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S T?2M2 rBi? K2i H+QKTH2t2b +QmH/ T ' QpB/2 MQp2H TT ' Q +?
Ki2’B Hb M/ KQH2+mH ~ K ;M2iBbKX "Qi? iQTB+b "2 ?B;?Hv B
i72°2 Bb HBiiH2 "2b2 "+? BMIiQ TQbbB#BHBiIiB2b Q7 KBtBM; i~
HB[mMB/@T? b2 bQMB+ iBOM Q7 ;> T?Bi2 r?B+? “2bmHi2/ BM i?
b2[m2MiHv- p "BQmb K2i H +QKTH2t2b r2°2 /2TQbBi2/ QMiQ ;
#v KQ/B}2/ G M;KmB™ a+? 272 K2i?Q/X M 2bb2MiB H bi2T r b
"B HOb T QT2 iB2bX *QMb2[m2MiHv- T' QT2 iB2b Q7 M2r ?v# B/
?B;?7 2[m2M+v 2H2+i QM T ~ K ;M2iB+ 2bQM M+2 U>61S_V- b-
UallJV- _ K MbT2+i'Qb+QTv M/ 7Qm @TQBMi T'Q#2 "2bBbi M+
“2bmHib +QM} K2/ Qm T 2bmKTiBQM i? i Bi Bb TQbbB#H2 iQ KB
i2MiB HKQH2+mH “K ;M2ibBM Q' /2 iQ; BM MQp2H K ;M2iB+ N
+QmH/ #2 TQbbB#Hv miBHBb2/ BM i?2 M2ti ;2M2° iBQM Q7 /2i2+

#bi> Fi
“72M p FQK#BM +B b FQKTH2tv FQpi #v KQ?H TQbFViMQmi Mt
Ki2'BEH2+? x HQ "2Mw+? M ;" 72MQpl #€XxB p Q#H biB KQH?2

iOK i DbQm p2HKB /BbFmiQp M€ D FQ i FQp€- MB+KUMYVy- pwxF
D2DB+? KQ+?€EMQ M2MQ KMQ?QX oxQ Fv #vHv TUBT™ p2Mv bQl
p2/HQ F 2t7QHB +B ;" 72MmX L€bH2/My #VHV M /2TQMQpPEMvV TQ
a+? 272 °Qpv/2TQxBIMQ K2iQ/v 'ixMO FQKTH2tv FQpi M bm#bi €
@pwK F'QF2K #VHQ m'i2MQ pH biMQbiQ i FiQ TUuBT  p2M0?Q K
pH biMQbiBi FQpa?Q ?v# B/MQ?Q K i2'BEHmM +? ~ Fi2 BxQp€Mv
i"QMQpPpOT °~ K ;M2iB+F0 "2xQM M+2U M;HX >61S_V-" bi'Qp +Q
U M;HX allJV- _ K MQpQm bT2Fi'QbFQTBQ 1livi #Q/QpQm K2iQ
T €+B DbK2 TQip /BHB M B T 2bmKT+B- "2 D2 KQ"M0O pvipQUuBI
2t7QHBQpPp MO?Q ;" 72Mm b KQH2FmMH€ MQKB K ;M2iv T Q xQbF¢
i QMB+Fw+? pH biMQbiQ-Fi2 0 #v KQ?Hv #wi pvm ™Bivp/ H Q ;2!

E2vrQ /b
> T?2M2-HB[mMB/@T? b22t7QHB iBQM- KQH2+mH “K :M2iBbK-
K2i H+QKTH2t2b

EHQIQpPE bHQp
> 72M-2t7QHB +2pF T HMO 7€xB- KQH2FMHE€ MQ K ;M2iBbKmt
FQKTH2tv FQpi

> |"v-C FmSFRT " iBQM M/ *? ° +i2 ' Bx iBQM Q7 :> T?2M2X" b2/ :

""MQ- kKYWRRIX J bi2 6b i?2bBbX ""MQ IMBp2 ' bBiv Q7 h2+?MQHQ;\
1IM;BM22 BM:;X amT2 pBb2/ #v AM;X S2i  L11:1" I1_- S?X.X






A 22 2#v +QM} K i? i KvJ b822F72itBBDM M/ *? ° +i2 Bx iBQM Q7
" b2/ >V# B/ Ji2r® HIBii2M #v Kvb2H7 M/ Kvb2H7 QMHvV mM/2’
AM:X S2i° L2m:;2# m2 - S?X.X rBi? i?2 mb2 Q7 bQm +2b [mQi2/ B
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ArQmH/ HBF2 iQ i? MF 2p2°vQM2 r?Q /B 2+iHv Q" BM/B 2+iHv
1bT2+B HHv- A rQmH/ HBF2 iQ i? MF Kv bmT2 pBbQ" ."X S2i 1
hQKE€ BFQH -i?2 /B 2+iQ> Q7 AMbiBimi2 Q7 S?vbB+ H 1M:BM?2
H2 /2°- T'Q7X CQ ' Bb p MaH ;2°2M- ii?2 IMBp2 bBiv Q7 aimii;
QTTQ imMBiv iQ rQ'F QM i?Bb T'QD2+iX "B; i? MFb HbQ :Q2t
Kvi’Q EQbivmF- ."X J m Q S2°72iiB- ."X hQKE€ KQUBH- "+X J
JB+? HE2 M- . BTHX@*?2KX .QKBMBF "HQQb- JXa+X S?BHBTT
JXa+X >2BFQ " K#2 ;2 - M/ HH 7 +mHiv T2 bQMM2H i #Qi? IN
"MQ IMBp2 'bBiv Q7 h2+?MQHQ;vX

h?Bb "2b2 "+?2r b+ ""B2/ Qmi mM/2 i?2 T°QD2+i *1Ahl* kyky U
bmTTQ i 77QK i?2JBMBbi'vQ7 1/m+ iBQM- uQmi? M/ aTQ ib Q7
i?72 L iBQM Hambi BM #BHBiv S'Q;  KK2 AAX

aT2+B Hi? MFb ;Q2b iQ Kv 7 KBHv 7Q " K i2°'B H M/ bTB Bim H
#B;;2bii? MFb #2HQM;b iQ Kv #2HQp2/ bQmH K i2 r?2Q biQQ/ #21I
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RX AMiQ/m+iBQM i
kX h?2Q" v 8
KXRX 7" T?22M2 6mMX BK2ZKIiIXH¥ X X X X X X X X X X X & X X X
KXRXRX 1H2+i QMBXaX XM A X X X X X X X X& X X X
KXRXkX 2 H M/ _2+BT XX M XTX+X X X X X X X X X X X
KXRXjX " M/ainxih® X X X X X X X X X X X X X3X X X
KXRX9X JQ#BHBiv M/ .2MEBXV)XQX*X XBX K X X XR§ X X X
kKXkX aBM;H2@JQH2+mHZXJIX;, M2XbXJ XJXbX X X X X X KkX X X
KXKXRX JOH2+mH XIXMZCMBEKX X X X X X X X X RkX X X
KXkXkX J ;M2iB+ AMi2 +XBRMDbXBM XIJXbX X X X R&X X X
kXjX G M;KmB™ "HQ/XRXBBMKHX X X X X X X X X X R3X X X
KXjXRX h?2 KQ/vM KB+ A[KIEXHBA BIMK X X X X XR3X X X
KXjXkX b GB[mMB/MXAXIIR X %X2X X X X X X X X X XRX X X X
KXjXjX JOMQH v2 X6@ K MBRM X X X X X X X X XkX X X X
X X X kX X X

KXjJX9X am'7 +2 S 2bbm XJ® KnK 2K XM{ |
kX9X 1H2+i"QM S ° K ;M2iB+ X BKOXI ¥ X2XUX SX_ X X X X X
KX9XRX " bB+ ST BM+BTH2b M/ >EKbKQXBX X X &F XKXmMX )
KX9OXKkX a+QTXX/XX_X X X X X X X X X X X X Xk X X X
KX9XjX M:mH “JQK2MimK M/ _2H iBQMXi X JX; N 24&+ X QK
KX9X9X 1S _ aT2H RRKZKEX X X X X X X X X X X KNX X X
kX8X _ K MaT2+iXQOHKQRXWX X X X X X X X X X X X Xj¥X X X X
kXeX a+ MMBM; 1H2+i'QM IJBX XbXQXTX KaXJX¥ X X XjK X X X

iX 1tT2 BK2Mi j8
jXRX S 2T " iBQM Q7 :° T?22M2@" b2¢ Xv¥ B/X X2XBXHE X X X
jXRXRX 62r@G v2 ;" T?2M2 UBGK\K X2X XbBiB XMEe X X X
I XRXKkX JOQH2+mH X.2TOQXBIBOM X X X X X X X XjX X X X
jXkX *?2 ° +i2°Bb iBQM Q7 :> T?2M2@" 22 Xv¥ B /X X2XKBXHY»
iXjX _2bBbi M+2 J2 BIMX2K2MM X X X X X X X X X X ¥kX X
jX]XRX >B;? 6 2[m2M+v 1S _XaR2XiXQKX2X X X X RjX X
jX9X 62r@G v2 : T?22MX X68:X¥ X X X X X
jX9XRX _ K MaT2XidOK+QKvX X X X X
jX9XKX >B:? 6 2[MRMK+X IXSX X X X X X
iX9XjX a+ MMBM; 1H2+iXQXl XBX% YQK+)XQ
X8X *MU/KKN X X X X X X X X X X X X X
jX8XRX avMi?2bBhb M/ &iXmédnX2X X X X X X X X9X X X >
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jXeX9X >B;? 6 2[mMRM+X XSX X X X X X X X X X X8% X X X X
iXeX8X a+ MMBM: 1H2+iXQMXIEK+XQbXOXuX X X XX X X X >
jXdX JJRBLX X X X X X X X X X X X X X X X X X X Xe} X X X X
iXdXRX avMi?2bBb M/ &iXmédnX2X X X X X X X XeX X X X X
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h?Bb K bi2" i?2bBb BKb iQ # BM; iQ;2i?2 ;> T?2M2 M/ KQH2+
i? i? p2 2+2MiHv "Bb2M bB;MB}+ MiBMi2 2bi BM #Qi? b+B2Mi
h?Bb + M #2 b+ B#2/iQ 2ti° Q' /BM 'v TQi2MiB H ?Qr i?2b2 }2H/
M/ BKT Qp2 2p2 v/ vHB72- MQi QMHV Q7 ?mK M FBM/X a2p2  t
bm++2bb7mHHV +QMM2+ii?2b2 iQTB+b M/iQ# BM; bm+? MB/2
BMp2biB; i2#Qi? K i2'B Hb bbm+?X h?2 #2bib+2M "BQrQmH/ #
Q7 #2? pBQm™ i iQKB+ /BK2MbBQMb #v i?2 K2 Mb Q7 K i?2K iB
h?Bb-?2Qr2p2 -Bb Q7i2M HBKBi2/ #v i?2 2tT2 BK2Mi H2[mBTK2
T Q+2bb- M/ mb2 FMQrH2/;2X h?2 #2bir? i + M r2 /Q Bb iQ i v
Tm bmBi Q7 mM/2 bi M/IBM; i?2H rb Q7 M im 2X

h?2 B/2 r b 7Q K2/ BM bmKK2" kyRe /Im"BM; Kv 1° bKmbyY 2tT
aH ;2°2M i IMBp2 bBivQ7aimii; i-:2 'K MvX HQM; rBi? Kv bmT:
r2/2+B/2/iQ /27T 'iQM DQm M2viQr '/bi?2 KBtBM; Q7 ;" T?2M.
6Q K2  2tT2'BK2Mib iQQF TH +2 i i?2 IMBp2 'bBiv Q7 aimii; i
Kv "2im"M iQ ""MQ- b2p2" H 2tT2 BK2Mib r2'2 +QM/m+i2/ BM b
Q7 *1Ahl* @ JILABM ""MQ BM i?2 ;°QmT Q7 STQ7X SBMF b M
Em+? UQp€-r?QKATrQmH/HBF2iQi? MF7Q +QMi ' B#miBQMb QN
# b2/ ?2v# B/ K i2' B HbX Pm™  M2ti 6biQToér b iaHQp F + /2Kv Q7
r?2°2i?22/12TQbBiBQM Q7 i?BM }HKb rBi? i?2 ?2HT Q7 . X EQbiv
TH +2X a2p2° H/2iQm b H2/ HbQiQS H +Fw IMBp2 bBiv PHQKC(
KJ/2 KDQ +QMi'B#miBQM iQ i?2rQ F +QM+2 MBM; i?2 K2i H
b2+QM/ iQ H bi 6biQTd r b BM i?2 TH +2 Q7 i?2 Q' B;BM BM aimi
"2H i2/iQ?B;?27 2[m2M+v 2H2+i'QMT ~ K ;M2iB+ "2bQM M+2 U>
UrBi? i?72?22HT Q7 JXa+X EM2+?iV- M/ b+ MMBM; 2H2+i QM KB+
Zr bKBV-iQQF TH +2X h?2 }M H /2biBM iBQM QM Qm >  DQm M2\
b+ MMBM; 2H2+i"QMB+ KB+ Qb+QTv UrBi? i?2 ?2HT Q7 ."X KQ
UrBi? i?72 ?2HT Q7 . X >2Kx HV-r b + B2/ QmiX PM2 DQm M2v
Qmi Q7 M Q+2 M Q7 M2p2 @2M/BM; DQm M2vb- iQr /b i?2 BM
Ki2'B Hb- Bb Qp2 X

h?2 +QMi2Mi Q7 i?Bb i?2bBb Bb 7QHHRQ ABW ; QiP2+} B MY B b2b 1t
iQ T'QpB/2 # B27 QmiHQQF QM i?2iQTB+ M/ +m "2Mi bi i2@Q
kX h?2Q vV /2 HbrBi? i?2K BM7Q+mbQ7i?BbrQ F-r?B+?BbiQ
+QKTH2t2bX h?2 2KT? bBb Bb HbQ ;Bp2M QM i?2 i?2Q 2iB+ H /
K2i?7Q/b mb2/ BM i?2 i?BX/1HZ2IiBERMMUV X h?2 HFXbF@R+iBQHB QM
bmKK "Bb2b i?2 "2bmHib Q#i BM2/ /Im"BM; M 2tT2 BK2Mi rBi? |
i1 "Qb27 QK i?BbrQ'F M/ TQbbB#BHBIB2b 7Q 7m i?2 BKT (
iIQTB+X
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RX AMi"Q/m+iBQM

h?Bb +? Ti2  :Bp2b "2 /2> #'B27 B/2 #Qmi i?2 iQTB+ M/ Qp2°
i?2@ i ii?2 "2b2 "+? "2 "2H i2/ MQp2H K i2°'B HbX .2i BH2/ i
T QpB/2/i?2°Qm:* R MPRPIR WV b2+iBQM Q7 i?Bb i?2bBbX
T?2M2- bBM:H2 H v2 Q7 #QM/2/ + "#QM iQKb-? b 2+2Mi
BMi2 2bi/m2iQ Bib mMB[m2 TRPX bamB+ MIXERRHT2MItE 26 Zb ;> T?22M2 b
K Mv+ "#QM HHQI'QT2b BM i?2 7Q K Q7 irQ@/BK2MbBQM H 2?2
?B:?2bi 2H2+i'B+ H+QM/m+iBpBiv 7 QK HH FKIFMNBI® HB bHI 2 ]
Bb kyy iBK2b ;"2 i2 i? M bi22H i QMj3-bBAI? P2 K2B*2QM/m+iB
Bb 2p2M bmT2 ' BQ  iQ i?9XQ7 /B?R®RF (b Q B:BM HHv BbQH i2/ i
K2+? MB+ H +H2 p ;2 Q7 ;" T?Bi2-r?B+? Bb HbQ FMQrM b i?2 ¢
/IBb+Qp2°vr b?2QMQm 2/ rBi? i?2 LQ#2H S8B2 GM/Svv-hi22b2B M2k
b2p2° H K2i?Q/b ?2QriQ T°2T "2 ;  T?2M2-M K2Hv 2TBi tB H ;" Q
+?2KB+ H p TQm  /2TQbBiBQM U*0.V- M/ HB[mB/@T? b2 2t7Q
TQbbB#HvV i?2 #2bi QTiBQM 7Q b+ H #H2 T°Q/m+iBQM Q7 ;" T?2
+QM/m+iBp2 JHKb- M/ i?@-K)M T bi2BN2@# b2/ +QKTQbBi2b +
miBHBb2/ BM #Q/v KQiBQM b2MbQ b b BPQr2 AV 2RIMM// 2ip X
b2MbBiBp2bi> BM:; m:2# b2/ QM : T?22M2@ m##2 +QKTQbBi2
DQBMi M/ Kmb+H2 KQiBQM b r2HH b #° 2 i?BM; M/ TmHb2X

g W
-\ 7
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CARBON

gy G

6B;m 2 RXR, AHHmbi® iBQM Q7 + "#QM HHQi QT2b, U V ; T?B
Qim#2- U/V 7ngH U2\ 2 M & HAl2 UZIW27' M Hslg 2 ;W2 KQ "T?Qmb + "#QM
HQMb/ H2Bi2- M/ UBV /B KQMMK [/ Ti2/ 7 QK (




RX ALh_P.I*hAPL

aBM+2 kyy9-i?2} bi/2b+ BTiBQM Q7 iQKB+ HHViI?BM + "#QM }HK
2i HRY-(MmMK2 Qmb rQ Fb ? p2 #22M Tm#HBDb?2/ QM 6;" T?2M206 U2t
BM; iQ q2# Q7 a+B2M+2 @ 2Mi v QM kkX y8X kyRdVX h?2v ? p2
K2i?Q/b K2MiBQM2/ #vRYyQBMi HBMBPB+ T QT2 iB2IRRi Q2MBDp 2HB K (
TTHB+ iBQMb b?QrM #v3)RHtMQRIB HXQM Q7 ;° T?2M2 Bb i?2 2p2°b
bi +tFBM;c QrBM; iQ i?2r2 F#QM/BM; M/ H ;2 H iiB+2 bT +BM; BM |
iBOQM +QKT "2/iQi?2bK HHH iiB+2bT +BM; M/ bi'QM;2° #QM/BM;
TH M2X h?2 HB[mB/@T? b2 2t7QHB iBQM TT2 "biQ#272 bB#H2 b
bi +F Q7 ;" T?Bi2 b?22ib 2bmHIBM; 7 QK M Qm2Q0p Q @BiTH iB HH\
T2 ' T2M/B+mH " iQ i?2 TH M2 Q7 i?2 b?22i UBMpQHpBM; p M /2" q
Q#i BM 2t7QHB i2/ ;" T?2M2-i?2°2 Bb M22/ Q7 2ti2"M H biBKmHB
/IBb+mbb2/#vo IMFmKRiHKB#2QK2¢+? MB+ H+H2 p ;2 K2MiBQM2/ #)
LQpQb2H-Q (#v b?2 " 2t7QHB iBQM BM HB[mB/b /2K)EMbi™ i2/ #v S i

AM //BiBQM iQ ; T?2M2-[m MimK #Bib U[m#BibV- +Q 2 +QKTmi
KQH2+mH ~ K ;M2ib- T 2b2Mi QM2 r v BM Tm bmBM; [m MimK +QK
+QmH/ bm#bi MiB HHv +? M;2 HH }2H/b RX¥mBK Wm bi B pBo X 6uBi;mK -
K2+? MB+b T'"BM+BTH2 Q7 bmT2 TQbBiBQM BM +QMi" bi iQ +H bb
mb2/ BM +m "2Mi +QKTmi iBQM H i2+?MQHQ;VvX [mMm MimK +QKTmi:
+H bbB+ HQM2 BM 7 +iQ BM; MmMK#2 bRWMX B HR2BrMH;, ~ Ki;¥Mdid{ b
+ M/B/ i2b7Q° [m MimK #Bi-r2 2 BMp2biBY»X2/ #v " /2" 2i HX (

Quantum Bit (a)
Classical Bit
o0

o1

TmiBM:- U#V /i biQ  ;2- M/ U+V /2i2+iBQM /2pB+2bX

J2i H+QKTH2t2b-?Qr2p2 - "2MQiQMHvV "2bi" BM2/iQ #2 mb2/ 7C
RN /2KQMbi i2bi?2B TQi2MiB H TTHB+ iBQMBM/ i biQ  ;2X ac
BMi2 2biBM; T QT2 iB2bbm+? bbTBM + QbbQp2 #2? pBQm -r?2"
Q HQr iQ ?B;? bTBM HPE I ++HQb?Q }2H/ Q7 BMi2 2bi Bb BKT Qp
# Q /[# M/ /2i2+iQ°b b /2KQMbi™ i2/ #v #QRR®K2i2?BBM BB, mp2 U
b2MbBiBp2 /2i2+iBQM /2pB+2 Q7 2H2+i QK ;M2iB+ " /B iBQMX I|iBH
T2 7Q K M+2i2 ?22 ix #QHQK2i2 br b T QTOQHIH #v 1HX 6 iBKv 2i |

LQr / vb-;" T?2M2 bbm+? + M#2 2 bQM #HV I2HH T 2T "2/ M/ +
2p2 - miBHBbBM; ;" T?2M2 T QT2 iB2b rBi? Qi?2 K i2'B Hb Bb biB
i?72°27? b#22M ;" QrBM; BMi2 2biBM ;" T?22M2@ R pR? KKIR+BHHbc >Q
2M;BM22 2/ ;" T?2M2@# b2/ k. Q ; MB+ KQH2+mH "~ K ;M2i #v MBI
iBQM Q7 ;" T?2M2X h?2 #BHBiviQ +QMi " QH K ;M2iB+ T QT2'iB2b Q
i2’B Hb Bb+ m+B H7Q 7m i?2 /2p2HQTK2Mi Q7 + #QM@# b2/ /2p
2i HXNK h?2°2 "2 HbQ b2p2  H 2pB2r "iB+H2bi? ii?Q Qm;?Hv /2
bQ@+ HH2/ bmT> @KQH2+mH ~ TT Q +?2biQ ;"  T?2M2-bm+? b i?|
2i HX)K h?Bb rQ'F BKb iQ # BM; iQ;2i?2 ;> T?2M2 rBi? K2i H +C
iB HbBM;H2Z@KQH2+mH2K ;M2ibQ [m MimK #Bib- M/ T 2b2Mi T 2
b KTH2b rBi? bm#b2[m2Mi +? ~ +i2 Bb iBQM Q7 i?2B T QT2 iB2bX

9
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h?Bb +? Ti2° BKbiQ T QpB/2 M2+2bb vi?2Q 2iB+ H# +F;"QmM
i?Bb i?2bBb- M/ 7QHHQrb i?2 i?2bBb bi'm+im 2 #v +Qp2 BM; K E
i72 /Bp2 bBiv Q7 +Qp2 2/ b+B2MiB}+ BMi2 2bi BM i?2 i?2bBb- A
K2Mi Hb Q7 ;> T?2M2- bBM;H2@KQH2+mH2 K :M2ib UaJJbV- M/
G M;KmB" "HQ/:2ii JHKDb- 2H2+i"QM T ~ K ;M2iB+ "2bQM M+2 U1
M/ b+ MMBM: 2H2+i"QM KB+ Qb+QTv UalJVX

KXRX :" T?2M2 6mM/ K2Mi Hb

AMQ /2 iQ+°2i2 M/+QMi'QH; T?2M2@# b2/ ?2v# B/ K i2 B HE
i72Q°2iB+ H 7mM/ K2Mi Hb Q7 ;> T?2M2X ""B27 ?BbiQ v M/ BM
mb2 Q7 i?Bb + "#QM HHQi'QT2 r2°2 H 2 /RXKARMiBIY M 2/i BOMIV 2
i2°X h?Bb b2+iBQM BKb iQ T'QpB/2/22T2 BMbB;?i BMiQ T?vDhE
> T?2M2X h?2 bi'm+im 2 7QHHQrb #QQF, :> T?2M2, 6mM/ K2Mj
iBQMBX

KXRXRX 1H2+i QMB+ ai m+im 2

* “#QM Bb M BMi2 2biBM; 2H2K2Mi /m2 iQ /Bp2 bBiv Q7 bi m+i
Bi Q++m bX 6Q° BMbi M+2- :> T?Bi2 M/ /B KQM/ "2 i?2 #2bi@F
h?Bbbim+im" Hp 'B2iv 'Bb2b7 QK /Bz2 2Mi2H2+i'QM +QM};m
7QKBM: Q7 /Bz2 2MiivT2b Q7 p H2M+2 #QM/biQ p "BQmb 2H2K
iQKb-i2°Qm;:? iQKB+ Q #Bi H ?2v#.BPBb iBD MQAKB }MPMK#2" e
i?72°27Q°2- 2H2+i QME -Qs+-2mTvN2E iQKB+ Q '#Bi Hb BM ;"QmM
6B:mMk2Bb? Qb M ?2v# B/Bb iBQM Q7 + "#QM iQK 7 QK ?Bb : Qn
Bbi2i p H2Mi 2H2K2Mi- BX2X- QMHV i?2 7Qm" 2ti2 " BQ  2H2+i Q
+Qp H2Mi +?2KB+ H #QM/X q?2M 7Q KBM; #QM/b rBi? Qi?2" iQl
i72 kb 2H2+i°QMb BMiQ 26,20M#EJ} ++mPB®/ 2bmHib BM i?2 7Q K i
Q #Bi HbX

