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 STUVWXYZT[\T]^_VV`a bZWcXT^^Ta LaMnxGa1-xO3 
Wcc^_dY]TV` ce_bXZ` fgh WYVY] Mn (dWTeT[YV bYVi_V-XZTiWj 0.02 ≤ x ≤ 1), T XTbk_ lmh W ceWV-Z_n_XYoVTp Z_^TbcTiWp pd_Z 69Ga W 71Ga (eZW 0 ≤ x ≤ 0.2). qVT^W[ ce_bXZY] fgh eY[]Y^W^ eZYc^_dWXr [T eZYi_ccYS Y\S_VVYUY csk_VWp, eZW]YdptWS b Y\ZT[Y]TVWu _dWVYj ^WVWW ^YZ_Vi_]Yj vYZS` eZW x ≥ 0.2. 

gYdX]_Zkd_V e_Z_aYd YX TVXWv_ZZYSTUVWXVYUY b v_ZZYSTUVWXVYSs XW-es ceWVY]YUY seYZpdYo_VWp eZW dWTSTUVWXVYS ZT[\T]^_VWW STVUTVWXT UT^^^W_S, VToWVTp c x = 0.8. 
gZW 

x = 0.1 Y\VTZsk_VY TVYST^rVY_ snWZ_VW_ W ZTct_e^_VW_ ce_bXZT fgh eZW Ya^Tkd_VWW, oXY WVX_ZeZ_XWZs_X-cp bTb Z_[s^rXTX X_ZSYTbXW]WZY]TVVYUY ]VsXZ_VV_UY d]Wk_VWp c aTZTbX_ZVYj wV_ZUW_j Ea ~ 50 SwR. xcc^_dY-]TVW_ pd_ZVYj ceWV-Z_n_XYoVYj Z_^TbcTiWW UT^^Wp ] dWTeT[YV_ X_Se_ZTXsZ 190-390 y XTbk_ c]Wd_X_^rcX]s_X Y VT^WoWW ] Y\ZT[iTa ]VsXZ_VV_UY d]Wk_VWp c X_S k_ [VTo_VW_S Ea. z\cskdT_Xcp SYd_^r X_ZSYTbXW]WZY]TV-V`a Z_YZW_VXTiWj w^_bXZYVV`a YZ\WXT^_j WYVY] Mn3+, eYd]_Zk_VV`a wvv_bXs lVT-{_^^_ZT. 
 
 
 
 

 
EFFECT OF DIAMAGNETIC DILUTION  
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In the magnetically diluted LaMnxGa1-xO3 single crystals, the EPR spectra of the Mn ions (at 0.02 ≤ x ≤ 1), as well as 
NMR and nuclear spin-lattice relaxation of 69Ga and 71Ga nuclei have been investigated. The analysis of the EPR spectra 
enabled one to follow the exchange narrowing effect to the point of appearance of a single Lorentzian line at x ≥ 0.2. The 
transition from the antiferromagnetic to ferromagnetic type of spin ordering is confirmed under condition of the diamag-
netic dilution with Ga, starting from x = 0.8. At x = 0.1, unusual broadening and splitting of the EPR spectrum are found 
upon cooling; this can be assigned to the effect of thermally activated internal motion with characteristic energy Ea of 
about 50 meV. The study of nuclear spin-lattice relaxation was performed in the temperature range of 190-390 K. The 
obtained data support the existence of the internal motion with the same value of Ea. This motion can be attributed to 
thermally activated re-orientations of the eg electron orbitals of the Mn3+ ions subjected to the Jahn-Teller effect. 
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1. �������� �
 �G@LHF?BH �GF� �BDGJB� B?AHDH@ �DBQLHJLB LH�BDGQE??�H DHFJG�H HL!?�H  E?�E?BA� – QH"H@AQE @ G#"H� $GD CLG� LaMn1-yMeyO3, �FH Me – FQCIQELH?A?��  HAELL (Ca, Sr B A.F.), @ ., ?E�D., G#�GD� [1-4]. %AB  EAHDBEL�, &QL&'"BH@& �DB HDG  @B@AH  @ @BL!?� B KLHJADG??� B JGDDHL&(B& B, G#LEFE'A D&FG  ?HG#�)?�I  E�?BA?�I B ADE?@�GDA?�I @QG�@AQ, B� JGAGD�I ?EB#GL!�B� B?AHDH@ Q���QEHA JGLG@@EL!?��  E�?BAGDH�B@ABQ?�� K$$HJA 

(
*PM). +DBDGFE K$$HJAE G#�)?G @Q&��QEHA@& @  HIE?B� G  "FQG�?G�G G# H?E", JGAGD�� @G�DGQG,FEHA@& @�B?-�EQB@&"B  FQB,H?BH  FHLGJELB�GQE??�I KLHJADG?GQ  H,FC BG?E B Mn3+ B Mn4+. -QG�?G� G# H? ?H B@)HD��QEHA, GF?EJG, Q@HI G@G#H??G@AH� �GQHFH?B&  E?�E?BAGQ. >G?� Mn3+ (K$$HJABQ?�� @�B? S = 2), @G@AEQL&'"BH G@?GQ?C' DH�HAJC, �GFQHD,H?� K$$HJAC .?E-/HLLHDE: GJAEKFD #LB,E��BI BG?GQ JB@LGDGFE B@JE,EHA@& QFGL! GF?G� B� G@H� Q @GGAQHA@AQBB @ Q�#GDG  GD#BAELB 2 23x r

d
−

 LB#G 2 23y r
d

−
 Q JDB@AELLG�DE$B)H@JG� �LG@JG@AB (ab). +GKAG C �H-DH@JGJ KLHJADG?E @ Mn3+ ?E Mn4+ G�?E)EHA ?H AGL!JG @ H?C �ED&FE B @�B?E, ?G B �HDH@ADG�JC #LB,E��H�G GJDC,H-?B&. 0B�B)H@JE& JEDAB?E KABI &QLH?B� �GJE FELHJE GA �GL?G� &@?G@AB B Q���QEHA G,BQLH??C' FB@JC@@B' Q LBAH-DEACDH.  +DB B@@LHFGQE?BB �DG#LH , @Q&�E??�I @ *PM- E?�E?BAE B, �GLH�?G @G@DHFGAG)BA!@& ?E @QG�@AQEI #E�G-QG�G @GHFB?H?B& LaMnO3, 

@GFHD,E"H�G AGL!JG ADHI�ED&F?�H BG?�  ED�E?(E. %AG QH"H@AQG ?H �HDHIGFBA Q  H-AELLB)H@JGH @G@AG&?BH, E  E�?BA?GH C�GD&FG)H?BH, QG�?BJE'"HH ?B,H TN = 140 K, �DHF@AEQL&HA @G#G� E?AB-$HDDG E�?HABJ @ )HDHFGQE?BH  
$HDDG E�?BA?�I �LG@JG@AH� (ab) @ �DGABQG�GLG,?G ?E�DEQLH??� B ?E E�?B-)H??G@A& B. 1@AE?GQLH?G (@ ., ?E�D., [5,6]), )AG Q �BDGJG  FBE�E�G?H AH �HDEACD Q�LGA! FG TJT = 750 K &?-AHLLHDGQ@JBH GD#BAELB B @GGAQHA@AQC'"BH B@JE,H?B& DH�HAJB FL& @G@HF?BI BG?GQ Mn3+ Q �LG@JG@AB (ab) JDB-@AELLGQ LaMnO3 

