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6. -D8 <65=>D6C>?E6<<=I B=<?9B?6 > =C<=>?6<<HI8 JF:6D=C<HI8 
<9<=?DJOB9I8 5D=8>N=C8? D9ADJ[6<86 O9B?6D89:;<HN B:6?=B. $6?=C 
B=I5:6B><=F= 9<9:8A9 C6M>?E8G JF:6D=C<HN <9<=?DJO=B <9 O9B?6D89:;<H6 
B:6?B8 > 5=I=T;X 9?=I<=->8:=E=M I8BD=>B=588 8 B=IO8<978=<<=F= 
D9>>6G<8G >E6?9. 

 
/@#'"$&-5 #$"'+7 

#><=E<H6 D6AJ:;?9?H C8>>6D?978=<<=M D9O=?H OH:8 8A:=W6<H <9 
>:6CJXT8N <9JK<HN B=<@6D6<78GN: 

- 2-9G $6WCJ<9D=C<9G B=<@6D6<78G «&=ED6I6<<H6 C=>?8W6<8G 
O8=<9<=>B=588», 17-19 8X<G 2008, $=>BE9, @8A8K. @-? $/.; 
- XXIInd International Winterschool on Electronic Properties of Novel 
Materials, 1-8 March, 2008, Kirchberg (Austria); 
- 3rd International conference « Stimuli Responsive Polymeric Materials 
(STIPOMAT) », Les Diableretz (Switzerland), October, 14-17 (2007); 
- -6DE9G )>6D=>>8M>B9G ]B=:9->6I8<9D «&=ED6I6<<H6 C=>?8W6<8G 
O8=<9<=>B=588», 11-17 8X<G 2007, $=>BE9, @8A8K6>B8M @9BJ:;?6? $/.; 
- The topical meeting of the European Group of Research (GDRE) “Nano-
E” on optical properties of carbon nanotubes, Paris (France), May, 25 (2007); 
- GDRE-06, Obernai, France, 16-19 October, 2006; 
- The Summer school “Nanobio”, Cargese, France, 19-29 July, 2006; 
- 20th General Conference of the Condensed Matter Division of European 
Physical Society, Prague (Czech Republic), 19-20 July, 2004. 
 

B-;.7C (*0$2 $(+'#$ 
)>6 YB>56D8I6<?9:;<H6 8AI6D6<8G I6?=C9I8 A=<C=E=M I8BD=>B=588, 

B=IO8<978=<<=F= D9>>6G<8G >E6?9 8 @:J=D6>76<788 EH5=:<6<H 9E?=D=I :8K<=.  
#OD9A7H FD9@6<9 8 B=I5:6B><HN K9>?87 JF:6D=C<9G <9<=?DJOB9/1%+ C:G 

8>>:6C=E9<8G I6?=C9I8 9?=I<=->8:=E=M I8BD=>B=588 8 >56B?D=>B=588 
B=IO8<978=<<=F= D9>>6G<8G >E6?9 5D8F=?=E:6<H 9E?=D=I :8K<=. 

!E?=D 5D8<8I9: <65=>D6C>?E6<<=6 JK9>?86 E 5D8F=?=E:6<88 =OD9A7=E 
E8DJ>=E, O9B?6D8M 8 O6:B=E >=EI6>?<= > >=?DJC<8B9I8 %'' U34 8I. 
46:=A6D>B=F= 8 O8=:=F8K6>B=F= @9BJ:;?6?9 $/.. $6?=C8B8 5D8F=?=E:6<8G 
=OD9A7=E C:G 8>>:6C=E9<8G EA98I=C6M>?E8G O8=:=F8K6>B8N =OZ6B?=E > 
JF:6D=C<HI8 <9<=?DJOB9I8 D9AD9O=?9<H 9E?=D=I. "9BW6 9E?=D 5D8<8I9: JK9>?86 
E >=AC9<88 I9?6I9?8K6>B=M I=C6:8 Y:6B?D=<<HN C8>56D>8=<<HN BD8EHN C:G 
FD9@6<9 >=EI6>?<= > >=?DJC<8B9I8 '<>?8?J?9 =OT6M @8A8B8 8I. !.$. -D=N=D=E9 
,!%. 
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!<9:8A 8 8<?6D5D6?978G YB>56D8I6<?9:;<HN C9<<HN 5D=E6C6<H 9E?=D=I 
:8K<=. 

 
>8"0-*$&-- 

-= ?6I6 C8>>6D?9788 =5JO:8B=E9<= 14 D9O=?, EB:XK9G 5 >?9?6M E 
D6@6D8DJ6IHN WJD<9:9N, EN=CGT8N E >58>=B )!+. 

 
D+#8*+8#$ - '"E,? 2-11,#+$&-'..'C #$"'+7 
18>>6D?978=<<9G D9O=?9 >=>?=8? 8A EE6C6<8G, 5G?8 F:9E, A9B:XK6<8G 8 >58>B9 

:8?6D9?JDH, EB:XK9XT6F= 150 <98I6<=E9<8M. ,9O=?9 8A:=W6<9 <9 120 >?D9<879N 8 
>=C6DW8? 49 D8>J<B=E. 
 

!1.'(.', 1'2,#A$.-, #$"'+7 
 

F' ((,2,.-- =O=><=E9<9 9B?J9:;<=>?; ?6IH C8>>6D?978=<<=M D9O=?H, 
@=DIJ:8DJ6?>G 76:; D9O=?H, =O>JWC96?>G <=E8A<9 8 5D9B?8K6>B9G A<9K8I=>?; 
5=:JK6<<HN D6AJ:;?9?=E. 

 
F G0$(, 1 5D6C>?9E:6< =OA=D :8?6D9?JDH 5= ?6I6 C8>>6D?978=<<=M D9O=?H. 

) =OA=D6 =58>9<H =5JO:8B=E9<<H6 C9<<H6 = >E=M>?E9N I9?6D89:=E, 
8>>:6C=E9E[8N>G E C9<<=M D9O=?6. #?C6:;<= D9>>I=?D6<H =><=E<H6 @8A8K6>B86 
>E=M>?E9 JF:6D=C<HN <9<=I9?6D89:=E 8 O8=:=F8K6>B8N =OZ6B?=E. -D=E6C6< =OA=D 
@8A8K6>B8N I6?=C=E 8>>:6C=E9<8G, 5D8I6<GE[8N>G E D9O=?6 8 8N =>=O6<<=>?6M 
5D8 8AJK6<88 C9<<=F= B:9>>9 =OZ6B?=E. /:9E9 >=>?=8? 8A 4N 59D9FD9@=E. 

-6DEHM 59D9FD9@ 5=>EGT6< =58>9<8X JF:6D=C<HN <9<=?DJO=B 8 
FD9@6<=EHN B:9>?6D=E. )E=CG?>G =><=E<H6 5=<G?8G. !<9:8A8DJX?>G >5=>=OH 
=58>9<8G Y?8N JF:6D=C<HN <9<=I9?6D89:=E. 

+9WC9G JF:6D=C<9G <9<=?DJOB9 5D6C>?9E:G6? >=O=M 78:8<CD, 
>@=DI8D=E9E[8M>G 8A 5=:=>H B=<6K<=M [8D8<H 8C69:;<=F= I=<=9?=I<=F= >:=G 
FD9@8?9. "9B=M >:=M, >=>?=GT8M 8A F6B>9F=<9:;<= J59B=E9<<HN 9?=I=E JF:6D=C9, 
5D8<G?= <9AHE9?; "%*3$(&1. "6=D6?8K6>B=6 =58>9<86 JF:6D=C<HN <9<=?DJO=B 8 
CDJF8N FD9@8?=5=C=O<HN >?DJB?JD O9A8DJ6?>G <9 @8A8K6>B8N >E=M>?E9N FD9@6<9. 
#C<9B=, C= <6C9E<6F= ED6I6<8 <6 JC9E9:=>; >8<?6A8D=E9?; Y?=? I9?6D89:, 5=Y?=IJ 
YB>56D8I6<?9:;<=6 8>>:6C=E9<86 6F= >E=M>?E ?=:;B= <9K8<96?>G. ) C9<<=I 
59D9FD9@6 =58>9< >5=>=O I8BD=I6N9<8K6>B=F= =?T65:6<8G >:=6E FD9@6<9, 
8>5=:;A=E9<<HM E YB>56D8I6<?9N. "9BW6 D9>>I=?D6<H D9A:8K8G E @8A8K6>B8N 
>E=M>?E9N 5:=>B=F= FD9@6<9 8 78:8<CD8K6>B8N JF:6D=C<HN <9<=?DJO=B, 
=OJ>:=E:6<<H6 D9A:8K86I 8N >?DJB?JDH. 

)= E?=D=I 59D9FD9@6 5D8E6C6<= =58>9<86 O8=5=:8I6D=E - O8=:=F8K6>B8N 
I9BD=I=:6BJ:, GE:GXT8N>G =><=E=M E>6N W8EHN =DF9<8AI=E. ,9>>I9?D8E9X?>G 
?9B86 EH>=B=I=:6BJ:GD<H6 >=6C8<6<8G B9B <JB:68<=EH6 B8>:=?H 8 O6:B8, 9 ?9BW6 
>?DJB?JDH <9 8N =><=E6 – E8DJ><H6 K9>?87H 8 O9B?6D89:;<H6 B:6?B8. 

"D6?8M 59D9FD9@ 5=>EGT6< 5D=O:6I6 EA98I=C6M>?E8G O8=:=F8K6>B8N 
=OZ6B?=E > <9<=K9>?879I8 8, E K9>?<=>?8, > JF:6D=C<HI8 <9<=?DJOB9I8. ) D9O=?6 
5D8E=C8?>G =58>9<86 D6AJ:;?9?=E 8>>:6C=E9<8G ?=B>8K<=>?8 8 E=AC6M>?E8G 
JF:6D=C<HN <9<=>?DJB?JD <9 D9A:8K<H6 O8=:=F8K6>B86 =OZ6B?H. %6B=?=DH6 
8>>:6C=E9<8G JB9AHE9X? <9 E=AI=W<=>?; ED6C<=F= E=AC6M>?E8G JF:6D=C<HN 
<9<=I9?6D89:=E <9 W8EH6 =DF9<8AIH. #C<9B= D6AJ:;?9?H YB>56D8I6<?9:;<HN 
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8>>:6C=E9<8M, 5D=E=C8E[8N>G D9A:8K<HI8 FDJ559I8, A9K9>?JX 5D=?8E=D6K9? CDJF 
CDJFJ.  