AM/B KQM/-i?21}'bi TQbbB#H2 QW' BIBX hBQKb@2M2 ;v H2p?2
rBi? i?2 i?°22 kT H2p2Hb BM Q /2  iQ 7Q K 7 Qup @Qf 2B R iHBb+- 13 Hw
Q++mTB2/ rBi? QM2 24FF2@ Q QB X HP2 2 Q B2Mi2/ rBi? H “:2bi TQ
7°QK 2 +? Qi?2° BM i?Bb Q" B2Mi iBQM- i?mb 7Q KBM:spPNM@BK ;B
Q #Bi Hb Q7 QM2 + "#OQM iQKPED HEirBb?Q?XQi?2  + “#QM iQ
“2bmHib BM 7Q K iBQM Q7 i?2 jRXB KQM/ bi'm+im 2

AM :° T?Bi2- i?2 b2+QM/ TQbbBEHD Pvm BIXEP MBHOMI+Q Qmi Q
KT@Q #Bi Hbi F2T i BM i?2 ?2v# B/Bpt@QM#Bb B iBM; BMQ 7B 2

Rh?2 ?B;? 2 /M2bb Q7 /B KQM/ 2bmHib 7°QK i?2 bi ' QM: #BM/BM; 2M2 ;v Q

8
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Ground state Hybridised state Tetrahedral symmetry

000800 0 9o Q
M0 — M

2s 3
=8 zp) zl)f sp »

Q= A £
M 000 —0H [

2s 2py 2py  2p, sp2 2p,

6B:m 2 kKXR, AHHmMbi  iBQM Q7 irQ TQbbB#H2 ?v# B/Bb iBQMb Q7
ITT2 "Qr /2KQMbg 228 B/Bb iBQM "2bmHiBM; BM i2i° 22/°QM U2X
/B KQM/VX GQr2  "Qrsp2TVvEbRMib iBQM- r?B+? H2 /Ip #HQMJ K iBQM
U2X:X 2i2vH2M2- ;> T?Bi2 Q ;> T?RMRVX [/ Ti2/ 7°QK (

T2 T2M/B+mH " iQ i?2 2K BMBM; kT@Q #Bi H M/ HvBM; bvKK2i E
Rky & M;H2bX BPD27@FQ@M iQKb 7Q K +Qp H2ZMiBM@TH M2 #QM/b +
?22t ; QM HO?QM2v+QK#O bi m+im 2 Q7 @ #QBli/dX B?7?BBM @2T;H M22 M.
H v2oBb5klEmolV "2 2p2M bi"QM;2° i? M i?2Qb2 Q7sp?@ ?v# #BYBbHIRZ/BM
/B KQMK45UFmolVX h?2 BMig@#HQM2b 7Q K2/ #vi?2 2K BMBM; kKT@Q " #
?Qr2p2 - bB;MB}+ MiHv HQr2 #BM/BM; 2M2 ;v- r?B+? H2 /b iQ M 2
HQM; i?72 Hv2 TH M2X

KXRXKkX 2 H M/ 2+BT Q+ H aT +2

" T?2M2 H v2 ' + M #2 BK ;BM2/ b bBM:H2@H v2 Q7 ; T?Bi2 rBi
a= 3ar?2®=142ABbi?2 M2 2bi M2B;?#Qm BMi2  iQKB+ /Bbi M+2)
/IBbi M+2 #2ir22M irQ /D +2Mi ;> T?2M2 H v2'b B3AXbdi+FRiIHV T?Bi
i F2M- 6;° T?2M206 "272°biQ [m bB@irQ@/BK2MbBQM H BbQH i2/
i?i "2 > M;2/BM 2?2t :QM HH iiB+2X AiBbBKTQ' i MiiQ BMp2biB;
;T T?22M2i?2Q°Qm;?Hv- bBib2H2+i'QMB+ T ' QT2'iB2b "2bB;MB}+ M
Q7 ;> T?2M2 H v2'bX PMHvV bBM;H2@H v2' ;> T?2M2 UaG:V M/ #BF
+QMbB/2 2/ iQ #2 x2 Q@ ; T b2KB+QM/m+iQ b rBi? QMHv bBM;H2 i
2bT2+iBp2HVvX AM i?2 + b2 Q7 i?2 72r@H v2 ;> T?2M2 U6G:V- mk
+QM/m+iBQM M/ p H2M+2 # M/ bi "iiQ Qp2 " H T M/ b2p2°  H+? ;2 +
bi'm+im 2b + M #2 +QMbB/2 2/ b i?BM }HKb Q7 ;> T?Bi2X

h?2 2?2t ;QM H:  T?2M2 H iiB+2 Bb BdWQMi 172 HRMi6EB h2 X2 W?2 m N
+2HH Q7 ;> T?2M2 Bb "?QK#mb U; 2vV rBi? # bBb Q7 irQ MQM@
U M/"VX h?2#H +F M/ r?Bi2 +B +H2b 2 bBi2b Q7i?2 +Q "2bTQM
+QMbi"m+iBQMX AM * "i2bB M +QQ /BM i2b-i?2 "2aH M&,+2 # bBb p.
+ M #2 r'Bii2M b

p. ! p- !
a = :32_2 and a = ?:_22 UkXRV

rBi? i?2 H iiB+2ar:Qpl\/EboiXMi

e
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Real space Reciprocal space

armchair edgt

zigzag edg

6B;m 2 kXk, *'vbi H bim+im 2 Q7 ;> T?2M2, G27i bB/2 b?Qrb
;0 T?2M2 BM "2 H bT +2 rBigg# MBXp2PR2OMAMBiI +2HH Bb ?B;?HI
;72v +QHQM ™ X Ai +QMi BMb irQ MQM@2[mBp H2Mi + "#QM iQKl

i'B M;mH  +QMbi m+iBQM b BM/B+ i2/ rBi? #H +F M/ r?Bi2
bB/2 b?Qrb "2+BT ' Q+ HH iiB+2 U/ b?2/V rBb? RHPBX Q2 H HiiiB-
"*BHHQMBM XxQM2 Bb ?B;?HB;?i2/ #v ;"2v +QHQm=> JMEI?2M7B;? &
E6 2BM/B+ i2/X

*Q  2bTQM/BM: "2+BT Q+ H H iiB+RX& ) M?P2M BV i6BB A 2QU 2|
rBi? i?2 }'bi ""BHHQMBM xQM2 U; 2v 22t :QMV Xbih A2 B,2+4 BT " Q + |
#2 2tT 2bb2/ b 7QHHQTrDb

! o
2p:p 3a _ 2p=p 3a

and [}

p=a = p=a UkXkV

b]_:
rBi? "2+BT Q+ H H iizﬁ)&p2§a+Q\/MkBM\/YB+ i2/ TQBMib Q7 ?B;P-bvKK?2
E- EVX h?2 "2+BT°Q+ HH iiB+2 Bb mb27mH ;2QK2i'B+ H +QMbi"
/i X AiBb M " v Q7 T TQBMibr?2°22 +?2 TOQBMi +Q "2bTQM/b i
TH M2b Q7 i?2 +vbi HBM "2 HbT +2X 6m’ i?2 'KQ 2-BiBb ;2M2"
2H2+i"QMB+ # M/ bi'm+im 2 #v THQIiiBM; i?2 # M/b HQM; bT2+B
i?72 " BHHQMBM xQMDW2X X BMK T?2M2VX 1bT2+B HHVv i?2 irC
EUHbQ FMQrM b .B' + TQBMibVTH v + m+B H QH2X h?2B" +
+ M #2 2tT 2bb2/ b

p_ p_
2p= 3a and Ko = 2p= 3a
2p=3a 2p=3a

> T?2M2 Bb x2°Q@; Tbh2KB+QM/m+iQ > bBM+2 i?2 +QM/m+iB
+QMi +i 1i?2.B° +TQBMib M/ 2t?B#Bi HBM2 " /BbT2 bBQMX h-
Bb x2 ' Q ii?2 .B° + TQBMibX h?Bb iQTQHQ;v Q7 i?2 # M/b ;Bp2
2tQiB+ 2H2+i QMB+ i  MbTQ iT QT2 iB2bX 6BM HHv-i?Bb K F2I
7TQ # Q/ M;2Q7 TTHB+ iBQMbBM M2r;2M2 iBQM Q7 KQH2+n
/2 p B +R2FpX(

K= UkXjV
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KXRXjX " M/ ai m+im 2

T T?2M2 ? b "Bb2MH “;2 b+B2MiB}+ BMi2 2bi K BMHvVv /m2 iQ Bib mN\
h?2 # M/ bim+im 2 Q7 KQMQ@H v2 ;" T?2M2 2t?B#Bib i?°22 K BM
+ B2 /2MbBiv ii?2 .B° + TQBMib-i?2 2tBbi2M+2 Q7 Th2m/Q@bTB]
Q7+ ""B2°bX

h?2 # M/ bim+im 2 Q7 ;> T?2M2 2K2 ;2b 7 QK Bib iQKB+ bi m+]
iQK BM i?2:° T?2M2 H iiB+2 Bb +QMM2+i2/iQ i? 22 M2B:?#Qm BM;
+Qp H2Mi #QM/b#QMM/Db22 7 QK 2H2+i ZpMb \BAd, i HRBA+2 Q #Bi HbX
h?2 2K BMBM; 7Qm i? p HZM+2p2 Q2 #B QM- Q2B mZTBBbT2 T2M/B+mt
i?72 ;" T?2M2 b?22i TH i2- M/ i?mb /Q2b MQi BM2H2+i T@Mbix hBM @
2p, Q #Bi Hb 7' QK M2B;?#Qm ' BM; iQKb Qp2'id UBXB X H)BNMm BBR /2 (
P H2M+2p/ WMB/IX2X mMMQ++mTB2/ Q' +QM/m+iBQMV # M/bX J DQ Biv
Q7 ;" T?22M2 + M#2 mM/2 piQN/BX i?2b2

h?2 mMBi +2HH Q7 i?2 ?2t ;QM H ;" T?2M2 H iiB+2 +QMbBbib Q7
ac c=1:42AX 6B;nk>X BHHmMbi® i2bi?2 /BpBbBQM Q7 mMBi +2HH Q7 i??2
HiiB+2 BMiQ irQ BMi2 ' bT2 b2/i'B M;H2b- mbm HHv /2MQi2/ M/ "X
Q7 i?Bb i'B M;mH * +QM+2Ti HQM; rBi? }'bi + H+mH iBQM Q7 i?2
Hv2 ;> T?2M2r b /QM2 #v q HEX+BBRMERW/OI (m+im 2 + M #2 bm{+B:
/I2b+"B#2/ mbBM; M2 "2bi M2B;?#Qm’ iB;?2i @#BM/BAM2H2ZFIiQ@Q M? +QM
T2 iQKX 6BM H/BbT2'bBQM "2H iBQM + M #2 r'Bii2M

S

E (koky) = o 1l+4cos

p
3ka  kya kya
4+ L
5 0052 4 cos? 5 UkX9V

rBia = p§ac c- M/ygi?2 M2 "2bi M2B;?#Qm Qp2 H T BMi2;"  H r?B+?
#2ir22M kXBeVM /

6B;m 2 kXj, h'B M;mH > /BpBbBQM Q7 22t ;QM H ;> T?22M2 bi'm+im
i'B M;H2 Bb bm "QmM/2/ #vi? 22" i'B M;H2 iQKb MARpB+2@p2'b X

h?2 # M/ bi'm+im 2 Q7 ;> T?2M2 + H+kX# BD/B#¥Qlr[vh B Bk@EB:uh ~ 2 U
h?2p H2M+2 M/ +QM/m+iBQM # M/b K22i i TQBMib Q7 ?B;? bvKK2i"
UmMM@/QT2/V ;>  T?22M22 +?2+ “#QM iQK T QpB/2b QM2 2H2+i'QM +C
# M/ M/ H2 pBM; i?2 +QM/m+iBQM # NE{ 2 KbThwnxX+682 BIBbHBAm2 R/ i i?2
2M2 ;v r?22°2i?2 +QM/m+iBQM M/ p H2M+2 # M/b K22iX h?2b2 TQI
.B* + Q" +? ;2 M2mi® HBiv TQBMibX ;h?2 /BbT2'bBQM "2H iBQM +
Q7 i?2 .B> + TQBNIiBptd&2pE38) M/ E6 £3p23a-2p=3a)vx Pi?2° "2
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2[mBp H2Mi i?°'Qm;? i° MbH iBQM #v "2+BT Q+ HH iiB+2 p2+ic(
"2+4BT Q+ HbDT +2 + M #2 /B 2+iHv "2H i2/iQ i?2irQ 2 HbT +2;
Bb + mb2/ #v 2H2+i'QMb QM i'B M;H2 M/ E& #v 2H2+i"QMb QM

6B:m 2 kX9, " M/ bi'm+im 2 Q7 ;> T?2M2 BHHmbi  iBM; i?2 +QM
K22iBM:; ii?2 .B° + TQBMib UK "F2/rBi? #Hm2 /QibVX AMb2i Bb
TQBMib b?QrBM: i?2 HBM2 " /BbT2 ' bBQMX2H TBM DK HH p H

1[m iB@MAY M #2 2tT M/2/ +HQb2 iQ i?2 .B° + TQBMi UE Q E§"
bBQM “2H iBQM b?QrBM:; i?2 HBM2 "E®H M/QKMQK2MRRAM-2M2 ;v-

E (R)= ek Kj UkX8V

122 = (Kyky) Mir=("30a=22) 1 1FmsiX h?2 2:BQM Q722 /BbT2 b
iBOM +HQb2 iQ EUEGV Bb THQii2/kBW-iB2@NBIiiiZR 6EBR22°WM im’
B> + +QM2bX hQ bmK mT- #v +QMbB/2 ' BM; i?2 M2 “2bi M2B;?#
i22 # M/ bi'm+im 2 Q7 :° T?2M2 + M #2 + H+mH i2/X h?Bb BKTHI
r?B+? BM ;2M2° H /2}M2i?2 M im 2 Q7 2H2+i'QM i> MbTQ ii? Qi

RX h?2Q++mTB2/p H2ZM+2 M/ 2KTiv+QM/m+iBQM# M/b K22i
/I2MbBiv Q7 bi i2b U.PaV Bbx2 QX h?2°27Q 2-;  T?2M2Bb #
b2KB+QM/m+iQ  rBi? p MBb?BM; .Pa ii?2 .B° + TQBMi #mi |
i?72p H2ZM+2 M/ +QM/m+iBQM # M/bX

kX *HQb2 iQ i?2 62 KB 2M2 ;v i?2 # M/ bi'm+im 2 + M #2 /2b+"|
B> + +QM2b bBim i2/ i E M/ E6X H ;2 KQK2MimK +? M;2
2H2+i"QM iQ b+ ii2° 7°QK EiQ E6X h?2°27Q 2- 2H2+i"QM i |
BK ;BM2/ b Q++m 'BM;BM T > HH2H i? ' Qm;? i?2 E M/ E®$ .B
iQi?2irQ ;" T?2M2i'B M;H2b M/"VX*? :2+ "B2°'bBM; T*
iQQ #Bi H M/ bTBM [m MimK MmK#2 - p HH2vQ Th2m/Q@|
[2:2M2° +v Q7 kX h?2i2 ' KTh2m/Q@bTBM Bb mb2//m2iQ M
"2 2Qr2p2 - +QKTH2i2HV BM/2T2M/2Mi Q7 QM2 M/ Qi?2 X

jiX *HQb2 iQ i?2 .B> + TQBMi i?2 ;> T?2M2 /BbT2 bBQM "2H iB(
HBM2 "@/BbT2 bBQM "2H iBQM Bb r2HH /2b+ B#2/ #vi?2 2t
/2b+ BTiBQM i?2 +? ;2 + "B2'b U2H2+i'QMb Q" ?2QH2bV +
i p2HHBM: rBi? : Qmi¥ p2HDMBIVXQ7
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KXRX9X JQ#BHBiv M/ .2MbBiv Q7 * ""B2'Db

1H2+i'QMB+ T°QT2'iB2b Q7 ;> T?2M2 + M HbQ #2 /2b+ " B#2/ #v K2
M K2Hv i?2 . " m/2 KQ/2H Q7 2H2+i B+ H+QM/m+iBQM iQ 2Hm+B/ i2 |
2H2+i"QMb- K BMHvV BM K2i HbOX QPR KR RIHRNYbMK2b i? i 2H2+
+ M#2 TT QtBK i2/ b7°22 T "iB+H2b-#QmM+BM; Qz ?2 pB2 - BKK
BKTQ i Mi "2bmHi Q7 i?Bb KQ/2H Bb HBM2 ° "2H iBQMb?BT #2irz
2H2+i BE }2H/

f= E UkXeV

r?2°2 Bb i?2 2H2+i'B+ H +QM/m+iBpBiv UPAXBMDP2 2422@7 B2hiB i@ M
/m+iBpB#vM #2 i?2M- 7Q" i?2 + b2 Q7 62°KB : b U TT QtBK iBQM 7C

b
2

L UkXdV
m

re2'2 +? ;2 i MbTQ'i2/ Bb T'TQTQ iBQM HeirQi 12227 +RFQy BB2MbBiv
T'2b2Mi- #2+ mb2i?2 ++2H2 iBQMBM ;Bp2MeH2+BNBp2fDRHBbL T°
T QTQ iBQM H iQX?R?R/Bb+ B#2b i?2 7 22 iBK2/m BM; r?B+?i?21}2
i?72 + "TBYX(

Ai Bb +QMp2MB2Mi iQ BMi Q/m+2 i2 Kb i? i "2 2T 2b2MiBM; K i2
2tT 2bb2/ #v i?2 +? ;2 + "Be?BK&#BbHBI2 ° iBQ Q7 i?2 + B2 /"B7i
Vg iQi?2 TTHB2/ 2H2BEX BR2H+)@HR2Mi /2MbBiv /2}M XXéew 1im#E2BQM U
bm#b2[m2MiHv r Bii2M b

T = newy = ne E: UkX3V

*QK#BM iBQM Q7 KDfwh MBQVMUIBRBDOBQrb i? i 2H2+i B+ H +QM/m+i
Bb "2H i2/iQi?2 +? ;2 + "B27®QHBHBIv

= ne: UKkXNV

AMi?2 + b2 Q7 1 WM72M22 /2i2 KBM2/ 2Bi?2  7°QK }2H/ 2z2+i Q" >
K2 bm 2K2MibX

IbBM; }2H/ 2z2+i K2 bm 2K2Mib- i?27/BMbBIVIQ2ZM2 bBRTIH2 + M #2
2biBK i2/ 7°QK i?2bm 7 +2 +?2 ;2 /2MbBiv BM/m+2/ #v TTHB+ iBQN

n="g" Vy=te UkXRyV

r?2"3 Bb T2 KBiiBpBivQQv?® +2HniKBp2 T2 KBiiBpBiv Q7 i?2ViB2H2+i B
ti?2/B2H2+i B+ i?8BBNMHRK2MWi v +?=02X.Bb + TQBMi- Mv /QTBM;
Q7 i?2 b KTH2 Bb +QKT2Mb i2Y,7EM AY M 2iBBQBABM,; Vo) rBi?
Vgp 1?72 ; 12 pQHIi ;2 11?2 .B° + TQBMiX

h?2 }2H/ 2z2+i KQ#BHB#H2 2ti° +i2/ 7' QK i?2 ; i2 pQHi ;2 /2T2M/2
+QM/m+iBpBiv
o d 1
~dV, Gy

r?2°2 Bb i?2 +QM/m+iBpBiv Q7 €272 KTR2 MABI M+2 r?B+? + M #:
+ H+mH CF fex(Vy; Vyp) X

UkXRRYV

FE
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kXRX :_ S>1L16IL. J1Lh Ga

Hi2 M iBp2Hv-i?2 + B2  /2MbBiv M/ KQ#BHBiv + M #2 /2i2 ¥
222+ K2 bm 2K2Mi r?B+? Bb bi>XQ@#2BRQEB;m 2 U

(a) graphene V. / (C)
Au electrodes 6 ;I).I? ’IE
“ v, B q_/_/' k,
| h;(x
4 I' | "
(b) m | g |
6 ot . 2 ¢ 2| / | "-EF
- «E / \
W L ;_-// \_\h_‘ 1
5 T«-—— 3 Y il P i e
-60 -30 0 30 60
e — v, IVl

6B;m 2 kX8, U V a+?2K iB+ Q7 Dbi M/ */ /[2pB+2 ;2QK2i'v 7Q"
> T?2M2 b KTH2b Bb i?2 > HH # "X :> T?2M2 Bb i’ Mb72 "2/ iQ
bi> i2+ TT2/rBi? M BMbHHN2BQM7Z aBP2° H ?2mM/ 2/b Q7 M MQK?2i"
KB+ Qb+QT2 BK ;2 BHHmMbi  i2b M 2i+?22/ :> T?2M2 b KTH2 BM
HBi?Q; T?B+ K2 Mb UBX2X T ii2 M2/ 2bBbi K bF 7TQHHQr2/ #v
T Q#2 K2 bm 2K2Mi+ M #2 i?2M T2 7Q K2/ #v /'BpBM; +m  2Mi
9ti- M/ K2 bm BM; i?2 pQHi ;2 /"QT #2ir22M2HQ+i8 QWEk M/ |-
U+V KQ/mH iBQM Q7 :  T?2M2b KTH2 #vi?2 TTHB+ iBQM Q7

+QMi +iBM; i?2 ?2 pBHv /QT2/ aB- M 2H2+i B+ }2H/ Bb TTHB2/
iBQM Q7 ; i2 WQHh2Bb + M #2 mb2/ iQ imM2E®? ) i62nMKBHbAp 2H "B
[2MbBivV Q7 i?2 ;" Bx? ZM2R® #P2b .B" ¥,EQBMidbBbiBpBiv "2 +22
K tBKmKX h?Bb K2 bm 2K2Mi HHQrb 7Q  i?2 bim/EQBR HDH2Q M
B> + TOQBMi U+QM/m+iBQM # M/V Bi/#LXHQY ii? MbEQ+iT/QBMi Up

# MIVX | Ti2/ RhQK (

h?2 "2bBbiBpBiv Q7 ; T?2M2 b KTH2 BM i?Bb + b2 Bb /2}M2/

o = W Va3

%= T 1L
M/ mMMBib "2V Bhix2 rB/iR iMZ H2M:i? Q7 i?2:" T?2M2 +? MM2H -
PQHI ;2 T°Q#2bX h?2 i Mb#%S{W=DPEbILBpBIv b KTH2 Bb K2 bm"
BM T 2b2M+2 Q7 M Qmi Q7 TH M2 K :M2iB+ }2H/X h?2 + B2 /2

UkXRkV

n = B=e% UKkXRjV
rBi? i?72 > HH +Q2{+BZMi/2}M12/ b
RH:%: UKkXR9V
g?2Mi?2 +? ;2 + B2 /2MbBivBb FMQrMi?2 > HH KQ#BHBIiv
1 1
H_ne%(_ e X UKkXR8V

> HH KQ#BHBiB2b 2p2B0CR®E*b? Mp2 #22M "2TQi2/7Q ;- T
/2pB+2b rBi? +? ;2 + B2 /2MbBiB2b 7Q " irQ@ /B KEMWEQM H ;°
KRX hQ bmK mT- /2i2°KBM iBQM Q7 K i2'B HT QT2 iB2b bm+?
M/ +?2 ;2 + B2 KBEBHB#B H7Q /2p2HQTK2Mi Q7 MQp2H ;- T
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kXkX aBM;H2@JQH2+mH2 J ;M2ib UaJJbV

h?Bb +? Ti2 Bbr'Bii2MiQ T ' QpB/2 MBMi'Q/m+iBQMiQi?2 TT Q +°
#v /2b+ B#BM; +? ° +i2 ' BbiB+ T ' QT2'iB2b Q7 alJJb M/#vQmiHBMBM
BM KQH2+mH " bvbi2KbX h?2 MQi iBQM rr b i F2M 7°QK i?2 #QQF, J
k9 M/ 2pB2r, AMi"Q/m+iBQM iQ JQMP¥mH ~J :M2iBbK (

KXkXRX JQH2+mH ~J ;M2iBbK

JOQH2+mH ~ K ;M2iBbK Bb " i?2" M2r TT Q +?- TmHHv /2p2HQTBM;
K ;M2iB+ #2? pBQm  ii?2 b+ H2 Q7 BM/BpB/m HKQH2+mH2b M/ k
#2 /2b+ B#2/ b M BMi2 /Bb+BTHBM v }2H/-r?22 +?2KBbib /2bB;]|
i2°B Hb rBi? BM+ 2 bBM; +QKTH2tBiv # b2/ QM 722/# +F 7 QK T?vt
[2p2HQT 2tT2 BK2Mi H K2 bm 2K2Mib BM Q /2 iQ KQ/2H i?2 MQp2
bQ+B i2/ rBi? KQH2+mH " K i2'B HbX h?2 "Bb2 Q7 i?Bb TT Q +7? E
i?72 "BbBM; BMi2 2bi BM M MQ@b+B2M+2 M/ M MQi2+?MQHQ;v- i?
b+B2M+2b M/ BM/mbi "B HM22/b Q7 KBMB im Bb iBQM T Q+2bb2b +
Q7 +QKTmi2'bX HQM; rBi? i?2 M22/ 7Q° bK HH2  +QKTQM2Mib B
7Q° T'BM+BTH2b Q7 [m MimK K2+? MB+b r?2M /2b+ B#BM; i?2b2b
"Qi?1?72Q 2iB+ H M/ 2tT2 BK2Mi HT "ib "2 M2+2bb 'v7Q mM/2 bi
Kii2" ii?2 M MQ@b+ H2X AMp2biB; iBQM Q7 bm+? bvbi2Kb r b 2M
}12H/ Q7 b+ MMBM; T'Q#2 KB+ Qb+QTv bm+? b iQKB+ 7Q +2 KB+ C
KB+ Qb+QTv- b+ MMBM; 2H2+i"QM KB+ Qb+QTv- 2i+X