Q�EB ?G �HD�H?FBJCL&D?�, A.H. Q�A&?CA� QFGL! G@H� x B y Q �EI EA?G  �GD&FJH. +DB T < TJT KAGA GD#BAEL!?�� �GD&FGJ @GGAQHA@AQCHA JGG�HDEABQ?G C @AEAB)H@JG C K$$HJAC .?E-/HLLHDE. 2 �GQ��H?BH  AH �HDEACD� FG T > TJT �DGB@IGFBA $E�GQ�� �HDHIGF Q #GLHH @B  HADB)?GH @G@AG&?BH, GAQH)E'"HH FB?E B)H-@JG C JGG�HDEABQ?G C K$$HJAC .?E-/HLLHDE. %AGA �HDHIGF �DG&QL&HA@&, Q )E@A?G@AB, Q �?E)BAHL!?G  C H?!-�H?BB �BDB?� LB?BB %+M [7-9]. +DB H)EAHL!?G, )AG �DB FG#EQLH?BB Q LaMnO3 
JEJBI-LB#G �DB H@H� (?H AGL!JG FQCIQELH?A?�I "HLG)?G�H- HL!?�I BG?GQ, ?G B FBE E�?BA?�I ADHIQELH?A?�I BG?GQ AB�E Ga3+, ?H QLB&'"BI ?E �ED&FGQGH @G@AG&?BH  ED�E?(E) @AEAB)H@JGH GD#BAEL!?GH C�GD&FG)H?BH @AE?GQBA@&  H?HH C@AG�)BQ� , )AG QHFHA J �G?B,H?B' TJT [10-15]. +DB KAG  G# H??GH Q�EB GFH�@AQBH  H,FC BG?E B  ED�E?(E �DBG#DHAEHA $HDDG E�?BA?�� IEDEJAHD. 3AQHA ?E QG�?BJE'"BH �FH@! QG�DG@�  G,HA FEA! B�C)H?BH B�G GD$?�I AQHDF�I DE@AQGDGQ LaMnO3 - LaGaO3. %AG �G�QGLBA �DG@LHFBA! �E KQGL'(BH� @�B?GQG�G G# H?E B GD#BAEL!?�I JGDDHL&(B� GA BI QG�?BJ?GQH?B& ?E CDGQ?H KLH H?AED?�I �DG(H@@GQ FG AG�G  G H?AE, JG�FE G?B �DBG#DHAE'A JGLLHJABQ?�� IEDEJAHD B FE'A JEDAB?C, ?E#L'FEH C' Q LaMnO3 

B *PM- EAHDBELEI.  PE�?BA?�H, @ADCJACD?�H B �DGQGF&"BH @QG�@AQE @B@AH � LaMnO3 - LaGaO3 
?E B?AH�DEL!?G  CDGQ?H 

B�C-)ELB@! Q DE#GAEI [10-17]. >?$GD E(B' G LGJEL!?G� @�B?GQG� FB?E BJH  G,?G �GLC)BA!  HAGFE B  E�?BA?G�G DH�G?E?@E B @�B?GQG� DHLEJ@E(BB, )AG B @G@AEQBLG (HL! FE??G� DE#GA�.  
 
2. 4567�8�9��:;<=�;> 9�:?��5; 3��A� �DGQGFBLB@! ?E @HDBB  G?GJDB@AELLB)H@JBI G#DE�(GQ @G@AEQE LaMnxGa1-xO3 

Q FBE�E�G?H JG?(H?ADE(B�  ED�E?(E 0 @ x @ 1. 
*DB@AELL� @ x ≤ 0.2 Q�DE"H?� �G  HAGFC AGIDEL!@JG�G [16], E @ #GLHH Q�@GJB B JG?(H?ADE-(B& B – �G??G� �LEQJG�. 

*G?(H?ADE(B& Q@'FC CJE�E?E FL& �BIA�. -E??�H DH?A�H?G@ADCJACD?G�G E?ELB�E �GF-AQHDFBLB GF?G$E�?G@A! Q@HI B@@LHFGQE??�I G#DE�(GQ; G?B @GGAQHA@AQC'A B�QH@A?G� FL& FE??G�G  EAHDBELE GD-AGDG #B)H@JG� @ADCJACDH Pbnm AB�E O′ ( / 2 ,c a b< ) �DB x ≥ 50% B O* ( , ~ / 2a b c ) �DB  H?!�BI JG?(H?ADE-(B&I Mn. %QGL'(B& �G@AG&??�I DH�HAJB a, b B c @ B� H?H?BH  x @GGAQHA@AQCHA LBAHDEACD?�  FE??�  [11,13]. 2�HJAD� %+M B�C)ELB@! Q >M% MNO (PG@JQE) ?E @�HJADG HADH ER-200 
$BD � Bruker (DE#G)E& )E@AGAE 

9.6 BB(). >@�GL!�GQELE@!  GFCL&(B& Q?H�?H�G  E�?BA?G�G �GL& B0 
@ )E@AGAG� 100 JB(; �DB KAG  @B?IDG??�� FHAHJAGD DH�B@ADBDGQEL @B�?EL �DGB�QGF?G� %+M-�G�LG"H?B& �G  E�?BA?G C �GL'. /H �HDEACD?�H �EQB@B G-@AB Q FBE�E�G?H 4.2 - 300 

*
 @?B ELB@! @ �G G"!' JDBG�H??G� @B@AH � Oxford (AG)?G@A! C@AE?GQJB AH �HDEAC-D� ±1 

*
). >?AH?@BQ?G@A! %+M-�G�LG"H?B& (χEPR) 

G�DHFHL&LE@! FQG�?�  B?AH�DBDGQE?BH  KAG�G @B�?ELE LB#G E��DGJ@B BDC'"H� H�G $C?J(BB. -L& E#@GL'A?G� JELB#DGQJB B@�GL!�GQEL@& @AE?FEDA MgO:Mn.  %J@�HDB H?A� �G .PM B @�B?-DH�HAG)?G� DHLEJ@E(BB &FHD B Q��GL?H?� Q 1?BQHD@BAHAH OGD$GLJE ?E B -�CL!@?G  .PM @�HJADG HADH @  E�?BA?�  �GLH  7 /L Q AH �HDEACD?G  FBE�E�G?H 190-380 
*

. 3@?GQ?�H B@@LHFGQE-?B& �DGQHFH?� ?E &FDEI 69Ga B 71Ga (DE#G)BH )E@AGA� 72 PB( B 91.5 PB(, @GGAQHA@AQH??G), ?HJGAGD�H B� HDH?B& @FHLE?� AEJ,H ?E 139La (42.1 PB(). PB?B EL!?E& FLBAHL!?G@A! π/2-B �CL!@E @G@AEQL&LE 1.5  J@, )AG �G�QGL&LG QG�-#C,FEA! B ?E#L'FEA! (�G@LH $CD!H-�DHG#DE�GQE?B& @�EFE @QG#GF?G� B?FCJ(BB) JQEFDC�GL!?G DE@"H�LH??�� @�HJAD &FHD Ga. 
�DH & @�B?-DH�HAG)?G� DHLEJ@E(BB &FHD (T1n) 

B� HD&LE@!  HAGFG  ?E@�"H?B&-QG@@AE?GQLH?B&, QDH & �G-�HDH)?G� @�B?-@�B?GQG� DHLEJ@E(BB (T2n) – �G �EACIE?B' @�B?GQG�G KIE. 
 