) K6?E6D?=I 59D9FD9@6 =58>9<H I6?=CH, 5D8I6<G6IH6 C:G 8>>:6C=E9<8G 
<9<=>?DJB?JD. #><=E<=6 E<8I9<86 JC6:G6?>G I6?=C9I 9?=I<=->8:=E=M 
I8BD=>B=588 8 =5?8K6>B=M >56B?D=>B=588. ) Y?=I D9AC6:6 ?9BW6 
5D=9<9:8A8D=E9<H =><=E<H6 =>=O6<<=>?8 8 5D=O:6IH, E>?D6K9XT86>G 5D8 
8AJK6<88 JF:6D=C<HN <9<=>?DJB?JD 8 O8=:=F8K6>B8N I9BD=I=:6BJ:. 

 
F G0$(, 2 >=C6DW8?>G =58>9<86 8>5=:;A=E9<<HN E D9O=?6  

YB>56D8I6<?9:;<HN 9<9:8?8K6>B8N I6?=C8B 8 =O=DJC=E9<8G, I9?6D89:=E 8 
>5=>=O=E 5D8F=?=E:6<8G =OD9A7=E.  

 
G0$($ 3 5=>EGT6<9 =58>9<8X D6AJ:;?9?=E, 5=:JK6<<HN 5D8 8AJK6<88 

>E=M>?E JF:6D=C<HN <9<=I9?6D89:=E. .F:6D=C<H6 <9<=?DJOB8  OH:8 =><=E<HI 
=OZ6B?=I 8>>:6C=E9<8G E D9O=?6. 1:G 5=:JK6<8G C=5=:<8?6:;<HN C9<<HN OH:8 
8>>:6C=E9<H ?9BW6 <6B=?=DH6 @8A8K6>B86 >E=M>?E9 =OD9A7=E FD9@6<9 8 FD9@8?<HN 
5:6<=B <9<=I6?D=E=M ?=:T8<H.  

#C<8I 8A <98O=:66 Y@@6B?8E<HN I6?=C=E 8>>:6C=E9<8G JF:6D=C<HN 
<9<=?DJO=B GE:G6?>G D6A=<9<><=6 B=IO8<978=<<=6 D9>>6G<86 >E6?9 (+,&). 
\@@6B?8E<=>?; +,& C89F<=>?8B8 =C<=>?6<<HN JF:6D=C<HN <9<=?DJO=B 
=OJ>:=E:6<9 CEJIG @9B?=D9I8 – D9AI6D<=-8<CJ78D=E9<<HI8 8AI6<6<8GI8 
K9>?=?H 8 @=DIH 5=:=> 8 EH>=B=M 8<?6<>8E<=>?;X >8F<9:9 E>:6C>?E86 
D6A=<9<><=F= N9D9B?6D9 D9>>6G<8G [3]. ,6A=<9<><=6 +,& D69:8AJ6?>G 5D9B?8K6>B8 
C:G :XO=F= =OD9A79 <9<=?DJO=K<=F= I9?6D89:9 E>:6C>?E86 <9:8K8G E <6I 
9<>9IO:G <9<=?DJO=B D9A:8K<=F= C89I6?D9, B9WC=IJ A<9K6<8X B=?=D=F= 
>==?E6?>?EJ6? J<8B9:;<9G Y:6B?D=<<9G >?DJB?JD9. ) >:JK96, B=FC9 Y<6DF8G 
59C9XT8N @=?=<=E O:8AB9 B Y<6DF88 D9AD6[6<<HN =5?8K6>B8N 56D6N=C=E C:G 
<9<=?DJO=B =5D6C6:6<<=F= C89I6?D9, >56B?D +,& <6 ?=:;B= <6>6? 8<@=DI978X = 
F6=I6?D88 <9<=?DJOB8, <= 8 5=AE=:G6? 8>>:6C=E9?; Y:6B?D=<<JX >?DJB?JDJ 
E6T6>?E9 E C8959A=<6 Y<6DF8M, >D9E<8IHN > E6:8K8<=M Y<6DF88 @=?=<=E 
E=AOJWC9XT6F= :9A6D<=F= 8A:JK6<8G 
(~ 1-3 Y)). -:=?<=>?; =C<=-
Y:6B?D=<<HN >=>?=G<8M C:G 
<9<=?DJO=B C8>BD6?<9 – =<9 
5D6C>?9E:G6? >=O=M <9O=D C6:;?9-
=OD9A<HN I9B>8IJI=E 
(>8<FJ:GD<=>?6M )9< 3=E9), 
>8II6?D8K<= D9>5=:=W6<<HN 
=?<=>8?6:;<= JD=E<G U6DI8 (4/+.1). 
\<6DF6?8K6>B8M A9A=D I6WCJ 
>8II6?D8K<HI8 I9B>8IJI9I8 
=5D6C6:G6?>G C89I6?D=I <9<=?DJOB8. 
#5?8K6>B86 56D6N=CH E11, E22, E33… 
(> >=ND9<6<86I E=:<=E=F= E6B?=D9 k) 
D9AD6[6<H ?=:;B= I6WCJ 
>8II6?D8K<HI8 >8<FJ:GD<=>?GI8 
)9< 3=E9. 

,*+.1. 5*%*1$,%) 6#&,(&+,/ 
&'(&7#$-,%&(()8 +&+,&9(/: '#9 ;<= 
%*>#/0(&"& '/*1$,%*: (7,7) / (10,10). 

-2 -1 0 1 2

!22=3,68 "#

!11=1,92 "#

!11=2,68 "#

(10, 10)
d = 1,37 $%

(7,7)
d = 0,96 $%

 

 

&
'(
)$
(*
)+

 *
(*
)(
,$
-.

/$012-,, "#
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) C9<<=M D9O=?6 +,& OH:= 5D8I6<6<= C:G 8>>:6C=E9<8G F6=I6?D8K6>B8N 
59D9I6?D=E =C<=>?6<<HN JF:6D=C<HN <9<=?DJO=B, 9 ?9BW6 C:G B=<?D=:G 8N 
Y:6B?D=<<=M >?DJB?JDH 8 >E=M>?E 5D8 EA98I=C6M>?E88 > O8=:=F8K6>B8I8 
=OZ6B?9I8.  ) YB>56D8I6<?9N OH:8 8>5=:;A=E9<H =C<=>?6<<H6 JF:6D=C<H6 
<9<=?DJOB8 (#.%"), 5=:JK6<<H6 I6?=C=I CJF=E=F= D9ADGC9. "858K<H6 >56B?DH 
+,& =? #.%" (4/+.2) >=C6DW9? ?D8 <98O=:66 8<?6<>8E<H6 5=:=>H: G (graphite) 
5=:=>9 > K9>?=?=M ~1592 >I-1, >==?E6?>?EJXT9G &-& B=:6O9<8GI, 59D9::6:;<HI 
5=E6DN<=>?8 <9<=?DJOB8; 2D - 5=:=>9 CEJN@=<=<<=F= D9>>6G<8G > K9>?=?=M ~2700 
>I-1, GE:GXT9G>G =O6D?=<=I D (disorder) 5=:=>H > K9>?=?=M ~1350 >I-1, 
5=GE:GXT6M>G E >56B?D6 5D8 D9AJ5=DGC=K6<88 BD8>?9::8K6>B=M D6[6?B8;  8 <9O=D 
“CHN9?6:;<HN” 5=:=> E =O:9>?8 <8AB8N K9>?=? – 150-250 >I-1, >==?E6?>?EJXT8N 
D9C89:;<HI B=:6O9<8GI <9<=?DJO=B D9A:8K<=F= C89I6?D9.  

1:G C6I=<>?D9788 D6A=<9<><=F= N9D9B?6D9 +,& E JF:6D=C<HN <9<=?DJOB9N 
OH:8 A9D6F8>?D8D=E9<H >56B?DH > 8>5=:;A=E9<86I D9A:8K<HN C:8< E=:< 
E=AOJWC9XT6F= 8A:JK6<8G (1064 <I, 646 <I, 514.5 <I, 457.9 <I). 4H:= =O<9DJW6<= 
>6:6B?8E<=6 D6A=<9<><=6 E=AOJWC6<86 <9<=?DJO=B D9A:8K<HN C89I6?D=E 8 
F6=I6?D8M 5D8 8AI6<6<88 C:8<H E=:<H E=AOJWC9XT6F= 8A:JK6<8G. +9B E8C<= 8A 
4/+. 2, E9D;8D=E9<86 Y<6DF88 @=?=<=E E=AOJWC9XT6F= 8A:JK6<8G, 5D8E=C8? B 
D6A=<9<><=IJ +,C E <9<=?DJOB9N, 8I6XT8N ?9BW6 D9A:8K<HM N9D9B?6D 
5D=E=C8I=>?8. ) <9[8N YB>56D8I6<?9N OH:= A9@8B>8D=E9<=, K?= 5D8 
8>5=:;A=E9<88 E=AOJWC9XT6F= :9A6D<=F= 8A:JK6<8G > C:8<=M E=:<H 1064 <I, 
514.5 <I 8 457.9 <I =><=E<=M EB:9C E<=>G? 5=:J5D=E=C<8B=EH6 <9<=?DJOB8, 
=OJ>:9E:8E9G >5678@8K6>BJX D9>T65:6<<JX @=DIJ G 5=:=>H > CEJIG <98O=:66 
8<?6<>8E<HI8 B=I5=<6<?9I8. ) ?= W6 ED6IG, <9O:XC9XT9G>G 5D8 E=AOJWC6<88 > 
C:8<=M E=:<H  647 <I J[8D6<<9G 8 9>8II6?D8K<9G G 5=:=>9 >E8C6?6:;>?EJ6? = 
<9:8K88 Y:6B?D=<-@=<=<<=F= EA98I=C6M>?E8G, 8, >:6C=E9?6:;<=, = I6?9::8K6>B=I 
N9D9B?6D6 5D=E=C8I=>?8 E >6:6B?8E<= E=AOJWC6<<HN <9<=?DJOB9N [4]. 'AI6<6<86 
@=DIH 9>8II6?D8K<=M 5=:=>H I=W6? 8>5=:;A=E9?;>G B9B KJE>?E8?6:;<HM 

,*+. 2. 4*>#/0()$ +6$-,%*#?()$ &.#*+,/( «')8*,$#?(&:», G / 2D 6&#&+) @ +6$-%*8 A4 
&'(&+,$(()8 !"#$%&'()8 (*(&,%!.&-. B#/() @&#( @&>.!C'*DE$"& />#!0$(/9 : 

* – 1064 (1, . – 647 (1,@ – 514.5 (1, " – 457.9 (1. 

1500 1600 2500 2600 2700

2600

160 180 200 220 240

 

 

3
$)
0$
*-
4$
(*
)+

, (
)$

.0
5.