6B;mKRXWBHHMDbI™ i2b i?2 i MbBIiBQM 7 QK i?2 "2;BQM Q7 T2 K
K ;M2iB+ /QK BMb +QMi BMBM; ?m;2 MmK#2 Q7 bTBMb iQ KQH2+m
Q7 bTBMbX

Macroscopic +— Nanoscopic

Permanent Micro-particles MNano-particles Clusters Molecular Individual

magnets clusters spins
| | 1 [ | [ 1 | | |
| I 1 I I n I ] I I 1
S=102 10?0 108 106 107 1o 10° 107 10 I
Multidomain Single domain Magnetic moment

1 - -

M/M,

-1

| 1 1 _1 1 1 1
40 =20 0 20 40 -100 0 100

jJUII{["T} _Jl”I”mT} IH“II(T]
6B;m 2 kXe, h?2i° MbBIiBQM7 QKK + ' Qb+QTB+iQM MQb+QTB+ K ;

Q7 ?vbi2 2bBb HQQTb 7Q  KmHiB/QK BM UH27iV-bBM;H2/QK BM Uk
KQK2Mi U B:?iVX / Ki@X 7 QK (
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1?72 K + Q@b+ H2-i?2T '"iB+H2b +QMbiBimiBM; #mHF K ;M2
m HbTBMb-i? i '2+QmTH2/ M/ 2bTQM/ +QHH2+iBp2HViQ M 2
2M2 ;v Bb KBMBKBb2/ #v 7Q KBM; /QK BMb- "2;BQMb rBi?BM H
K2Mib "2 T  HH2H U MiB@T " HH2HV iQ 2 +? Qi?2 X h?2 Q B2]
K ;M2iB+ /QK BMb Bb " M/ QK BM i?2 #b2M+2 Q7 M 2ti2°M H K ;
K :M2iBb iBQM Q7 i?2 b KTH2 Bb x2 QX q?2M i?2 b KTH2 Bb K ;
KQK2Mib rBHH #2 T ° HH2HiQ 2 +? Qi?2° M/i?2 K ;M2iBb iBQM
A7 1?2 }2H/ Bb /2+ 2 b2/-i?2 K ;M2iBb iBQM rBHH MQi #2 x2 Q-
+ b2-#miBirBHH 2t?B#BibQ@+ HH2/ 2K M2Mi K ;M2iBb iBQM X
Bb TQbbB#H2 #v ;QBM; iQ M2; iBp2 }2H/-r?B+? Bb + HH2/ +Q2 -
iQ +H bbB7v i?2 #mHF K ;M2ibX bK HH +Q2 +Bp2 }2H/ Bb ivTB-
/IQ MQii2M/iQ bi v K ;M2iBb2/V- M/H ";2BMi?2+ b2Q77? /K
h?M=H THQi- b?QrM BMXBQmM 2?0 H27i b?Qrb ?2vbi2°2bBb HQQ
mb BM7Q K iBQM i? ii?2p Hm2 Q7 K ;M2iBb iBQM Q7 i?2 b KTH
h?Bb Bbi?2# bBb7Q i?2 mb2 Q7 K ;M2ib7Q biQ"BM; BM7Q K

g?2M "2/m+BM; i?2 bBx2 Q7 K ;M2iB+ T "iB+HQWE-iR2;KZAKBH2M
+QK2b BMiQ TH v

A = KV UkXReV

r?22 Bb i?2 pQHMK2 Q7 i? XKTBLiB2H MBIWQi ' QTv +QMbi Mi Q7 i?:

6B;mIWDb?Qrb i?2 2M2 ;v Q7 i?2 bvbi2K b 7mM+iBQM Q7 i
K ;M2iB+ KQK2MiX h?2 MBbQi"QTvQ7i?2K :M2iBb iBQMBb Q7
Q' B2Mi iBOQM Q7 i?2 K ;M2iB+ KQK2Mi Q7 i?2 Tz iB*242BOMVXH I

=)

Energy

() )

—nl.fz 0 /2 f

6B;m 2 kXd, 1M2 ;v Q7 M AbBM; U2 bv tBbV b 7mM+iBQM Q7 i
7°QK i?2 2 bv tBbX / KX 7 QK (

h?2 #QiIiQK@H27ir2HH "2T ' 2b2Mib 2M2 ;v KBMBKmMK 7Q° K ;M
“B:;?i r2HH 2M2 ;v KBMBKmK 7Q" K ;M2iBb iBQM mT- M/ i?2 iQ
2M2 ;v K tBKmMK 7Q i?2 K ;:M2iBb iBQM iNyé&7 QK i?22 bv tBb:
Q7i?2b KTH2-i?2# B2 7Q i?2 2Q B2Mi iBQMQ7i?2K ;M2iB|
i?72i?22°K H2M2 ;vX A7i?2 b KTH2Bb T 2T "2/ rBi? mT K ;M2iBb
i?72T "iB+H2brBi? 2MQm;?2M2 ;v+ MDmKTQp2 i?2# ~"B2° M/
7i2° r?BH2-i?22[mBHB# BmK #2ir22M mT M/ /QrM Bb 2bi #HBD
BMi?2H27i M/ ? H7BMi?2 "B;?ir2HHV-#2+ mb2i?2irQ KBMBK
bvbi2K rBHH MQ HQM;2 #2 K ;M2iBb2/ BM x2 Q K ;M2iB+ }2H/ b
M 2ti2™M H K ;M2iB+ }2H/ Bb TTHB2/- QM2 Q7 i?2 irQ r2HHb rB
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Qi?2° rBHH BM+'2 b2 BiX h?2 irQ r2HHb rBHH ? p2 /Bz2 2Mi TQT
#2? p2b HBF2 T K :M2i- #mi bBM+2 i?2 "2bTQMb2 iQ i?2 2ti2 M
bvbi2K +QK2b 7°QK HHi?2BM/BpB/m HK ;M2iB+ +2Mi 2b- Bi rBHH ?
+ HH2/bmT2 T ° K ;M2ibrBi? BMi2 2biBM; TTHB+ iBQMbBM K ;M2i
b2T * iBQM Q7 +2HHb- M/ b +QMi’ bi ;2Mi 7Q K ;M2iB+ "2bQM N\
T 'iB+H2b M22/2/iQ Q#b2 p2 i?Bb bmT2'T ° K ;M2iBnmR? pBQm" °
M BKTQ'i Mi 72 im' 2 Q7 i?2 bmT2 T * K ;M2i Bb r?2i?2" i?22 Q#b

bi iB+ Q  /VM KB+ K :M2iB+ #2? pBQm > /2T2M/b QM i?2 iBK2@b+ H:
7Q bm+? M BMp2biB; iBQMX 6Q" 2t KTH2- /m BM; * K ;M2iB+ bmb
rBi? Qb+BHH iBMs }HHz- ibi iB+ #2? pBQm" rBi? #HQ+F2/ K ;M2iBl|
Q#b2 p2/ B7 i?2 +? ° +i2 'BbiB+ iBK2 "2[mB 2/ 7Q  i?2 T iB+H2 iQ
HQM;2 i?=N2p) X PM i?2 +QMi" “v- /vM KB+ #2? pBQm  Bb Q#b2 p
nX h?22 +? > +i2°BbiB+ iBK2 7Q  i?2 "2Q ' B2Mi iBQM Q7 i?2 K ;M2iBt
bbmKBM:i?2 K HHv +iBp i2/ T°Q+2bb- b M2tTQM2MiB H/2T2M/2
rBi? bQ@+ HH2/ ““?22MBmb #2? pBQm - b Q#b2'p2/ BM K Mv Qi?2"
+?2KB+ H T Q+2bb2b

N = OeXplZ\‘/l' UkXRdAV
r?22°'RV Bb K ;M2iB+ MBb'@HOIK-MM +QMBi MiQMMi2 i2KT2  im 2X

h?2°27Q°2- bQ@+ HH2/ #HQ+FBM; i2KT2  im 2 + M #2 [2}M2/- r?

i2KT2 im' 2 ir?B+?i?2 2H t iBQM iBK2 QF ?-2i K2; M2 iB-bi 2BRMB +
iBK2 Q7 i?2 2tT2 ' BK2MiX h?2 #HQ+FBM; i2KT2" im 2 +k KIRKR2 Q#i BM
#v 2tT 2bbBM; 7Q  i2KT2' im'2

oKV

e,

h?2 bBM;H2@KQH2+mH2 K :M2i UaJJV HbQ 2t?B#Bib bmT2' T °
HQr +2°i BM #HQ+FBM: i2KT2  im 2X h?2v + M #2 BK :BM2/ b x2(
AM Qi?2 rQ /b-2p2°vKQH2+mH2BMalJlb+ M +i b M MQK :M2iX I
Bb #v K2 Mb Q7 bvMi?2iB+ +?2KBbi vX h?2 bi'm+im 2 Q7 bm+? aJJ B
+2Mi*2- mbm HHvi> MbBiBQM K2i H-H Mi? MB/2- Q" +iBMB/2-Bb b
HB; M/bX

i i?Bb TQBMi- Bi Bb +QMp2MB2Mi iQ bmKK "Bb2 QTiBK H +QM/BIiE
BM Q' /2 iQ #2 +QMDbB/2°2 b bBM:H2@KQH2+mH2 K ;M2i- r?B+? B
Q' ; MB+ +QKTQmM/b rBi? 7TQHHQIBM; 72 im 2b,

UkXR3V

RX AiBb KQH2+mH2i? i2t?B#BibbHQr 2H t iBQM Q7 i?2K :M2iB
Q B:BMX

kX Ai+ M#2 K ;M2iBb2/BM K ;M2iB+ }2H/- M/i? irBHH 2K BMK
brBi+?BM; Qz i?2 K ;M2iB+ }2H/X

iX AiBbBM?2 2Mi KQH2+mH ~ T 'QT2'iv- M/ MQ BMi2  +iBQM #2ir
7Q  i?Bb T?2MQK2MQM iQ Q++m X

9X Ai+ M #2 /BbbQHp2/ BM bQHpP2MiQ TmiBM K i'BtUTQHVK2
T QT2'iB2b HBbi2/ #Qp2X
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KXkXkX J ;M2iB+ AMi2" +iBQMb BM aJJb

J ;M2iB+BMi2" +iBQMbBM KQH2+mH bvbi2K 2T BM+BT HH:
+QMiBMmMQmb H iiB+2bX h?2°2 2 :2M2° HHv irQ BMi2  +iBQMb
+2Mi'2b BM KQH2+mH " bvbi2KX PM2 Bb Tm 2Hv K :M2iB+ M/ i
2H2+i"Qbi iB+ BMi2" +iBQM Bb "2bTQMbB#H2 7Q  i?2 7Q K iBQ
K :M2iB+ BMi2  +iBQM 7Q  i?2 7Q K iBQM Q7 r2 F +?2KB+ H #
+2Mi 2bX

>2'2BM-bQ@+ HH2/bTBM > KBHIQMB M TT'Q +? Ua>V rBHH
bmBi #H2 BMi2 T 2i iBQM M/ +H bbB}+ iBQM 7Q" 2tT2 BK2M]
i?72 M22/7Q  7mM/ K2Mi H i?2Q B2bX

h?Bb a> TT Q +? 2tT 2bb2b i?2 > KBHIiQMB M BM TQr2'b Q7
#bQ #BM: i?2 /Bz2 2Mi UbT iB HHv /2T2M/2MiV BMi2  +iBQMb
i?2mb "2/m+BM: i?2 +QKTH2tBiv Q7 i?2 T'Q#H2KX AM i?2 7TQHHOQr
QM bvbi2Kb rBi? Q #Bi HHv MQM@/2;2M2" i2 ;"QmM/ bi i2b rBi
U2X:X i° MbBiBQM K2i H+QKTH2t2bV i? i "2i°2 i2/ r2HH #v i?B

K ;M2iB+ +2Min2mBli? B 2/ 2H2+i"QMb 2 b :"QmM/ bi i2 +?

S=n=2X h23+1 bTBM H2p2Hb bbQ+B i2/iQ i?Bb KmHiIBTH2i 2|
+QKTQM2Mib Q7 i?2 +Q "2bTQM/BM; > KBHIQMB M U+ vbi H }2}
THB2/ K ;M2iB+}2H/ Uw22K M > KBHIiQMB MVX h?2i2 K 6+ vbi |
i"2 iK2Mi Q7 i?2 bTBM H2p2Hb Q7 i’ MbBiBQM K2i H+QKTQmM/b
"QmM/i?2 i° MbBiBQM K2i HBQMb Ui?2 HB; M/b Q  i?2 /QMQ"
QMHvV bQm +2 Q7 BQMB+ BMi2  +iBQMbX

h?2 w22K M > KBHIQMB M + M #2 r'Bii2M b

Hz= H m= gB g S UkXRNYV

r22°2 Bb"Q? K ;MBIBM TTHB2/ K ;M@BH+ i2MbQ HBMFBM; i?2 K
}2H/ M/ i?2 bTBM p3+BO bbb TBIM QT2  iQ X h?2 K mMR BB gRQKRWM i

m = B 0 S UkXkyV
b iIBK2@2p2M@QT2 iQ -BiBb +QMp2MB2Mi iQ bbmK2 i?2
iQMB MiQ #2 [m /7 iB+7Q KQ7i?2bTBM QT2 iQ b/2}M2/ MQr
+Q 2bTQM/BM; iQi?2/B ;QM H7Q KQ7i?2 .@i2MbQ X
Hee=S D S UkXKkRV

22 Bb "2 H- bvKK2i'B+i2MbQ  rBi? i?°22 Q i?Q:QM H 2B;2Mj
t2-y-z "2 +?2Qb2M iQ #2 T ° HH2H iQ » Bd2/BB;QMpR + MY bfm iB
WXNR+ M #2 2tT 2bb2/ b

Hce = DS+ Dy SF + D, S? UkXkkV
r?2°&-S- M$, "2bTBM QT2 iQ bX
h?2 T?vbB+ HK2 MBM; Bb MQi +? M;2/ #v bm#i  +iBM; +QMb
am#i’ +{BB)(Du + Dyy)(SZ+ S2+ S?) = (1=2)(Dyx + Dyy)S(S+1) - H2 /b iQ

Hee = DSZ+ E(SE S)) UkXkjV

k"Q? K :M2iQM BM agpcnfr%leém:zm 10 243 T X
e

R8
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(222 . . .
D=D:; ;D Dy and E= (Du Dy): UkXkOV

"V bm#i> +iBM; i?2 BI$HO1)Mi7 QK 1[m iBRONJ W?2 + vbi H }2H/
> KBHIiQMB M Bb L
Hee=D S? §S(S+1) +E(S; S)): UkXk8V

h?2 /p Mi ;2 Q7 1[wXiB3BK i? HeE=0-r?2"2 h™ bi M/b 7Q" i?2 i +2
Q7 i?2i2MbQ X AM //BiBQMkXN)iMkMNWEBR-MB2M BMi " Q/m+BM; 2B;?
Pp2+i@QMibQS%,- /2}M2/Hmi = mjmi - r?22mM= s; (s L;(s 1);sX A7
i?2 p2+j@ b2 mb2/ b # bBb-i?2b2+QM/ i2KKM)Q KXK8?PBIQM®Q U
/B ;QM H 2H2Kﬁrﬁ£§b-$jm‘2>(0 B=m°X PMi?2 +QMi> “v-i?2}'bii2 K Q
i?72b2 1[m iIBRMBOKWYKNE? b MQ Qz@/B ;QM H 2H2K2MibX

Ai Bb TT "2Mi 7 QK KAMIIB MOUr?2MmM,, = Dy = Dyy UBX2X +m#B+
bvKK2i'vVX AM tB HDRWKIKZ-i W/ i?EnH0 X 1[m iBkXNWBb i?2M

Hce = DSZ UkXkeV

h?2°27Q°2-BM tB H bvKR2T V-KRMHBIPM22/2/iQ 2tT 2bb i?2 2M?2
Q7 i@S+1) bTBM H2p2BbK@HIBIH2i ii?Bb TT QtBK iBQMX h?2 2z
> KBHIQMB M BM KX iBI@WNESBb i? i Q7 b THES+BMH2D2Hb 2p2M BM
i72 #b2M+2 Q7 M TTHB2/ K ;M2iB+ }2H/X h?Bb 2z2+i Bb + HH2/ x2

AJEj Bb bm{+B2MiHv bjojHBER2BD?+@MKKQM iQ HBKBi Bibp "B iBQM b

1=3 E=D +1=3: UkXkdV
6°QK 1[m iBKXWp MKXNK9 Bi Bb TQbbB#H2 iQ Q#i BM 7QHHQIBM; 2t
D= D=3+E; D,= D=3 E; D, =2D=3 UkXk3V

6QE=D =1=3-D,, =0 dD,, = 2D=3d,, =2D=3- M/ i?2 bTHBiiBM; KQM;i?2b
i2°22 +QKTQM2Mib 2 +?2b Bib K tBKmK UK tBKmB&D 2QIk#B+ bTHB
Dy = D, =2D=3D,, = 4D=3X h%2 MZ +QKTQM2Mib 2 2t +iHV i?2 b K2- |
K2 Mbi? ii?2 bvbi2K Bly tBiM2r®@MB[m2 tBbX

h?2 2B:2Mp2+iQ b Q7 i?2kX NeBMi QN8 BHM WK K2 @ W B 72 i?2
2B:2Mpadmi@%B- M/ i?2 2B;2Mp Hm2b "2

W(m)= Dm? S(S+1)=3 UKkXKNV

i i?Bb TT QtBMWIMA@ML( mX AM+HmM/BM; EMUBM@X229m+BM; i?2
bvKK2i v #2HQr i?2 tBjmhi QWR Vmi?RBi i2b 2KQp2 i?2B /232M2" +v B’
Bb BMi2;2 ' X PMi?2 +QMi~ "v-i?2v 2K B Bd»;2MZr@BEBM 2B hBBDb
+ mb2/ #v iBK2@ 2p2 b HbvKK2i'v- M/ i?2 T B ' bQ7/2;2M2" i2 H2p
/IQm#H2ibX

D+ M#2 2Bi?2 TQbBiBp2 U2 p2Hi® BAQ Bliri2BH2V Q M2; iBp2 UH
rBi? i?2 ?BmM2bB2 HQr2biVX S@bBbBEE2M/biQ 2 bv@TH M2 K ;M2iB+ |
M2; iBpQ 2 bv@ tBb ivT2 K ;M2iB+ MBbQi QTvX

h?2 > KBHIQMB M BMXINmR riBE)QH? Bb [m /° iB+@M IB® i2b UbTBM
+QKTQM2MibV- 2T 2b2Mib i?2 bBKTH2bi TQbbB#H2 + vbi H }2H/ >
Bb M2+2bb 'viQ BM+HmM/2 HbQ 7Qm i?- bBti?- 2i+X Q /2 i2 Kb Bl

Re



kXkX aAL:G1@JPG1*IG1J :L1ha UaJJ:

iQ bm{+B2MiHV 2T °Q/m+2 2M2 ;v H2p2HbX h?2 2tT MbBQM Bb
i2°’ Kb BM x2°Q }2H/ r?2M + H+mH iBM; i?2 2z2+ib QM bi i2b Q7
7 +i-BMi?Bb + b2 i?2T°'Q/m+i Q7 # M/ F2iBb2p2M- M/ i?mb
;Bp2 MQM@x2 " Q K i'Bt 2H2K2MibX h?2°27Q 2- Bi Bb mMM2+2bb
bm{+B2MiiQ BM+HmM/2 QMHvV i2 ' Kb Q7 Q /2"

N =2; 4 6;:::; 2S: UkXjyV

:2M2° HHv- ;QQ/ TT QtBK iBQM Bb Q#i BM2/ #v +QMbB/2 B
"2 "2H iBp2Hv bK HH2 i? Mi?2 HQr2 Q /2 i2 " KbX 6Q K HHv- 2
#v BM+HmM/BM; ?B;?2 @Q /2SIQF2°2i@Xb bh2+22Ibi r v iQ 2t THQBI
;" QmMT bvKK2i'vBbiQ mb2bQ@+ HH2/ ai2p2Mb QT2 iQ  2[mBp

X k k ;
Huo = BKOK UkXjRV
N;k

r?2°2i?2 bmK BINQpHmBB /2}M2/ BM KXy iBQIN 2B MilR;iBb}2b
N k +N: UkXjkV

BK "2 T " K2i2 WOK M2 bQ@+ HH2/ ai2p2MbNQW I KR X 1?HBKBi:
++Q /BM: iQ 1[kXMBQMBWHR p?dm2b /2T2M/ QM i?2 TQBMi :"QmT |

"V +QK#BMBM: 1[kiX BB UMKXIMR i?2 }M HDOTBM@> KBHIQME
Q#i BM2/

1 X ,
H=Hz+Hce+Hyo = gB gS+D S? éS(s+1)+E(sX2 SH+ BROK: UkXjjV
N:k

h?2bTBM MBbQi " QTv Bb 2tT 2bb2/ bi?22M2 ;v# B2 i? ib
i?2v brBi+? 7°QK T ° HH2HiQ MiB@T ° HH2H HBMBSMIQWM/ + M
BMi2;2 bTBM Mmlg#aDj(SM/%) 7Q ? H7T@BMi2;2 bJBMQQKKKHN " (
MMBiB. Q72 "2+BT ' Q+ H +2MIBXAMbHBKTH2 TT QtBK iBQM- i?;
p Hm®Q-71?72 HQM;2 i?2 "2H t iBQM iBK2 rBHH #2- M/ i?mb i?Bb
Q#b2 p iIBQM Q7 bBM;H2@KQH2+mH2 K ;M2iBbKX h?2°27Q 2- i’
#2 +? M;2/ BM ;2M2° H-iQISHNMTBM (V@42 b THBIIBMBNM Q K2i2"°
iQ BM+ 2 b2 i?2# B2 X Air b/2KQMbi  i2/-i? i BiBb+QMp2M
D i?2 i?SMb i?2°'2 Bb 7mM/ K2Mi H+QNDM2WWSBQ M D2BrR 2RH Vv
‘Bp2MDHVI=S? (k NIX

AM +QM+HmMbBQM-i?2a> TT Q +? T'QpB/2b QMHv p2'v TT Q
iBQM Q7 K ;M2iB+ BMi2® +iBQMb rBi?BM KQH2+mH ~ K ;M2ibX
T  K2IiDbME "2+ m+B H7Q +? ~ +i2'Bb iBQM Q7 bBM;H2@KC
i " Qb+QTB+ K2i?Q/bbm+? b T K  ;M2iB+ 2H2+i QM "2bQM M+2)

Rd
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kXjX G M;KmB™ "HQ/;2ii 6BHKD

h?2 bi'm+im 2 Q7 i?Bb b2+iBQM 7QHHQrb #QQF, G M;KmB™ "HQ/;2
Gy)- M/ s?.i?2bBb, JQ/B}2/ G M;KmB™ a+? 272 J2i?Q/ 6Q i?2 * z
iBQM Hh?BMWBBHKDIBbIiQ vQ7 KQMQH v2 ' @i?B+F }HK bi "i2/?mM
H2 /v M+B2Mi" #vHQMB Mb + 2 i2/ T ii2"Mb #vbT 2 /BM; QBH QM
i2+?MB+ H TTHB+ iBQM Q7 ~Q iBM; Q1Z"VHRM]) EK\b /22N #QHFQ @ "2/
Iv2b +QKTQb2/ Q7 bm#@KB+ QK2i2 T "iB+H2b UBMFV KBt2/rBi? T~
i2°bm’7 +2iQ +°2 i2 T ii2°MbX am#b2[m2Mi ?2Q ' BxQMi H/BTTBM; Q
BMi2'7 +2 +°2 i2/ mMBXm22i BrBM:b2TQ i QM KQH2+mH ~H v2'br b
"2MD KBM 6° MFHBM BM i?2 }'bi b+B2MiB}+ "2TQ i QM bm 7 +2 +?2
Q#b2 p iIBQMb Q7 r p2 ii2Mm iBQM QM r i2 bm 7 +2 Ui?2Qm;?iiQ #
"QmM/ b?BTbV 22 MQiB+2/ + HKBM; 2z2+i Q7 QBH QM r i2 X 7i2°/
Q7 QBH QMIiQ ri2 bm'7 +2 2?22 Q#b2 p2/i? i "2 +Qp2 2/ #v QBH H
#v rBM/ M/ ? |/ ii2Mm iBM; 2z2+i QM i?2r i2 bm'7 +2X A7 6 MFHB
i?B+FM2bb Q7 i?2 QBH H v2  +'2 i2/ 2ZmQ K PQHIB KN2@EFEROQ ™2 ? Hv
rQmH/ ? p2 7QmM/i? 11?22 H v2 rInmlTP?BHBX i2HvV

h?2 M2ti +QMi B#miQ r b GQ '/ _ vVH2B;?-r?Q ii2KTi2/iQ K2 bm
[m MiBiv Q7 QHBp2 QBH- r?B+?2r b M22/2/iQ +Qp2 081y bm 7 +2X
Q7 QHBpP2 QBH r b M22/2/ iG@55Qp22bvh HiBNBABIMB+F H v2 X h?Bb
H2M;i? TT2 2/iQ #2 KOQMQKQH2+mH " H v2 sOiiRY i”MBHR2BM KQ
+QMbiBimi2b QHBp2 QBHX aB;MB}+ MiT Q; 2bbr b HbQK /2 #v :2 k
reQ +°2 i2/ i?22 T°QiQivT2 Q7 iQ/ v I2ZHH@FMQrM bQ@+ HH2/ G M;
Ub? HHQr +QMi BM2  rBi? KQp #H2 # B2 b r?B+? "2 mb2/iQ br22
iQ +QKT 2bb Q* "2H t MV i?BM }HKVX