3. C�DE<=:;:F � ?G6EH����� I

. JKL OE DB@. 1 �GJE�E? D&F @�HJADGQ %+M, �GLC)H??�I �DB JG ?EA?G� AH �HDEACDH ?E G#DE�(EI @ DE�LB)?� B JG?-(H?ADE(B& B Mn (�GJE�E?� C JDBQ�I). �BF?G, )AG �DB x = 0.02 @�HJAD @G@AGBA B� G�DG ?G�G )B@LE GA?G@BAHL!?G 
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�. 1. �
����� ��� ���������� LaGa1-xMnxO3 

�� ��������� ���
�������.  ��!�����!�� ��� -"��!� (x) ���#��� � �����$ 

%&'() *(+(,; -+( .(*/+- 0121'234567.8 ( 21&'- 5+(&-72-0+3. 975 '527(+5 -:%.*-4*1+5 7-+'-, ( .412)7-+'-, .72%'7%2-, (-+-4 Mn3+ (S = 2), Mn4+ (S = 3/2), Mn2+ (S = 5/2) (, 4-&;-<+-, Mn5+ (S = 1), '5<=3, (& '-7-23) 4 .72%'7%21 012-4.'(75 =517 4 ;5>+(7+--+1?'4(45*1+7+3) '-;0*1'.5. @-*(A1.741++58 25.B(C2-4'5 ?7->- .01'-725 021=.754*817.8 +1215*/+-,. D 2-.7-; x .01'72 0-.7101++- %02-E517.8, 02(A1; 4 F1+721 (02( g ~ 2) 0-84*8-17.8 ( 25.717 *(+(8 *-21+F14-, C-2;3. G2( x ≥ 0.2 -+5 .75+-4(7.8 =-;(+(2%6E1,, 5 11 (+71>25*/+58 (+71+-.(4+-.7/ (χEPR) 02(;12+- .--7417.74%17 0-*+-, '-+F1+725-F(( 0525;5>+(7+3) (-+-4 4 -:25&F1.  H1;01257%2+31 &54(.(;-.7( .01'72-4 9GI 4 -:25&F5) . '-+F1+725F(8;( ;52>5+F5 x ≥ 0.2 0-'5&5+3 +5 2(.. 2. G2( =-.-757-A+- 43.-'() 71;01257%25) ?7( .01'723 )-2-B- 5002-'-.(;(2%67.8 -=+-, *(:- =4%;8 0121'23456E(;(.8 *(+(8;( *-21+F14-, C-2;3. 
I1&'-1 -.*5:*1+(1 .(>+5*5 4 LaMnO3 

(x = 1) 02( T < 140 @ .48&5+- . 5+7(C122-;5>+(7+3; C5&-43; 0121)-=-;. D=4(> ( (.'5<1+(1 *(+(,, 4-&+('56E(1 02( -)-*5<=1+(( +(<1 140 @ (x = 0.8) ( 85 @ (x = 0.5) .4(=171*/.74%67 - 4-&+('+-41+(( 02( ?7() 71;01257%25) C122-;5>+(7+->- 0--28='5, A7- .->*5.%17.8 . =5++3;( ;5>+(7+3) (&;121+(, 
[11,13]. J7;17(;, A7- 4 -:-() .*%A58) &54(.(;-.7( χEPR(T) (+5 2(.%+'5) +1 0-'5&5+3) 4 43.-'-71;01257%2+-, -:*5.7( 43)--=87 +5 &5'-+ @62(-

K1,..5 . 0-*-<(71*/+3;( (C122-;5>-+(7+3;() &+5A1+(8;( )525'712+-, 71;01257%23 θ ~ 110 @. L4+3) 02(&+5'-4 ;5>+(7+->- %0-28=-A1+(8 02( x = 0.2 4 (.-.*1=-45++-; 71;01257%2+-; =(505&-+1 +1 -:+52%<(4517.8, -=+5'- 0-*-<(71*/+58 '2(4(&+5 C%+'F(( χEPR
-1(T) ( 2-.7 B(2(+3 *(+(( 02( -)*5<=1+(( +(<1 50 @ %'5&34567 +5 02(.%7.74(1 .%0120525;5>+(7+3) '*5.712-4. JA14(=+-, A7- +5:*6=51;58 ?4-*6F(8 .01'725 . 2-.7-; '-+F1+725F(( Mn -:M8.+817.8 -:;1++3; .%<1+(1;. 97-7 ?CC1'7 )-2-B- (&41.71+ 4 '-+F1+72(2-45++3) 0525;5>+17('5) (, 4 A5.7+-.7(, +5:*6=5*.8 4 LaMnO3 

[18,7,8,19]. G-'5&5+-, A7- B(2(+5 -:;1++--.%<1++-, *(+(( 9GI 4 ?7-; .*%A51 )-2-B- -0(.34517.8 C-2;%*-, 
[20,18] 

 

0
2 ( )

M
f T

J
∆ =

, (1) >=1 J – ?+12>(8 -:;1++->- 4&5(;-=1,.74(8 (. %A17-; 4.1) .-.1=1, 0525;5>+(7+->- F1+725), M2
0 – 47-2-, .01'-725*/+3, ;-;1+7 4 -7.%7.74(1 -:;1+5, 5 ;+-<(71*/ 

���. 2. �
����� ��� (
���#��N��� ��"����� 
�"��O���P � 
���#���Q��$ �N���!�$) � ���������$ LaGa1-xMnxO3 
� ���!�����!�P�� x = 1 (a); 0.8 (b); 0.5 (c) � 0.2 (d) 
�� ��#��R��$ ���
�������$ (���#��� � �����$) 
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( )

( )

C
f T

T Tχ
=

, (2) 441=1++3, �/6:12-; [20], %A(734517 -7+-.(71*/+- .*5:%6 ;-+-7-++%6 71;01257%2+%6 &54(.(;-.7/, +5:*6-=51;%6 4=5*( -7 '2(7(A1.'() 7-A1' ( -021=1*81;%6 -7'*-+1+(1; ;5>+(7+-, 4-.02((;A(4-.7( ;5712(5*5 χ(T) -7 &5'-+5 @62(. �-2;%*5 (1) .02541=*(45 02( %.*-4(( J � (M2
0)1/2. @5' 0-'5&5+- 4 25:-75) �.�. @-A1*5145, �. �1,&1+)-C125 ( =2. [7,8] (.;. 75'<1 [19,20]), =*8 '-+F1+72(2-45++3) ;5+>5+(7-4 -.+-4+-, 4'*5= 4 �2

0 =517 7-+'58 .72%'7%25 -=+-A5.7(A+->- .01'725 9GI (-+5 Mn3+, -0(.3451;58 .0(+->5;(*/7-+(5+-; 2-;:(A1.'-, .(;;172((, 5 75'<1 (4 ;1+/B1, .7101+() 5+(&-72-0+58 A5.7/ -:;1++->- 4&5(;-=1,.74(8 �&8*-B(+.'->--�-2(8. J.14-, ( 2-;:(A1.'(, 0525;1723 .0(+->5;(*/7-+(5+5 D ( E =*8 '-+F1+72(2-45++->- ;5+>5+(75, 0--*%A1++31 (& .254+1+(8 ?'.012(;1+75*/+3) =5++3) . C-2;%*-, (1), (;167 0-28=-' 20 ��F [7,8,19]. K
 ;5>+(7+--25&:54*1++3) '2(.75**5) '-*(A1.741++-1 -0(.5+(1 -:;1++->- .%<1+(8 -'5&34517.8 >-25&=- .*-<-+11, 0-.'-*/'% 4;1.7- 1=(+->- =*8 4.1) (-+-4 Mn &+5A1+(8 J 4-&+('517 B(2-'-1 25.021=1*1+(1 41*(A(+ Jij. @5' 0--'5&5*( �.�. @-A1*514 . .-72%=+('5;( [21], 4 ?7-; .*%A51 +1*/&8 0-*/&-457/.8 02-.73;( 02-F1=%25;( %.21=+1+(8. �5'7(A1.'( =1,.74(6 -:;1+5 0-=412<1+3 7-*/'- 71 0525;5>+(7+31 F1+723, '-7-231 -'5&5*(./ 4 .-.7541 '*5.712-4 (& :*(<5,B() .-.1=1,, 5 -.75*/+31 (-+3 =-*<+3 =1;-+.72(2-457/ -:3A+3, =(0-*/+--%B(21++3, .01'72. K-02-. - 7-;, .'-*/'- (-+-4 Mn =-*<1+ .-=12<57/ -:;1++3, '*5.712, A7-:3 1>- .01'72 02(:*(&(*.8 ' 1=(+(A+-, *(+(( *-21+F14-, C-2;3, -.7517.8 -7'2373;. 