654-2 78, *%-1

177 !" -1 200 !" -1

 

 

 

1590 !" -1

 
 

 

2670 !" -1

2543 !" -1
2608 !" -1

2697!" -1
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8<>?DJI6<? B=<?D=:G 8AI6<6<8G Y:6B?D=<<=M >?DJB?JDH <9<=?DJOB8 5D8 
=OD9A=E9<88 B=I5:6B>=E > O8==OZ6B?9I8.   

#5?8K6>B86 8 Y:6B?D=<<H6 >E=M>?E9 JF:6D=C<HN <9<=?DJO=B C=>?9?=K<= 
F:JO=B= 8>>:6C=E9<H YB>56D8I6<?9:;<=. "6=D6?8K6>B86 =OZG><6<8G Y?8N >E=M>?E 
=><=E9<H <9 D9>K6?9N C:G =C8<=K<=F= :8>?9 F6>B9F=<9:;<= J59B=E9<<HN 9?=I=E 
JF:6D=C9 – FD9@6<9. 1= <6C9E<6F= ED6I6<8 Y?=? I9?6D89: D9>>I9?D8E9:>G :8[; E 
B9K6>?E6 ?6=D6?8K6>B=M I=C6:8. -=:JK8?; FD9@6< 5D9B?8K6>B8 E56DEH6 JC9:=>; 
?=:;B= E 2004 F=CJ [5]. #C<=M 8A A9C9K C9<<=M D9O=?H OH:= @=DI8D=E9<86 8 
N9D9B?6D8A978G Y?=F= I9?6D89:9 C:G 5=:JK6<8G C=5=:<8?6:;<HN 
YB>56D8I6<?9:;<HN C9<<HN 5D8 8AJK6<88 >E=M>?E 9<9:=F8K<HN <9<=JF:6D=C<HN 
I9?6D89:=E, E K9>?<=>?8, B=I5:6B>=E JF:6D=C<HN <9<=>?DJB?JD 8 
O8=I9BD=I=:6BJ:.  

$6?=C I8BD=I6N9<8K6>B=F= =?T65:6<8G C:G 5=:JK6<8G FD9@6<=EHN >:=6E, 
5D6C:=W6<<HM >D9E<8?6:;<= <6C9E<=, >=>?=8? E 56D6<=>6 <9 5=C:=WBJ B:9>?6D=E 
FD9@8?9, =?T65:6<<HN > 5=I=T;X 9CF6A8E<=M :6<?H =? BD8>?9::9 
EH>=B==D86<?8D=E9<<=F= 58D=:8?8K6>B=F= FD9@8?9 ()#-/). %6>I=?DG <9 8C6M<JX 
5D=>?=?J C9<<=F= I6?=C9, 6F= 5D9B?8K6>B9G D69:8A978G OH:9 >EGA9<9 > D6[6<86I 
I<=F=K8>:6<<HN 5D=O:6I:  

- 5=>:6 =?T65:6<8G <6=ON=C8I= OH:= =5D6C6:8?; I6>?= D9>5=:=W6<8G 
6C8<8K<HN (9?=I9D<= ?=<B8N) >:=6E FD9@6<9 <9 5=C:=WB6; 

- ?D6O=E9:9>; D9AD9O=?B9 I6?=C8B8 ?=K<=F= =5D6C6:6<8G K8>:9 9?=I<HN 
>:=6E E B:9>?6D6; 

- <6=ON=C8I= OH:= =O6>56K8?; E8AJ9:8A978X 8 N=D=[JX 9CF6A8X  
FD9@6<=EHN B:9>?6D=E <9 5=C:=WB9N 8A D9A:8K<HN I9?6D89:=E,  8 ?.C. 

'I6<<= Y?8 5D=O:6IH OH:8 D6[6<H E C9<<=M C8>>6D?9788. 
1:G >=ND9<6<8G K8>?=?H 5=E6DN<=>?8 9CF6A8E<9G :6<?9 OH:9 8>B:XK6<9 8A 

5D=76>>9 @=DI8D=E9<8G FD9@6<9. +:9>?6DH FD9@6<9 > I9:HI K8>:=I >:=6E 
=?T65:G:8>; =? BD8>?9::=E )#-/ 8 56D6<=>8:8>; <9 CDJF86 5=E6DN<=>?8 I6?=C=I 
5D6>>=E9<8G. 4H:8 5=:JK6<H B:9>?6DH FD9@6<9 <9 BD6I<86EHN 5=C:=WB9N > 
?=<B8I (300 <I) >:=6I SiO2, 9 ?9BW6 E56DEH6 - <9 5=C:=WB9N, 5=BDH?HN ?=<B8I8 
5:6<B9I8 ZrO2 8 ZnS. 4H:9 5D=C6I=<>?D8D=E9<9 E=AI=W<=>?; E8AJ9:8A9788 
B:9>?6D=E FD9@6<9 > I9:HI K8>:=I >:=6E <9 5=C=WB9N ZrO2 8 ZnS. 

) C9<<=M D9O=?6 9?=I<=->8:=E9G I8BD=>B=58G OH:9 8>5=:;A=E9<9 B9B 
=><=E<=M I6?=C 8C6<?8@8B9788 8 N9D9B?6D8A9788 FD9@6<=EHN B:9>?6D=E. ) 
D9O=?9N CDJF8N 9E?=D=E, =5JO:8B=E9<<HN B <9>?=GT6IJ ED6I6<8, Y?=? I6?=C 
8>5=:;A=E9:>G B9B 8::X>?D9?8E<HM [6]. !&$ 8A=OD9W6<8G <6 D9>>I9?D8E9:8>; B9B 
8>?=K<8B B=:8K6>?E6<<=M 8<@=DI9788. ) C8>>6D?978=<<=M D9O=?6 OH:9 
D9AD9O=?9<9 =D8F8<9:;<9G I6?=C8B9 =5D6C6:6<8G K8>:9 FD9@6<=EHN >:=6E I6?=C=I 
!&$, C=5=:<6<<HI >?9?8>?8K6>B8I 9<9:8A=I ?=:T8< A9D6F8>?D8D=E9<<HN 
B:9>?6D=E. 

&:=8 FD9@6<9, 5=:JK6<<H6 I6?=C=I I8BD=I6N9<8K6>B=F= =?T65:6<8G, 
<65:=?<= 5D8:6F9X? B 5=E6DN<=>?8 5=C:=WB8, K?= A9?DJC<G6? =5D6C6:6<86 8N 
?=:T8<H. ) 56DEHN YB>56D8I6<?9N 5= <9O:XC6<8X B:9>?6D=E FD9@6<9 > 5=I=T;X 
!&$ OH:9 5D8I6<6<9 I6?=C8B9 >B9<8D=E9<8G «<9 =?DHE6», ?.6. >B9<8D=E9<8G 5D8 
I8<8I9:;<=M >8:6 EA98I=C6M>?E8G A=<C9 > =OD9A7=I, 5=AE=:GXT6F= JC6DW8E9?; 
6F= J 5=E6DN<=>?8. -D8 Y?=I JI6<;[9:=>; I6N9<8K6>B=6 EA98I=C6M>?E86 I6WCJ 
A=<C=I 8 =OD9A7=I, K?= 5=AE=:G:= 8>>:6C=E9?; NDJ5B86 8 :6FB= D9ADJ[9XT86>G 
=OZ6B?H. ) <9[6I >:JK96 D6AJ:;?9?H Y?8N 56DEHN YB>56D8I6<?=E =B9A9:8>; 
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C=>?9?=K<= <6=W8C9<<HI8 - E>6 5=:JK6<<H6 B:9>?6DH FD9@6<9, 8I6:8 C=>?9?=K<= 
O=:;[JX ?=:T8<J, >==?E6?>?EJXTJX 10 8 O=:66 >:=GI. #C<9B=, E N=C6 
C9:;<6M[8N YB>56D8I6<?=E =B9A9:=>;, K?= 5D8 5=>?656<<=I 5=EH[6<88 >8:H 
EA98I=C6M>?E8G I6WCJ A=<C=I 8 5=E6DN<=>?;X =OD9A79 ?=:T8<9 FD9@6<=E=M 
5:6<B8 JI6<;[9:9>;, 5D8K6I D9AI6DH =>?9:;<HN =OZ6B?=E, <9N=CGT8N>G <9 
5=E6DN<=>?8 <6 8AI6<G:8>;. \?= JI6<;[6<86 5D=8>N=C8:= E5:=?; C= A<9K6<8G ~0.7 
<I. 19:;<6M[66 JE6:8K6<86 >8:H EA98I=C6M>?E8G I6WCJ A=<C=I 8 =OD9A7=I <6 
E:8G:= <9 ?=:T8<J B:9>?6D=E FD9@6<9. 

"9B=6 5=E6C6<86 I=W<= =OZG><8?; ?6I, K?= 8A<9K9:;<= B:9>?6DH FD9@6<9 
<65:=?<= 5D8:6F9:8 B 5=E6DN<=>?8. &B9<8D=E9<86 A=<C=I 5D8 JE6:8K6<<=M >8:6 
EA98I=C6M>?E8G > =OD9A7=I 5D8E6:= B ?=IJ, K?= FD9@6<=EH6 >:=8 =B9A9:8>; O=:66 
5:=?<= 5D8W9?HI8 B 5=E6DN<=>?8. 

& JK6?=I 5=:JK6<<HN D6AJ:;?9?=E, C:G C9:;<6M[8N 8>>:6C=E9<8M OH:9 
D9AD9O=?9<9 >:6CJXT9G 5D=76CJD9 8AI6D6<8M: C:G 5=:JK6<8G 5D=O<=F= 
8A=OD9W6<8G 5D8I6<G:>G D6W8I «<9 =?DHE6»; EHO8D9:>G JK9>?=B, 8A=OD9W6<86 
B=?=D=F= <6=ON=C8I= OH:= 5=:JK8?;; >B9<8D=E9<86 EHOD9<<=F= JK9>?B9 
5D=8AE=C8:=>; 5D8 5=>?656<<=I JE6:8K6<88 >8:H EA98I=C6M>?E8G A=<C9 > 
=OD9A7=I, E5:=?; C= >?9O8:8A9788 5=:JK96IHN A<9K6<8M ?=:T8<H B:9>?6D=E. ) 
D6AJ:;?9?6 5D8I6<6<8G Y?=M =D8F8<9:;<=M I6?=C8B8 JC9:=>; C=>?=E6D<= 8AI6D8?; 
?=:T8<H FD9@6<=EHN B:9>?6D=E. 