6BM HHv-i?2 + m+B Hbi2Tr bK /2#v A'pBM; G M;KmB r?Q BMi (
#Qmi KQH2+mH ~ +QM7Q K iBQM ii2>B HOQRKBMiBYMR2Z TQbbB#
iQi°  Mb7Q Kbm+? H v2 ii?2 B fri2"BMi2 7 +2 QMiQ bm#bi iZ
/IQM2 7i2'r /b #v E i?2°'BM2 "HQ/;2ii M/ Tm#HBb?2/ BM i?2 CQm"
*22KB+ H aQ+B2ivUC *aV BM RNj9 M/ RNj8- "2bT2+iBp2HvX h?Bb
Q7 G M;KmB™ "HQ/;2ii UG"V /2TQbBIiBQM K2i?Q/ M/ G M;KmB ™ }HK
b+ B#2/iQ i?72 KQMQKQH2+mH ~H v2" ii?2 B fri2> BMi2 7 +2X (
M TT Q +?2r?2°2i?2b KTH2 TH i2Bb HQr2'2/ BMiQ i?2i?2 " Qm;? p2
Bb BMb2 i2/ ?2Q BxQMi HHv- i?2 i2+?MB[m2 Bb + HH2/ G M;KmB"™ a-
G" M/ Ga /2TQbBiBQM bi "ib BM RN3yb M/ rBi? MmK2 Qmb KQ/B}
"2 bQM #H2 /2TQbBIiBQM i2+?MB[m2X

KX]XRX h?2 KQ/vM KB+ 1[mBHB# BmK

g?2M M “#Bi® "vi?2 KQ/VM KB+ bvbi2K Bb H27i i@ Blib2ubim 2-QT2" |
V. pQHMK242KT2  im 2V ;2M2  HHv +? M:2 BM iBK2X h?Bb bvbi2K
bm{+B2MiHv HQM; iBK2 rBHH "2 +? bi i2 Q7 i?2 °KQ/vM KB+ 2[mBH
Bb +?B2p2/ r?2M i?2 7°22 2M2 ;v Bb KBMBKBDb2/X 6Q  bvbi2Kb i +
2tT 2bb2/ #v i?2 >2HK?GHix 7TmM+iBQM

F=U TS UkXjoV

JEMQrM bamKBL ; b?B@ T T2 K "#HBM; K2i?Q/ Q7 C T M2b2 Q' B;BMX
h?2 LQ#2H S'Bx2 BM *?2KBbi'v RNjk 67Q" ?Bb /Bb+Qp2'B2b M/ BMp2biB; iB(

R3



kXjX G L:JIA_ "GP.:1hh 6AGJa

M/ 7Q  +QMbi Mi T 2bbm 2 +? M;2b-i?2 7°22 2M2 :vBb ;Bp2M #

G=H TS=U+pVv TS UkXj8V
r?2°2 2MiHHBbv# bB+ HHvi?2 bmK Q7 HHi?2 TQi2MiB H M/ EBM
H=U+pV UkXjeV

MU Bb i?2 BMi2 M H2M2 ;v Q7 bvbi2KKXANM MRQUMIK hMiB@OQWER U
#QpPRBbi?722Mi " QTvX LQ K HHv-i?Bb "2T ' 2b2Mibi?2 ?2 i BMiQ
#v i2KT2 im 2
S:'I!_' UkXjdV

M/ Bb HbQ K2 bm 2 Q7 i?2/BbQ /2 Q7 i?2 KQ/XMMBW bvbi?2
XMbm;;2bii? i 7°222M2 ;v + M #2 KBMBKBb2/ 2Bi?2" #v “2/m:
Q #v BM+ 2 bBM; i?2 2Mi QTvX i HQr i2KT2 im 2-i?2 BMi2 M
+QMi B#mi2b KQ 2iQ i?27 222M2 ;vX PMi?2 +QMi" "v- i?B;?i
i?72 bvbi2K #2+QK2b i?2 T'2/QKBM Mi BM~m2M+2X *QMb2[m2Mi
2H2p 12/ i2KT2 im 2b 2p2M i?2Qm;? i?2v +QMbiBimi2 ?B;?2" BMi
i? Mi?2 bQHB/ bi i2X

KXjXkX : b GB[mB/ AMi2 7 +2

*2'1 BM KQH2+mH2b + M Q B2Mi i?2Kb2Hp2b ii?2 ; bfHB[mB/ B
i?72B°7°222M2 ;vX h?2 2bmHiIBM; bm 7 +2 }HK rBi? i?7B+FM2bb (
iQ b KQMQKQH2+mH "H v2 Q KQMQH v2 X h?2#QmM/ “v #2ir
U2X;X B fri2" BMi2 7 +2V K "Fb i° MbBiBQM #2ir22M i?2 +QK
irQ /IBz2 2Mi #mHF T? b2bX h?2 i?B+FM2bb Q7 i?Bb "2;BQM B
#2+ mb2 i?Bb Bbi?2 2;BQM-r?2"2 HHi?2T Q+2bb2bi F2 TH +:
bm "QmM/2/ #v 72r2  KQH2+mH2b i? M QM2 B MY HOnHHZ— IFh B[ 2rbBr/E
i?72°27Q°2/Bzmb2 BMBiB HHv 77 QK i?2 bm 7 +2X h?2 +iBp iBQ
2b+ TBM; BMiQ i?2 #mHF rBHH BM+'2 b2 mMiBH Bi Bb 2[m H iQ
7°QK i?2 #mHF iQ i?2 bm° 7 +2- M/ }M HHv "2 +?BM; bi i2 Q7 2
+iBM; QM i?2bm 7 +2 KQH2+mH2bBb i?2bm 7 +2i2MbBQM

QQQQQ

6B;m 2 kX3, 6Q +2b BMi?2 #mHF HB[mB/ M/ ii?2 HB[mB

i 1?72 " KQ/vM KB+ 2[mBHB# BmK-i?2 bm 7 +2 i2ZMbBQM Q7 T
T2bb2/ b T iBH/2 Bp iBp2b Q7 i?2 7722 2M2 ;v 7mM+QBQMb 1
i?72 bm>7 +2 ! !

@QF _ @G

= = = UkXj3V
@A T.Vini @A T.p;n;

RN
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r?2°@-V-T "2 BMi2MbBp2 T QT BhiBRb2tMYMbBp2 T QT2 iv U2X;X Mm
KQH2b- 2Mi"QTv- BMi2 M H 2M2 :vVX

am 7 +2 i2MBBRBKBH ~iQp TQm T 2bbm 2- Bi 2K BMb +QMbi M
2[mBHB# BmK ii?2 +QMbi Mii2KT2" im 2-#mi+? M;2brBi? +? M;B
i?72p TQm T 2bbm 2-r?B+? BM+ 2 b2b rBi? B2+ 22bi2BMBIi2KBIN@ i m
+°2 bBM: i2KT2 im 2 M/ #2+QK2b x2 ' Q ii?2 + BiB+ HTQBMiX h?2
QM HB[mMB/ bm' 7 +2 z2+ib i?2 bm'7 +2 i2MbBQMX h?2°27Q 2- Bi
bm 7 +2 T 2bbm 2

= UKkXjNV

r?2°2 Bb i?2 bm 7 +2 i2MbBQM Q7 i?2Bbm?2 BHB[MB/2 MMMbBQM Q7
IHK@+Qp2 2/ bm 7 +2X

kKXjXjX JOMQH v2'  6Q K iBQM

HH +QKTQmM/b + M #2 "Qm;?Hv /BpB/2/ BMiQ i?Qb2 i? i "2 bQHm
i? i /QMQi/BbbQHp2BMr i2°'X h?27Q K2 +QKTQmM/b 2 ;2M2" HI
MM2p2MHV /Bbi'B#mi2/X am+? KQH2+mH2b TObX 200B ;Mk2¥2+i B+ /B
b?Qrb i?2 + b2 7Q° r i2° KQH2+mH2X 1 +?2 Q7 i?2irQ ?2v/"Q;2M iQl
T B rBi? i?2 Qtv;2M iQKX h?2 ;2QK2i'vQ7i?2b? "2/ 2H2+i"QM T E
Q7 i?2 Qtv;2M + mb2b i?2 0@b? T2 Q7 r i2  KQH2+mH2X h?2 bi QN
#BHBiv Q7 Qtv;2M + mb2b HQ+ H M2; iBp2 +? ";2b BM i?2 pB+BMIE
KQH2+mH2 b r?QH2 Bb 2H2+i'B+ HHv M2mi® H- Bib TQbBiBp2 M.
b2T " i2/X

h?2 bQHp2MiIi T QT2iB2b Q7 r i2° "2 +HQb2Hv "2H i2/iQi?2 ii +i
IBTQH2b M/ i?2 +? “;2b bbQ+B i2/ rBi? i?2 bQHmMi2X h?2 KQH2+n
7Q KBM; K i2°'B Hb "2 +QKTQb2/Q7irQK BMT “ib, QM2 T "iBb r i2
4ri2 @HQpBM;V M/i?2 QTTQbBi2 QM2 Bb U?v/ QT?Q#B+ 4r i2 @
"2+ HH2/ KT?BT?BH2b-i?2 KQbi BKTQ i Mi "2T 2b2Mi iBp2b "2 b

gi2 " BbQM2Q7i?2KQbirB/2@bT 2/ M/ +QKKQMbQHp2Mib- M/
i7Q Qm;?Hv /2b+ ' B#2BibT QT2 iB2bX AM //BiBQM-r i2 " Bb HbQ m
bm#@T? b2 UBX2X K DQ BivHB[mB/ r?B+?i F2b T 'iBM /2TQbBIiE
+QQ /BM iBQM K2i H+QKTH2t2b- b r2HH b ; T?Bi2- "2 MQi bQHmM
Bb M2+2bb "viQ mb2 bT2+B}+ Q ; MB+ bQHp2Mib U2X;X +?HQ Q7Q
7Q K KB/2VBM Q /2 iQ /BbbQHp2 i?2b2 +QKTQmM/bX g?2M bm+?
QMiQ i?2ri2 bm'7 +2-bT2 /IBM; rBHH +QMiBMmM2 mMiBH i?2 bm~ 7
HB# BmK p Hm2X h?Bb ? TT2Mb bTQMi M2QmbHv M/ ;2M2" HHv i?z
HQM; b Bii2M/biQbT 2 /Q#b2 p #HVv QM i?2r i2 bm 7 +2X

20 . =
\ T
v f=rq
H(;

6B:m 2 KXN, P'B:BM Q7 2H2+i B /B T2 HRQKHRK 2MHi 2 X

8n?2 aA mMMBi Q7 2H2+i B+ /BT@MH2 BAQBKRM? B2 p2 - +QKKQM iQ mb2 .2#v2
WD=3:336 10 °C mV- 2H2+i B+ /BTQH2 KQK:MIXQ7 r i2" Bb

Ky
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g?2M i?2 KQMQH v2  Bb +QKT 2bb2/ QM i?2r i2  bm 7 +2- Bi I
7Q°K iBQMbX h?2b2 +? M;2b + M #2 Q#b2 ' p2/ #v KQMBhHQ BM;
TmM+iBQM Q7 i?2 "2 Q++mTB2/ #v i?2 JHKX h?BBEXEYyMK Bb b
Bb mMmMB[m2 7Q" 2p2°v bm#bi M+2 M/ ;Bp2b BM7Q K iBQM #Qm
h?2°27Q 2- Bi Bb i?2 p2°v } ' bi bi2T BM i?2 BMp2biB; iBQM Q7
B fr i2° BMi2 7 +2X Ai Bb +QKKQM- BM bm+? AHQii?PQiQBpB/2
MmK#2 Q7 KQHRMMmMMH2b i2  bm 7 +2iQ Q#i BMi?2 "2 T2 KQH2

A_ A _AM _AM AN, UKX9yV

TN ANA . m AT UM AT v
(22°@ Bb i?2 KQmMi Q7 bQHRIBIBMXQD20-Q *QMBb Mibb
Q7 bQMMB®-i?2 KQH2+mH " r2B:CiBO7? 5 OHIMHB}+ KQH ~ +QM+2
Q7 bQHMIB/QBL BMY pQHMK2X Ai Bb +QMp2MB2Mi iQ Q#i BM i?:
"B:?2ibB/2 Q7 #Qp2 K2MiBKXW7 Q[ mBIQM U H+mH iBQMb BM i?:
b2+iBQM Q7 i 2BKBX2RDEG 1?2 KbV X

2D solid

| Sikit

[_

2D liquid

il

Surface pressure,

Area per molecule, a [

6B;m 2 kXRy, AHHmbi® iBQM Q7 bm 7 +2 T 2bbm 2 p2 bmb

1[m iBRMYYBDb /2 Bp2/ 7' QK KQ/2H #vVv mbBM: irQ@/BK2MbBQN
iBQM H FBM2iB+ i?2Q vX h?2 KQH2+mH2b BM i?2 }HK + M KQp?2
FBM2iB+ 2MT2v7@Q7 2 +2 /2:°22 Q7 7°22/QKX h?Bb H2 /biQi?2 7
70° M B/2 Hk.: b

a= NkgT UKX9RV
r?2°2Bbi?2bm 7 +2aTBREB® 22 T2 KIQBDHMHRE2 Q7 KQH2+mH
ke Bb i?2 "QHixK MM-+@WMBibNM?2 #bQHmMi2 i2KT2" im 2X

epQ; /°Q +QMbi Mi BMaA6mMA2BitRmol 1 X
d"QHiXK MM +QMbi Mi BM &38m VBRI, K X

kR
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kX]X9X am 7 +2 S 2bbm 2 J2 bm 2K2Mi

h?2 bm 7 +2 T 2Bbbmban HHv K2 bm 2/ #v bQ@ + HH2/ kBKRRRHKvV TH
b?Qrbi?2 T"TBM+BTH2 r?B+? Bb b 7QHHQrb, TH i2-p2°'vQ7i2MK /
BKK2 b2/ BMr i2 X h?27Q +2 +iBM; QM i?Bb TH i2 BbbmK Q7 i? 22
;7 pBRy M/ i?2bm’ 7 +2F2MbBIQM 2 +iBM; /QrMr “/b-r?2°2 bi?2 #mQ\
Fe Q7 1?2 TH i2 Bb +iBM; mTr /X h?Bb + M #2 2tT 2bb2/ #v 7TQHHQrl

F=Fg+Fst Fp UkX9kV

F=my,g+ cosP myg UkX9jV

7Q° "2+i M;mH > TH i2 Q7W,BK2MbiRQBIB /2MbBAY T2 BHR2i2"
BKK2'b2/iQ HBM? HB[mB/ QFi/ZVMMBiv7Q +2 Bb ;Bp2M #v

F = %glywpty +2 (tp + wp)cos  %gtiwh UkX99V

r?2°2Bbi?2bm’7 +2i2MbBQMBO74228BIimB/M;H2 QM i?8 bQHB/ TH
Bbi?2 ;" pBi iBQM H +QMbi MiX "vi?Bb TT Q +? BiBb TQbbB#H2 i
#v K2 bm BM; i?2 +? M;2+QBMW;QQ M2 TH i2 rBi? M/ rBi?Qmi KQH2+n
i i?72 bm 7 +2X .m"BM; /2TQbBiBQM- qBH?2HKv TH i2 Bb +QKTH2
i?7 1 K2 MbO MEosO0O=1X h?2bm 7 +2 T 2bbm 2+ M#2 bm#b2[m2MiHv
7TQHHQrBM; 2[m iBQMb

Fo=Fg+2 O(tp+Wp) Fs UkX98V

F=Fcg+2 (t,+w,) Fg UkX9eV

‘BpBM; i?2IM H 2H iBOQM 7Q bm 7 +2 T 2bbm 2 +QMM2+iBM; i?2 +-
BMbm 7 +2 i2MbBQM

- 0

_ Fo F .
T2t + W)’
h?2 b2MbBiBpBiv + M #2 BM+"2 b2/ #v mbBM; pmR:vNMIBBpBMi2- bQ
i?72 7QHHQrBM:; 2[m iBQM

UkX9dV

_ F.

=
h?2 7Q +2 Bb i?2M /2i2 ' KBM2/ #v K2 bm BM; i?2 +? M;2b BM i?2 K bl
/B 2+iHV +QmTH2/iQ b2MbBiBp2 KB+ Q# H M+2X

UkX93V

to microbalance

I
Air < : \\
. —
Wp

Water

tp
6B:m 2 kKXRR, QgBH?2HKV TH i2, i?2 T2 bT2+iBp2 pB2r M/ i?2

k k
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kX9X 1H2+i'QM S ~ K :M2iB+ 2bQM M+2 U1

h?2 +2 Ti2 " #Qmi2H2+i'QM T > K ;M2iB+ 2bQM M+2 U1S V- Hb
bTBM "2bQM M+2 Ula V- BKbiQ T'QpB/2 # bB+ T'BM+BTH2b #:
rBi? M BHHmbi > iBp2 2t KTH2 Q7 2tT2 BK2Mi H b2i@mTX h?2
#QQFb, 1H2+i'QM S * K ;M2iB+ 2bQM M+2, h?2Q°v NK)6mM/
M/ 1H2+i'QM aTBMiPHQM M+2 (

kKX9XRX " bB+ S'BM+BTH2b M/ >BbiQ B+ H" +F:"Qm

h?2 +QM+2Ti Q7 1S_ Bb bBKBH ~iQ KQ 2 rB/2bT 2 / Mm+H2 ~ K
"Qi? K2i?Q/b "2 # b2/ QM BMi2" +iBQM #2ir22M 2H2+i QK :M2iE
KQK2MibX >Qr2p2 -BMi?2 + b2Q7 1S _-i?2K :M2iB+ KQK2Mib
i? M MM+H2BX h?2 bi'm+im 2 Q7 K ii2°  Bb "2p2 H2/ #v M HvbB
"2 Q#i BM2/ #v K2 bm BM:; Q7 ii2Mm iBQM p2 'bmb 7 2[m2M+v U\
M2iB+ /B iBQMT bbBM;i? ' Qm:? b KTH2X GBM2b M/ # M/b BM
#2ir22M 2M2 ;v H2p2Hb Q7 i?2 #bQ #BM; b KTH2X

6B:mkX®W?Qrb T°QT : iBQM Q7 2H2+i"QK :M2iB+ "EBMBQM b
K ;M2iB¥2H/ T2 T2M/B+mH "~ iQ i?2 /B 2+iEQRiQ F2MH (LTQ;bHEBQNH |
7 2[M2M+AM 1S - +QKKQMHV 202 [102M+B 2 0@ TGHZY "2 mb2/X

Wmm

A A

6B;m 2 kXRk, AHHmbi®> iBQM Q7 T QT ; iBM; TH M2@TQH "Bb2/
M2iB+r p2rBi? T'QT ; kBRE@MR+iQ "

TN

h?2 2H2+i"QK ;M2iB+ " /B iBQM + M #2 BK ;BM2/ b bi'2 KQ
Q7 T?QiQM Bbh;Bp2@MmB8b SH M+F £QMKR2Mi T?QiQM Bb #bQ"
Q 2KBii2/ #v M 2H2+i QM- iQK- Q KQH2+mH2-i?2 2M2 ;v M/
bvbi2K Kmbi #2 +QMb2 p2/X

AM mbm HDbT2+i Qb+QTB+ bim/B2b Bi Bbi?2 2H2+i B+ }2H/ +C
BMi2  +ibrBi? KQH2+mH2bX h?2°2 "2irQ +QM/BiBQMb-i? i Km
iQ Q++m -,

RX h?22M2hvQ7 "~ /B iBQM[m MimKKmbi+Q "2bTQM/iQi?2z

#2ir22M +2°i BM 2M2 ;v H2p2Hb BM i?2 KQH2+mH2X

kX h?2 Qb+BHH iBM; 2H2+i BE @ 7224 2#Q KTKQ M2MB@7 /B iBQM
#H2 iQ BMi2  +irBi? M Qb+BHH iBM; 2H2+i'B+@/BTQH2 UC

GBF2rBb2- KQH2+mH2 rBi? K ;M2iB+ /BTQH2 Bb 2tT2+i2/
HiBM; K ;M2iB+ +QRTQV/M2HE+QTQK :M2iB+ * /B iBQMX h?Bb Bb
70 K :M2iB+@ 2bQM M+2 bT2+i'Qb+QTvX *QKKQMHv- BM i?2
2ti2°M H K :M2BB+ TIMI/B 2/ X

3SH M+F +QMbi Mi BiM 6x@26n N®B #bJ, sX

K]
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l1p2'v 2H2+i'QM TQbb2bb2b QrM BMi ' BMbB+ K ;M2iB+@/BTQH2 K
AM KQbi bvbi2Kb-2H2+i " QMb 2T B 2/ BMbm+? rvi? ii?2 M2i K(
7Q 2- QMHV bvbi2Kb rBi? QM2 Q KQ 2 mMT B 2/ 2H2+i QMb TQbb2b
reB+? Bb M2+2bb "v7Q /2bB 2/ BMi2° +iBQMrBi? M2H2+i QK ;M2i
KQK2MiBM M iQK Q KQH2+mH2 U#Qi? M2mi~ H M/ +? ;2/V + M
i'QMb Q 7' QK K ;M2iB+ Mm+H2BX h?2 K ;M2iB+@/BTQH2 KQK2Mib
7°QK 2H2+i ' QMB+ Q" Mm+H2 ° M;mH ~ KQK2Mi X h?mb- Bi Bb BKT
M im'2 M/[m MiBb iBQM Q7 M;mH ~ KQK2Mi r?2M /2 HBM; rBi? 1S

h?2 Q' B;BM Q7 1S_ i2+?MB[m2 + M #2 i"2 i2/ b M 2ti2MbBQM Q
2°'H +? 2tT2 BK2MiX h?2v /2KQMbi  i2/ BM RNkyb-i? i M 2H2+i C
BM M iQK + M +[mB'2 QMHv /Bb+°2i2 Q' B2Mi iBQMb BM K ;M2i
bT?2 B+Biv Q7 i?72 iQKX am#b2[m2MiHv- [?7H2M#2+F M/ :Qm/bKBi
K ;M2iB+ KQK2Mi iQ i?2 2H2+i QM bTBM M;mH " KQK2MimKX h?2 |
"2Bi M/ _ #B i? i /2b+ 'B#2/i?2 2M2 ;v H2p2Hb Q7 ?v/ Q;2M iQK
AM 7 +i- _ #B 2i HX bim/B2/i  MbBiBQMb #2ir22M H2p2Hb BM/m+2/
}2H/X h?Bbr bi?2 } bi Q#b2 p iBQM Q7 K ;M2iB+ "2bQM M+2X

6BM HHv- i?2 } bi Q#b2 p iBQM Q7 M 2H2+i QM T ~ K ;M2iB+ "2k
BM RN98 #vw pQBbFv r?Q /2i2+i2/ "~ IBQ7 2[m2M+y 2#pR) TiBQM H
b KTH2X >2 /Bb+Qp2'2/ "2bQM M+2Bi=i2:Z6KT, MQiB+7}2Hh2M +v

= 133MHzX 6Q  i?Bb + b2- i?2 w2BKbMTMT HQOBK i2Hv kX G i2Hv- 6 2]
BMi2 T 2i2/w pQBbFvob "2bmHib bb?QrBM; T ~ K ;M2iB+ 2bQM M-
2tT2 BK2Mib rBi? ?B;?2 K INRBEMRHK@Mbi™ i2/i?2 Ip Mi ;2 Q7
mbBM; ?B;? }2H/b M/ 7 2[m2M+B2bX

h?2 " TB//2p2HQTK2Mi Q7 T ~ K ;M2iB+ 2bQM M+2 bi "i2/ 7i2 q
RN98V /Im2 iQrB/2bT 2/ p BH #BHBiv Q7 KB+ Qr p2 i2+?MQHQ ;v m
6Q BMbi M+2- i2+?MQHQ;v 7@ N@H2WX WsBQNW/r b rB/2HvV mb2/ 7Q
/- M/ i?mb +QKTQM2Mib r2°2 2 bviQ Q#i BM i "2 bQM #H2 +QkL
Q7@i?2@ i BMbi mK2Mib 7Q  1S_/2i2+iBQM #2M2}i 7 QK /2p2HQT
b +QKTmi2 b- KB+ Qr p2 bQm +2b- T 2+Bb2 K +?BMBM;- M/ /2i2+
Tmb?2b 2p2 v mT+QKBM; 1S BMbi mK2Mi iQ ?B;?2 H2p2H M/ H
M/ KQ 2bQT?BbiB+ i2/ BMp2biB; iBQM BMiQ K ii2 X