�-<+- 021=0-*-<(7/, A7- +5.7-8E11 -:;1++-1 .%<1+(1 (;117 ;1.7- *(B/ 4 :1.'-+1A+-; (012'-*8F(-++-;) '*5.7121, 4-&+('56E1; (=*8 02-.7-, '%:(A1.'-, 21B17'() 02( x� = 31% [22]. @5' 4(=+- (& 2(.. 1, 2, 4 +5B() -:25&F5) 0121)-= ' -:;1++--.%<1++-, *(+(( +5:*6=517.8 02( x = 20%, A7- +1.'-*/'- +(<1 x�. K=5*( -7 '2(7(A1.'() 71;01257%2 4 -:25&F5) . '-+F1+725F(8;( 
x ≥ 0.2 +5:*6=517.8 .*5:-1 ;-+-7-++-1 %B(21+(1 *(+(, 9GI . +5>2145+(-1;, A7- '5A1.741++- .->*5.%67.8 . C-2;%*5;( (1), (2) ( =5++3;( 0- '-+-F1+72(2-45++3; ;5+>5+(75; [7-9,18,23,24]. D 2-.7-; =(5;5>+(7+->- 25&-:54*1+(8 ?75 &54(.(;-.7/ +1.'-*/'- -.*5:14517. I1&'-1 %B(21+(1, +5:*6-=51;-1 4 LaMnO3 02( 0-=)-=1 ' 71;01257%21 �11*8, .--7417.74%17 *(7125-7%2+3; =5++3; [18,7-9] ( 7(0(A+- =*8 '2(7(A1.'->- 0-41=1+(8 [7,8]. �1-'-7-23, 2-.7 B(2(+3 *(+(( 4:*(&( 71;01257%2 C122-;5>+(7+3) 0121)--=-4 02( x = 0.8 ( 0.5 75'<1 ;-<17 :37/ .-0-.754*1+ . 5+5*->(A+3; ?CC1'-7-; 4 '-+F1+72(2-45++3) ;5+>5+(75) [18,24], -=+5'- 4 0-.*1=+1; .*%A51, '5' 0-'5&5+- 4 25:-75) [25-28], %B(21+(1 *(+(( 9GI 4:*(&( Tc 

+1 .48&5+- . '2(7(A1.'(; %.'-21+(1; 21*5'.5F((, 5 +-.(7 +1-=+-2-=+3, )525'712. J:.%=(; 71012/ .01'72 9GI 4 -:25&F1 . '-+F1+725F(1, x = 0.1. @5' 4(=+- (& 2(.. 1, 02( 43.-'() 71;01257%25) &=1./ +5:*6=517.8 -=(-+-A+58 *(+(8 4:*(&( g = 2, B(2(+5 '-7-2-, &+5A(71*/+- ;1+/B1, A1; 02( 
:-*11 43.-'() '-+F1+725F(8). �5;17(;, A7- 0*-E5=/ ?7-, *(+(( .--7417.74%17 *(B/ -=+-, =1.87-, -7 .-=12<5+(8 Mn 4 -:25&F1, 7.1. '-+F1+725F(( -'-*- 1%. G2( -)*5<=1+(( +(<1 200 @ C-2;5 *(+(( 4(-=-(&;1+817.8 (2(.. 3): 02-(.)-=(7 11 25.E10*1+(1 +5 =41 '-;0-+1+73, 

A ( B, 02(A1; B(2(+5 *(+(( B 21&'- 4-&25.7517 . =5*/+1,B(; 0-+(<1-+(1; 71;01257%23. �5:*6=51;-1 %B(21+(1 *(+(( B 02( -)*5<=1+(( (=2%>(;( .*-45;(, 712;-5'7(4(2-45++-1 .%<1+(1 .01'-725 9GI) ;-<+- -:M8.+(7/ 4*(8+(1; +1'() 4+%721++() =4(<1+(,, 02(4-=8E() ' %.21=+1+(6 7-+'-, .72%'7%-23 &5 .A17 ?CC1'7(4+->- %;1+/B1+(8 -=+-, (*( -:1() '-+.75+7 .0(+->5;(*/7-+(5+5, D ( E. �.*( )525'712+31 .'-2-.7( ?7() =4(<1+(, 02143B567 J/ , () %.21=+86E11 =1,.74(1 =-*<+- 02-84(7/.8 25+/B1, A1; 4*(8+(1 -:;1+5. K 75'-; .*%A51 4 C-2;%*1 (1) 4;1.7- M2
0 +5=- 0-=.754(7/ 21=%F(2-45++-1 =4(<1+(1; &+5A1+(1 

M2
* < M2

0, '-7-2-1 %;1+/B517.8 . 2-.7-; 71;01257%23, A7- ( 02(4-=(7 ' .%<1+(6 *(+((. �3 0-*5>51;, A7- 02(2-=5 -:.%<=51;->- 4+%721++1>- =4(<1+(8 ;-<17 :37/ .48&5+5 . 21-2(1+75F(1, 8+-71**12-4.'() -2:(75*1, (-+-4 Mn3+, 4)-=8E() 4 .-.754 -:;1++3) '*5.712-4. K '-+F1+72(2-45++-; LaMnO3 
75'58 21-2(1+75F(8 4-&;-<+5 *(B/ 02( =-.7(<1+(( '2(7(A1.'-, 71;01257%23 TJT 

( +-.(7 )525'712 '--01257(4+->- C5&--4->- 0121)-=5, '-7-23, .-02-4-<=517.8 21&'(; .%<1+(1; *(+(( 9GI &5 .A17 21=%'F(( 0525;172-4 D ( E 4 %.*-4(8) =(+5;(A1.'->- ?CC1'75 L+5-H1**125 [7-9,29]. G2( 0121+1.1+(( ?7-, (=1( +5 ;5>+(7-25&:54*1++%6 .(.71;% .*1=%17 %A1.7/, A7- 4 ->25+(A1++3) '*5.7125) 0121.'-'( (21-2(1+75F(() -2:(75*1, A121& :52/12 Ea, 
25&=1*86E1, 4-&;-<-+31 '-+C(>%25F((, 4-&;-<+3 02( *6:-, 71;01257%21, 5 4;1.7- C5&-4->- 0121)-=5 &=1./ -<(=517.8 &5'-+ !221+(%-.5 . ?+12>(1, 5'7(45F(( Ea.  D--7417.74%6E58 -:25:-7'5 71;01257%2+-, &54(.(;-.7( B(2(+3 *(+(( " 02( x = 0.1 0-'5&5+5 +5 2(.. 4. �3 0-*5>5*(, A7- 4'*5= 4 B(2(+% *(+(( =567 :3.7231 C*%'7%5F(( 4+%721++1>- 0-*8 .- .21=+1'45=257(A+-, 5;0*(7%=-, ωL 