$6?=C=I 9?=I<=->8:=E=M I8BD=>B=588 OH:8 5=:JK6<H ?=5=FD9@8K6>B86 
8A=OD9W6<8G B:9>?6D=E FD9@6<9, <9<6>6<<HN <9 D9A:8K<H6 5=C:=WB8 (4/+. 3).   
1:G 9<9:8A9 8A=OD9W6<8M  OH:9  5D8I6<6<9  5D=FD9IIH  FemtoScan  Online. & 
5=I=T;X @J<B788 =5D6C6:6<8G D9>5D6C6:6<8G 5= EH>=?9I OH:8 5=:JK6<H 
>:6CJXT86 A<9K6<8G ?=:T8< C:G B:9>?6D=E FD9@6<9, D9A:8K9XT8N>G 7E6?=I 5D8 

,*+.3. F/6/0()$ ,&6&"%*3/0$+-/$ />&.%*C$(/9 0$G!$- "%*3$(* %*>#/0(&: ,&#E/() / 
+,*,/+,/0$+-&$ %*+6%$'$#$(/$ ,&#E/() 6& 6&@$%8(&+,/. 

 

                1,35 $%                               0,71 $%                       0,95 $% 

9(':-$; <';*)01;

0,98 .? 
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8N <9O:XC6<88 E =5?8K6>B=I 
I8BD=>B=56: 0.7 <I, 1.1 <I, 1.4 <I, 1.7 
<I, 2.1 <I 8 ?.C. (=[8OB9 8AI6D6<8M 
>=>?9E:G:9 ~ 0.2 <I). ,9>>?=G<86 
I6WCJ >:=GI8 E BD8>?9::6 FD9@8?9 
>=>?9E:G6? =B=:= 0,335 <I. "9B8I 
=OD9A=I, 5=:JK6<<HM <9O=D ?=:T8< 
B:9>?6D=E FD9@6<9 >==?E6?>?EJ6? 
5=>:6C=E9?6:;<=IJ C=O9E:6<8X 
=?C6:;<HN FD9@6<=EHN >:=6E.  

-D8F=?=E:6<<H6 8 
=N9D9B?6D8A=E9<<H6 > 5=I=T;X !&$ 
=OD9A7H OH:8 8>>:6C=E9<H I6?=C=I 
B=IO8<978=<<=F= D9>>6G<8G >E6?9. %9 
4/+. 4. 5D6C>?9E:6<H N9D9B?6D<H6 
>56B?DH =C<=- 8 CEJ>:=M<=F= FD9@6<9 
8 )#-/. ) 5=:JK6<<HN >56B?D9N 
<9O:XC9X?>G CE6 8<?6<>8E<H6 
5=:=>H: =C<9- > K9>?=?=M EO:8A8 1582 
>I-1, >==?E6?>?EJXT9G G 5=:=>6 
FD9@8?9; 8 E?=D9G – > K9>?=?=M EO:8A8 
2700 >I-1, >==?E6?>?EJXT9G 2D 5=:=>6 
FD9@8?9 8  GE:GXT9G>G  D6AJ:;?9?=I 
CEJN@=<=<<=F= +,&, C:G @=<=<=E > 
K9>?=?=M ~ 1350 >I-1, 5D=GE:GXT8N>G 
E +,& >56B?D9N (5=:=>9 D) ?=:;B= 5D8 
=C<=@=<=<<=I D9>>6G<88 > JK9>?86I 
C6@6B?=E. 

!<9:8A >56B?D=E +,& 5=B9A9:, K?= 5=:JK6<<H6 B:9>?6DH FD9@6<9 >=C6DW9? 
I9:=6 B=:8K6>?E= C6@6B?=E 8 N=D=[= J5=DGC=K6<H. 'AI6<6<86 ?=:T8<H  
FD9@6<=EHN B:9>?6D=E =B9AHE96? E:8G<86, E =><=E<=I,  <9 @=DIJ, 8<?6<>8E<=>?; 8 
5=:=W6<86 2D 5=:=>H [7]. U=DI9 Y?=M 5=:=>H E >56B?D6 +, 8AI6<G6?>G E 
>==?E6?>?E88 > I6N9<8AI=I CE=M<=F= D6A=<9<>9 [8], 8 N=C=I C8>56D>8=<<HN 
A9E8>8I=>?6M Y<6DF88 Y:6B?D=<=E 8 @=<=<=E C:G FD9@6<9 > D9A:8K<HI K8>:=I 
>:=6E. U=DI9 2D 5=:=>H 8I66? <9>?=:;B= N9D9B?6D<HM E8C C:G B9WC=F= K8>:9 
>:=6E, K?= I=W6? 8>5=:;A=E9?;>G C:G =76<B8 Y?=F= 59D9I6?D9. 

\:6B?D=<<9G >?DJB?JD9 B:9>?6D=E FD9@6<9 > D9A:8K<HI K8>:=I >:=6E OH:9 
D9>>K8?9<9 >=EI6>?<= > :9O=D9?=D86M >56B?D=>B=588 <9<=I9?6D89:=E '#U ,!% 
8I. !.$.-D=N=D=E9. 3=C C8>56D>8=<<HN BD8EHN OH: >I=C6:8D=E9< 5D8 5=I=T8 
?6=D88 @J<B78=<9:9 5:=?<=>?8, I6?=C9 5>6EC=5=?6<789:9 8 D9A:=W6<8G E=:<=EHN 
@J<B78M Y:6B?D=<=E 5= 5:=>B8I E=:<9I. ,9>K6? Y:6B?D=<<=M >?DJB?JDH 5=B9A9:, 
K?= JE6:8K6<86 K8>:9 >:=6E FD9@6<9 E B:9>?6D6 5D8E=C8? B D9>T65:6<8X 
C8>56D>8=<<HN >==?<=[6<8M. #><=E<HI D6AJ:;?9?=I D9>K6?9 GE8:9>; 
C6I=<>?D978G JE6:8K6<8G K8>:9 E6?E6M C8>56D>8=<<=M BD8E=M Y:6B?D=<=E 
5D=5=D78=<9:;<= K8>:J >:=6E E B:9>?6D6 FD9@6<9. %9:8K86 <6>B=:;B8N E6?E6M 
=?BDHE96? E=AI=W<=>?; =>JT6>?E:6<8G D9A:8K<HN E9D89<?=E Y:6B?D=<<HN 
56D6N=C=E 5D8 5=F:=T6<88 @=?=<9. 0>:8 E >:JK96 CEJN >:=6E FD9@6<9 (4/+.5) 
>JT6>?EJ6? 4 ?9B8N E=AI=W<HN 56D6N=C9, ?= E >:JK96 ?D6N >:=6E 8N JW6 9, 8 ?.C.  

2600 2700 2800

1550 1600 1650 2600 2700 2800

1550 1600 1650

2683

1586

1584

 

 

1 *'(.

2 *'(,

21;=-)

654-2 78, *%-1

1581 2726

 

 

 

1*'(.

2 *'(,

21;=-)

27472714

1586

1583

1579

 

 

3
$)
0$
*-
4$
(*
)+

, (
)$

. 0
5.

21;=-)

2 *'(,

1 *'(.

 

 

 

1 *'(.

2 *'(,

21;=-)

,*+.4. H%*@(/,$#?(&$ /++#$'&@*(/$ 3&%1) 
/ 6&#&C$(/9 G / 2D 6&#&+ @ +6$-,%*8 A4 
&'(&, '@!+#&:(&"& "%*3$(* / &.2$1(&"& 
"%*3/,*. B#/(* @&#() @&>.!C'$(/9:  

* – 514,5 (1, . – 457 (1. 

;

>
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&:6C>?E86I D9>T65:6<8G 
C8>56D>8=<<HN >==?<=[6<8M 
GE:G6?>G @=DI8D=E9<86 J[8D6<<HN, 
>=>?=GT8N 8A <6>B=:;B8N B=I5=<6<? 
2D 58B=E E= E?=D=I 5=DGCB6 
>56B?D=E +,&. -D8 JE6:8K6<88 
K8>:9 >:=6E C= 6 Y?=? 5D=76>> 
A9B9<K8E96?>G @=DI8D=E9<86I 
<65D6DHE<=F= B=<?8<JJI9 
Y:6B?D=<<HN >=>?=G<8M, 
5D=GE:GXT8I>G E E8C6 CEJN 
[8D=B8N 58B=E E >56B?D9N 
I<=F=>:=M<=F= FD9@8?9. #76<B8 
K8>:9 >:=6E FD9@6<9, 5D=8AE6C6<<H6 
<9 =><=E6 C9<<HN +,&, N=D=[= 
>=F:9>=E9:8>; > C9<<HI8 !&$ C:G 
D9A:8K<HN FD9@6<=EHN B:9>?6D=E. 

#W8C9:=>;, K?= 5=>:6C>?E86I :8<6M<=F= N9D9B?6D9 C8>56D>88 Y:6B?D=<=E 
E I9:=>:=M<=I FD9@8?6 OJC6? 8AI6<6<86 5=:=W6<8M  D 8 2D 5=:=> E >56B?D6 +,& 
5D8 E9D;8D=E9<88 C:8<H E=:<H E=AOJWC9XT6F= 8A:JK6<8G. ) N=C6 D9O=?H OH:8 
5=:JK6<H >56B?DH +,& > 8>5=:;A=E9<86I D9A:8K<HN Y<6DF8M @=?=<=E (C:8< E=:<) 
E=AOJWC9XT6F= 8A:JK6<8G. %9 4/+. 4 5D8E6C6<H >56B?DH, 5=:JK6<<H6 5D8 CEJN 
C:8<9N E=:< E=AOJWC9XT6F= 8A:JK6<8G – 514.5 <I 8 457.9 <I. R9D6F8>?D8D=E9<= 
8AI6<6<86 5=:=W6<8G D 8 2D :8<8M 5D8 E9D;8D=E9<88 Y<6DF88 @=?=<=E 
E=AOJWC9XT6F= 8A:JK6<8G. %9 4/+. 6 5D6C>?9E:6<H >6K6<8G C8>56D>8=<<HN 
5=E6DN<=>?6M, >==?E6?>?EJXT86 Y:6B?D=<<HI 56D6N=C9I 5D8 E=AOJWC6<88 
8A:JK6<86I > Y<6DF86M @=?=<=E 2.71 Y) (457.9 <I) 8 2.41 Y) (514.5 <I), 
8>5=:;A=E9<<HI8 E YB>56D8I6<?6. &?D6:B9I8 5=B9A9<H E9D89<?H E=AI=W<HN 
56D6N=C=E, > 5=?6D6M Y<6DF88 <9 E=AOJWC6<86 CEJN @=<=<=E, K9>?=?H B=?=DHN 
>==?E6?>?E=E9:8 2D YB>56D8I6<?9:;<= <9O:XC96IHI E >56B?D6 +,& I9B>8IJI9I > 
Y<6DF8GI8 0,169 Y) (5D8 E=AOJWC6<88 > Y<6DF86M 2,71 Y)) 8 0,166 Y) (5D8 
E=AOJWC6<88 > Y<6DF86M 2,41 Y)).  