6B;mIRX®jb?Qrb i?72 bBKTH2bi 2M2 ;v@H2p2H /B ;- K BM + b2 Q

T "iB+H2 rB%?UbZ‘IXBM 2H2+i"QMV BM K ;M2iB+ }2H/X

A
E1=+ 30 8B

E=E1 E2=h =0e BB

E2= 10 gB

Energy Increasing Magnetic FieIdT

6B;m 2 kXRj, a+?2K2 Q7 2M2 ;v@H2p2H /B ;" K7Q" 722 2H2+i Q|
K ;M2iB+ }2H/ " BHHmbi  iBM; 1,S M/#bQ2TABQRME2b +Q "2bTQM/BM;
m = %bi i2bX bBbi?2+? ~ +i2°'BbiB+b Q7 T "iB+H22:0022H2+i QM B
Bbi@Z +iQ 7Q M2 BHiiQM-Q? K ;M2h@BW-i/SH M+F +QMbi MiX

k9
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"Vp 'VBM:i?2K ;M2iB+ }2H/-BiBb TQbbB#H2iQ +? M;2i?22M
QM Mi #bQ TiBQM Bb Q#b2 p2/ 7Q BE2I¥ 20722 BHvi® ABHZ vBIM + \
Q7 BM+B/2Mi 2H2+i"QK ;M2iB+ " /B iBQM Umbm HHvV KB+ Qr p2
i MbBIiBQM 2[m Hb iQi?22M2 ;v i? i Kmbi #2 #bQ #2/ 7 QK i?2
+Bi2 i?2 HQr2 bi i2iQi?2mTT2 bii2X Ibm HHv- K Mv bBKTH2
"2[mB "2 }2H/ Q7 TTIItBW/ i2#HEHz 7Q i?2 "2bQM M+2iQ Q++m X

KX9XkX a+QT2 Q7 1S _

AM K DQ'Biv Q7 1S _ bT2+i ' Qb+QTv-i?2 2H2+i'QM K ;M2iB+ /BT
M;mH " KQK2MimK rBi? QMHv bK HH +QMi " B#miBQM 7 QK Q #E
iBQM Q7 2H2+i"QK ;M2iB+ " /B iBQM #v bvbi2K Bb + HH2/ 62H?2
Q 062H2+i QM bTBM 2bQM M+26X h?2 i2 K "2bQM M+2 /2b+ B#
i?2 r2HH@/2}M2/ b2T * iBQM Q7 2M2 ;v H2p2Hb K i+?2b iQ i?2
+B/2Mi ° /B iBQMX h?2 i2°'K 2H2+i'QM T ~ K ;M2iB+ "2bQM M+2
+QMi ' B#miBQMb 7' QK 2H2+i QM Q #Bi H br2HH b bTBM M;mH

AM Mv bvbi2K +QMbBbiBM; Q7 iQKb Q KQH2+mH2b- i?2 2
2H2+i QMB+ bi i2b 7Q " bi M/ '/ QTiB+ HbT2+i Qb+QTvX AM i?
2M2 ;v Q7T?2QiQMb BOEHZ v HHOZT2Wn2W, X h?2 27Q 2-BiBb TQbbB#t}
i?72TH2i?7Q" Q7 2H2+i QMB+ bi i2b2t+2Ti7Q i?2 ;" QmM/bi i2 M
MmMB[m2M2bb HHQrb i?Bb i2+?MB[m2iQ #2 rB/2Hv TTHB+ #H2 i
bi i2UQ bvbi2Ki? i+ M#2 TH +2/ BM bm+? bi i2V-K2 MBM; i?2
M;mH  KQK2MimK UivTB+ HHv bTBM M;mH ~ KQK2MimKVX J
BM T K ;M2iB+ ;" QmM/ bi i2-i?2 2bi + M #2 2t+Bi2/ BMiQ T
BMbi M+2-#v B~ /B iBQMX ST BM+BT HHv- HH iQKb M/ KQH2+1
#v 1S_bT2+i Qb+QTvX GBbi Q7 iviB+ HHv 2t KBM2/ bvbi2Kb Bb

RX 622 /B+ Hb BM i?2 bQHB/- HB[mB/ Q" : b2Qmb T? b2bX
KQH2+mH2 Q° BQM +QMi BMBM: QM2 mMT B 2/ 2H2+i"QMX

kX h> MbBiBQM BQMb BM+Hm/BM; +iBMB/2 BQMbX * M +QMi
2H2+i'QMbX

iX SQBMi /272+ib UHQ+ HBDb2/ BKT2 72+iBQMb- i TT2/ 2H2+i
iBp2 2QH2bVX

9X avbi2Kb rBi? KmHIiBTH2 mMT B 2/ 2H2+i"QMb, U V h"BTH?2]
BMi2  +iBQM #2ir22M irQ mMT B 2/ 2H2+i"QMbX U#V "B  /F
BMi2  +iBQM #2ir22M irQ mMT B 2/ 2H2+i'QMbX U+V JmHiB
i? MirQ mMT B 2/ 2H2+i'QMb BMi2" +iBM:X

8X *QM/m+iBM; 2H2+i"QMb BM b2KB+QM/m+iQ b M/ K2i HbX

1S K2i?Q/ Bb p2°'v b2MbBiBp2 bT2+i " Qb+QTB+ K2i?Q/ rBi? r
[mM2MiHv- Bi Bb Q7 ;72 i BKTQ i M+2 iQ i?7Q Qm;?Hv BMp2biB; i
bB;MB}+ Mi +?2KB+ HBM7Q K iBQMX AM KQbi b2i@mTb- i?2 }°
M HBb K2 bm 2/X h?Bb Bb + mb2/ #v i?2 mb2 Q7 bQ@+ HH2/ 6H
iQ b2T " i2 p2'vr2 FbB;M H7 QK b KTH2 7' QK MQBb2X AM
+m "2Mi U *V KQ/mH iBQMrBi? FMQrM MQBb2 7 2[m2M+v- bm " C

k8
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hQ BMi2 T°2i1S_bT2+i° T QT2 Hv- Bi Bb M2+2bb "viQ +QMbB/2
+?2 MB+b- 2bT2+B HHvV i?2 T i bbQ+B i2/ rBi? M;mH > KQK2MimKX
i? i "22?22HT7mH iQ #2 "BM KBM/ r?2M i 2 iBM; 1S_bT2+i - Bi Bb N

RX M Hvb2i?22M2 :;vH2p2Hb Q7 i?2 bvbi2K M/i?2BM~m2M+2 Q"
K2Mi z2+iBM;i?2b2 H2p2Hb, U Vh?2Q 2iB+ Hi 2 iK2Mib M/ T1
M2+2bb "viQ Q#i BM TH mbB#H2 BMi2 T 2i iBQM Q7 i?2/ i Q7
P@2H2+i"QM 7 22 /B+ Hb- U#V i?2 FMQrH2/;2 Q7 i?2 bTHBIiiBM
H2p2Hb #v HQ+ H 2H2+i B+ }2H/b Q7 p 'BQmb bvKK2i'B2b Bb BK
i MbBIiBQM@BQM bT2+i" X

kX 2 HBb2 i? i bQK2 bvbi2Kb #2? p2 BbQi'QTB+ HHv Ui?2B" T°C
Q7 K ;M2iB+ }2H/ Q 'B2Mi iBQMVX L2p2 i?2H2bb- KQbi bvbi2KL
Ui?2B 2M2 ;v@H2p2H b2T ~ iBQMb M/ T ' QT2 iB2b /2T2M/ QM
K :M2iB+ }2H/VX

iX *QMDbB/2 iBK2@/2T2M/2Mi T?2MQK2M -bm+? b/2+ vQ7T K
mH > KQiBQMb- +? M;2b BM TQTmH iBQM TQH Bb iBQM Q7 bTE
i*QM 2t+? M:2 H2 /BM:iQ BMM2 b KTH2 FBM2iB+bX

6B;mIX®D?Qrb i?2 M2i 2M2 ;v ~Qr BM b KTH2 /m'BM; M 1S_ 2
"BMMBM; #v i?2 2t+Bi iBQM bQm +2 M/ 2M/BM; #vi?2 i?2 K H KQiB
bm "QmM/BM:b Q7 i?2 b KTH2X h?2 TT2 > M+2 Q7 1S_ bT2+i  HH
[2i2+i i?22K Bb /2T2M/2Mi QM i?2 2M2 ;v ~Qri? Qm;?Qmii?2 bvbi2K;

Sampl

. Photons . Heat Heat .
Microwave Spin . Surrounding
E— EEm— Lattice ||———> . 9

Sourct E=h Systen Environment

6B;m 2 kXR9, 1M2 ;v ~Qr BM M 1S 2tT2 BK2MiX h?2 bTBM bvbi2K
/[2Mi T?QiQMb i 7 2[m2M+#bQ #2/ " /B iBQM Bb i 2tTQM2MiB H " i:
#v /IBzmbBQM iQ i?2 H iiB+2- r?B+? HHQrb +QMiBMmQmb #bQ TiB
6BM HHv- 2M2 ;v Bbi  Mb72 "2/ 7°QK i?2b KTH2 iQi?2bm > "QmM/B

h?2 +QmMTHBM; #2ir22M i?2bTBMb Q7 bvbi2K M/i?2 H iiB+2 Bb K
BbiB+ bTBM@H iiB+2,XH?RiIIBOMBBK2 Q7 Q#b2'p2/1S_bB:M HBb T°
iQi?2 TQH 'Bb iBQM Q7 HH bTBM Q' 'B2Mi iBQMb rBi?BM b KTH2X
b im>i2/r?22Mi?2  i2Q7 mTr '/ M/ Q7 /QrMr “/i° MbBiBQMb Bb 2[m
MQ 2M2 ;vBbi> Mb72 "2/ #2ir22M BM+QKBM; ~ /B iBQM M/ i?2 bTB
bTBM@H iiB+2 “2H BbBERMVIiBIQM:- Bi Bb M2+2bb v iQ K F2 Q#b2 p
HQr KB+ Qr p2 TQr2 iQ pQB/ b im” iBQM Q7 bvbi2KX;PM i?2 +QI
HB72iBK2 # Q /2MBM; K v ;2ip2 vH ;2bQi? ii?2HBM2 Bb # Q /2N
MmMM/2i2+i #H2X h?Bb Bbbm2 Q7 QTiBK HbTBM@H iiB+2 "2H t iBQM
bm BM; i p2 vHQri2KT2 im 2b UmMB2ZMQ7iQ@\B-MBKH2i?ZB/Hv rBi
[2+°2 bBM; i2KT2 im 2X

ke
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kX9XjX M;mH " JQK2MimK M/ _2H iBQM iQ J ;M2iB+

bK2MiBQM2/BMi?2T 2pBQmbb2+iBQM-mM/2 bi M/BM; Q7 [m I

Bb2bb2MiB H7Q 1S _bim/B2bX h?Bb b2+iBQM BKbiQ T QpB/2:

Q7 bm+? [m MiBb iBQM bi “iBM:; rBi? +H bbB+ H M;mH > KQK:
*H bbB+ HHv- M;mH > KQK2MimK Bb /2}M2/ b

C=+ p UKXINV

r?2@=mv Bb i?2 KQK2MimK Q7 T 'iBn HVR/ rid A @ XIBh v
AM [m MimK K2+? MB+b- ?2Qr2p2'-i?2iQi HUQ" ;2M2  HBb2/V
iQ¥ + M #2 r'Bii2M b
3=0+8 UkX8yV

r?2°2 Bb Q#Bi H M:mH "@KQK2MSEMKb QT2 biBM MM:mH ~@KQK
QT2 iQ X

i i?Bb TH +2-BiBbBKTQ'i MiiQ MQi2i? i HH Q7 QTRXEQ b K=
2 [m MiBb2/

= ~LL+1]¥? L=012 UKkX8RV
§=~[s(s+1)]*? S:O;;;l;‘;’; UkX8kV
j_ 1=2 — .1. .3. .

r?2°2 = % Bb i?2 "2/m+2/ SH M+F BQ MR MimH "@KQK2MimK [n
MmK#2 S M2 bTBM [m MimK MmK#2 X h?2 HHQr2/ p Hm2b Q7 i?
“2bi*B+i2/ #vi?2 [m Mimk MBMKBAM+ 2KIMBIXK h?Bb ;Bp2b BM iQ
2J+1 TQbbB#H2 +QKTQM2MibX

h?2 [m MiBb iBQM T?2MQK2M 'Bb2 7 QK >2Bb2M#2°; mM+2"i
b?QrM-i? i BiBb TQbbB#H2 iQ K2 bm 2 QM2 T QD2+iBQM M/ i?:
b K2 iBK2 0,286 XX h?Bb Bb #2bi mM/2 biQQ/ #v i?2 QT2  iBQM Q°
QT2 iQ b +QKKmi2 B7

[A:B]= AB BA=0: UkX89V

*QKKmiBM: [m MiBiB2b + M #2 K2 bm 2/ ii?2 b K2 iBK2X h?Bb E
Q7 BM/BpB/m H+QKTQM2Mib Q7 M;mH > KQK2MimKX

;Y] = i~C,: UkX88V
h?2 b K2 TTHB2b 7Q° Qi?2  p "B iBQMb Q7 +QKTQM2MibX h?2
i?2v + MMQi #2 K2 bm 2/ ii?2b K2 iBK2X
PMi?2 +QMi’ “v- M “#Bi®' "vT ' QD2+iBQM M/ b[m "2
[Z:(?]=0 UkX8eV
+QKKmi2- M/ i?mb i?2v + M #2 K2 bm* 2/ ii?2b K2 iBK2X h?2" 2

+QMbB/2° “#Bi  "vT QD2+iBQM Q b[m 2Q7 [m MiBb2/k)M;mH °
(19 X

kd
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6B;mMkX®&?Qrb T QD2+iBQM Q7 irQ /Bz2 2Mi bTBM= M;mH ~ KQK
M/ US¥ 1X ai i2b 1B3? "2 + HH2/ /Qm#H2i bi i2b- #2+ mb2 i?2B" K
2S+1 Bb 2[m HiQ kX h?Bb } bi 2t KTH2 2T 2b2Mib HbQ + b2 7Q"
rBiS=1 "2+ HH2/i"BTH2i bi i2bX AM i?2 + B2>F7 15+ QHKIKIQ@MXBi?
JQ 2Qp2°-1S_i° MbBiBQMb /Q MQIiS%? M;2i?2p Hm2 Q7

Triplet States, S=1

AL S

[1(1+1)]*2
0 >

(@ S=h[S(S+1)*? (b)
L S

8 = h[S(S +1)]*2

6B;m 2 kXR8, Zm MiBb iBQM Q7 i?2iQi HbFBM+MiABM K@BIMimK
Q7 M/ Bib +QKFQNMBMIB=Vi- M/ U1 X

h?2 K ;M2iB+ KQK2Mi M/ M:mH > KQK2MimK "2 T°'QTQ'iBQM H
#Qi? +H bbB+ H M/ [m MimK K2+? MB+bX AM M HQ;vQ7 M Q #Bi H
T 'iB+H2rBn? Mbbk? 2Qi iBM; rBivbBIM2AB +H21QBb /iBR2M iQ
HB2 B¥ i”2 M2X h?2 +B +mH iBMi; BB 2Ki;BH2#Bn+ }2MI 2[mBp H2Mi iQ
}12H/ T°Q/m+2/ #v TQBMi K ;M2iB+ /BTQH2X iA?BW//BAQIKW2K B KQ
iQ i?2 TH M2 #Buw? #2BM; i?2 "2 Q7 i?2 +B +H2X h?2 +? ;2 ~Qr T2
U2z2+iBp2 +nm = qu2M Bbh?2 K ;M2iB+ KQK2Mi T @ BMVBH&R | HAM ;
2tT 2bb2/ b

2pr = %mwzﬁb UkX8dV

r?2°2 Bb i?2 Q #Bi H M:mH > KQK2MIizmKM/HQMbB2® +BRB+2 /2T2M/|
QM i?2 /B 2+iBQM ir?B+?i?2 T "iB+H2 Qi i2bX h?2 G2DTQ iBQM F
r?B+? Bb + HH2/ i?2 ;v QK :M2iB+C k@ & & ATMB/iX BNMBDA7 +iQ"

+QMp2ib M;mH " KQK2MimK iQ K :M2iB+ KQK2MiX h?2'Q7Q 2- 2p2
Q #Bi H M:mH > KQK2MimK ? b M bbQ+B i2/ Q #Bi H K :M2iB+ KQ
= jg~=2mX h?Bb Bb i?2 Q B;BM Q7 i?2 "Q? K ;:M2iQM 7Q" M 2H2+i Q

e~
2Me

hQ bmK mT-BM Q /2 iQ i'2 i1lS_/i-BiBbM2+2bb "viQi F2 BMi
K2+? MB+b- ;Qp2 "MBM; i?2 M MQ@b+ H2- rBi? Bib T2+mHB = M/ C
+QKT "BbQM iQ Qm” 2p2°v/ v 2tT2 B@M+2® 1HH ¥bB pBivHI ?QH2 BM
1S bT2+i'Qb+QTv-Bi+ M#2BK :BM2/ b /BK2MbBQMH2bb K :M2iE
+?2 ° +i2°BDbiB+ Q7 2t KBM2/ K i2 BgHQ 0023198023682 BiQBbL QM2 Q7
i72 KQbi T'2+Bb2HV /2i2 ' KBM2/ T?vbBHaHX+QMbi MimT iQ / i2 (

=9:274 10%) T UkX83V
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k3



kX9X 1G1*h_PL S _ J :L1hA* l1aPL L*1 U1S_"

kKX9X9X 1S_aT2+i QK2i2°

h?Bb b2+iBQM Bb /2pQi2/iQ BHHmbi® iBQM Q7 ?Qrbm+? M 1S _
BbBKTQ i MiiQ "2 HBb2-i? ii?2°'2Bb H ;2 p B2ivQ7b2i@mT
BM +QKT "BbQM rBi? LJ_bT2+i'QK2i2°bX h?Bb Bb "2H i2/iQ “2F
Q7 1S_K2i?Q/ mMHBF2 LJ_-i? i; BM2/ bQHB/ TH +2 BM K2/B-

bi M/ °/ BMbi mK2MiX

6B, mMkX8&d?Qrb M1S_bT2+i"QK2i2°X h?Bb "2T 2b2Mib M/ 2t
rp2 U+rV "~~~ M;2K2MiX h?2°'2 "27Qm K BM T "ib Q7 bm+7? b2i
"2bQM iQ - K ;M2iB+ }2H/- M/ /2i2+iQ X

Powel Electromagne
Monitor
Resonan
Microwave Directional
Source Attenuator Coupler Sample Detector
Propagation - Quasi-Optic: Cavity

Computer

6B;m 2 kXRe, "HQ+F /B ;" KQ7 TQbbB#H2 1S_bT2+i QK2]

JB+ Qr p2 bQm222B;?2@TQr2 KB+ Qr p2 Bb mbm HHv ;2M2" i2
p +mmKim#2X h?22M2 ;vi MbKBbbBQMBb iviB+ HHv "2 HI
Q  #v r p2;mB/2bX h?2 KQbi +QKKQM QT2 iBM; 7°2[m2M+B:
7Q° /IBz2 2Mir p2# M/b "2O56Hz¥-MZ U# N8b@HzV- q # M/
U5GHzV- M/ HbQ ?B;? 7°'2[m2M+v 1S >UX6EGHz V2BIQbbB#H2
MQr / vbX 6°2[m2WeBAD+ M #2 "2 HBb2/ #v KB+ Qr p2 bvMi?:
bm#b2[m2Mi KTHB}+ iBQM M/ KmHiBTHB+ iBQMX

_2bQM i®@?Bb T i Bb mbm HHv +QMbi"m+i2/ b "2bQM Mi + pBi
HQ+ i2//m BM;: M 2tT2 BK2MiX h?2 "2bQM Mi 7 2[m2M+v Bb
Q7 + pBiv M/ i?2 KB+ Qr p2bQm +2 Bb imM2/iQ b iBb7v Bib

J ;M2iB+ 6Ba/M/ /1S _bT2+i"QK2i2'bmbm HHvmb2bi iB+ K ;M
#v 2bBbiBp2 K ;M2ib+QQH2/#vr i2 Q #vbmT2 +QM/m+iBM
MBi Q;2M M/ ?2HBmKX Ai Bb 2bb2MiB HiQ b2+m 2 bi #BHB
Qi?2 /2pB+2bBMQ /2 MQiiQBM~m2M+2 K2 bm 2K2Mi- b |
rBi? /12pB+2b U2X;X + "/BQbiBKmH iQ'b M/ Qi?2  2H2+i QI
h?Bb + M#2 T "iB HHv bQHp2/ #v H2iiBM; i?2 K ;M2i BMiQ ;

.2i2+iQNh?2°2Bb rB/2p 'B2ivQ7 bQHB/@bi i2 /2i2+iQ b b2MbB
rQ'FBM; bT MDmM+iBQMX #bQ TiBQM HBM2b BM i?2 1S _ |
i?2 b2T ° iBQM Q7 irQ 2M2 ;v H2p2Hb Bb 2[m HiQ UQ  p2 v +
BM+B/2Mi KB+ Qr®2 F2QhQK-#bQ TiBQM Q7 bm+? T?QiQMb
Bb i?2M BM/B+ i2/ b +? M:2 BM i?2 /2i2+iQ  +m "2MiX Aj

#QHQK2i2 - r?B+? Bb /2pB+2 7Q° K2 bm BM: 2H2+i QK ;|
22 iBM: Q7 K i2'B HrBi? i2KT2 im 2@/2T2M/ Mi2H2+i B+
+m  2Mi+ M #2 Q#i BM2/X

k' N
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kX8X K M aT2+i'Qb+QTv

h?2 7TQHHQrBM; b2+iBQM #Qmi _ K M bT2+i"Qb+QTv T QpB/2b i?2¢
iQ 2tTH BM 2tT2 BK2Mi H "2bmHib-r? i Bb K2 bm 2/- M/ ?QrX h?B
i?72iBiH2 bm;;2bi- +QKT 2?2MbBp2Hv BMp2biB; i2/ M/ /2b+ B#2/ #v
_ K MBM RNk3

6B, mMkXBb?Qrb b+?2K iB+ HHv i?2 # bB+b Q7 K M b+ ii2 ' BM;X
i2/ #Vv BM+B/2Mi KQMQ+? QK iB+ bQm +2 UH b2 VX h?Bb HB;?i Bb
H2 /biQ2M2 ;vi MbBiBQMb U2t+Bi iBQMV BM i?2b KTH2 rBi? bm#
2KBbbBQMX h?2 Q' B;BM Q7 K M b+ ii2"BM; Bb BM2H biB+ b+ ii2
Ai Bb irQ@T?QiQM T Q+2bb /m BM; r?B+? M MMB?BH iBQM M/ -
JOH2+mH ~ KQ/2b Q#b2 p2/ #v i?Bb K2i?Q/ "2 2bT2+B HHv KQH2+
+? ° +i2°Bb2/ #v 7 X[hEAM¥VKQH2+mH2 ? b Bib QrM bT2+i° Q' B;BM
72°2Mi pB#' iBQM H KQ/2b- M/ i?mb _ K M b+ ii2"BM; + M #2 BK ;
IM;2°"T'BMi Q7 KOK2+mH2 (

Sample Inelastic
Raman Scattering
\ Ly = 1
Elastic . .