( 421;1+1; '-221*8F((  

���. 3. �
����� ��� � LaGa0.9Mn0.1O3 
�� ��#��R��$ ���
�������$ 0,2 0,4 0,6

x=0.1

250 K

80 K

95 K

140 K

E
P

R
 a

bs
or

pt
io

n 
de

riv
at

iv
e 

 [a
rb

. u
ni

ts
]

B
0
  [T]



������	 ���
��������� �����
�	���  �� �����
�� ����
���  
 
��������� 

Magnetic Resonance in Solids. Electronic Journal. Vol.6 (2004) 6 

 0 exp a
e e

E
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τ τ

	 

= � �
 � , (3) 5 75'<1 5==(7(4+3, 71;01257%2+- +1&54(.(;3, A*1+ ∆0, 

%A(73456E(, +1-=+-2-=+-1 %B(21+(1. G-*/&%8./ .75+=527+-, 71-2(1, .%<1+(8 .01'72-4 ;5>+(7+->- 21&-+5+.5 4+%721++(; =4(<1+(1; [30], ;-<+- &50(.57/ 
 ( ) ( )

11 12
0e L e e eγ τ γ γ

−− −
∞

� �
∆ = Ω + ∆ + ∆� �� �  (4) ��� �e – ����������� � ��!"�� ���� ����#�� �; ΩL

2 – $���� % �&"��"� "!'� �(�) *�(��( �(+,��� ���"�-���� '��. �" �"/�+�"�!)0 '"�"!"�� ��)0 1����"0; ∆2 – # � �" � �   & $�"� 3�$��! '������ (���� 3��� ($��"�.�� �"$0�� !�$�- '�  τe → 4). 5������" ��$'�� !���"�-�)0 �"��)0 *��!(�"!  (3), (4) '�  6�"3�� .0 '"�"!����& 
Ea/k = 550 7; ∆0 = 27 !8; ∆2 = 160 !8; τe

0ΩL
2 = 5⋅105 $-1 '��"6"�" �" � $. 4 $'��#��% � � �%. 9��. 6�"3 ���-��� 3 $�� '������3�)0 '"�"!����&, " �"�:� ���"� 3���)% � "'"6��  6!���� . # � �) � �   �� '�6&��.+� ��-�"�- ����6�"3�)0 ��� 3�$�&���)0 &)&���&, �" �"3�$�&����! (��&�� $���"$ � $ '�����:����% !����-+ '���-$�"&�.��$. &'���� �"6(!�)!. 
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. <=> ?�(� ! !�����!  $$����&"� . &�(����� 0 �& :�� % .&�.��$.  6!���� � &��!��  T1n $' �-��#���3��% ���"�-$"1   .��� �$��&��% ��#���  �� $�"��". 7"�  6&�$��� [30], $����$�- ���% ���"�$"1   '��'��1 ��"�-�" $'��-��"�-��% '�����$�  J(ωn) *�(��("1 % &�(����� 0 '���%, &)6)&"+, 0 ���"�$"1 ���)� '���0��) & .�����% $' ��&�% $ $��!�, �" 3"$���� @AB ωn = �nB0. C '��$��%#�! $�(3"� ��$'����1 "�-���� ������.���" $ &��!���! ������.1   Dc ��" �'�����.��$. *��!(��%: 
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 (5) ��� ωL
2 – $���� % �&"��"� "!'� �(�) *�(��("1 %, – 3"$���" @AB. 8"� ! �/�"6�!,  $$���(. ��!'��"�(��(+ 6"-& $ !�$�- T1n, 

!�:�� '��(3 �-  �*��!"1 + � &��!��  ������.1   &�(����� 0 �& :�� %. E$��&�)� @AB-'"�"!���) .���, �" �����)0 '��&�� � $-  6!���� ., �"��&): 69Ga: $' � I = 3/2; 
69γn/2π = 0.102 F1/8�; '� ����". �"$'��$��"�����$�- 69P = 60%; ������ 3�$� % �&"��('��-�)% !�!��� (& �� -� 1"0 6"�.�" ��������") 69Q = 0.168×10-28 !2; 71Ga: I = 3/2; 71γn/2π = 0.13 F1/8�; 71P = 40%; 71Q = 0.106×10-28 !2. E�!�� !, 3��  6���' 71Ga  !��� /��-# % !"�� ��)% !�!���, "  6���' 69Ga – /��-# % ������ 3�$� % �&"��('��-�)% !�!���. G�� �/$��.���-$�&� ��"6"��$- &�$-!" '���6�)! '�  �'�������   !�0"� 6!�& ���"�$"-1    6 $�"&��� . �"��)0 ��. �&(0  6���'�&. 8�� *"��, 3�� �/"  6���'" Ga �/�"�"+� .����)!  $' �"!  3/2   6�"3 ���-�)!  ������ 3�$� !  �&"��('��--�)!  !�!���"! , ��$���-�� ($��:�.�� !���� �(    ����'���"1 + ��6(�-�"��&. 5� 0�� �$.  !��- ���� $ 3��)��0-(��&��&)!  $' ��&)!  $ $��!"! , ��!��$�� �(+, !  �&"��('��-�� �"$,�'����)� $'����) @AB: � 1����"�-��-!( '���0��( ±1/2 ��/"&�.+�$. �&" $"���� �", (3/2, 1/2)   (-1/2, -3/2). 9���#�  6&�$���, 3�� & �"��! $�(3"� � ��� �" &�$$�"��&��� . $ ��"��& @AB '�$��  !'(�-$���� �"$),�� . $�$�� �, & �/,�!,  6 ���0 ��!'����� $ 0"�"�����)!  $����$�.!  Wi = RiW0, 

�����)� �"0��.�$.  6 ��#�� . $��(�.����� (�"&��� . ��. �"$������$��%. H��$- i = 1, 2, 3, " 3���6 W0 
�/�6�"3��" $"!". !������".  6 $����$��% (��" $���&��$�&(�� ���"�$"1   $(!!"���% '�����-��% �"!"�� -3����$�  �/�"61"). H�"3�� . W0 

  Ri 6"& $.� �� !�0"� 6!" $' �-��#���3��% ���"�$"1   & �"���! !"��� "��. E���-$ ���-�)� "!'� �(�) Ai �� 0 ��!'����� �'�����.+�$., ���!� ����, ($��& .!  �"$),�� .   &)/���! � �   @AB, �����". ��� $�� �(��$. & ��$'�� !����. C �"# 0 �')�"0 �"$),"�$.   ��� $�� ��&"�$. ���-�� 1����"�-�)% '���0�� $'����". A�:�� '��"6"�-, 3�� & ���! $�(3"� �$��&��% (�� !���� 90%) &��"� & �� &(+ &�$$�"��&��� . �"�� ���-�� 

