered the state splits into three doublets. Both results are
respectively,N, is the number of cation sites, afa) with ~ consistent with general predictions of the group theory and
o= i% is the two-dimensional spinor. After diagonalizing the Kramers thgorerﬁ?’ - _
Hamiltonian matrix, for a given k we obtain the band ener- The physical cause of the splitting is due to the combined
giese, and corresponding eigenfunctions effect of sp-d hybridization and the spin-orbit interaction on

the d shell of the Mn ion. In order to clarify this point, it is
convenient to consider the spin-orbit interaction in excited

X =22 2 afi vk, (7)  states of the Mn ion\L -S, as a perturbation(In Sec. Il it
b0 pca was included in a nonperturbed Hamiltonian and it was
treated in an exact waylet us analyze the first order term
where indexn=1, ...,16 labels the band number. with respect tan using a picture of virtual states in the per-

The knowledge of the amplitudes,, enables us to cal- turbation theory. For simplicity, we assume that spin is a
culate the hybridization matrix eIemer(t$L,,|h|xqo>. We as- good quantum number in the band. We start with the situa-
sume that there is only an overlap of 8lectrons with six  tion with the Mrf* ion in the stateM and the Fermi sea of
neighboring anions. The necessary values of interatomic maglectrons. In the first step, due to the hybridization, an elec-
trix elements(¢, 4h|¢?) are calculated according to Ref. 12 tron, for example with spin %L jumps from the band to the
and can be expressed using three constegys Vpdm and manganesei shell. Since the Spil’l is conserved, the spin of
Voda- the ion become# +%. In the absence of spin-orbit interac-

Up to now we considered the manganese atom in a perfetion on the Mri! ion, in the second step the electron with
octahedral surrounding characteristic for the cation sites ispin +% comes back to the band leaving the ¥ion in the
the rocksalt cubic lattice of PbTe. In a real three-dimensionattateM. However, between these two steps, the internal spin-
crystal of PbMnTe, this octahedral symmetry may be asorbit interaction,AL -S, operates and, correspondingly, the
sumed to be perfect only in the limit of vanishing manganesevin ion can be found in states with spM+§, M+%, and
concentration. Due to the large difference between lead ang —%_ That is why after the transfer of electron with spié +
manganese ionic radii, local deformations of the crystal lathack to the band, the Mn ion may be found in stas1,
tice occur. These deformations are not limited to the nearesl, or M—1. It results in nonzero off-diagonal matrix ele-
neighborhood, but extends over larger distan@$ew lat-  ments in the effective HamiltoniaHly ., and the degen-
tice constants With the increasing manganese content, theeracy of the ground state is removed. The above picture may
deformations originating from the different atoms start tope also extended for higher order terms\in
overlap. Due to a random placement of Mn atoms in the Which order of perturbation theory in is really impor-
lattice, we expect a random deviation of Mn-Te bond orientant depends on the symmetry of the manganese neighbor-
tations from those in the perfect crystal. It turns out thathood and on the spin-orbit interaction in the basde the
these deflections have strong influence on théMyound  Appendix. In the case of perfect octahedral symmetry, the
state splitting. Another example of lowering octahedral sym+irst order terms cancel when all band states from the first
metry around a manganese atom may be found in epitaxi@rillouin zone are taken into account. It turns out that the
layers which are usually deformed due to thermal straingirst nonvanishing terms are of the order)ot If the sym-
caused by differences between the layer and substrate.  metry is lowered the main contribution is due to the first

Let us turn now to the method of calculation of the effec-order terms if the spin-orbit interaction in the band is present.
tive HamiltonianHy, . for the manganese ion in the de- |f the band states are states with well-defined spin, the lowest
formed crystal. Our basic approximation is that the ampli-order terms are proportional 82
tudesaf;, in Eq. (7) do not change, but the positions of  Because the effective Hamiltonian results from the second
tellurium atoms surrounding manganese and, consequentlyrder perturbation theory with respect to tyed hybridiza-
the hybridization matrix element§p, z,|/h|x,) do. The as- tion, the value of the splitting is quadratic in Slater-Koster
sumption that the amplitudes; , are the same in deformed hybridization parameterg,y,, Vpq,, andV,q,. Thus we con-
and undeformed lattices can be justified by the fact that thelude that the ground state splitting is proportionaM."
electron wave function extends over the whole crystal andvhereV is thesp-d hybridization strength and the exponent
such local perturbations should not modify it significantly. Inn=1 depends on the manganese neighborhood symmetry
the case of epitaxial flms we make the additional assumptiomnd the presence of the spin-orbit interaction in the band.
that the band states of the strained film are the same as iFhe main contribution to the splitting comes from the va-
bulk crystal and may be calculated according to the procelence and conduction bands because for these bands the en-
dure described above. In other words, we are interested in thrergy cost of transfering an electron from or to tree@bital
ground state splitting as a function of changes of Mn-Teis smallest. Numerical analysis indicates, however, the im-
bonds(their directions and lengthsvith respect to the per- portance of the integration over thentire first Brillouin
fect octahedral enviroment. zone. One cannot limit the integration to the nearest neigh-
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borhoods of the main extrema of the bands. This shows thatmetere "' (in-plane straiih The components of strain ten-
the model of the semiconductor band structure is an imporsor ¢,,=¢,,=¢,, and €,,=¢€,,= €,, can be expressed bg#lll]
tant ingredient of the calculations. in the form