Stokes Line Rayleigh Line Anti - Stokes Line

Ef = hly h | I ‘ Ef = hly+h

: } > !f

|
T
Ly Vi I+

6B;m 2 kXRd, a+?2K2 Q7 _ K M b+ ii2’BM; BM b KTH2X 6Q  i?2 + &
_ VH2B;? HBM2 Bb Q#b2 p2/X AM2H biB+ b+ ii2 ' BM; ;Bp2b Q B;BM i
Q#b2 p #H2 HBM2bX h?2 } ' bi "2 MiB@aiQF2b HBM2b i? i ? p2 ?B;"
"2 aiQF2b HBM2b rBi? HQr2" 2M2 ;vX

AM ivTIB+ H K M bT2+i"Qb+QTv K2 bm 2K2Mi- bT2+i° b?Qr pE
BMr p2MmK#2)X (SXK Fb BM/B+ i2 bT2+B}+ +?22KB+ H 6;°QmTbo UBX
Ib #H2 2M2 ;v - M:27Q i?2 _ K M b+ 20D BOOO®BHL KWWHB2 2R2vi b
bm+? Bbp2'vr2 F- TT QtBK i@H \BYMB /2RMBW?RY QMb Bb BM2H biB+ |
M/ +QMi'B#mi2biQ K MbB;M HX AiBb HbQ +QKKQM iQ +QMbB/2
? p2 ?B:?2° T Q# #BHBiv Q7 Q++m "2M+2 +QKT "2/ iQ MiB@aiQF2
"QHixK MM /Bbi'B#miBQM

eksT

UkX8NV

pi :
i M eksT

NRNjy h?2 LQ#2H S'Bx2 BM S?vbB+b 67Q  ?Bb rQ ' F QM i?2 b+ ii2 'BM; Q7 HB;"
i?72 2z2+i M K2/ 7i2° ?BK®
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r?2 @ Bbi?2 T Q# #BHBY Q@2RiIM2b;v Qi7kpii?2 "QHixK MM +QMbi
T i?2 #bQHMIi2 i2KT2  im' 2 Q7N?BbvB22MmKW#R" Q7 bi i2b ++2b

i?22 bvbipdX
h?2°27Q°2- b b?QrMENdEB QF2bLHBM2b ? p2 HQr2  2M2 ;v- M
T Q# #BHBiv Q7 Q++m 2M+2X h?2 bT2+i° "2 mbm HHv THQii
b2+QM/ UT?QiQMb ?BiiBM; /2i2+iQ°V ; BMbi _ K M bl?)B'/bi Bp2l
I = ! ! UkXeyV
incident scattered

r?2 2nciget Bb i?22 r p2H2M;i? Q7 BM+BMiBbBi?2 rM2H2M;i? Q7
2H biB+ HHv b+ ii2°2/ HB;?i ;QBM; iQ i?2 /2i2+iQ -r?B+? Bb mb
U**.V + K2 X

h?2 +?2QB+2 Q7 r p2MmK#2 b Bb TT 2Mi bBi+ M#2 i F2M b
KKXKEBHHMbiIi™ i2b M 2t KTHR#Q 7 aBfraBBP ?B;?HB;?i2/ # M/bX h?2
M2 * x2°Q +QK2b K BMHvV 7°QK i?2 H b2 bQm +2 M/ 2H biB+ _
bB;M Hb '2- ?2Qr2p2°- p2'v bi'QM; BM +QKT "BbQM rBi? aiQF2
}Hi2°2/ Qmi BM i?2 _ K M b2i@mT- mbm HHv #v bQ@+ HH2/ MQi
}JHi2° 7Q° 2HBKBM iBM; i?Bb ?m;2 bB;M HX h?2 K BM bBHB+QM
520cm! Bb +mi Qz BM Q' /2  iQ BM+HmM/2 Qi?2" H2bb BMi2Mb2 bB;N
UhV M/i> Mbp2'b HQTiB+ UhP)$)X?QMQM # M/b (

B | crystalline silicon phonon
" band ~ 520 cm" il
o 2 TA phonons ~ 300 cm”’ ]
> i
0 ; | 2 TO phonons ~ 970 cm™!
£ Raylelgh | | | K
- Laser scattering i | ™ il
- source | [\* AN I - I
| e el
0 200 400 600 800 100

Raman shift flem™

6B:m 2 KXR3, 1t KTH2 Q7 _ K M b h2wibi 7@ XaB2aBP 2 QMHV aiQF
PBbB#H2- #2+ mb2 i?2v T ' Q/m+2 bi'QM:2  bB;M HBM +QKT "Bb

AM bmKK 'v- K M bT2+i"Qb+QTv Bb p2'v b2MbBiBp2 bT2+i
BMp2biB; iBQM Q7 +?2KB+ H #QM/b BM b KTH2 # b2/ QM i Ml
pB# iBQM H2M2 ;vH2p2H M/2M/BM; i ?B;?2 pB# iBQM H 21
Ai T'QpB/2b bT2+B}+ +?2KB+ H }M;2 " T'BMi Q7 K i2'B HrBi?
i?72 Q' /2 Q7 KBMmi2b HQM; rBi? 2 bv b KTH2 T'2T ~ iBQMX P
Bb i?2 TQbbB#BHBiv iQ 2t KBM2 + "#QM@# b2/ b KTH2b U2X;X
h?2°27Q 2- Bi Bb rB/2Hv mb2/ 7Q° +QM}"K iBQM Q7 T 2T "2/ KQ
2t KBMBM; i?2/2;°22 Q7 + vbi HHBMBiv BM bQHB/@bi i2 K i2 B
T°2T "2/ bi'm+im 2 U/272+ibV-i? i "2 HbQ pBbB#H2 BM i?2 bT?2

IR



kX h>1P u

kXeX a+ MMBM: 1H2+i'QM JB+ Qb+QTv UalJV

h?BbH bib2+iBQMQ7i?2Q 2iB+ H+? Ti2 " Bbr Bii2MiQT QpB/2#'B
MBM; 2H2+i QM KB+ Qb+QTv7Q mM/2 bi M/BM; BK ;2bb?QrM BM 2
r2v Bb Bi +QMp2MB2Mi iQ mb2 7Q+mb2/ 2H2+i"QM #2 K7Q i?2 K i:

h?2 K BM /p Mi ;2 Q7 alJ Bb i?2 mb2 Q7 2H2+i QMb BMbi2 / Q7 |
QTiB+ HKB+ ' Qb+QTvX h?2 T?vbB+ HBMi2 T 2i iBQM Q7 Bib T°'BM
KQbi 2H2; MiHv /2 Hi rBi? #vi FBM; BMiQ ++QmMi [m MimK K2+? N
""Q;HB2 ?vTQi?2bBb-r?B+? BMi Q/m+2br p2@T 'iB+H2 /m HBiv UB
+QMbB/2°2/ b r p2VX h?2 27Q 2-pBbB#H2 HB;?i mb2/7Q Q#b2 p
? br p2H2M;i? Q7 TT OI@K 70WHWX am+? M QTiB+ Hbvbi2KBb HbQ
#v/Bz  +iBQM- M/i?mbBiBbTQbbB#H2iQ /BbiBM;mBb?irQ TQBMiL
Q7 TT QtB& i2R X h?Bb 7 +i- 2Qr2p2 - HBKBib TTBM+BT HHv i?2 Q°
iQ 2tT2 B2M+2 i?2 K tBK H 2bQHmMIiBQM Q7 TT QtBK i2Hv R8y MK X

h?2°27Q 2- #v +QMbB/2°'BM; 2H2+i"QM b i?2 K ii2 r p2rBi?i?2/:

= — UkXeRV

r?2'RBb i?2 SH M+F +QMBibM?2 WIQK2MimK Q7 T “iBmHRI rBi? K bb
bT2@X am+? M 2H2+i'QM Bb ++2H2" i2/ BMi?2 alllX?ERAR2iB*U?B:"
2M2 :v Q7 M 2H2+i'QM + M #2 2tT 2bb2/ b

;mevzzeu: UkXekV

q?2M +QMbB/2 BM; ivTIB+ H #K+230R6ViBM2 pOR2/;Q7 ++2H2  i2/
2H2+i"QM Bb Q#i BM2/ #v 2tT 2bbBMX&KEK i?2 1[m iBQM U

S

2eU -

V= =1 1®ms UkXejV

e

h?2 bT22XJ#i BM2/ #v i?2b2 +QMbB/2" iBQMb + M #XXAR Tmi BMiQ

=ho M i6.00730m UkXe9V

P MgV

h?Bb Bb Q7 +Qm b2 K2 2 2biBK iBQM-1i?22 "2 b2p2 H M2;HB
[12/m+iBQMX h?2 } ' bi QM2 Bb i23-iBd pR22/+HQb2 iQ i?72dXT22/ Q7 H
h?2°27Q 2- MQ K HHv Bi rQmH/ #2 M2+2bb 'viQ +QMbB/2" "2H iBpE
+ H+rmH iBM; 7Q° +Q "2+i2/ 2H2+i'QM r p2H2M;i?- i?2°2 Bb M2;HE
7Q i?Bb + b2X h?2 M2ti TT QtBK iBQM Bb K /2 #v QKBIiiBM; #2 " i
+? QK iB+- /Bz" +iBQM- M/ biB;K iBbKX HH Q7 i?2b2 #2 " iBQM
"2bQHmMIBQM HBKBi rQ b2X LQr / vb- BMbi mK2Mib +QK2 rBi? bvb
#2° 7 iBQMb iQ bQK2 2ti2Mi M/ Q /2 X

.2bTBi2 Q7 K FBM; b2p2°" H TT QtBK iBQMb M/ M2;HB;2M+2b-
HBKBiIi Q7 allJ + M #21lnf2M?B+? Bb- +QKT "2/iQ QTiB+ HKB+ Qb+Q’
iBK2b ;"2 )NeX (

Ik



kXeX a* LLAL: 1G1*h_PL JA* _Pa*PSu Ual.
6B, mMkX®NM?Qrb b+?2K iB+ HHvb+ MMBM; 2H2+i QM KB+ Qb +(

+[mMBbBiBQM M/ BK ;BM; ++2bbQ B2bX h?2r?QH2 T Q+2bb 7 ¢
allJ BK ;2 + M #2 BHHmbi  iBp2Hv /BpB/2/ BMiQ }p2 bi2Tb i? i

5. Imaging

1. Electron »Beaﬂ;Gen ration

anJ

SEM electronics

Image
Acquisition

Scanning Uni

PC & SEM software

6B;m 2 kXRN, a+?2K2 Q7 alJ K2 bm 2K2MNmMBiX [ Ti2/

h?2p2 v} bibi2T Bbi?27Q KiBQM Q7 M2H2+i QM #2 K-i?B
bQm +2 TH +2/ BM p +mmK +? K#2 X h?2°'2 "2irQKBM ; QmT
;mMb M/ }2H/@2KBbbBQM ;mMbX h?2 } bi ;" QmT Bb "2 2b2Mi
JH K2MiX h?2b2bQm +2b ? p2 HB72iBK2 BM ?mM/ 2/b Q7 ?2Qm"b
"2;BKWzwWwo 3 10PPaV- M/ H “;2°2M2°;vbT 2 /+QKT “2/iQi?2H ii2°
;mMb U2X;X a+?QiiFv ;mMVX h?2 /p Mi ;2 Q7 }2H/ 2KBbbBQM
HQM;2  HB72iBK2 i? Mi?2 ' KBQMB+ ;mMbX h?2v HbQ mbm HHv
"2;BK2 10 'PaX h?2 p +mmK b2 p2biQ HQr2 ' i?2 T°Q# #BHBiv Q7
7Q K2/ 2H2+i'QM #2 K M/ T "iB+H2mOBXbB/2 i?72 +?2 K#2" (

h?2b2+QM/ BMi2 2biBM; "2 Bbi?2BMi2° +iBQM Q7 ++2H2" i
BK2MX h?2 QTiB+ H+QHMKM b2 p2b iQ T'QD2+ii?2 2H2+i QM
2H biB+ M/ BM2H biB+ b+ ii2 ' BM; Q++m" r?2M i?2 #2 K ?Bib i?
M H7Q KBM;i?2 BK ;2Bbi?2 2bmHi Q7 KmHIBTH2 b+ ii2 "' BM; T
1t +iHv- #v 2H2+i"QM /BzmbBQM + mb2/ #v i?2 ;" /m H HQbb Q7
Hi2° HbT 2 /BM; + mb2/ #v KmHIBTH2 2H biB+ b+ ii2"BM;X h?2
2M2 ;B2b + M #2 /2i2+i2/ 7 QK p BQmb /2Ti?b BMi?2bT2+BK2M
i " B#miBQM 7°QK b2+QM/ v 2H2+i'QMb UalV-# +Fb+ ii2 2/ 2H2
U 1V- M/ HbQt@ VvX h?2 KQbi +QKKQM /2i2+iBQM Bb i?2b2+QN\
b+ i1i2°2/7 QK i?22KBbbBQM Q7 p H2ZM+2 2H2+i QMbV-#2+ mb2
2 bBHv #v TQbBiBp2Hv #B b2/ +QHH2+iQ" ;"B/ TH +2/ QM QM2 b
HQr 2tBi 2M2 ;v QP RX2r 20 (

6BM HHv- mMHBF2 QTiB+ HKB+ Qb+QT2-r?2'2?mK M 2v2 Bb
iQ'-BM alJ mMBi-i?2 H bii bFBbiQ T Q+2bb i?2 /2i2+i2/ bB;
#v bT2+B HBb2/ BK ;2 +[mBbBiBQM bQ7ir "2 rBi? mb2"  BMi2"'7
T°Q/m+BM; i?2 alJ mMBiX hQ +QM+HmM/2- allJ Bb "2 bQM #H2 +
2t KBM iBQM Q7 bT2+BK2Mdb KQ ' T?QHQ;vX

1]
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iX 1tT2 ' BK2M]

h?Bb +? Ti2  T°'QpB/2b DbBKTH2- bi2T@#v@bi2T /2b+ BTiBQM C
iBQM /QM2 /m BM; i?2 rQ'F QM i?Bb iQTB+X Ai Bb BKTQ i Mi iC
iQTB+ Bb KmHIiB@/Bb+BTHBM v M/ 2[mB 2b +QQT2  iBQM rBi
b+B2MiB}+ "2 bX h?2°27Q°2- b M mi?Q Q7 i?Bb i?2bBb- A rB
/JOQM2 BM +QQT2  iBQM M/ ;Bp2 +QKK2Mib r?2M M2+2bb v BM C
Bi /QM2 i?Bb r vX

A?p2/2+B/2/iQ Q /2 i?Bb 2tT2 BK2Mi H b2+iBQM #v +QKTC
M/ +? > +i2 ' Bb2/ 22 2BMX AM iQi H- }p2 /Bz2 2Mi +QKTQmM/b
iBOM b ;> T?22M2@# b2/ 2v# B/ K i2°B HX 6B bi M/ 7Q 2KQbi- F
M/ +? > +i2 'Bb2 272 2M+2 Db KTH2b Ubm#bi  i2-; T?22M2- +QK1
+QMb2+miBp2HV T 2T "2/; T?2M2@# b2/ ?2v# B/ K i2 B H +QmH
2p2 v +QKTQmM/ M/ ;> T?2M2 Bb /2b+ B#2/ b bm+?- M/ 7i2"1
b2Mi2/X

h?2 }°bi +QKTQmMM/ r b *QTT2 UAAV/B#2MXIBIRK22KB2 @ 7@
KmH 30%,*mP- r?B+? Bb i° MbBIiBQM@K2i H+QKTH2t rBi? +QTT
bm " QmM/2/ #v irQ /B#2MxQVHK2i? M2 HB; M/bX Ai Bb TQi2Mil
HQM: +Q7?2 2tM#®3 iBK2?B+? Bb iBK2 mb #H2 7Q  [m MimK +QKT
i?Bb iBK2-i?2 bmT2 TQDOBiBIQIMBL7EMii2b mTi2/ #v i?2 2MpB QM
i?mb Bb MQ HQM:;2 bmBi #H2 7Q T2 7Q KBM: [m MimK +QKTmi

h?2b2+QM/ +QKTNONY®@/ BlbUb HB+VHB/2M2V2i?vH2M2/B KBMC(
rBi? +?2KB+ H 7Q>mHBPR*r?B+? Bb i° MbBIBQM@K2i H+QKTH
#QM/2/1Q irQ M2 "#v Qtv;2M iQKbX h?Bb +QKTQmM/ r b BMp2b
TH M " bvKK2i'v-r?B+? +QmH/ +? M;2 7 QK /B K ;M2iB+iQ T ~ K
Q7 ; T?22M2 bi m+im 2X

h?2 i?B / +QKTQmM/r b (R-R @"BbU/BT?2MVHT?QbT?BMQV?7
@ (*QUITT7V) @ .JR8L rBi? +?2KBu>k"30Q0BMSHr 2B+? Bb +Q# H
72°°Q+2M2 rBi? irQ # QKB/2b #QM/2/ iQ i?2 +Q# HiX h?Bb +QK
bBM:H2@KQH2+mH?2 K ;M2iX

h?2 7Qm’i? +QKTQmM/r b (R-R @"BbU/BT?2MVHT?2QbT?BMQ"
@ (*QUHTT7V) @ .JR3L rBi? +?2KBu>4* BQBASH 2B=+? Bb +Q# H
72°°Q+2M2 rBi? irQ +?HQ B/2b #QM/2/iQ i?2 +Q# HiX h?Bb +QK

}2H/ BM/m+2/ bBM;H2@KQH2+mH2 K ;M2iX

6BM HHv- i?2 H bi +QKTQmMM/ r b @ h2i° #mivH KKQMBmMK@ #|
(1°SFUNR" "V k.J6 @ 1,SBi? +?2KB+ H 7Q>KMHP,* r?B+? Bb i?2
2" #BmK T?2i? HQ+v MBM2 /Qm#H)2 @BRFGR QrBiR H?7BD +QKTQmN

bBM:H2@KQH2+mH2 K ;M2iX

18
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JXRX S 2T " iBQM Q7 : T?2M2@" b2/ >v# B/ J

h?Bb b2+iBQM T 2b2Mib T 2T "~ iBp2 K2i?Q/7Q " ;- T?2M2@# b2/ ?\
JHKX HHb KTH2br2 2T 2T 2/ #v KmHIBTH2 KQ/B}2/ G M;KmB ™ a+
h?Bb K2i?Q/BMpQHpP2//2TQbBIiBQM Q7 ;> T?2M2-BMi?27Q K Q7
QMiQ aBfaB®bi” i2X 6G: + M #2 BK ;BM2/ b b2p2° H KQMQH v2°
;0 T?22M2 bi +F2/ mTQM 2 +? Qi?2 X h?2 i2 K Ga /2TQbBiBQM Q B
G M;KmB™ "HQ/;2ii UG"V i?BM }HK /2T QbBiBXi2K2 BIQBMIXMIR7? Bl BB 2
?2Qr2p2°- /Bz2'2M+2 BM i?2 /B 2+iBQM Q7 /2TQbBiBQM T Q+2bbX
Bb/QM2 BM i?2 p2'iB+ HK MM2 - Ga /2TQbBiBQM Bb /QM2 ?2Q BxQN
i?72 mb2 Q7 2H2p i2/ M/ iBHi2/ bm#bi® i2 Bb K2 MiX AM 7 +i-i?2 K2
b # i?im# }HH2/ rBi? ri2 +QMi BMBM; BKTm BiB2b M/ /mbiX (¢
/> BM2/-i?2 BKTm 'BiB2b 2K BM ii?2 #QiiQK Q7 i?2 # i?im#X h?B
r? i'2 HHv ? TT2Mb /m'BM; i?2 /2TQbBiBQM #v i?Bb K2i?Q/X
am#b2[m2MiHv- /Bz2 2Mi /IBbbQHp2/ K2i H +QKTH2t2b r2°2 /2TQ
+Qp2°2/ bm#bi” i2BM Q' /2 iQ 7' QK ;T T?2M2@# b2/ ?v# B/ K i2°B
irQ /Bz22Mi- #mi bBKBH "BM T'BM+BTH2- G M;KmB™ a+? 272" /2T
}biQM2r b bQH2HV mb2/ 7Q i?26G: /2TQbBiBQM M/ i?2 b2+QM/ C
mH * /2TQbBiBQMX HH KmHiBTH2 KQ/B}2/ Ga /2TQbBiBQMb iQQF
JmHIBH v2'b M/L MQbi m+im 2b-aHQp F + /2Kv Q7 a+B2M+2b-""
BM +QQT2 iBQM rBi? ."X .Kvi'Q EQbivmF M/ . X S2i2° Bz HQpBIiX

JXRXRX 62r@G v2 :" T?2M2 U6G:V .2TQbBiBQM

"27Q°2i?26G:/2TQbBiBQM bbm+?2+QmH/#2+ B2/ Qmi-Bir b M2H-
bmbT2MbBQM BM /p M+2X h?26G:r b T 2T "2/ 7 QK 2tT M/2/ M/ KI
i1 r2°2bm#D2+i2/1iQ bQMB+ iBQM 7QHHQr2/ #v +2Mi B7m; iBQN
2tT M/2/ ;" T?Bi2+ M#2 Q#i BM2/#vBMi Q/m+BM; MBMi2 + H iBM;
Q  MBi'B+ +B/ViQi?2; T?Bi2 M/r "KBM; Bi mT #VvoipP-KB+ Qr p2 |
M M HQ;viQ TQT+Q M BM KB+ 'Qr p2 Qp2M + M #2 TTHB2/X h?B
KBHH2/BM Q' /2" iQ "2/m+2 ;" BMbBx2X AMi?2T ' Q/m+iBQM Q7 ;°
KBMB im'Bb iBQM Q7 ;> BMb M/ b2T " iBQM Q7 H v2'b "2 K /2X

h?2 2tT M/2/ M/ KBHH2/ ;" T?Bi2r bbQMB+ i2/ 7Q ey KBMmi2b i
im 2 Uk8 &*V BM M mHi° bQMB+ # i?X h?2 bQMB+ iBQM ?2HTb iQ 2t
i2M/ iQ 2@ ;; 2; 12 #vi?2r2 Fo M /2 g HHb 7Q +2b +iBM; KQM;
Bi Bb +QMp2MB2Mi iQ mb2 bi #BHBb iBQM ;2Mi b bQMB+ iBQM
;0 T?2M2 Hv2 b 7°QK 2@ ;;°2; iBQM iQ N@2Bi2vHAMA@TRD Q@ HBR/Q
ULJSVTr bmb2/-#2+ mb2 Bi KBMBKBb2b i?2 BMi2 7 +B Hi2MbBQM
i?72 bQHp2Mi- LIS Bib2H@A)BM i?Bb + b2 (

h?2 T 2T "2/ 6G: bmbT2MbBQM BM LJS r b +2Mi B7m;2/ BM Q /2
Mi Mi 7 QK b2/BK2MiX Air b +2Mi'B7m;2/ i Ryjky SJ 7Q" jy KBM
bmT2 M i Mirbi F2M M/ H27i 7Tm i?2 T@28iBY BRI° 7KBMN2?X
h?2}M H+QM+2Mi® iBQM Q7 ;" T?2M2D:BMOiZn2dmh b B2M IpRQ M2r b
bBx2 Q7 M MB@nm? 32/ibp2° ;2 i?B+FM2bb QY MONMMQ@BX2RiBy Ky
Hv2 bVX

je
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6B:mjXWb?Qrb 2tT2'BK2Mi H b2i@mT 7Q° KQ/B}2/ G M;KmB
r?B+? bi i2/ #v BMD2+iBM; i?2 6G: bmbT2MbBQM QMiQ bm#@T
+ b2Vbm'7 +2URVX h?2KQp #H2# B2 bUkVr2'2bHQrHv +HQ
Q7 i27Qm;?2iQTURVX h?2T Q+2bb Q7 H v2 7Q K iBQMr b Q#]
UjV rBi? pBbm HQmiTmi U9V iQ KQMBIiQ X qBH?2HKvV TH i2 U8
T T2 -rbmb2/iQK2 bm '2i?2bm 7 +2 T 2btlm#K UeVQOBb ri?R+4
i?72 6G: /12TQbBIiBQM iQQF TH +2X M/ }M HHv- i?2 bm+iBQM Tm
rbopbm+F2/ Qmi- M/ i?mb i?2r i2 H2p2H T r b HQr2 2/ M/ i?2 /2T
i2 " KKQ/B}2/ bi M/Ib7Q i?2/2TQbBiBQM + "~ "B2/ Qmi #v 2H2p iBN\
h?Bbr b/QM2 #v TH +BM; K2i H Mmib Q7 /Bz2 2Mi bBx2b mM/2 1

6B:m 2 jXR, AK ;2 Q7 G M:KmB" a+? 272 b2i@mT 7Q  6G: /2TQh
/IBpB/m H+QKTQM2Mib Q7i?2r?QH2bQ@+ HH2/6i? Qm;?5X UR
bmbT2MbBQM- UKV KQp #H2 # B2 b- UjV QTiB+ H KB+ Qb+QT
T 2bbm 2 b2MbQ >-bUreAb 8 Bif2alBPQ" /2TQbBiBQM- M/ UdV bm+iBQ

7i2° i?2 }'bi 6G: /2TQbBIiBQM r b K /2- b KTH2b r2°2 MM2 H
KBMmi2bX h?Bb bi2T ?22HT2/iQ ;2i "B/ Q7 i?2 2K BMBM; r i2"
iQ bi #BHBb2 H v2 QM i?2 bm#bi rBAX 6/RN QobBi2ABEBPb T 2T °
U:" T?2M2@+Qp2 2/ bm#bi’ i2V #v i?Bb }'bi KQ/B}2/ G M;KmB"
K BM /p Mi ;2 Q7 i?Bb K2i?Q/ Bb TT “2Mi- Bi Bb TQbbB#H2 iC
bm#bi® i2b ii?2b K2 iBK2/m BM; i?2/2TQbBiBQMX

jd
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i XRXkX JQH2+mH > .2TQbBiBQM

h?2 b2+QM/- KQH2+mH - /2TQbBiBQMr b ?22H/ "B;?i 7i2 i?2} bi 6
6B biHv-Bir b M2+2bb "viQ /BbbQHp2 K2i H+QKTH2t2bi? ir2°27 2
i HbX h PpHROP Qrb bQHmM#BHBiv Q7 K2i H +QKTH2t2b BM TT QT B i:
*S*H U*GV-/B+?2HQ QK EHPUMVE> M/ /BK2i?2VvH7 QK W BUR W >
U.J6VX

h #H2 jXR, aQHmM#BHBiv Q7 mb2/ K2i H +QKTH2t2b BM Q" ; M

JOH2+mHMU/AEKVLBUDb H2MR8L| .JR3L| 1 S+
aQHp2Mi *G N L*J L*J .J6
aQHm#BHBIV2 2 >B;? >B;:? >B:?| >B:;?