IJK. 4. LMNOMPQRSPTQU VQWJKJNXKRY ZJPJT[ \JTJJ "B" W X]PQV^M LaGa1-xMnxO3 (x = 0.1). LX_`J – a`KOMPJNMTR, P̀ JWQU – PQK_MR OX bXPNS\QN (3), (4) K OQPQNMRPQNJ, S`QVQTT[NJ W RM`KRM. 
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���" ��!'�����", '� 3�! '�  �&"��('��-��! !�0"� 6!� ���"�$"1   ��" $���&��$�&(�� ���** 1 ���( R1 = 1, " '�  !"�� ���! � '��-��! !�0"� 6!� – ���** 1 ���( R3 = 6.  ?�(��� $(,�$�&����� �/$��.���-$�&�, ������� ���/0�� !� (3 �)&"�- '�   6!���� .0 $' �-��#���3��% ���"�$"1  , $&.6"�� $ &� .� �! .�����% $' ��&�% � **(6   [31]. �$�  *�(��( �(+, � ���"�-�)� '��., &)-6)&"+, � .����(+ ���"�$"1 +, $�6�"+�$. $' ��&)!  !"�� ��)!  !�!���"!  '"�"!"�� ��)0 1�����& (& �"-#�! $�(3"� –  ���& Mn3+), �� &�� 3 �" ωL
2 & *��!(�� (5) ���:�" $ �-�� (�"� r ij

-6) 6"& $��- �� �"$$��.� . r ij 
!�-:�( �"��)! .���!   /� :"%# ! � ��!( '"�"!"�� ��)!  ���!. �$�  .����". $' ��&". � **(6 . ��$�"��3�� �**��� &�", ��" ($����.�� ��( 6"& $ !�$�-,   �"/�+�"�!". ���"�$"1 . '�"�� 3�$�  ��$'����1 "�-�" (��3���, $�$�� �  6 ��$���-� 0 ��$'����1 "�-�)0 ��!'�����, $!. &)#�). C '��� &��! $�(3"� � ��� �" �":��%  6 ��!-'�����  !��� & � "�"$�.�(��% ��$'�����)" [32],  

 
1

( ) expi i
i

t
S t A

T

� �
= −

� �� �� �  (6) ����� T1i
-1 = RiT1n

-1, � T1n
-1  !"���#$�%�$ & '�(�) �#*+�� , ")*# - (5) !". /'�+�'.. # 0�#�' 1  ! #$ [32,33] 

 ( )
3

2 2 2 2 26.4
1

9L S e nn S S
πω γ γ= + 2  (7) 1�� ns – 0 '3�'%"�3.$ !�"�)�1'.%'45 3�'%" &.  6/)�"�'.$ ! 0�/�#., +%  5 " (  "�/"�(�''�$ 0&��"*! #�'�$ �%"*0%*"� �!�0%"� 789

 �#$  : .5 ./ % ! & Ga '�:#;���%�$ #.(� & +.�% ) 1�##�%� LaGaO3 
. !". './0.5 0 '3�'%"�3.$5 Mn, x = 0.005. 

6/ *1# & - /�&.�.) �%. <% - �%"*0%*"4 
:4#.  !"���#�'4 0&��"*! #�'�$ +��% %� 71νQ = 1.28 

8=3 . !�"�)�%" ��.))�%".. η = 0.27. > ! &4-(�'.�) 0 '3�'%"�3.. Mn ! #*(.".'� 3�'%"�#�' 1  !�"�5 �� "��%�%  % 1.2 0=3 (x = 0; 0.005) �  25-30 0=3 (x = 0.2). >�%�##.%4 *(."$;%�$ �?� �.#�'�� . !". x > 0.02 �%�' &$%�$ '�� �%*!'4). �#$ '�:#;��'.$. @%  *(."�'.� $&#$�%-�$ '� �' " �'4); 0�0 ! 0�/�# �'�#./, & '�1  ��;% &0#�� 0�0 .�0�A�'.$ 1"��.�'%� <#�0%".+��0 1  ! #$,  :*�# &#�'-'4� +��%.+'4) /�)�?�'.�) Ga '� Mn, %�0 . �%�%.+��0�$ 0 )! '�'%� �.! #�' 1  )�1'.%' 1  ! #$  % . ' & Mn3+, ! #$"./ &�''45 & ! #� B0 = 7 B#. C �#��'��  :�% $%�#��%&  ! �%&�"A���%�$ %�)!�"�%*"' - /�&.�.) �%�; (.".'4 #.'.. 789
. D�' " �'�$ +��%� *(."�'.$,  3�'�''�$ !  �0 " �%. /�%*5�'.$ �!.' & 1  <5�, & /"��%��%  % 0.3-0.5 0=3 !". )�#45 0 '3�'%"�3.$5 Mn �  '��0 #�0.5 0=3 !". x = 0.1-0.2. E ! �#��'�) �#*+��  '� %�0A� /�&.�.%  % %�)!�"�%*-"4 ., 0�0 ! 0�/4&��% �'�#./, &  �' &' )  !"���#$�%�$  %' �.%�#�'  )��#�''4). ,#*0%*�3.$). �.! #�' 1  )�1-'.%' 1  ! #$  % !�"�)�1'.%'45 3�'%" &. F #�� ! �" :'4� ��''4� ./# A�'4 & "�: %� [34]. D�' &' � &'.)�'.� :4#  *��#�'  )�5�'./)* $��"' - �!.'-"�(�% +' - "�#�0��3... C". )�#45 0 '3�'%"�3.-$5 !�"�)�1'.%'45 3�'%" & (x = 0 . 0.005) 0.'�%.0� & ��%�' &#�'.$ '�)�1'.+�'' �%. &  &��) .��#�� &�'' ) %�)!�-"�%*"' ) �.�!�/ '� :4#�  �' <0�! '�'3.�#�' -, !".+�)  %' (�'.� 71T1n / 

69T1n 
� �%�&#$#  1.85. G %$ <%� &�#.+.'� '��0 #�0  )�'�(�, +�) (69Q/71Q)2 = 2.5, !"� :#���'.� 0&��"*! #�' 1  )�5�'./)� "�#�0��3.. !". )�#45 0 '3�'%"�-3.$5 Mn '� &4/4&��% � )'�'.-. B�)!�"�%*"'�$ /�&.�.) �%� �0 " �%. "�#�0��3.. (~ T2.4) %�0A� *� &#�%& ".%�#�'  � 1#��*�%�$ � 0&��"*! #�'4) )�5�'./) ) �#$ 0 ):.'�3. ''45 �!.'-, ' ''45 !" 3��� &. H�.: #�� �*?��%&�''4� "�/*#�%�%4 ! #*+�'4 '�  :"�/3�5 � 0 '3�'%"�3.$). x ≥ 0.02. E <% ) �#*+�� (/� .�-0#;+�'.�) '�.: #�� 0 '3�'%"." &�'' 1  ./ .��#�� &�''45  :"�/3 &, x = 0.2) 0.'�%.0� "�#�0��3.. 

:4#� :#./0� 0 
""��%$'*% - <0�! '�'%�" (6), �). ".�. 5. I�0 &.�'  ./ ".�*'0�, �0 " �%. "�#�0��3.. '� &��5 0 '3�'%"." &�''45  :-"�/3�5  0�/�#.��  �.'�0 &4). �#$  : .5 ./ % ! &, 69Ga . 71Ga. @%  �"�/* ! /& #$�% .�0#;+.%� ./ "���) %"�'.$ 0&��"*! #�'4- )�5�'./) "�#�0��3.. . � �"�� % +.%��$ '� )�1'.%' ) )�5�'./)�,  :*�# &#�'' ) ,#*0%*�3.$). �.! #�'45 # 0�#�'45 ! #�-, � /��&��)45 <#�0%" ''4). �!.'�). . ' & Mn3+. C". <% ) '�/�&.�.) �%� T1n  % $��"-' 1  )�1'.%' 1  ) )�'%� ./ % !�  �' /'�+'  *0�/4&��%, � 1#��'  , ")*#�) (5), (7), '� "��#./�3.; !"���#� ")��-#�''45 �&.A�'.-", 