"9B8I =OD9A=I, OH:= 5=B9A9<=, K?= E >==?E6?>?E88 > I6N9<8AI=I CE=M<=F= 
D6A=<9<>9 8 N=C=I C8>56D>8=<<HN BD8EHN Y:6B?D=<=E 8 @=<=<=E 5=:=W6<86 D 8 

-0,4 -0,2 0,0 0,2 0,4

-0,2

0,0

0,2

K'

K
, 2

!/
a 0

K, 2!/a0

"#2.41 eV

K

-0,4 -0,2 0,0 0,2 0,4

-0,2

0,0

0,2

"#2.71 eV

K
, 2

!/
a 0

K, 2!/a0

K K'

,*+.6. H$0$(/9 '/+6$%+/&(()8 6&@$%8(&+,$: 7($%"// 7#$-,%&(&@ @ &'(&+#&:(&1  "%*3$($,  
+&&,@$,+,@!DE/$ 7($%"/91 7#$-,%&(()8 6$%$8&'&@ 2,71 7I / 2,41 7I. 

,*+.5. 4*++0/,*(()$ '/+6$%+/&(()$ 
>*@/+/1&+,/ 7($%"// 7#$-,%&(&@ '#9 &'(&- / 

'@!8+#&:(&"& "%*3$(*. 

0,6 0,8 1,0 1,2 1,4

-2

0

2

'
()
*#
+,

, '
$

K

1 !-./ 2 !-.,
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2D 5=:=> E >56B?D6 +,& A9E8>8? =? C:8<H E=:<H E=AOJWC9XT6F= 8A:JK6<8G. 
!<9:=F8K<H6 A9B=<=I6D<=>?8 OH:8 EHGE:6<H 5D8 8>>:6C=E9<88 +,& E FD9@8?<HN 
5:6<B9N <9<=I6?D=E=M ?=:T8<H. -D8 Y?=I ?9BW6 E56DEH6 OH:= =O<9DJW6<=, K?= 
8<?6<>8E<=>?; 2D :8<88 E=AD9>?96? > JI6<;[6<86I Y<6DF88 @=?=<=E 
E=AOJWC9XT6F= 8A:JK6<8G, K?= I=W6? GE:G?;>G >:6C>?E86I 8AI6<6<8G 5:=?<=>?8 
@=<=<<HN >=>?=G<8M. )HGE:6<=, K?= 5=:=W6<86 8 @=DI9 2D 5=:=>H  =5D6C6:G6?>G 
=>=O6<<=>?GI8 Y:6B?D=<<=M >?DJB?JDH <9<=FD9@8?<HN I9?6D89:=E 8 I=W6? 
>:JK8?; 8<C8B9?=D=I 66 8AI6<6<8G, <95D8I6D, 5D8 EA98I=C6M>?E88 > 
O8=:=F8K6>B8I8 =OZ6B?9I8. 

 
G0$($ 4 5=>EGT6<9 8AJK6<8X O8=:=F8K6>B8N I8BD=- 8 <9<==OZ6B?=E.  

'AJK6<86 E=AC6M>?E8G JF:6D=C<HN <9<=?DJO=B (.%") <9 O8==OZ6B?H ?D6OJ6? 
5D6CE9D8?6:;<=F= 9<9:8A9 N9D9B?6D8>?8B Y?8N =OZ6B?=E. \?=? Y?95 8>>:6C=E9<8G 
5D6C>?9E:G6? >=O=M =?C6:;<JX A9C9KJ, EH5=:<6<<JX E N=C6 D9O=?H. 

) C8>>6D?978=<<=M D9O=?6 OH:8 8>>:6C=E9<H >:6CJXT86 ?85H 
O8=:=F8K6>B8N =OZ6B?=E: O6:B8, <JB:68<=EH6 B8>:=?H, 9 ?9BW6 O=:66 >:=W<H6 
K9>?87H D9>?8?6:;<HN E8DJ>=E 8 O9B?6D89:;<H6 B:6?B8. 1:G 8N 8AJK6<8G OH:8 
8>5=:;A=E9<H 8AE6>?<H6 5=CN=CH C:G 8>>:6C=E9<8G O8=:=F8K6>B8N =OZ6B?=E 
I6?=C=I !&$ [9, 10], =C<9B=, E B9WC=I >:JK96 <6=ON=C8I= OH:= 8N D9AE8?86 C:G 
D6[6<8G A9C9K C8>>6D?978=<<=M D9O=?H. "D6O=E9:=>; ?9BW6 5D=9<9:8A8D=E9?; 
ED6I6<<JX >?9O8:;<=>?; =OZ6B?=E 8>>:6C=E9<8G 5D8 8N 9<9:8A6 I6?=C9I8 
>B9<8DJXT6M A=<C=E=M I8BD=>B=588.  

& 5=I=T;X 9?=I<=->8:=E=M I8BD=>B=588 OH:= 8AJK6<= 5=E6C6<86 
>$#$(&"& 3#!&%$+J$(,(&"& .$#-* (GFP) 5D8 EH>J[8E9<88 <9 5=E6DN<=>?8 >:XCH. 
) C9:;<6M[6I 5=C=O<H6 =OZ6B?H OH:8 8>5=:;A=E9<H C:G 9<9:8A9 EA98I=C6M>?E8G 
O8=:=F8K6>B8N >?DJB?JD > JF:6D=C<HI8 <9<=?DJOB9I8. ) D9O=?6 ?9BW6 OH: 
5D=E6C6< 9<9:8A >?9O8:;<=>?8 :XI8<6>76<?<HN >E=M>?E Y?=F= O6:B9 5D8 
EH>J[8E9<88. 

!&$ 8>>:6C=E9<86 5=B9A9:=, K?= 5D8 
EH>J[8E9<88 <9 5=E6DN<=>?8 >:XCH O6:=B 
D9E<=I6D<= 5=BDHE96? 5=E6DN<=>?;, =OD9AJG 
F:=OJ:H EH>=?=M =? 5 C= 25 <I (4/+.7). 

4H:8 A9D6F8>?D8D=E9<H >56B?DH 
E=AOJWC6<8G 8 8>5J>B9<8G @:J=D6>76<788 
8>N=C<=F= D9>?E=D9 GFP 8 =58>9<<=F= EH[6 
=OD9A79 (4/+.8). "9BW6 OH:8 
A9D6F8>?D8D=E9<H A9E8>8I=>?8 
8<?6<>8E<=>?8 @:J=D6>76<788 =? ED6I6<8. 
) >56B?D9N @:J=D6>76<788 GFP E D9>?E=D6 8 
E >JN=M @=DI6 A<9K8?6:;<HN D9A:8K8M <6 
<9O:XC9:=>;. ) >56B?D6 E=AOJWC6<8G 
@:J=D6>76<788 5D8>J?>?E=E9: =C8< 
I9B>8IJI E =O:9>?8 395-400 <I. $9B>8IJI 
8>5J>B9<8G @:J=D6>76<788 E =O=8N >:JK9GN 
OH: A9D6F8>?D8D=E9< <9 C:8<6 E=:<H 509 <I. 

,*+. 7. F&6&"%*3/0$+-&$ />&.%*C$(/$ 
>$#$(&"& 3#!&%$+J$(,(&"& .$#-*, 
(*($+$((&"& (* 6&@$%8(&+,? +#D'). 
4*>1$% />&.%*C$(/9 4.584.5 1-1. 
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?<

.6
C.

0*)",, !

,*+. 9. K*,!8*(/$ +/"(*#* 
#D1/($+J$(J// >$#$(&"& 

3#!&%$+J$(,(&"& .$#-* (*($+$((&"& 
(* 6&@$%8(&+,? +#D'). 

#C<9B=, 5=>:6 EH>J[8E9<8G 
@:J=D6>76<78G O6:B9 >?9:9 I6<66 
>?9O8:;<=M. 4H:8 A9D6F8>?D8D=E9<H 
A9E8>8I=>?8 8<?6<>8E<=>?8 8>5J>B9<8G 
@:J=D6>76<788 =? ED6I6<8 (4/+. 9). 1:G 
O6:B9, <9<6>6<<=F= <9 5=E6DN<=>?; >:XCH, 
8<?6<>8E<=>?; @:J=D6>76<788 
JI6<;[9:9>; E 2 D9A9 E ?6K6<86 10 >, E ?= 
ED6IG B9B E D9>?E=D6 A9 ?9B86 ED6I6<9 <6 
5D=8>N=C8:= >B=:;B=-<8OJC; A9I6?<=F= 
A9?JN9<8G. "9B8I =OD9A=I, I=W<= 
A9B:XK8?;, K?= 5=>:6 <9<6>6<8G <9 
5=E6DN<=>?; C9<<HM O6:=B ?6DG6? 
>?9O8:;<=>?;. -D8 8>>:6C=E9<88 
O8=:XI8<6>76<?<HN =OZ6B?=E E<6 E=C<=M 
>D6CH <6=ON=C8I= 5D8<8I9?; E= E<8I9<86 
<8ABJX >?9O8:;<=>?; :XI8<6>76<788. 

1:G 5D=E6C6<8G C9:;<6M[8N 
YB>56D8I6<?=E 5= E=AC6M>?E8X JF:6D=C<HN 
<9<=>?DJB?JD <9 O8=:=F8K6>B86 =OZ6B?H 
OH: 8>5=:;A=E9< O8=:XI8<6>76<?<HM 
O9B?6D89:;<HM >6<>=D. ) C9<<=M D9O=?6 
OH: 8>5=:;A=E9< O8=>6<>=D <9 =><=E6 
F6<<=-8<W6<6D<=F= [?9II9 Escherichia 
coli A12 TG1, <6>JT6F= lux-=56D=<.  

'>N=C<HM O8=>6<>=D OH: 
=N9D9B?6D8A=E9< > 5=I=T;X 9?=I<=-
>8:=E=M I8BD=>B=588. !<9:8A !&$ 
8A=OD9W6<8M (4/+.10) 5=B9A9:, K?= 
5=5J:G78G 8>N=C<=M >J>56<A88 O9B?6D8M 
OH:9 C=>?9?=K<= F6?6D=F6<<9 5= D9AI6D9I 
8 I=D@=:=F88 8 >=C6DW9:9 =B=:= 95% 
I=D@=:=F8K6>B8 5=:<=76<<HN B:6?=B. 
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$ *&!1$.*)

(& !-23)a > 

,*+. 8. H6$-,% @&>.!C'$(/9 (*) / /+6!+-*(/9 (.) #D1/($+J$(J// >$#$(&"& 3#!&%$+J$(,(&"& 
.$#-*, (*($+$((&"& (* 6&@$%8(&+,? +#D'), / @ %*+,@&%$. 