6B;mijXWb?Qrb 2tT2'BK2Mi H b2i@mT 7Q° i?72 b2+QM/ KQ/B}2/ G
/I2TQbBIiBQM r?B+? bi "i2/ #v BMD2+iBM; /BbbQHp2/ K2i H +QKTH2:
/12BQMBb2/ r i2°Vbm'7 +2 URVX h?2 KQp #H2 # "B2 b UkV r2°2 bt
i?2bm’7 +2 "2 Q7 i?2°Qm;?iQT URVX qBH?2HKvV TH i2 UjV- mbm
TT2 -rb HbQ mb2/iQK2 bm 2i?2bm 7 +2 T 2bbm 2X U9V 2T 2bz
aBfaBPm#bi® i2 7 QK T°'2pBQmb 6G: /12TQbBiBQMX M/ }M HHv-i?2 I
reB+?i?2r i2° r bbm+F2/ Qmi- M/ i?mb i?2r i2 H2p2Hr b HQr2 2/
/IQM2X h?2 i2" K KQ/B}2/ bi M/b 7Q  i?2 /2TQbBIiBQM + ""B2/ Qmi #v
i?72 bm#bi® i2#v ~ i K2i Hr b?2° TH +2/ mM/2"i?2 ;" T?2M2@+Qp2°

6B;m 2 jXk, AK :2 Q7 G M:KmB" a+? 272  b2i@mT 7Q° KQH2+mH "/
+ i2BM/BpB/m H+QKTQM2Mib Q7 i?2r?QH2bQ@+ HH2/6i? °Qm;?6X
KQH2+mH ~ +QKTH2t2b- UKV KQp #H2 # B2 b- UjV bm'7 +2 T 2b
+Qp2°2/ a,BBBi® i2- M/ U8V bm+iBQM TmKTX

i3
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6B;m PBYUM[XE BHHmMbI> i2i?22 } bi bi2T Q7 b2+QM/- KQH2+m
i2°Qm:? iQT r b YHH2/ rBi? /2BQMBb2/ r i2 X .BbbQHp2/ K2i H
QMiQ r i2  bm#@T? b2 mMiBH MQ 7m’i?2  bT 2 /BM; r b pBbB/
QBH@HBF2 bi'm+im 2 QM i?2 r i2°f B> BMi2 7 +2- r?B+?2 r b K |
"2~2+iBQM 7°QK ~mQ 2b+2Mi H KT 7°QK i?2 "QQK +2BHBM:X
+HQb2/iQ +2°i BMbm'7 +2 T 2bbm 2 2biBK i2/ #v #H MF K2 bm’
7Q° 2p2°v +QKTQmM/X h?Bb rBHH #2 /Bb+mbb2/ 7Q" 2 +? BM/B
+? > +i2 Bb iBQM b2+i BXBX MBQiTRi Ko Q7 i?2 i?2°Qm;? 7Q° KQH?2
/2TQbBiB@3&3cns- M/ i?2 bT22/ 7Q° +HQbB2¢4dmR2mih T B 222
b K27Q  2p2°vKQH2+mH ~/2TQbBiBQMX

Movable Barrier Air Movable Barrier

 ——_— -—

Monolayer

| R |
Water Mﬁéﬁ

6B;m 2 jXj, a+?2K iB+ bB/2 pB2r Q7 KQH2+mH ~/2TQbBiBQMX :°
2H2p i2/ M/ iBHi2/ #v ~ ir b?2 X

6B;m 2 jX9, AK ;2 i F2M #v + K2 "2p2 HBM; i?2 QBH@HBF2 K
bm#@T? b2X

IN
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h?2 7TQHHQIBMjXe®B ;M/jX8 BHHmMbi  i2 i?2 b2+QM/ bi2T Q7 b2+QM/
/2TQbBIBQMX h?2 +HQbBM; Q7 KQp #H2 # "B2'br b biQTT2/X am#
rb +QMM2+i2/ iQ i?2 i?°Qm;? M/ i?2 r i2 H2p2H r b HQr2 2/X h?2
/2TQDbBI2/ bi?2 H2p2H "2 +22/i?2 ;" T?22M2@+Qp2 2/ bm#bi > i2X

Movable Barrier Air Movable Barrier

— -—

Water Level Lowered

Deposited Layer

|-
1
1
1
1
1
1
1
1
1
1
1
1
I

Remaining Suction
Water :Sh_p-ﬁc_)ﬁ v Pump

6B;m 2 jX8, a+?2K iB+ bB/2 pB2r Q7 i?72 b2+QM/ bi2T Q7 KQH2+mH
+Qp2 2/ bm#bi® i2 Bb +Qp2 2/ #v i?2 KQH2+mH " H v2" b i?2 bm+iB
i?2°Qm;? M/i?2r i2 H2p2HTr b HQr2 2/X

6B;m 2 jXe, AK ;2 i F2M #v + K2° b?QrBM; i?2 /2TQbBi2/ KQH2-
;C T?22M2@+Qp2 2/ bm#bi™ i2X

"V i?Bb /2TQbBiBQM- DbQHMIiBQM rBi? QM2 ivT2 Q7 +QKTQmM/
MmK2 Qmb /Bz2 2Mi bm#bi> i2b rBi? M2:HB:B#H2 BMi2 72 2M+2 K
KQ/B}2/ G M;KmB a+? 272  /2TQbBiBQM Bb b+ H #H2- 2T Q/m+B#
/2TQbBiBQM "Qmi2 7Q  p 'BQmb K2i H+QKTH2t2bX

9y
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6B;:mJjXWBHHMbI~ i2bi?2}M HT Q/m+i Q7 /2TQbBIiBQMX h?2
b KTH2b Bb #Q QM /QT2/ aBURyyV bm#bi’ i2 KRiP M QP BXF M Bk
H v2 HB2Db,iPRi2BP2 i?B+FN@MX Q7?2 6G: H v2  /2TQbBi2/ #v i?:
KQ/B}2/ G M:KmB™ a+? 272 32 TOQnmEPBGMX 0?2 }M HH v2 Bb +Q
Q7 /Bz2 2Mi K2i H+QKTH2t2b /2TQbBi2/ QMiQ i?2 ;" T?2M2@ +C

Deposited Compounds

\
Few Layer Graphene (FLG) 5{10 nm
\

SiO, 500 nm

500 m

y
6B;m 2 jXd, a+?2K2 Q7 i?2 T 2T "2/ ; T?2M2@# b2/ ?v# |

h #H2 jXk, amKK v Q7 HHT 2T 2/ b KTH2b #v i?2 KmHIiBTH2 K
/2TQbBIBQMX h?2 1} bi "Qr BM/B+ i2bi?2 bm#bi® i2 UH v2' BM +C

JQH2+nH2BfaBWPRV6G: UkV *0. UjV JQa@ a U9Ma@ * U8V
*mUT#K\ X X X @ @
LBUb H2MV X X X @ @
JRSL X X X @ @
JR3L X X X X X

1°S4# X X X X X

h #H2X® bmKK "Bb2b HH b KTH2b T 2T "2/ #v i?2 KmHIBTH:
a+? 272 /2TQbBIiBQMX h?2°2r2°2 T 2T "2/ 272 2M+2 b KTH2L
bm#bi® i2b Y +QKTQmM/b URVX h?2 M2ti b2i Q7 b KTH2b r b ;°
UkV-i? i r2°2 K BMHv BMp2biB; i2/X AM //BiBQM- i?2°2 r2°2
I12TQbBIiBQMb K /2- bm+? b QMiQ *o.@T 2T "2/ ; T?22M2 UjV-
K2i H/B+? H+Q;2MB/2b U9V M/ U8V X@ a2 }}Ibbi'QRM22AJ9Vi2QaHQy
+ /2Kv Q7 a+B2M+2b-""  iBbH p X h?2 i@ *Q M/+HRPNKX 28 \B JHvV p
#H2X h?BKJI@aB H #2HQM;b iQ bQ@+ HH2/ 6k.0 K i2°B Hb HQI
r2 2- ?2Qr2p2° - MQi T "iB+mH "Hv BMp2biB; i2/ BM i?Bb T QD2+
iQ bi’2bb Qmi i?2 TQi2MiB H M/ TTHB+ #BHBiv Q7 i?Bb /2TQbE
Q7 bm#bi” i2bX h?2 /2TQbBiBQMb r2°'2 /QM2 BM +QQT2" iBQM
" iBbH p - aHQp F _2Tm#HB+X

9R
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JXkX *? ° +i2°'Bb iBQM Q7 :" T?2M2@" b2/ >v#
12°B Hb

h?2bi'm+im 2Q7+? ° +i2 'Bb iBQMDb2+iBQMBb b7QHHQrbX 6B bi
+ B2/ Qmi B;?i 7i2°/2TQbBiBQM "2 K2MiBQM2/ M/ ?B:? 7 2[m2M
b2i@mT Bb BMi"Q/m+2/X am#b2[m2MiHv- +? > +i2 Bb iBQM Q7 T Bb
br2HH b BM/BpB/m H+QKTQmM/b QM ;" T?22M2@+Qp2 2/ bm#bi i

iXjX _2bBbi M+2 J2 bm 2K2Mib

6B;mjX®WBHHMbi  i2b i?72 "2bBbi M+2 K2 bt =232 MiX hPRBPZDYHI ;2
#2ir22M URV M/ U9V TBMbX oQHi ;2r b K2 bm 2/ #2ir22M UkV M/ L
P?KobR=Y 2tT 2bb2/ b 2REBbHQWH2bi ' B+iHV +Q " 2+i- 2H2+i B+ H B
rbopK2 bm2/X L2p2 i?2H2bb-QMHAY R+HQMbB/2 2/X h?2 /Bbi M+2 #2
TBMb ImmX

(a)

A
—®

1 2 \3 4

Sample

6B;m 2 jX3, U V a+?2K2 Q7 7Qm @TQBMi T'Q#2 b2i@mT- U#V BK ;
70m @TQBMi T'Q#2 K2 bm 2K2MiX

h #H2 jXj, _2bBbi M+2 K2 bm 2K2Mib QM b KTH2b BKK2/B i2Hv
| _272°2M*BU/#KVLBUb W2MR8L| .JR3L| 1 S+

am#bi® |2 8y: ej: ey: ey: e8: ek:
6G: e8X9 F d8 F jJIX8 F 88 F RjRF| RydF
*0. 839 RX9e e8]j k9 F RN F k F

h #HPXY “2p2 H2/i? i bHB:?iHV rQ b2 "2bBbi M+2 UBX2X BKT Qp2
LBUb H2MV QM 6G: M/ .JR8L QM 6G:X h?2b2 2bmHib-?2Qr2p2 -2 p2
M/ 7m’i?2  BMp2biB; iBQM rBi? KQ 2 b2MbBiBp2 i2+?MB[m2b Bb M
i72b2 "2bmHibX

9k
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iXjXRX >B:? 6°2[m2M+v 1S_ aT2+i ' QK2i2"

h?2 # bB+b Q7 >61S_ Q B;BM i2 7' QK i?2 bi M/ '/ 1S_bT2+i QK:
Q 2iB+ HHO2¢KBBRM 2 2- ?2Qr2p2 - b2p2° H /DmbiK2Mib M/ /B
i?72b2irQ BMbi mK2MibX AMi?2 7QHHQrBM; b2+iBQM- b+?2K2 C
ir?B+? >61S_ K2 bm 2K2MibiQQF TH +2 Bb T 2b2Mi2/X

6B;mjXWBHHMbi i2bi?2 K BMb2i@mT +QKTQM2Mib Q7 >61°¢
i i?72 IMBp2 bBiv Q7 aimii; "i- :2°'K MvX h?2 imM #H2 KB+ Qr p
/B iBQM Q7 7 2{822M200,GHz- r?B+? Bb T°QT ; i2/ #v [m bB@Q
h?2 ?B;?2  7°2[m2M+B2b "2 ++2bbB#H2 #v KTHB7vBM; M/ Km
7°2[m2M=8, 12GHzX h?2 p "B #H2 i2KT2 imT2RE8b300KJ|Bb
TmiBM imM #H2 bmT2 +QM/m+iBM; K ;M2i U9V + IWEXHRATZI K ;N\
KB+ Qr p2 /2i2+iBQM Bb T ' QpB/2/ #v AMa# #QHQK2i2 U8V +Q
M/ ?22HBmMK BM Q' /2  iQ BM+'2 b2 Bib b2MbBiBpBivX

@ 5 mm sample

6B;m 2 XN, h?2 >61S_bT2+i"QK2i2°  BM aimii; 'iX U V AM/B+ iE
U#V p "B #H2 i2KT2  im 2 BMb2 i UohAV-U+V /2i BH Q7 b KTH2¢
i r?2B+? i?2 Hi2 M iBM; +m "2Mi U *V rBi? FMQrM MQBb2 7 2[m
bQ@+ HH2/ 6HQ+F@BM®S KTHB}+ iBQM Q7 bB:M H U} bi/2'Bp i
U/Vb KTH2 BMb2 i rBi? bm8 K& b-KMHRBW i?2 7Q K Q7 T 2bb2/
#MHF K2 bm 2K2MibV Q  i?BM }HK U/2TQbBi2/ +QKTQmM/b QM

9j
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6B;mjXRYBHHmMDbIi™ i2b i?72 K2+? MBbK Q7 r p2 T QT ; iBQM i? ' Qm
I #H2X h?2 bi "iBM; KB+ Qr p2@bQm +2 T i?U; 22MV Bb 2~2+i2/ #v
BMiIiQ 6 /v Qi iQ M/ # +F iQ i?2 TQr2 KQMBIiQ X h?2 KB+ Qr g
i?72 6 /v Qi iQ M/ rB'2 TQH 'Bb2 #27Q 2 Bi Bb i° MbKBii2/ i?"
rp2@;mB/2iQi?2 b KTH2X h?2 b KTH2 + pBivBb TH +2/ BMbB/2 b
M/ KQ/mH iBQM +QBHX h?2 *}2H/ KQ/mH iBQM 2M #H2b iQ HQr2"
M/ iQ /2i2+i p2'vr2 FbB;M HbX h?Bb Bb i?2 # bB+b Q7 6HQ+F@ BN
bT2+i Qb+QTB+ BMbi mK2MibX h?Bb Bb HbQ 2 bQM-r?vi?21} b
bB;M H Bb Q#b2 p2/ #v 1S_ K2 bm 2K2MibX hQ +QM+HmM/2- i?Bb T
2M #H2b /p M+2/bT2+i Qb+QTv7Q p B2ivQ7b KTH2b #vimMBM,;
}2H/- M/ i2KT2 im 2X

6o

ource Power Monitor

o ,

[ ll
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Cu(dbm)2 - Finding Isotherm
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. Ni(salen) - Finding Isotherm
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6B;m 2 jX9N, >61S_ bT2+i° Q7 .JR3L 7Q T/958K X BmH2MHB RMR bi
2T 2b2Mi K2 bm 2K2Mi M/ / b?2/ HBM2b 2T 2b2Mi }iX

h #H2 jX3, *QKT 'BbQM Q7 * aa* BN BESMKkH iBQM M/ >61S_K2 bm':
K2MiX

S K2i2'b | aTBM (+K)|E (+K)| x| v | =
*aa*6fL1oShk | jfk @RkXSR@RXT%XTBkakajR

>61S jfk | @RkXyy @RXjkkXKykXkykXk3

dy



jX3X .JR3L

6B;mjX& b?Qrb i2KT2  im 2 /2T2M/2M+2 Q7 .JR3L +QKTQn
2pB/2Mi b?B7i BM T2 F BMi2MbBiB2b b i?2 i2KT2  im 2r b "Bb2

6B;m 2 jX8y, h2KT2 im 2 /2T2M/2M+2 Q7 .JR3L K2 bm 2/ #v >¢

6B:m 2 jX8R, >61S_bT2+i° Q7 .JR3L +QKTQmM/ QM ;> T?22M2
70m° 7°2[m2M=+BRX “iH +F HBM2b “2T 2b2Mi K2 bm 2K2Mi M/ 2
}i X

dR



JX1sS1_AJiLh

jX3X8X a+ MMBM; 1H2+i'QM JB+ Qb+QTv

6B;:mjX&kb?2Qrb all BK :2 Q7 /2TQbBi2/ .JR3L QM i?2; T?2M2@+Q
h?Bb +QKTQmM/ Bb ?B;?Hv bQHM#H2 BM /B+?HQ QK2i? M2X JQH °
c=5mM X h?Bb +QKTQmM/ i2M/biQ 7Q K TmxXxH2@HBF2 bi'm+im 2 bl
b?QrM BM 6jB¢H X2 U

6B;m 2 X8k, alldJ BK ;2 Q7 .JR3L QM i?2 ;"  T?2M2@+Qp2 2/ bm#bi
1I0kVX .2i2+iQ°, b2+QM/ v 2H2+i QMbX AK ;2 r b +[mB 2/ i *1Ah1l
_2Tm#HB+X

dk



jXNX 1, S*

i XNX 1,S+

JXNXRX avMi?2bBb M/ ai m+im 2

h?2 H bi BMp2biB; i2/ +QKTQmM/ r b 2 #BmK T?i? HQX+WMBM?2 |
+QKTQmMmM/ r b bvMi?2bBb2/ i IMBp2 bBiv Q7 aimii; i #v i?2 bv
BMJ "B .°°72H6b S8RX?BBBMX@WBHHMbiIi~ i2b i?2 bi'm+im 2 Q7
IQm#H2@/2+F2 X

6B;m 2 jX8j, AHHmMbIi, +tBREM@TM/>XS Y V 6 QMi pB2r- U#V bB/2 pE
TOmMM/ rBi? K2 bm 2d #BIBIOK #2ir22M irQ 7m i?2bi HVvBM; + “#0Q
>v/'Q;2M iQKb M/ +QmMi2° BQM i2i° #mivH KKQMBmMK Uh" Vv °
Q7 +H "BivX

JXNXKkX AbQi?2 Kb

6B:m 680 M{X88b?Qr BbQi?2 KhH@MKTUQSM/ Q#i BM2/ /m BM: i?
/2TQbBIBQM M/ +im H /2TQbBiBQM QMiQ bm#bi’ i2b- "2bT2+il
#v THQIiiBM; i?2 bm 7 +XZ Ribb2vV 8v qBH?2HKv TH i2- ; BMbi i
KQH2ami?B+2r b /2 Bp2/ 7 QK 2[m iBQM K2MiBQMRX BN\B hBQ 2
i?2}M H 2tT 2bbBQM b 7QHHQrb

AN A .
a= =Y, UujxX8v
r?2°R Bb i?2 +im Hi? QmMNaiBET pQ;-/"Q +QdvBb M2 KQH * +QM+2
i° iIBOM Q7 i?2 bOWMBIBIPMpQHMK2 BMD2+i2/ QMiQ r i2 bm#@"
+QM+2Mi° iBQM 7Q° #Qi? 66BM/BM: 5 ,M/bdR2 KQ KBl B OMMBHOG VIX
h?2 pQHVE"\"SIIQG = RdS8G MVDEPOSITION = R8yGX h?2 Bler)Z\K Bb p2\V
+2 ° +i2 BbiB+ Q7 i?2 +QKTQmMM/ *2; “/BM: i?2 /2TQbBIiBQM bi2T
bBiBQM-i22 BbQi?2 K r b 2bEBRMR AQUARX2X r?2°2 122 +m p2 bi
b im  i2VX h?Bb T 2bbm 2r b i?2M TTHB2//m BM; i?2 /2TQbBil

dj



JX1sS1_AJiLh

6B;m 2 jX89, :°" T? Q7 66BM/BM ;6 MBIKJIQNK/XQh?BIS+ b /QM2 rBi
K2 bm BM; i?2 bm 7 +pZ'@bbm™2 T2  EGVW2+mMH2MF /2TQbBiBQM U
rBi?Qmi bm#bi” i2bVX

6B;m 2 jX88, :° T? Q7 6.2TQbBiB QMIQKI®W MM KX 7IQ? 216 B1+7 +2 T 2bb
=30mN =mr b TTHB2/7Q  i?2/2TQbBiBQMX

do



jXNX 1, S*

iXNXjX K M aT2+i'Qb+QTv
6B;mjX&b?Qrb _ K MbT2+i mK 7Q,XTQr/2 1S+

6B:m 2 jX8e, _ K M bT2+i ' mK %@ T@B/i2iBIQ Bl+r p2 H328nmMmXr b
aT2+i mKr b +[mB 2/ iIMBp2 bBiv Q7 aimii; i- :2 'K MvX

6B:mjX&b?2Qrb bT2+i MK 7Q" /2TQbBi2/ i?BM }HKX h?22 2 r2"
Q#b2 p2/, aBfaBHA k2RB3M/ 6GiXR/R M/ 1, X8k TQr/2 bT2+i mKX

6B;m 2 jX8d, K M bT2+i /M@K@/BL28OM :° T?2M2@+Qp2 2/ bm#
i"mKrb +[mB 2/ i JILABM" MQ- *x2+? 2Tm#HB+

d8



JX1sS1_AJiLh

i XNX9X >B;? 6 2[m2M+v 1S _

h?2 T?2i? HQ+v MBM2 /Qm#HD@I24F mbBM:; / i 7' QK J B .°72H
S?. i?2b8PX( 6B;MXAEAbL?2Qrb K2 bm 2/ >61S_ bT2Xi'h ©OHXMUS +
BHHmbi  i2bi? i ;@p Hm2 +QKTQM2Mib "2 BM 7 B : 22K2Mi rBi? i

6B:m 2 jX83, >61S_ bT2+1Q ORMS# 2[M26KEBmMMHH HBM2b "2T 2b2
K2 bm 2/ /i -/ b?2/ HBM2b 2T 2b2Mi }iX

h #H2 jXN, *QKT 'BbQM ®7BMBENBEOMH iBQM- s # M/ K2 bm 2K2Mi-
>61S_ K2 bm 2K2MiX

S " K2i2'hbaTBM x | » | =&

* aa*b6 Rfk] RyXR8XNS8RXKR
s # M/ Rfk] NXKk3NX8jRXee
>61S_ Rfkf NXNB83XNB8RXKR

de



jXNX 1, S*

6B:mjX&Nb?2Qrb i2KT2 im 2 /2T2M/2RKZQ@WM/S2p2 HBM: M
/2Mi b?B7i BM T2 F BMi2MbBiB2b b i?2 i2KT2 im 2r b "Bb2MX

6B:m 2 jX8N, h2KT2  im 2 /2T2KZ20M+ 2 QFVIS6H¥S bT2+i Qb+Q

6B;m 2 jXey, >61S_bT2+p mEKIQMMAQM ;> T?2M2@+Qp2'2/ b
70m° 7°2[m2IM=+BRX “iH +F HBM2b 2T 2b2Mi K2 bm 2K2Mi M/ 2
}i X

dd



JX1sS1_AJiLh

i XNX8X a+ MMBM: 1H2+i"QM JB+ Qb+QTv

6B;:mjX&Rb?Qrb alJ BK ;2 Q7 /2T,QQPRiRI21;SF?22M2@+Qp2 2/ bm#bi
h?Bb +QKTQmM/ Bb ?B;?Hv bQHmM#H2 BM /BK2i?VH7Q K KB/2X JQH

rbc=1mMX TT QtBK i2 bBx2 Q7 + vbi HRIDAMX 2Air b? RQy2@ 7 B"
2QKQ;2M2Biv ii?2M MQ@b+ H2X

6B;m 2 jXeR, all BK,:QQ 7?2 S+T?22M2@+Qp2 2/ bm#bi0KX oQHi ;2
2i2+iQ, b2+QM/ v 2H2+i"QMbX AK ;2r b +[mB 2/ i *1Ah1* @ "Ih-

d3



jXNX 1, S*

6B;m pbeld MfXJey BHHmMbi™ i2 2QKQ;2M2Biv Q7 bm 7 +2 +Qp2°
bi'm+im 2 iH ;2 b+ HORDQQMNS/A+ "2bT2+iBp2HVX >Qr2p2 - i?B
#2BMi2 T 2i2/ + BiB+ HHvX h?2°2Bb HbQ +QmMi2 " BQM i2i  #
M/ i?mb HbQ +QMi ' B#mi2b iQ i?2}M HBK ;2X

6B;m 2 jXek, alJ BK ;2 "2p2 HBM; /Bbi'B#miBQM M/ 2Q@@R@M?2|
TQMM/X AK ;2r b +[mB 2/ i*1Ah1l*"Ih-""MQ-*x2+7? 1DRAX#HB +)>
L212+iQ°, b2+QM/ v 2H2+i QMbX

6B;m 2 jXej, all BK :2 Q7 /2M/'Bi2@HBFD HOTQmMi QM 7 1T B2
+Qp2 2/ bm#bi’ i2X AK :2r b +[mB 2/ iJtSH M+F AMbiBimi2
OQHi ;2 nbl2X, .2i2+iQ", b2+QM/ v 2H2+i QMbX

dN



JX1sS1_AJiLh

3y



9X *QM+HmMbBQMb

AM +QM+HmMbBQM- ;- T?2M2@# b2/ ?v# B/ K i2'B Hbr2°'2T 2T °
G M;KmB™ a+? 272 /2TQbBIiBQM K2i?Q/ M/ +? ~ +i2 ' Bb2/ #v bT:
?B;?2 7 2[m2M+v 2H2+i"QMT ~ K ;M2iB+ "2bQM M+2U>61S_V M/
Qp2 -KQ T?QHQ;vQ7T 2T 2/b KTH2br b 2p2 H2/#v b+ MMBM
i " QMB+ T QT2 iB2br2°2 TT QtBK iBp2Hv 2biBK i2/ #v7Qm @ TC
K2 MipXy X

6B bi M/ 7Q 2KQbi- ArQmH/ HBF2 iQ /Bb+mbb "2bmHib Q#i I
+? ° +i2°Bb iBQM bi2TbhX q?2M Bi +QK2b iQ i?2 T 2T "~ iBp2 bi2T
"QH2 BM }M H ?QKQ;2M2Biv M/ bBx2 Q7 /2TQbBi2/ +QKTQmM/
K MDbT2+i'Qb+QTv M/ b+ MMBM; 2H2+i QM KB+ Qb+QTv Ua:
+QKTQmM/bX .m BM; i?Bb rQ F- bmT2 +QM/m+iBM; [m MimK B
rb HbQ mb2/iQ K2 bm™'2 K ;M2iB+ T°'QT2'iB2b Q7 .JR3L QM ;" T
M/ 272 2M+2 ;" T?22M2@+Qp2 2/ bm#bi” i2X h?2°2r b-?Qr2p2°
IBz2 2M+2 Q#b2 p2/X h?Bbr b b+ B#2/iQ ?m;2 /B K ;M2iB+ +Q
.B K ;M2iB+ +Q "2+iBQMb r2°'2i 2 i2/ #8)5Xb+ H6b +QMbi Mib (