 1n cω τ >>  (8) ! �0 #�0* % #�0  & <% ) �#*+�� &�#.+.'� γn
2, &5 �$?�$ 0�0 & )' A.%�#� ωL

2, %�0 . & &�#.+.'* ωn
2 & /'�)�'�%�#� 

(5), � 0"�?��%�$ . '� &#.$�% '� "�/*#�%�%.  J#$ � ! #'.%�#�' - !" &�"0. !". x = 0.05 
:4#. !" &���'4 ./)�"�'.$ �!.'-"�(�% +' - "�#�0��3.. '� $�"�5 139La (I = 7/2; 139γn/2π = 0.605 

=3/B#),  :#���;?.5 /'�+.%�#�'  )�'�(.) )�1'.%'4) ) )�'% ) !  �"�&'�-'.; �  : .). ./ % !�). Ga. C #*+�''4� ��''4�,  :"�-: %�''4� � *+�% ) )' 1 *" &'�& - �.�%�)4 I = 7/2, 
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KLM. 5. NLOPQLRS MTLO-UPVPQWXOWY UPZSRMS[LL \]PU  69Ga 
(XPUO^P _OSXRL) L 71Ga (M`PQZ^P _OSXRL) TUL T = 300 K L
 US_ZLXO â RWO[POQUS[L\a Mn (_OSXPOL\ x TWRS_SO  ̂b RUL` â). cU\d^P ZLOLL MWWQ`PQMQ b̀eQ "USMQ\Ob-Q d̂ fRMTWOPOQSd", Md. (6). 
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%�0A� ! �%&�"�.#. &4! #'�'.� *�# &.$ ")��#�''45 �&.A�'.-" (8). B�)!�"�%*"'4� /�&.�.) �%. �0 " �%�- $��"' - �!.'-"�(�% +' - "�#�0��3.. 1�##.$ !". "�/#.+'45 0 '3�'%"�3.$5 Mn ! 0�/�'4 '� ".�. 6. E.�' , +%  !". x = 0.02 .)��% )��%  '�) ' % ''�$ /�&.�.) �%� � )�0�.-)*) )  0 #  T = 300 I, � & : #�� 0 '3�'%"." &�''45  :"�/3�5 '�:#;-���%�$ !".:#./.%�#�'  <0�! '�'3.�#�'4- " �% T1n
-1 �  5#�A��'.�). C -� :'4� /�&.�.) �%. '� �' 0"�%'  '�:#;��#.�� & $��"'45 �!.' &45 �.�%�)�5 � %�") �0%.&." &�''4) &'*%"�''.) �&.A�'.�) (�)., '�!"., 

[30]),  �'�0  /�)��#�'.� "�#�0��3.. !". ! &4(�'.. %�)!�"�%*"4  :4+'  ��� 3.." &�# �� � !"���# ) "
:4�%"45 �&.A�'.-", 

 1n cω τ << , � )�0�.)*) '� 0".& - T1n
-1(T) – � *�# &.�) ωnτc = 1. 

6
 % , . �"*1 � '� � -1#��*�%�$ �  ���#�''4) &4(� &4& � )   �!"�&��#.& �%. '�"�&�'�%&� (8). C"��! # A.) %�!�"�, +%  & 0�+��%&� &"�)�'. 0 ""�#$3.. τ� & , ")*#�5 (5) . (8) &4�%*!��% &"�)$ <#�0-%" '' - �!.'-"�(�% +' - "�#�0��3.. T1e 

. ' & Mn3+. C".)�), ��#��, +%  !".+.' - <#�0%" '' - "�#�0��3.. $&#$�%�$ '�0 � &'*%"�''�� �&.A�'.� � ' &4), /'�+.%�#�'  
: #�� 0 " %0.) &"�)�'�) 0 ""�#$3.. τe, 

0 % " � ! �+.'$�%�$ /�0 '* �""�'.*�� � <'�"1.�- �0%.&�3.. Ea, 
�). , ")*#* (3), .�! #�/ &�''*; !".  :�*A��'.. ��''45 @C9. E <% ) �#*+�� &�#.+.'� T1e

-1  !"���#$�%�$ , ")*# -, �'�# 1.+' - (5), '  � /�)�' - τ� '� τe, � +��-% %4 789
, ωn ~ 5×108 �-1, – '� +��% %* @C9, ωe ~ 1012 �-1. B 1��, *+.%4&�$ *�# &.� (8) . �  %' (�'.� (5), .)��): 

 
( )

22
1

1 2 2
1

L eL
n

n e e

T
τω

ω ω τ
−

� �
Ω

= � �
+

� �  (10) 1�� ΩL
2 .1"��% " #� �"��'�1  0&��"�%� �)!#.%*�4 ,#*0%*."*;?�1  # 0�#�' 1  ! #$, .'�*3."*;?�1  "�#�0��-3.; <#�0%" ''45 �!.' &.  9�/*#�%�%4 ! �1 '0. <0�!�".)�'%�#�'45 /�&.�.) �%�- T1n

-1(T) , ")*# - (10) ! 0�/�'4 '� ".�. 6 �!# (-'4). #.'.$).. C". ! �1 '0� *+.%4&�# ��, +%  '�:#;���)�$ '� 3�'%"�#�' ) !�"�5 �� �0 " �%� "�#�0��3.., & �  %&�%�%&.. �  �0�/�''4) &4(�, "�&'� 6 T1n
-1. 

H�: " !�"�)�%" &,  :��!�+.&(.5 '�.#*+(�� � 1#��.� � <0�!�-".)�'% ), !".&���' & B�:#. I. 
 B�:#.3� I. �� �!"# $ %&'(&)*+ #"!%" �#, )$- .�/+0+!&0#"1 T1n (

 +0. 6) 2& !,3�!+ (3), (10) 
 

x Ea/k, K ωL/γn, 4 τe0, 10-14 5 ΩL, 1010 5 
0.02 550 9 13.5 2.0 
0.05 500 22 3.0 2.5 
0.1 550 46 3.0 2.5 
0.2 580 59 2.0 2.5 

 67589:; <=>?@AB 9?CCDB E?7F. I. GH9IB>=CB; J>BK9B <5BLH 
7F:MH5@N MC?IBC:O Ea, JHF8IBCCDP 9FQ >?MF:I-CDP =HCABC@>?A:O Mn, ? @?=KB 5H<J?9BC:B R@HO <BF:I:CD 5 HABC=HO RCB>L:BO ?=@:<?A:: JH 9?CCD; 4GS (>?M9BF 