Let us summarize now the main steps leading to the cal-
culation of the effective HamiltoniaHly,,. First, the eigen- 4Cy,
problems of the M and Mr?* ions are solved. We obtain €xx =
eigenenergiegg " and the coefficientz;ﬂgZ which express
the eigenvectors af L -S Hamiltonian in thelL*S’) basis,
Eq. (1). For pure spin-orbit interaction these coefficients are Cor + ‘—1c
easily expressible in terms of Wignej 8ymbols. However, 1 2 111]
when we add the interaction of Mhor Mn®* ions with the &Y T et 2e+ 40, (9)
crystal field potential then the analytical formulas do not 1 12 “
exist and that is why the diagonalization is performed nuwhere the values of elastic moduli for PbTe &re,;;
merically. The coefficients’/, are necessary to obtain ma- =10.53x 101 N/m?, ¢;,=0.70x 101 N/m2, and Cz,=1.32
trix elements in the nominators in the formula in H§) X 10 N/m2 Assuming that the above relations are valid for
from matrix elements from Eq$3) and (4). the nearest neighborhood of the Mn ion, it is possible to

The next step is the numerical integration over all states ir¢alculate the positions of six nearest tellurium atoms and,
the first Brillouin zone and the summation over all bands. Itconsequently, the effective Hamiltonidty, ..
turns out that if the number of integration points exceeds After transforming to the coordinate system with the
5000, the final result practically does not change with furtheraxis along the[111] crystallographic direction, the Hamil-

Ci1t 2C1p+ 4Cyy

decreasing of integration steps. tonian takes the following form:

For each statgg=nk from the first Brillouin zone&(inte- )
gration poin}, by diagonalizing the tight binding HID — 25 (O, + 2072 + +
Hamiltonian!! we calculate the energg, and the band state v = = 3BalOa0+ 202043) + BogOz0+ BagOuo
wave functiony,., Eq. (7). For a given strain tensor we (10)

calculate the relative positions of six tellurium atoms with

respect to the manganese atom. These positions enté8)EqQ. where the operator® are defined in Ref. 13.

as the points around which thpeands orbitals of neighbor- In the case of KCI substrate, the PbTe:Mn layer grows
ing Te atoms are centered. The dependence of the Slateftong the[001] crystallographic direction. The nonvanishing
Koster interatomic matrix elements on the relative positionscomponents of the strain tensor are equakig €= eﬁooﬂ

of two atoms is knowrt? Thus having the amplitudes;,  ang €,=—(2¢;5/c1) e, In this case the Ma-Te bonds
and the deformation it is possible to g/alculate matrix ele-yre oriented along crystallographic directions. However, the
ments(¢ 2,/ xq). Using the coefficients,zg we obtain ma-  \Mn_—Te distances in the-y plane are different from those
trix elements(aM| BR,q) and(aM|yR,q) which appear in  along the[001] direction. This results in the dependence of
nominators in Eq(5). The energies of thiR,,q) states in  the parameter¥yq,, Vo4, andV,g, on the crystallographic
the denominators equERﬂ =€t er,~ & and ERW:€0+ €r, direction. The effective Hamiltonian in the system of coordi-
+¢,, respectively, withe, 1)eing the energy necessary to nates with the axis parallel to crystallographic directions
transfer an electron from the top of the valence band to théakes the form

3d shell or from the 8 shell to the top of the valence band. [001]

After performing the sum in Eq(5) we obtain the matrix Hymr = Ca(Os0+ 5044) + CoO20+ CygOso-  (11)
elementsH,,, of the effective Hamiltonian.

Depending on the deformatioisee beloy, the obtained For the values of deformations which are interesting from an
6X 6 numerical matrix has the form as in E@0) or Eq.  experimental point of view the main contribution to the split-
(11) and we may calculate the coefficierBs, B,o, B, or  1iNg comes fro_m terms proportional @,,. In both cases the
Cy.,Ca0,Cuo Which describe the influence of the octahedraleffective Hamiltonian may be approximated by~ D(S
crystal field and the distorsion on the splitting. In particular,~35/12 where the constari? for small deformations is pro-
the coefficients3,, or C,, are proportional to the anisotropy portional to e and S, is the Zth component of the spirg
constantD (D=3B,y or D=3C,,, respectively, a quantity  operator.
which we compare to the experimental results. There are four groups of parameters entering the present

In the literature we have found two reports of EPR mea-theory. The first is related to the band structure of PbTe, the
surements for PbTe:Mn epitaxial layers. In the first one thesecond to the properties of the Mn ion—the intra-atomic
layer was grown on BaFsubstraté? whereas in the second spin-orbit couplingsh ;=-\,=-90 cn* (Ref. 13 and the
one it was on KClI substraf€.That is why in the following energyey, necessary to transfer one additional electron from
analysis we consider lattice distortions corresponding tdhe top of the valence band to tHeshell of Mn or to transfer
these two cases. one electron from thd shell to the top of the valence band.