,*+.10. LHM />&.%*C$(/9 ./&+$(+&%*, 
+&+,&9E$"& /> .*-,$%/: Escherichia coli 
(* %*>()8 +,*'/98 '$#$(/9 / %*>@/,/9 
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R<9K8?6:;<H6 D9A:8K8G E I=D@=:=F88 O9B?6D8M GE:GX?>G >:6C>?E86I ?=F=, K?= 
B:6?B8 <9N=CG?>G <9 D9A<HN >?9C8GN C6:6<8G 8 D9AE8?8G. ) >:JK96 F8O6:8 8 
D9ADJ[6<8G O9B?6D89:;<=M B:6?=K<=M >?6<B8 5D=8>N=C8? A<9K8?6:;<=6 J5:=T6<86 
O9B?6D89:;<=M B:6?B8: >D6C<GG ?=:T8<9 5=:<=76<<=M O9B?6D88 >=>?9E:G6? 200-330 
<I, E ?= ED6IG B9B ?=:T8<9 D9ADJ[6<<=M B:6?B8 <6 5D6EH[96? 80 <I. 

) D9O=?6 OH:= 8>>:6C=E9<= ?D8 E8C9 <8?6E8C<HN D9>?8?6:;<HN E8DJ>=E: 
'@* ,/6* @/%!+&@ -*%,&3$#9 L / N (LIA / NIA), 9 ?9BW6 @/%!+ ,*.*0(&: 1&>*/-/ 
(IFM). 4H:9 5D=9<9:8A8D=E9<9 >?9O8:;<=>?; C9<<HN E8DJ>=E 5D8 8N <9<6>6<88 <9 
5=E6DN<=>?; >:XCH C:G 5=:JK6<8G !&$ 8A=OD9W6<8M 8 E 5D=76>>6 >B9<8D=E9<8G. 
1:G ! 8 3 E8DJ>=E B9D?=@6:G OH: 8>>:6C=E9< 5D=76>> 8N EA98I=C6M>?E8G > 
O6:B9I8 CI 8 25K >==?E6?>?E6<<=. 

!<9:8A ?=5=FD9@8K6>B8N 8A=OD9W6<8M K9>?87 E8DJ>=E B9D?=@6:G 8 
?9O9K<=M I=A98B8 (4/+. 11) 5=B9A9:, K?= K9>?87H ! 8 3 E8DJ>=E 8I6X? >N=WJX 
>?DJB?JDJ 8 :8[; <6A<9K8?6:;<=6 =?:8K86 E D9AI6D9N. -= D6AJ:;?9?9I !&$ 
8>>:6C=E9<8G >D6C<GG C:8<9 K9>?87 !)+ >=>?9E:G6? 700$50 <I (4/+.12), C89I6?D 
10$2 <I; K9>?87H 3)+ <6I<=F= B=D=K6 – 8N C:8<9 ~500 <I 8 C89I6?D 12$2 <I. 
Q9>?87H E8DJ>9 8I6X? F:9CBJX <8?6=OD9A<JX @=DIJ. R9K9>?JX K9>?87H E8DJ>=E 
B9D?=@6:G =OD9AJX? 765=KB8, >=>?=GT86 8A CEJN-K6?HD6N K9>?87. 

200 400 600 800 1000 1200 1400 1600 1800

1780("1460("1220("970("630("

 

 

4-+(& 5&!1+6 078, ("

360("

500 1000 1500 2000 2500 3000

2800 ("2150 ("1450 ("

 

 

4-+(& 5&!1+6 90:, ("

750 ("

,*+.12. O/+,&"%*11) %*+6%$'$#$(/9 0*+,/J L @/%!+* -*%,&3$#9(+#$@*)                
/ @/%!+* ,*.*0(&: 1&>*/-/ (+6%*@*) 6& '#/(*1.

,*+. 11. LHM />&.%*C$(/9 0*+,/J L @/%!+* -*%,&3$#9(+#$@*) / ,*.*0(&: 
1&>*/-/ (+6%*@*), (*($+$(()8 (* 6&@$%8(&+,? +#D'). 
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Q9>?87H E8DJ>9 ?9O9K<=M I=A98B8 8I6X? I6<;[JX C:8<J 360$50 <I 8 
<6>B=:;B= O=:;[8M C89I6?D ~16 <I. ) D6AJ:;?9?6 !&$ 8>>:6C=E9<8G OH:= >C6:9<= 
A9B:XK6<86, K?= =<8 E O=:;[6M >?656<8, K6I E8DJ>H B9D?=@6:G >B:=<<H B 
=OD9A=E9<8X 765=K6B. #C8<=K<H6 K9>?87H >=>?9E:GX? :8[; I9:JX K9>?; 8A E>6N 
<9O:XC96IHN <9 5=E6DN<=>?8. -D8 Y?=I B=:8K6>?E= E8DJ>=E E =C<=M 765=KB6 
I=W6? C=>?8F9?; 6-8 [?JB. %9 4/+. 12 5D6C>?9E:6<= D9>5D6C6:6<86 5= C:8<9I 
<9O:XC96IHN K9>?87 E8DJ>=E =O=8N ?85=E. 

1:G 5D=E6C6<8G YB>56D8I6<?=E 5= <9O:XC6<8X > 5=I=T;X 9?=I<=->8:=E=F= 
I8BD=>B=59 K9>?87H E8DJ>=E OH:8 <9<6>6<H <9 5=E6DN<=>?; >:XCH 8A E=C<=M 
>D6CH. ) D6AJ:;?9?6 <9O:XC6<8M OH:= J>?9<=E:6<=, K?= ?9B86 J>:=E8G <6 E:8GX? 
<9 >?9O8:;<=>?; K9>?87. +D=I6 ?=F=, OH:8 5=C=OD9<H ?9B86 J>:=E8G >B9<8D=E9<8G, 
5D8 B=?=DHN <6 5D=8>N=C8? D9ADJ[6<86 =OD9A79 8A-A9 C9E:6<8G >= >?=D=<H A=<C9 
9?=I<=->8:=E=F= I8BD=>B=59. 

) <6B=?=DHN >:JK9GN, =K6E8C<=, 5=C E:8G<86I E<6[<8N @9B?=D=E, ?9B8N 
B9B J>:=E8G EHC6:6<8G 8 ND9<6<8G, K9>?87H E8DJ>=E B9D?=@6:G ?6DG:8 
>?9O8:;<=>?;. $6?=C=I 9?=I<=->8:=E=M I8BD=>B=588 OH:8 =O<9DJW6<H K9>?87H, 
8I6XT86 >?DJB?JDJ «OJ>8<H <9 <8?8» (4/+.13). &D6C<GG [6D=N=E9?=>?; EC=:; 
?9B=M K9>?87H >=>?9E:G:9 1,1 <I. %9:8K86 ?9B8N >?DJB?JD I=W6? 
>E8C6?6:;>?E=E9?; = C6A=DF9<8A9788 O6:B=E =O=:=KB8 8 <6>?9O8:;<=>?8 K9>?87. 
"9B8I =OD9A=I, OH:8 A9D6F8>?D8D=E9<H N9D9B?6D<H6 8A=OD9W6<8G <6>?9O8:;<HN 

,*+. 14. LHM />&.%*C$(/$ 0*+,/J L / X @/%!+* -*%,&3$#9 6&+#$ +,*./#/>*J// .$#-*1/ CI / 
25A, +&&,@$,+,@$((&. 

,*+.13. LHM />&.%*C$(/9 '$+,*./#/>/%&@*(()8 0*+,/J L / X @/%!+* -*%,&3$#9.  
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1. 0.3(&, !;!<)(=+, 
(&(.1*;%.> + *&!1$.* 4?: 
!")@+$&21!, 

2. A;!<)(=++ <.3$)*#&21!, 
$.=3)/!1$+2 ;-B1*&=$;>& 

3. 8.-)>;-C 4?: 
3)/!1$;21 >&> D90 

4. :&<-, *&!1$.*& 
(&(.!+1!, (& <.3-.E>; 

5. F=-+@>+ (&(.1*;%.> 
!"C$&21!,

6. D.!-) $C!;@+$&(+, (& 
<.$)*G(.!1+ .!1&21!, 
.13)-B(C) (&(.1*;%>+ 

APS  
 
 
*'?5; 

 
,*+.16. 5%/"&,&@#$(/$ &.%*>J&@, +&'$%C*E/8 &,'$#?()$ ;<=. 

E8DJ><HN K9>?87, B=?=DH6 E C9:;<6M[6I 8>5=:;A=E9:8>; C:G =76<B8 E:8G<8G 
JF:6D=C<HN <9<=>?DJB?JD <9 K9>?87H E8DJ>=E. 

& 5=I=T;X !&$ OH:= 5=B9A9<=, K?= ?9B86 K9>?87H ! 8 3 E8DJ>=E 
B9D?=@6:G I=FJ? OH?; >?9O8:8A8D=E9<H 5D8 EA98I=C6M>?E88 > O6:B9I8 CI 8 25+, 
>==?E6?>?E6<<= ) D6AJ:;?9?6 C=O9E:6<8G >==?E6?>?EJXT8N O6:B=E E8DJ><H6 
K9>?87H >?9<=E8:8>; O=:66 >?9O8:;<HI8. #?C6:;<H6 O6:B8 =O=:=KB8 5:=?<66 
5D8:6F9:8 CDJF B CDJFJ, K?= 5D8E=C8:= B @=DI8D=E9<8X F:9CB=M <8?6E8C<=M 
>?DJB?JDH (,8>.14). ) ?= W6 ED6IG C=O9E:6<86 Y?8N O6:B=E B >?9O8:;<HI K9>?879I 
<6 E:8G:= <9 8N >?DJB?JDJ. 
 

G0$($ 5 5=>EGT6<9 8AJK6<8X 
EA98I=C6M>?E8G <9<=K9>?87 > O8=:=F8K6>B8I8 
=OZ6B?9I8. 4H:= 8>>:6C=E9<= EA98I=C6M>?E86 
JF:6D=C<HN <9<=?DJO=B > I=:6BJ:9I8 1%+, 
K9>?879I8 D9>?8?6:;<HN E8DJ>=E (E8DJ>9 
?9O9K<=M I=A98B8) 8 O9B?6D89:;<HN B:6?=B 
(Escherichia coli). 