3T). U?FBB, H@;B@:;, I@H :5JHFNMH<?CCDB J>: JH9LHC=B MC?IBC:Q ?;JF:@89D VF8=@8?A:O ΩL JH JH>Q9=8 <BF:I:CD 5HLF?58W@5Q 5 J?>?;B@>?;: D : E 5J:CH<HLH L?;:FN@HC:?C? :HCH< Mn3+ [7,8,19,29]. X?=HCBA, 5FB98WY?Q :M E?7F. I =<?9>?@:IC?Q =HCABC@>?A:HCC?Q M?<:5:;H5@N ωL 5HLF?58B@5Q 5 VH>;8FHO (7). G>: R@H; MC?IBC:Q ns, JHF8-IBCCDB :M 5HJH5@?<FBC:Q (7) 5 9?CCD;: @?7F:AD, H=?MD<?W@5Q < 5-10 >?M C:KB, IB; CH;:C?FNC?Q =HCABC@>?A:Q 
Mn < H7>?MA?P. 4@H@ <D<H9 5HLF?58B@5Q 5 9?CCD;: 4GS 9FQ x = 0.1, L9B C?7FW9?FH5N @B>;H?=@:<:>H<?CCHB 58KB-C:B F:C::. E?=:; H7>?MH;, < @B>;H?=@:<:>H<?CCH; 9<:KBC::, HJ>B9BFQWYB; 5=H>H5@N Q9B>CHO >BF?=5?A:: Ga, 8I?5@<8W@ 9?FB=H CB <5B J>:58@5@<8WY:B < H7>?MA?P :HCD Mn3+. 4@H J>B95@?<FQB@5Q <JHFCB >?M8;CD;, B5F: J>:-CQ@N <D5=?M?CCHB < >?M9BFB 3T J>B9JHFHKBC:B H @H;, I@H <C8@>BCCBB 9<:KBC:B H785FH<FBCH @B>;H?=@:<:>H<?C-CD;: >BH>:BC@?A:Q;: QC-@BFFB>H<5=:P =HCV:L8>?A:O < =F?5@B>?P, 5H5@HQY:P :M CB5=HFN=:P :HCH< Mn3+. Z5@B5@-<BCCH, I@H < @?=:B =F?5@B>D JHJ?9?B@ F:[N CB7HFN[?Q I?5@N <5BP J?>?;?LC:@CDP :HCH<, H9C?=H 5=H>H5@N >BH>:-BC@?A:O < C:P H=?MD<?B@5Q C?:7HFBB RVVB=@:<CHO 9FQ 5J:CH<HO >BF?=5?A::. 

6@;B@:;, I@H, =>H;B =F?5@B>H<, :5-@HIC:=H; JH@BCA:?FNCDP 
7?>NB>H< 9FQ QC-@BFFB>H<5=:P >BH>:BC@?A:O ;HL8@ 5F8K:@N >?MF:ICDB 5@>8=@8>CDB 9B-VB=@D, :L>?WY:B >HFN ABC@>H< J:CC:CL?. 

 
4. \]^_`abcdb E?=:; H7>?MH;, J>H<B9BCCHB < 9?CCHO >?7H@B :55FB9H<?C:B 5JB=@>H< 4GS < 5B>:: ;?LC:@H>?M7?<FBCCDP H7>?MAH< ;?CL?C:@H<-L?FF?@H< F?C@?C?, =?= : <DJHFCBCCDB C? @BP KB ;?@B>:?F?P :M;B>BC:Q Q9B>CHO 5J:C->B[B@HICHO >B-F?=5?A:: L?FF:Q, 9?B@ H5CH<?C:Q LH<H>:@N H 58YB5@<H<?C:: < R@:P ;?@B>:?F?P <C8@>BCCBLH @B>;H?=@:<:>H<?CCHLH 
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efg. 6. hijkilmnolpqi rmsfgfjtgnf gutl tgnf vwilptx gkfp-liyintzptx li-{mugm|ff }m{{fv klf utp|ipnlm|fv~ jml}mp|m x = 0.02-0.2 (oumrmpq o ulfsq~). �k{typqi ulfsqi – lmgzin kt �tljo{mj (3), (10) g kmlm-jinlmjf, klfsiwippqjf s hm�{. I.  
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9<:KBC:Q 5 RCB>L:BO ?=@:<?A:: JH>Q9=? 50 ;R�. GHF8IBCC?Q HABC=? RCB>L:: ?=@:<?A:: JH JH>Q9=8 <BF:I:CD 5HLF?-58B@5Q 5 ;:C:;?FNCHO <D5H@HO JH@BCA:?FNCHLH 7?>NB>?, P?>?=@B>CHO 9FQ >BH>:BC@?A:O @B@>?LHC?FNCDP QC-@BFFB>H<5=:P =HCV:L8>?A:O < L:9>?@CDP =H;JFB=5?P ;B9: [35,36]. 
6@;B@:;, I@H R@H@ 7?>NB> MC?I:@BFNCH C:KB CH-;:C?FNCHO RCB>L:: QC-@BFFB>H<5=HLH >?5YBJFBC:Q 5H5@HQC:Q eg. 
6C <HMC:=?B@ M? 5IB@ =<?9>?@:ICDP <:7>HCCDP <M?:;H9BO5@<:O 5 8IB@H; ?CL?>;HC:ICH5@: : 5HH@<B@5@<8B@ "H7PH9CHO" @>?B=@H>:: <H=>8L J:=? JH@BCA:?FNCHO RCB>L:: [36,37]. EB>;H?=@:<:>H<?CCDB >BH>:BC@?A:: QC-@BFFB>H<5=:P :5=?KBC:O ;HKCH >?55;?@>:<?@N =?= JB>BPH9CHO R@?J H@ KB5@=HLH 5@?@:IB5=HLH H>7:@?FNCHLH 8JH>Q9HIBC:Q eg-H>7:@?FBO = 9:C?;:IB5=H;8 

7B5JH>Q9=8. �B>>H;?LC:@CDO MC?= H7;BCCHLH <M?:;H9BO5@<:Q, 5<HO5@<BCCDO 9?CCH;8 Q<FBC:W, 5HLF?58B@5Q 5 @BH>B@:IB5=HO ;H9BFNW <:7>HCCH-M?<:5QYBLH 58JB>H7;BC? < 85FH<:QP =H>>BF:>H<?CCDP >BH>:BC@?A:O H>7:@?FBO [10,11]. GHFC?Q @BH>:Q ;?LC:@CHLH >BMHC?C5? : >BF?=5?A:: < JH9H7CDP H7�B=@?P JH=? H@58@5@<8B@. �HKCH F:[N JH9IB>=C8@N, I@H ;CHLHH7>?M:B <HM-;HKCDP =F?5@B>CDP H7>?MH<?C:O < >?M7?<FBCCHO 5:5@B;B 9BF?B@ ;?FH<B>HQ@CD; 58YB5@<H<?C:B =?=HLH-F:7H H9CHLH IB@=H HJ>B9BFBCCHLH MC?IBC:Q Ea, 
@?= I@H JHF8IBCCDB HABC=: H@CH5Q@5Q 5=H>BB = CB=H;8 85>B9CBCCH;8 J?>?;B@>8. 6IB<:9CH, I@H 9FQ :5IB>JD<?WYBLH =HF:IB5@<BCCHLH ?C?F:M? J>B9FHKBCCHO ;H9BF: CBH7PH9:;D 9?FNCBO[:B :5-5FB9H<?C:Q, <=FWI?WY:B =?= >?MF:ICDB R=5JB>:;BC@?FNCDB ;B@H9D, @?= : JH5FB9H<?@BFNCHB @BH>B@:IB5=HB >?5-5;H@>BC:B 5J:CH<DP RVVB=@H< < 85FH<:QP @B>;H?=@:<:>H<?CCHLH QC-@BFFB>H<5=HLH 9<:KBC:Q. 

 T<@H>D 
7F?LH9?>Q@ �.�. �8@A? (G.B. Loutts, Norfolk State University, USA) M? J>B9H5@?<FBC:B H7>?MAH< 9FQ :55FB9H<?C:Q, �.�. 

�:PC:C? : �.�. UKBJ?>H<? – M? JHFBMCDB H758K9BC:Q. S?7H@? JH99B>K?C? L>?C@H; S��� 02-02-16219, G>HL>?;;HO V8C9?;BC@?FNCDP :55FB9H<?C:O 
STX "�J:C-M?<:5:;DB RVVB=@D < @<B>9DP @BF?P : 5J:C@>HC:=?" : L>?C@H; NSF CREST Project HRD-9805059. 
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