The direction of growth of PbTe on BaFs along the The value ofe, is not known for PbTe:Mn, we expect, how-
[111] PbTe crystallographic direction. It is usually assumedever, that it should be of the same order as in other semimag-
that the strain is homogeneous in the plane perpendicular teetic semiconductor compounds—of the order of a few elec-
the[111] direction and can be characterized by a single patron volts.

014422-4



GROUND-STATE SPLITTING FOR THE M# ION IN... PHYSICAL REVIEW B 71, 014422(2005
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aReference 20. APPENDIX

bReferences 14 and 21.

‘Reference 15. In order to clarify the connection between the symmetry

and the lowest order of in which the ground state splitting
The Slater-Koster parametevsy,, Voq,, andVig, are re-  OCCUrS, let us take an arbitrary stajgfrom the first Brillouin
sponsible for thespd hybridization. Their values for zone and consider the following expression:
PbTe:Mn are not known also. In order to estimate theMn
ground state splitting we assum¥,,=0.523 eV, V4,

5
=-0.518 eV, and/,4,=0.323 eV. These values were used in Qim,= 2 2 (- 1)Ltz >+ 20M;

Ref. 17 in calculations of the band structure of MnTe and the LiSlo L3S,
functional dependence &'s on Mn—Te distance was taken
from Refs. 18 and 19 >

. ' ' . : X\ 5 +20:M2bg -0, 02 Mo

Finally, we must know deformation of the nearest neigh- 2 ST Tz 2

borhood of the Mn atom. In calculations we assume that the z n z

. . _ X :
relations for different components of the strain tensor are the (LISIOL - 9)"IL5S)
same as for the macroscopic layer. Such an approach may X 2 {borzg [Nx) XN P20y, (AL)
serve as the first approximation only. Due to smaller ionic gelag Lt 22

radius, the manganese atom introduced into the PbTe matrix

produces some kind of a *hole” causing the difference beyyhere the sum ovey runs over all states from the first Bril-

tween the deformation near the Mn atom and the one faj,in zone. which may be obtained from by symmetry

from the impurity. , transformations. The sums of this kind are contained in Eq.
In Table | we present results of calculations for three val—(5) and the difference is that in EGAL) only thenth order

ues of &. We see that for physically acceptable values ofiermg with respect to internal manganese spin-orbit coupling

parameters the calculated splittings are comparable with ex- oo avtracted. Let us considex, symmetry first. For this
perimental results. For PbTe:Mn grown on KCI substrate the,, nmetr the matrix Ziz .z =S (b-r20.|lxe)
Y y Lioy 50, qefaph\ P-Lioy Xq

sign of D agrees with that reported in Ref. 16n Ref. 14 Y . : : )
only the absolute value db was measured). |>;é\ii(?,|g|;i_rﬁo-2> is built from four invariants and has the fol

IV. CONCLUSIONS Zizg 120, = Al AL+ LY+ L) +AGL - 0

In the present paper we have investigated a mechanism of + A4(|_30 + .30 + L3oz) (A2)
the Mr* ground state splitting. It is caused by the combined e Ty e
effect ofsp-d hybridization and the spin-orbit coupling in the i
manganese states Mnand M. The main difference be- WhereA:,As,As,A, are the constants depending gy and!

tween the present approach and the mechanisms considerjédthe identity matrix. If we consider a situation where the
earlier in the literaturgRefs. 5-7 is that we include into SPIN Of the band states is a good quantum number fen

consideration the excited states of the Mn ion, in which the-+=0- This is easily seen from the definition Bfbecause

number of electrons on the shell differs from five. Our N this case the boand wave functions may be chosen propor-
method takes into account spin-orbit effects not only on thdional to(g) or to(9), and the matrixZ is diagonal inoy, o-.

Mn ion, but also in the band states. We have shown that thBerforming direct calculations we find th@f\;.])le are diag-
results of calculations are rather close to experimentally obenal forn=1,2,3,and, consequently, the ground state split-
served values of the ground state splitting, which means thaing is proportional ton*. If the band spin-orbit interaction
the presented mechanism can be responsible for the observeannot be neglectedhis is the case of PbTgethe splitting is
effect. The method can be also applied to other semicondugroportional to\®.

tor compounds containing manganese as the magnetic ele- In a similar manner we can analyze the cases of lower

ment. order symmetry. For the tetragonal deformation, the matrix
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ZLi%Lé"z contains the term proportional tA5L§+A6LZoZ. The above considerations have been performed for the

Again, performing direct calculations we get the result thatcase when the excited configuration of manganese i¥"Mn
for nonzero and zero band spin-orbit couplings, the splittingn an analogous manner, with slight modifications of formula

is proportional tok and to\?, respectively. (A1), they may be applied to the Mhcase.
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