4H:= J>?9<=E:6<=, K?= 5D8 
EA98I=C6M>?E88 > I=:6BJ:9I8 1%+ 5D=8>N=C8? 
=OD9A=E9<86 F8OD8C<HN K9>?87 – JF:6D=C<9G 
<9<=?DJOB9/1%+. ) YB>56D8I6<?9N OH:8 
8>5=:;A=E9<H I=:6BJ:H >8<?6?8K6>B=M 
=C<=765=K6K<=M 1%+, >=>?=GT6M 8A I=<=I6D=E 
9C6<8<9 (poly A) 8 =K8T6<<HN =C<=>?6<<HN 
JF:6D=C<HN <9<=?DJO=B, 5=:JK6<<HN I6?=C=I 
:9A6D<=M 9O:G788. -D8 >8<?6A6 #.%" 
@=DI8DJX? 5JKB8, >=>?=GT86 8A I<=W6>?E9 
<9<=?DJO=B. "9B86 5JKB8 I=FJ? OH?; D9AC6:6<H <9 =?C6:;<H6 <9<=?DJOB8 > 
5=I=T;X I=T<=F= J:;?D9AEJB=E=F= E=AC6M>?E8G. #C<9B=, 5=>:6 =B=<K9<8G 

,*+.15. LHM />&.%*C$(/$ 6!0-&@ 
&'(&+,$(()8 !"#$%&'()8 

(*(&,%!.&-, +3&%1/%&@*(()8 
6&+#$ !#?,%*>@!-&@&: &.%*.&,-/.
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C6M>?E8G J:;?D9AEJB9 #.%" >?D6IG?>G E<=E; >@=DI8D=E9?; 5JKB8, 5=>B=:;BJ ?9B=6 
>=>?=G<86 GE:G6?>G Y<6DF6?8K6>B8 O=:66 EHF=C<HI. %9 4/+.15 5D6C>?9E:6<H !&$ 
8A=OD9W6<8G 5JKB=E #.%", >@=DI8D=E9<<HN 5=>:6 J:;?D9AEJB=E=M =OD9O=?B8. 
"=:T8<9 5JKB=E C=>?8F96? 200 <I, ?.6. E ?9B8N 5JKB9N >=C6DW8?>G O=:66 100 
<9<=?JO=B. 1:G JC6DW9<8G <9<=?DJO=B E 8A=:8D=E9<<=I >=>?=G<88 8>5=:;AJX? 
D9A:8K<H6 5=E6DN<=>?<=-9B?8E<H6 E6T6>?E9 (-!)) [11, 12]. 

) C9<<=M D9O=?6 OH:9 D9AD9O=?9<9 I6?=C8B9 5=:JK6<8G B=I5:6B><HN 
K9>?87 #.%"/1%+. %9 4/+. 16 >N6I9?8K6>B8 5D6C>?9E:6<H Y?95H Y?=F= 5D=76>>9. 
& 5=I=T;X J:;?D9AEJB=E=F= E=AC6M>?E8G 5JKB8 <9<=?DJO=B OH:8 D9AC6:6<H. 
4:9F=C9DG >E=6M >?DJB?JD6, I=:6BJ:H 1%+, C=O9E:6<<H6 E >J>56<A8X <9<=?DJO=B, 
C6M>?E=E9:8 5=C=O<= -!), =OE8E9:8>; E=BDJF =?C6:;<HN 8A <8N, <6 C9E9G 8I 
E<=E; =OD9A=E9?; 5JKB8. -=:JK6<<H6 ?9B8I =OD9A=I F8OD8C<H6 >?DJB?JDH OH:8 
8>>:6C=E9<H I6?=C=I 9?=I<=->8:=E=M I8BD=>B=588 (4/+.17). 1:G Y?=F= OH:9 
D9AD9O=?9<9 >56789:;<9G 5D=76CJD9 <9<6>6<8G 6C8<8K<HN D9AC6:6<<HN K9>?87 
#.%"/1%+ <9 5=E6DN<=>?; >:XCH, <9 B=?=D=M <9O:XC9:8>; =OZ6B?H C:8<=M C= 
<6>B=:;B8N IBI 8 C89I6?D=I 0,7-2 <I, K?= >==?E6?>?EJ6? 59D9I6?D9I 
8<C8E8CJ9:;<HN #.%", >8<?6A8DJ6IHN I6?=C=I CJF=E=F= D9ADGC9. -D8 
E9D;8D=E9<88 >8:H E=AC6M>?E8G A=<C9 9?=I<=->8:=E=F= I8BD=>B=59 JC9:=>; 
5D=C6I=<>?D8D=E9?;, K?= C9<<H6 =OZ6B?H >=>?=G? 8A CEJN B=I5=<6<?. )6DN<8M 
O=:66 IGFB8M >:=M, GE:GXT8M>G E6D=G?<= 1%+, I=W6? OH?; JC9:6< E 5D=76>>6 
>B9<8D=E9<8G. -D8F=?=E:6<<H6 =OD9A7H OH:8 ?9BW6 =N9D9B?6D8A=E9<H I6?=C=I 

,*+.17. LHM />&.%*C$(/9 %*>'$#$(()8 ;<=, (*($+$(()8 (* 6&@$%8(&+,? +#D'), 
&.%*.&,*((!D L5H. 

,*+.18. H6$-,% A4 &, -&16#$-+&@ ;<=F-B=A.. 

1 5 0 0 1 6 0 0 2 6 0 0 2 7 0 0 2 8 0 02 0 0

1 8 6

2 0 4
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B=IO8<978=<<=F= D9>>6G<8G >E6?9. -=:JK6<<H6 >56B?DH (4/+. 18) GE:GX?>G 
N9D9B?6D<HI8 >56B?D9I8 C:G <9<=?DJO=K<=F= I9?6D89:9, ?9B8I =OD9A=I, OH:= 
5=B9A9<=, K?= 5D=?GW6<<H6 =OZ6B?H, <9O:XC96IH6 <9 5=E6DN<=>?8 >:XCH, 
GE:GX?>G =C<=>?6<<HI8 JF:6D=C<HI8 <9<=?DJOB9I8. 

 %9 >:6CJXT6I Y?956 D9O=?H OH:= 5D=9<9:8A8D=E9<= E:8G<86 JF:6D=C<HN 
<9<=?DJO=B <9 O=:66 >:=W<H6 O8=:=F8K6>B86 =OZ6B?H – <8?6E8C<H6 D9>?8?6:;<H6 
E8DJ>H. ) Y?8N YB>56D8I6<?9N 5D8I6<G:8>; JW6 8>>:6C=E9<<H6 8 
=N9D9B?6D8A=E9<<H6 E8DJ>H ?9O9K<=M I=A98B8 ()"$). +9B JW6 =?I6K9:=>; D9<66, 
K9>?87H C9<<=F= E8DJ>9 >=>?=G? 8A <JB:6=?8C9 (E C9<<=I >:JK96 ,%+) 8 O6:B=E=M 
=O=:=KB8. 

4H:= 8AJK6<= E:8G<86 JF:6D=C<HN <9<=?DJO=B <9 >?9O8:;<=>?; E8DJ><HN 
K9>?87. 1:G Y?=F= E=C<H6 >J>56<A88 <9<=?DJO=B, 5D=[6C[8N J:;?D9AEJB=EJX 
=OD9O=?BJ, 8 )"$ >I6[8E9:8>;. 4H:= D9AD9O=?9<= <6>B=:;B= I6?=C8B, 
5=AE=:GXT8N 5=CC6DW8E9?; D9E<=I6D<JX B=<76<?D978X #.%" 8 )"$ E 
>J>56<A88 E 56D8=C 8<BJO9788, B=?=DHM >=>?9E:G: C= 14 >J?=B. #C<9B=, E= E>6N 
>:JK9GN @=DI9 8 D9AI6DH E8DJ><HN K9>?87 =>?9E9:8>; <68AI6<<HI8, 8 :8[; 
5D=8>N=C8:= @=DI8D=E9<86 C=>?9?=K<= BDJ5<HN >B=5:6<8M K9>?87 )"$ E=BDJF 
9F:=I6D9?=E <9<=?DJO=B, K?= OH:= 5=C?E6DWC6<= > 5=I=T;X >56B?D=>B=588 
B=IO8<978=<<=F= D9>>6G<8G >E6?9. (4/+. 19). ) >56B?D9N, 5=:JK6<<HN =? 
76<?D9:;<=M K9>?8 >B=5:6<8M E8DJ>=E <9O:XC9:>G 8<?6<>8E<HM >8F<9:, 
N9D9B?6D<HM C:G <9<=?DJO=K<=F= I9?6D89:9. +9B OH:= 5=B9A9<= D9<66, >:859<86 
=?C6:;<HN K9>?87 ?858K<= C:G E8DJ>9 ?9O9K<=M I=A98B8. "9B8I =OD9A=I, 5D8 
EE6C6<88 JF:6D=C<HN <9<=?DJO=B E >J>56<A8X )"$ A<9K8?6:;<HN 8AI6<6<8M 
>?9O8:;<=>?8, I=D@=:=F88 8 5=E6C6<8G E8DJ><HN K9>?87 <6 5D=8>N=C8?. 

%9 A9B:XK8?6:;<=I Y?956 D9O=?H OH:= 5D=E6C6<= 8>>:6C=E9<86 E:8G<8G 
=C<=>?6<<HN JF:6D=C<HN <9<=?DJO=B <9 W8EH6 O9B?6D89:;<H6 B:6?B8. & 5=I=T;X 
9?=I<=->8:=E=M I8BD=>B=58 OH:8 8AJK6<H EHW8E96I=>?; 8 8AI6<6<86 
I=D@=:=F88 O9B?6D89:;<HN B:6?=B E C8<9I8B6 C6M>?E8G #.%" (E ?6K6<86 14-?8 
>J?=B). 4H:= 5D=9<9:8A8D=E9<= C6M>?E86 =C<=>?6<<HN JF:6D=C<HN <9<=?DJO=B <9 
B:6?B8 F6<<=-8<W6<6D<=F= [?9II9 Escherichia coli K12 TG1, 8I6XT6F= 
>E6?GT8M>G @6<=?85, =O6>56K6<<HM B:=<8D=E9<86I E <6F= lux-&6$%&(* 8A 
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5D8D=C<HN :XI8<6>76<?<HN I=D>B8N O9B?6D8M Photobacterium leiognathi [13]. 
\?=? [?9II E <9>?=GT66 ED6IG [8D=B= 8>5=:;AJ6?>G E ,=>>88 E B9K6>?E6 
O8=>6<>=D9 ?6>?->8>?6IH “\B=:XI” C:G YB>5D6>>-=76<B8 ?=B>8K<=>?8 D9A:8K<HN 
N8I8K6>B8N E6T6>?E, 8N >I6>6M 8 @8A8K6>B8N @9B?=D=E 8 OH: =?C6:;<= 
8>>:6C=E9< E C9<<=M D9O=?6, B9B JW6 OH:= =58>9<= D9<66. 

49B?6D89:;<H6 B:6?B8 8<BJO8D=E9:8>; E ?6K6<86 14 >J?=B E E=C<=M 
>J>56<A88 JF:6D=C<HN <9<=?DJO=B 9 ?9BW6 E E=C<=I D9>?E=D6. 0W6C<6E<= 8A =O=8N 
=OD9A7=E =?O8D9:8>; 5D=OH. %9 4/+.20 5D6C>?9E:6<= ?858K<=6 8A=OD9W6<86 
8>>:6CJ6IHN O9B?6D8M, B=?=DH6 <6 5=CE6DF9:8>; E=AC6M>?E8X #.%". +9B OH:= 
=58>9<= E /:9E6 4, O9B?6D89:;<H6 B:6?B8 8I6X? N9D9B?6D<JX C:G O9B?6D8M 
EH?G<J?JX @=DIJ (C:8<9 2-2,5 IBI, [8D8<9 ~1 IBI), 8N EH>=?9 >=>?9E:G6? 250±50 
<I. & 5=I=T;X 9?=I<=->8:=E=M I8BD=>B=588 OH:= A9D6F8>?D8D=E9<= 8AI6<6<86 

,*+.20. LHM />&.%*C$(/$ 
.*-,$%/*#?()8 -#$,&- E col,i ($ 

@>*/1&'$:+,@&@*@G/8 + 
!"#$%&'()1/ (*(&,%!.-*1/  

,*+.21. LHM />&.%*C$(/$ 
.*-,$%/*#?()8 -#$,&- E coli 
6&+#$ @>*/1&'$:+,@/9 + 

!"#$%&'()1/ (*(&,%!.-*1/. 
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+@$,* 6&',@$%C'*D, (*#/0/$ ,*-&: &.#*+,/. P$#)1 J@$,&1 &.&>(*0$() .*-,$%//, 
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I=D@=:=F88 O9B?6D89:;<HN B:6?=B E =O:9>?GN, 5=BDH?HN <9<=?DJOB9I8 (4/+.21). 
.W6 <9 K6?E6D?HM C6<; YB>56D8I6<?9 >?9:8 A9I6?<H 8AI6<6<8G E >?DJB?JD6 
O9B?6D8M. 'A 4/+.21 E8C<=, K?= B:6?B8 A<9K8?6:;<= J5:=T6<H 5= >D9E<6<8X > 
W8EHI8 8 =?:8K9X?>G :9?6D9:;<HI8 D9AI6D9I8: 8N EH>=?9 <6 5D6EH[96? 70 <I. 

+9B 8 E >:JK96 > E8DJ><HI8 K9>?879I8, <9<=?DJO=K<HM I9?6D89: 
<6D9E<=I6D<= 5=BDHE9: 5=E6DN<=>?;. #C<9B=, E C9<<HN =OD9A79N <9<=?DJOB8 
5=BDHE9:8 =O[8D<H6 =O:9>?8 5=E6DN<=>?8, 9 <6 @=DI8D=E9:8 9F:=I6D9?H. & 
5=I=T;X >56B?D=>B=588 +,& OH:= EHGE:6<= A<9K8?6:;<=6 B=:8K6>?E= ?9B8N 
=O:9>?6M. %9 4/+. 22 5D6C>?9E:6<= 8A=OD9W6<86 O9B?6D8M, <9N=CGT8N>G <9 FD9<876 
I6WCJ >:=6I <9<=?DJO=B 8 5=E6DN<=>?;X >:XCH. +9B E8C<= 8A D8>J<B9, O9B?6D88, 
<9N=CGT86>G E =O:9>?8, 5=BDH?=M #.%" 8I6X? D9A:8K<JX @=DIJ 8 I9:JX EH>=?J 
E ?= ED6IG B9B O9B?6D88, <6 8I6XT86 5DGI=F= B=<?9B?9 > <9<=?DJOB9I8, =>?9X?>G 
E 8>N=C<=I >=>?=G<88 8 >=ND9<GX? N9D9B?6D<JX C:G O9B?6D8M @=DIJ. 

 "9B8I =OD9A=I, OH:= EHGE:6<=, K?= D9ADJ[6<86 O9B?6D8M 5D=8>N=C8? 5D8 
<65=>D6C>?E6<<=I B=<?9B?6 O9B?6D89:;<HN B:6?=B > #.%". \?= 5=AE=:G6? 
A9B:XK8?;, K?= 8N F8O6:;, E=AI=W<=, >EGA9<9 > D9ADJ[6<86I O9B?6D89:;<=M 
B:6?=K<=M >?6<B8 8 <9DJ[6<86I I6IOD9<H 5=C C6M>?E86I #.%". "9B=M I6N9<8AI 
D9ADJ[6<8G 5=C?E6DWC96?>G ?9BW6 8 D6AJ:;?9?9I8 8>>:6C=E9<8G E8DJ><HN K9>?87. 
)8DJ><H6 K9>?87H >=>?=G? :8[; 8A <JB:6=?8C9 8 O6:B9 =O=:=KB8. "9B9G >?DJB?JD9, 
=K6E8C<=, GE:G6?>G O=:66 J>?=MK8E=M B I6N9<8K6>B8I E=AC6M>?E8GI 8, E K9>?<=>?8, 
E=AC6M>?E8X <9<=?DJO=B. ) ?= W6 ED6IG O=:66 >:=W<9G >?DJB?JD9 O9B?6D89:;<HN 
B:6?=B C6:96? 8N O=:66  JGAE8IHI8 B C6M>?E8X E<6[<8N E=AC6M>?E8M. 

'AI6<6<86 >?DJB?JDH O9B?6D89:;<HN B:6?=B OH:= ?9BW6 5=C?E6DWC6<= > 
5=I=T;X <9O:XC6<8G 8AI6<6<8M 8<?6<>8E<=>?8 O8=:XI8<6>76<788, 
D65D=CJB?8E<=M >5=>=O<=>?8 8 =OI6<<HN 5D=76>>=E E =OD9A76. 
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F 2-11,#+$&-'..'C #$"'+, @'08;,.7 10,28<4-, '1.'(.7, #,%809+$+7: 
 

1. ,9AE8? I6?=C @=DI8D=E9<8G =C<=- 8 I9:=>:=M<HN B:9>?6D=E FD9@6<9 <9 
D9A:8K<HN 5=C:=WB9N (Si > ?=<B8I 5=BDH?86I SiO2, ZnS, ZrO2). )56DEH6 <9 
=><=E6 >?9?8>?8K6>B=F= 8>>:6C=E9<8G I6?=C=I 9?=I<=->8:=E=M I8BD=>B=588 
=O<9DJW6< C8>BD6?<HM N9D9B?6D D9>5D6C6:6<8G ?=:T8<H FD9@6<=EHN 
B:9>?6D=E. ) 5=:JK6<<=I  D9>5D6C6:6<88 A9D6F8>?D8D=E9< <9O=D I9B>8IJI=E, 
=?>?=GT8N CDJF =? CDJF9 <9 E6:8K8<J, >==?E6?>?EJXTJX I6W>:=6E=IJ 
D9>>?=G<8X E FD9@8?6 (~0.34 <I), 8 >==?E6?>?EJXT8N 1, 2, 3, 8 ?.C. >:=GI 
FD9@6<9.  

 
2. #76<B8 K8>:9 FD9@6<=EHN >:=6E, 5=:JK6<<H6 8A 9<9:8A9 !&$ 8A=OD9W6<8M, 
OH:8 5=C?E6DWC6<H C9<<HI8 B=IO8<978=<<=F= D9>>6G<8G >E6?9. 4H:9 
5D=E6C6<9 8C6<?8@8B978G J<8B9:;<=M @=DIH 5=:=>H CEJN@=<=<<=F= 
B=IO8<978=<<=F= D9>>6G<8G >E6?9 > I9B>8IJI=I EO:8A8 2700 >I-1 C:G 
B:9>?6D=E > D9A:8K<HI K8>:=I FD9@6<=EHN >:=6E, =5D6C6:G6I=M 
=>=O6<<=>?GI8 8N Y:6B?D=<<=M >?DJB?JDH. R9D6F8>?D8D=E9<= 8AI6<6<86 
@=DIH Y?=M 5=:=>H 5D8 D9A:8K<HN C:8<9N E=:< E=AOJWC9XT6F= 8A:JK6<8G.  

 
3. & 5=I=T;X 9?=I<=->8:=E=M I8BD=>B=588 =O<9DJW6<=, K?= 5D=8>N=C8? 
>?9O8:8A978G !, 3 E8DJ>=E B9D?=@6:G 5D8 EA98I=C6M>?E88 > O6:B9I8 CI 8 25K 
>==?E6?>?E6<<=. .>?9<=E:6<=, K?= <9<6>6<86 E8DJ><HN K9>?87 <9 5=E6DN<=>?; 
>:XCH <6 E:8G6? <9 8N >?9O8:;<=>?;. !<9:8A >?9O8:;<=>?8 <8?6E8C<HN 
D9>?8?6:;<HN E8DJ>=E 5D8 B=<?9B?6 =C<=>?6<<HI8 JF:6D=C<HI8 
<9<=?DJOB9I8 5=B9A9:, K?= K9>?87H E8DJ>=E <6 ?6DGX? >E=X >?9O8:;<=>?; 8 
:8[; =OD9AJX? C=>?9?=K<= BDJ5<H6 >B=5:6<8G E=BDJF 9F:=I6D9?=E #.%".  

 
4. ,9AD9O=?9<9 I6?=C8B9 5=:JK6<8G 8 !&$-E8AJ9:8A9788 B=I5:6B>=E =C8<=K<9G 
=C<=>?6<<9G JF:6D=C<9G <9<=?DJOB9/1%+. $6?=C=I B=IO8<978=<<=F= 
D9>>6G<8G >E6?9 J>?9<=E:6<=, K?= 5D8 @=DI8D=E9<88 B=I5:6B>9 #.%"/1%+ 
<6 5D=8>N=C8? 8AI6<6<8M F6=I6?D88 8 Y:6B?D=<<=M >?DJB?JDH JF:6D=C<HN 
<9<=?DJO=B. 

 
5. )56DEH6 5D=E6C6<= 8>>:6C=E9<86 >?9O8:;<=>?8 O9B?6D89:;<=F= 
O8=:XI8<6>76<?<=F= >6<>=D9 E 5D8>J?>?E88 =C<=>?6<<HN JF:6D=C<HN 
<9<=?DJO=B. & 5=I=T;X !&$ =O<9DJW6<=, K?= <65=>D6C>?E6<<HM B=<?9B? 
W8EHN O9B?6D89:;<HN B:6?=B > =C<=>?6<<HI8 JF:6D=C<HI8 <9<=?DJOB9I8 
5D8E=C8? B I6N9<8K6>B=IJ <9DJ[6<8X B:6?=K<=M >?6<B8 8 I6IOD9<H 8 
D9ADJ[6<8X O9B?6D8M.  
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