AbQi?2 Kb "2T 2b2Mi i?2 p2°'v } bi bi2T BM /2TQbBIiBQM #v G
h?2v "2 /Bz2 '2Mi 7Q" 2p2'v +QKTQmMM/ MpV 2B " 2ZbRNQi#i BMPL2 |
Im BM; i?2 KQH2+mH "~ /2TQbBIiBQM i +QMbi MAuREUET 2 Aim 2 X /
M/ +im HOi? QAr?d2t2 2bb2/BM "2 TZXKQBBAMHR2iI2 /2MQi.
?2Qr Km+? bT +2r b H27i ii?2 B fri2 " BMi2 7 +27Q° +QKTQmI
a Bb H27i iQQ bK HH- +QKTQmM/b i2M/ iQ b? BMF M/ 7Q K ;;
TQQIQQH ;2°- +QKTQmM/b "2 MQi ?QKQ;2M2QmbHYV /Bbi ' B#m
T K2i2"Bb+HQb2HvV +QMM2+i2/iQ md2V KEQHVKQM HZDM2™ BBIQ M
Q BM+ ZzBBMpP TQbbB#H2 iQ imM2 KQH2+mH ~ 7Q K iBQM QM
?QKQ;2M2BivrBi? bK HH2bi T "iB+H2 bBx2 nBh?77iQ2Hbr2pi2Kk @B °
+QM+2MicXiBQM

h #H2 9XR, * H+mH i2/ "2a H27K-QKQHMHD M+EMAT-i MM QH MK 2
V mb2/X

*QKTQmM/ *mU/#KVLBUb H2WR8L| .JR3L| 1° S+

c (KJ) 8 8 8 8 R
vV (G) ROyy k8y Kyy jyy R8y
a (2fKQH2+mH2y XN 8X3 i K 9k

h?2 bm;;2bi2/ BKT Qp2K2Mir b /QM2 #v bBKT BV K rrm B M2 b/iB
HVBM: + "#QM iQKb BM 2p2° v +QKTQmM/- K FBM; b[m "2 p Hm:
2biBK iBQM 7Q" ?Qr H ;2 "2 bPDnKHY H2+HRH2X h?2 K2 bm 2K2M
bBQMr b/QM2BMJ2 +m vmbBM;i?2* K# B/;2* vbi HHQ; T?B-

3R



9X *PL*GlaAPLa

T 'iB+mH ~ +QKTQmM/ bim+im 2X h?Bbr b-?Qr2p2° - K2 2 2biBK
bBb- Bi rQmH/ #2 M2+2bb "viQ BMp2biB; i2/22T2°BMiQ +QKTQmM/
BMi2°7 +2 M/ + H+mH i2 2M2 ;2iB+ M/ ;2QK2i B+ bBx2 Q7 +QKTQn
iBQM K /2 #v bBKTHvV K2 bm'BM; i?2 +im HKQH2+mH ~ /BK2MbBQ
JQ 2Qp2°- 2p2°'v bm#bi® i2 T'QpB/2b /Bz2 2Mi /?2bBQM TQi2MiB F
M/ i?mb BMp2biB; iBQM BMiQ i?2b2 BM~m2M+2b #2HQM:b iQ M2ti
h #HAXKT QTQb2b 7m i?2  BKT Qp2K2Mi Q7 /2TQbBiBQM +QM+ 2\
+QKTQmM/b- +QMbB/2°'BMVi?R K2KWR BQ M &VKEENKR #H D (K2 /12TQ @
bBiBQM b2i@mT- i?2 KQHd ++QMBMWIiiQBHMmH i2/ +QKTQmM/bo6 /E
b?QmH/ ? p2 #22M ;2M2° HHvV HQr2 BM Q /2 iQ T 2T "2 KQMQH v2°

h #H2 9Xk, am;;2biBQM 7Q  7m i?2  BKT Qp2K2Mi Q7 /2TQ

*QKTQmM/ | *mU/#KVLBUb H2WMR8L| .JR3L| 1 S+

‘Bbi Md2?) RjXe RyX3] RRX8 RRX8 RjXy
*QKTQmM/ ~22)(3 R38 RRd Rjk Rjk | ReN
JQH * +QM+2Mi" JBQM (k9 k93 RR9 de k9N

h?2 K MbT2+i" r2°2 +[mB 2/ BMQ /2 iQ+QM} K i? i/BbbQHp2
/Im"BM; KmHIiBTH2 KQ/B}2/ G M;KmB™ a+? 272" /2TQbBiBQM r2°2 M
T Q +?2 M/ + M #2 mM K#B;mQmbHv Q#b2 p2/ QM i?2 ;" T?2M2@ +(
;0 T?22M2 BM i?22 7TQ K QM 72r@H v2 ;" T?2M2 U6G:V r b Q#b2 p2/
6B:mjXRX h?2°27Q'2- KmHIBTH2 /2TQbBiBQM Bb TQbbB#H2 M/ r
/| K;2 ;"  T?2M2@+Qp2 2/ bm#bi™ i2X AM-i?72B+B2Z7 Q 7K2M U AV 2~
;7 2; i2b- T2 Fb rBi? HQr2® BMi2MbBiv i? M 7Q  i?2 TQr/2 bT2+i"
Qp2°  HHDbT2+i mK r2 2 Q#pAMpR h-?2@B2nT2 Bb r2°'2 BM ; 22K2Mi rBi?
2M+2 bT2+i mK M/ HBi2 im 2X LBUb H2MV +QKTQmM/-?2Qr2p2 -r
bT2+i"Qb+QTv-i?Bb + M#2 b+ B#2/iQ i?27 +i-i? ii?Bb +QKTQmM
2° ;2 M/TQQ ?QKQ;2MPBIM B P2 UQMi~ “v- +Q# Hi 72 "Q+2M2b .
#v .JRB8L M/ .JR3L ? /7 B  +Qp2 ;2 M/ ?QKQ;2M2Biv M/ QM2 bT2
Q#b2 p2/ 7Q° +QKTQMM/b QM ;> T?2M2@ 4RpR "2/ 6B #HpX B3H2 - 6B ; m " 2
"2bT2+iBp2HvX G biHv- bT2+BRKTDAMM7Q2TIQOBBi2/ QM ;" T?2M2@ -
bm#bi  i2r2°'2 HbQ Q#b2X@BaK- 6B;m 2 U

6B;:mPDVBBHHmMbi® i2b BK ;2b 7°QK QTiB+ H KB+ Qb+QT2 7Q " +Q|
S T?22M2@+Qp2 2/ bm#bi® i2 Q#i BM2/ /m BM; +[mBbBiBQM Q7 _ K
QM 6G: 7Q K2/ #B::2" ::°2: i2b- LBUb H2MV Bb MQi /2TB+i2/ b Bi *
M/ Bb2p Hm i2/ bH2 bibmBi #H27Q  /2TQbBiBQM M/ +? > +i2 Bb
BMi?Bb i?2bBbh QUHFG: BQ K2/ T "iB+H2b208BAM B2 2 "2bQHp2/
#20i2° #v all- 6BXMNRBUAM i?Bb BK :2- TBMF # +F;:"QmM/ 2T 2b2MN
Tm TH2 Bb 6G: M/ bK HH T “iB+mH i2b "2T 2b2Mi /2TQbBi2/ +QKT
Bb TT "2MiHv HQr2  +QKT “2/iQ .JR8L Q" .JR3LX 6Q  i?Bb +QKTQ
J2T2M/2Mi 2QKQ:2M2Bivr b Q#b2 p2/X JQ 2Qp2 - Bi Bb M2+2bb v
mMM/2 r2Mib2p2° H  TB/i?2 K H+? M;2b/m BM; KmHiIBTH2 >61S_ K
BM +2°i BM /2:" / iBQM Q7 b KTH2bX h?2 #2bi +Qp2  ;:2r b Q#b2 p2
U+V U/V .JRSL M/ U2V U7V .JR3LX

3k



6B:m 2 9XR, PTiB+ HBK :2b +[mB 2/ /m BM;: _ K M Q™M26G:Qb+Q
U#V 1, ®M 6G:- U+V U/V .JR8L QM 6G:- M/ U2V U7V .JR3L QM 6¢

3]



9X *PL*GlaAPLa

h?2 K BM +? ~ +i2 ' Bb iBQM K2i?Q/ r b ?B;? 7°2[m2M+v 2H2+i QN
M M+2 U>61S_V-r?B+? Q#b2 p2b BMi2" +iBQM Q7 KB+ Qr p2 " /B i
i?Bb TT Q +?-Bir b TQbbB#H2 iQ T'2+Bb2Hv K2 bm 2 K ;M2iB+ T
+QKTQmM/b-r?2"2 HH Q B2Mi iBQMb Q7 K ;M2iB+ KQK2Mib "2 T
K2Mib- x2°Q@}2H/ bTHBDBMET bK2IRHb b ;@p Hm2 +QKTQM2Mib r:
i BM2/ M/ +QKT #2BM@®IBKQNH iBQMbX h?2b2 T ~ K2i2'b "2 2bb2MiB
/I2p2HQTK2Mi Q7 bBM;H2@KQH2+mH2 K ;M2ibX ii?Bbbi ;2-BiBb B
bvMi?2iB+ M/i?2Q 2iB+ H+?2KBbibBM Q' /2  iQ}M2@imM2 T QT2"|
br2HH biQ +HQb2 ; T #2ir22M bBKmH iBQMb # b2/ QM i?2Q v M/ .

h?2 M2ti bi2Tr biQ K2 bm 2 BMi2® +iBQM M/ +? M;2 Q7 bT2+i~ C
bm#bi” i2X ii?Bb TQBMi- Bi Bb M2+2bb v iQ 2KT? bBb2-i? ii?BM
KQmMi Q7 T ° K ;M2iB+ +QKTQmM/b +QM}M2/ QM bm' 7 +2X h?2 #E
i2+?MB[m2Bbi? i 2H2+i QMb "2 #2BM; BMp2biB; i2/X h?2°27Q 2-
K ;M2iB+ M/ 2H2+i'B+ T QT2 iB2b ii?2 b K2 iBK2X

6B;mjXR b?2Qrbi?2} bi +QKTQm@M*mU/HKW2@ +Qp2 2/ bm#bi”~ i2X
+?  +i2 ' BbiB+ ?2vT2 }M2 bim+im 2 7Q i?Bb +QKTQmMM/ r b Q#b2 ¢
r2HH b QM i?2 ;" T?22M2@+Qp2 2/ bm#bi” i2X h?2°27Q 2-BM +QKT
K2 bm 2/ #v ?B;? 7 2[m2M+v 1S _- i?2 K ;M2iB+ T'QT2 iB2b b22K if
I12TQbBIiBQMX AMi +iM2bb Q7 +QKTQmM/b QM i?2 bm#bi™ i2 2T 2bz
pB #H2 /2TQbBiBQM Qmi2X h?2LBUb H2ZMV QM ;" T?2M2@+Qp2 2/
T 2bmKTiBQM Q7 +? M;BM; 7°QK /B K ;M2iB+iQ T > K ;M2iB+BM i?
M/ Bb bm#D2+i2/ 7Q 7m’i?2° M HvbBb BM i?Bb /B 2+iBQMX h?2 bT
HbQ /B/ MQi 2p2 H Mv mMB[m2 #2? pBQm QM i?2; T?2M2@+Qp2
bm 2K2Mib M/ "2 HbQ bm#D2+i2/7Q 7m i? PXOWQHV.HIRBL QM iHvV- 6
;C T?22M2@+Qp2 2/ bm#bi™ 12 "2p2 H2/ /B 2+i Q#b2 p iBQM Q7 K ;N
T 2/iQTQr/2 bT2+i jXKkB2:@Mbi™ i2/ TQbbB#BHBiviQi 2 ibT2+i"
/IB’2+iBQM Q7 2H2+i QMB+i° MbTQ 'iT QT2 iB2b M/ +QM/m+iBpBiv
"iB+H2b i? i/2 HrBi? K ;M2iQ 2bBbi M+2- +QM/m+iBpBiB2b- M/ B
QM +QM/m+iBpBiv Q7 ; T?22M2 M/ ; T@2MR@ABBX2/ K i2 B Hb (

hQ bmK mT-i?2°2 "2b2p2 Hi2 Kbi?i "2+ m+B H 2; '/BM; ;" T
Ki2 B HbX *QM+2Mi° i BQM Q7 +QKTQMM/b-BM~m2M+2 Q7 bm#bi i
M/ b2MbBiBpBiv Q7 +? * +i2°Bb iBQM i2+?MB[m2b iQ T 2T 2/ i?BM
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(R) :1AJ- XEX M/LPoPalGPo EXaX h?2LBm2DY |2 B2 Bl BM 2) X
kyyd- pQHX e- TTX R3] RNRX p BH #HZ 7 RKp BHB#H2 7 QK
X

(k) .1-sX 2i HX TT ' Q +?BM; # HHBDiB+ i  MbTQ irB\ hrmw@2 M
Qi2+?MQBIRQHBM2)X kyy3- pQHX j- TTX 9NR 9N8X p EH #H2
X p BH #H2 7" OK,
X

(j) G11- *>X 2i HX J2 bm 2K2Mi Q7 i?2 1H biB+ S'QT2iB2b
Q7 JOMQH v2  :"aFB2M@RHBM2)X kyy3- pQHX jkR- MQX 83
p BH #H2 7°CK, /Q3, X p BH #H2 7°QK,
X

(9) alPG-CX>X2i HXhrQ@.BK2MbBQM H S?QMQM ha+B@ Qi
2MHDMHBM2)X kyRy- pQHX jk3- MQX 8Nd8- TTX kRj kReX
X p BH #HZ2 7 QK.
X

(8) LPoPalGPo- EXaX 2i HX 1H2+i B+ 6B2H/ 1z2+i BM iQKB+
a+B2MGEHBM2)X kyy9- pQHX jye- MQX 8eNe- TTX eeec eeNX
X p BH #HZ 7 QK,
X

(e) g CA.- XaX 2i HX SQHVK2 @bi #BHBx2/ ;" T?2M2 /BbT2 b
BM Q : MB+ bQHPpP2Mib 7Q" + QK TAMD®I ™ A BOV2) Xi BORKX pQH X
TTX 8ke 8j9X p BH #H2 7°QK, /QB, X p BH #H2 7°QK

X

(d) S hPL-EX_ X 2i HX a+ H #H2 T°Q/m+iBQM Q7 H ;2 [m MiBi
> T?2M2 #v b?2 ° 2t7QHB iBQM BV i BEHBHBM 2) X KyR9- pC
TTX ek9 ejyX p BH #H2 7 QK, /Q3 p BH #H2 7 QK,

X

(3) "PG L.- *XaX 2i HX a2MbBiBp2- >B;?@ai’ BM- >B;?2@ _ i2
" b2/ QM ;T T?2M2 m##2 *OKT QBOMKBM2)X kyR9- pQHX
TTX 33RN 33jyX p BH #H2 /°Q«, /QE,p BH #H2 7 QK,

X

(N) _0olG -aX2i HXAQMB+ HB[mB/@ bbBbid/ 2@ BQH@NB B M 2 VX
kyR8- pQHX d- TTX 9jj3 9j8jX p BH #H4z 7 QK X (QPEBH #H?2
7 QK, X
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(Ry) _ P-*XLX_X-J Ah_ IX M/J hhl>XaXaX_X avMi?2bBb- *? ° +i
a2H2+i2/ S QT2 iB2b Q7 : TT2RRBXMIM2bBb- T QT2 iBRb- M/ T?:
q2BM?2BK, BH2v@0*>- kyRk- TTX R 9dX Aa"L Nd3j8kde8RRkkX

(RR) :1AJ- XEX :> T?RPMAMK2, ai imb M/ SQMHBMiD)X KyyN- pQHX |
MQX 8Nj9- TTX R8jy R8j9X p B8H #H2 70K, /2@ ,p BH #H2
7 QK, X

(Rk) o .IEIJSIGGuU- aX- SIG CX M/ o GAuollhhAG aX * iBQMB+ b
K2/B i2/ 2t7QHB iBQM Q7 ;" T?Bi2 BMAQMIMPBPBM2)X KhX- pQHX
MQX R9- TTX jk33 jJkKN9X p 2H #42z 7"QK, /QE, X p BH #H2
7 QkK, X

(Rj) G1I11L"1 :1_-JXLX M/ GPaa.X Zm MimK +QKTmiBM; BM KQH?
L im@EIMHBM2)X kyyR- pQHX 9Ry- TTX d3N ¢NjX p 3X #H2 7 QI
p BH #H2 7 QK, X

(R9) " .1_-EX2i HX _QQKi2KT2 im 2 [m MimK +Q?2°2M+2 BM T
[M#BiXm 2 *QKKmME© VBHBWI2) X KyR9- pQHX 8- MQX %jy9X p BH
X p BH #H2 7 QK
X

(R8) ZAl- .X 2i HX aTBM + QbbQp2 @; T®2Mp M+N@MBEWMQPBIi2k
kyR9- pQHX 9- MQX 8N- TTX jRjkj jRjkdX p BH #KH2 7XQ¥, /QB,
p BH #H2 7 QK, X

(Re) L1J1*-AX2i HXhmMBM; Q7 bTBM + QbbQp2  #2? pBQm BM B
T2Mi /2Mi i2 a+?Bz # b2b M/ THR@M A HBY 260BQHBIM 2) X kyRR -
POHX 9y- MQX jN- TTX RyyNy RyyNNX p BH #HX D BH, #88B,

7 0K, X

(Rd) 1G 6 hAJu- X 2i HX 1TBi tB H; T?22M2 [m MimK /Qib 7Q" ?B:"
22 ix #QHQK2il " 2X MQi2+7@RQHBM2)X kyRe- pQHX RR- TTX jj8
#H2 7°QK, /03, X p BH #H2Z 7°QK,

X

(R3) >PL:- CX 2i HX *?2KB+ HHv 1M;BM22°2/ :> T?2M2@" b2/ k.
J;M2iXalL MOQQMHBM2)X kyRj- pQHX d- MQX RR- TTX RyyRR Ry
1Q12, X p BH #H2 7 QK,

X

(RN) G161 L.->X2i HXJ ;M2iB+ bb2K#Hv Q7i MbT "2Mi M/ +Q
# b2/ 7TmM+iBQM HL+ QWK RO REKIRmX BEQ® VBHBWIR ) X kKyRe- pQHX d- MQ
p BH #H2 7 K, /QB, X p BH #H2 7 QK,

X

(ky) *AlaAlGaEA- X M/ aJP_A SX amT KQH2+mH ~ /T@r Q +?2b
p M+2/ J i2 @MBBM2)X kyRe- pQHX k3- MQX kN- TTX eyjy eyé&
IQ, X p BH #H2 7" QK,

X

(kR) g L1 _-CX2iTRXMQMHBM2)X Rbi2/X Pt7Q"/, 1Hb2pB2 - kyRk}
Nd3yRKkjN93kd9X p BH #H2 7 QXK,
X
(kk)>V# B/Bx iBQM Q7 iQXKEMWMHBBR2Hbla ,L iBQM Ha+B2M+2 6QmN
p BH #H2 7°QK, X
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(kj) g GG *1- SX_X h?2 " M/ h?2Q v 7vbBF?Bi ZXpMEBM2)X RN
POHX dR- MQX N- TTX ekk ej9X p» BH #H2 7 QKX /RBH #H2

7°QK, X

(k9) . 1.1-SX wm  1H2Fi"QM2Mi?2QI1B2H/2M J2] BRWXBEFM2)X RN
POQHX jye- MQX j- TTX 8ee eRjX p BH #42 7°QK, B, BH@
#H2 7 QK, X

(k8) EAhh1GAMIXQ/m+iBQM iQ aQHR/3a? P2)SR2bER®Bb2v, CQ?M
aQMb- kyy8X dy9 TTX Aa"L Nd3@y9dR9R8ke3X

(ke) : hhla*>A- .X-alaaPGA X M/JQMHRGNMAH TX MR KR bM2iKX
L2r uQ F, Pt7Q / IMBp2 bBiv S '2bb- kyyeX 9y3 TTX Aa"L Nd3

(kd) oL aG :1_1LA®X Q/m+iBQM iQ JQH2HmMRIX SI?yMBi+EbKMbiB
IMBp2 bBiv Q7 aimii; "i- kyy9Xx 99 TTX

(k3) L1J1*- AX 2i HXJ ;M2iB+~ MBbQi"QTv™ M/"6B2H/bBM/m+?2
J ;M2iBx iBQM"BM~h2i> +QQ /BM i2"*QUAAV " *QKTQmMM/~(*C
Ji2'B HOMHBM2)X kyRd- pQHX Ry- MQ¥ jX p BH #HXT7 QK,
p BH #H2 7 QK, X

(kN) Lllal-6X M/ S LhwAa.X X qg? iBbMQi 2[mB 2/iQ K F2
K :M2BX / v .Bb+mbBWWHEM2)X KyRR- pQHX R93- TTX kkN k
IQ, X p BH #HZ 7 QK, X

(jy) Slhhu-JE&*M;KmB @"HQ/;2ii 6BHKbX RIbARIXQ/ K#IBQ;@, * K|
#°B/;2 IMBp2 bBiv S 2bb- RNNeX k8e TTX Aa"L Nd3@y8kRO9k

(jR) :1L:G1_ - KQ/B}2/ G M;KmB  a+? 272  K2i?Q/7Q i?2 +'2 iB
i?BM }HEMHBM2)X : " QMBM;2M, IMBp2 ' bBiv Q7 : " QMBM;2M- k

X
(jk) g1lAG-CX X M/ "PGHMMRELIXQM S ~ K ;M2iBX kM/Q2VXML+2r
C2'b2v, CQ?M gBH2v aQMb- kyyeX ee9 TTX Aa"L Nd3y9dRd
(jj) _A1:1_-18K2+i QM aTBM X RN /M+#+2K# B/;2, h?2 _Qv H aQ-
*?2KBbi'v- kyydX R3e TTX Aa"L Nd3@y@389y9@j88@kX
(j9) .I"-SX-aSPlah CX M/ wCp BIQXE K2HAWBFBiIimi2 Q7 S?vb
1M;BM22°'BM;, " MQ IMBp2 bBiv Q7 h2+?MQHQ;v- kyy8X R3y
(j8)6mM/ K2Mi H S?vbB+Xd (B MR2ipX la , L iBQM H AMbiBimi:
M/ h2+?MQHQ;v- kyRdX p BH #H2 7 QK,
X
(je) 13" *>-*>X K M, h?2Q v M/ AMbi X RZMIiiKRQMQ7 J i2 B Hb
2M+2 M/ 1M;BM22 BM;, *Q M2HH IMBp2 bBiv- L2r uQ F- kyy
(jd) hEALa- SX-.1SIG CX M/ 6_AAmI Mi_-XJ ii2° M/ *R Rwb;i2
2/ X L2r uQ F, gX >X 6 22K M- kyyNX d3k TTX Aa"Ly@dRed@
(j3) aSAwwA_A- IXMQ2D HK M bT2+i Qb+QTv QX7 Jb BH B +HQOVI6 Qr@
"mK, kyy3X
(JN) EPGP" GPoAMI)X/mM+iBQM iQ a+ MMBM; DH2+-N QM IBR1I®Db+
"lh- KyRkX
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(9y) > I"v-<R2T ~iBQM M/ TTHB+ iBOM Q7 K2i H M/ b2KB+QM/m+
(QMHBM2)X ""MQ, ""MQ IMBp2 bBiv Q7 h2+?MQHU;v- kKyR8X 99 -
X

(9R) _1AJ1 a+GMMBM; 1H2+i QM KB YK+QTRHBM, aT BM;2 - RNN3X
Aa"L Nd3@j@e9k@y3jdk@jX

(9k) G1L:-sX-sAPL:sX M/wPICX _ TB/KB+'Qr p2B " /B iBQM 7 bi
+?2 ° +i2'BXx iBQM Q7 72r@H Wob #iFQRIM2APKLQM72 "Qmb J2i Hb
Q7 *?BM@MHBM2)X kyR9- pQHX k9- MQX R- TTX Rdd P3jX p BH
X p BH #H2 7°QK,
X

(9j) EAJ- CX DT MXBM: +? ~ +i2 ' BbiB+b Q7 ;> T?Bi2 BM KB+ Qr p2
iBXMAMbi M#mH, a+B2MiB}+ *QQT2 iBQMb AMi2 M iBQM H gQ
"~ M+?22b- kyR9X

(99) J G _.-GXJX2i HX K M DbT2+i QbSQWvBEM ;7 DRIHBAK2 ) X
kyyN- pQHX 9dj- MQX 8@e- TTX 8R 2dX 0 24 #H2 7°QK, /QR,

X p BH #H2 7 QK,
X

(98) J - "X@:X 2i HX avMi?2bBb M/ bi'm+im 2 QZQ#B M UHBF2MxQ

*22KB+ H * vbi HKHRINNKR2WQHX kKN- MQX d- TTX dNj dNeX

(9e) GILWAMXM2M+2b QM 1H2+i'QM aTBM _2H t iBQM BM JQMQMm

"2i @.BF2iQM i2 Q& THR2t2ih IMBp2 bBiv Q7 aimii; “i- kyR8X d8
(9d) L1EP1A- X@ X 2i HX h?2Q 2iB+ H bim/v- M/ BM7" "2/ M/ _
T2 UAAV +?22H i2/ +QKTH2t rBi?2aB#2AMX-QAVBIKR+? Mi2% i , JQH24
mH > M/ "BQKQH2+mH (@WMHBMD)HQRWRI- pQHX Rk3- TTX kdk
#H2 7°QK, /0B, X p BH #H2 7 QK,
X

(93) hL:-*>X k-k @(*V+HQ?2t M2@R-k@/BVH#BbUMBi'BHQK?2i?VvF
@+F2HUAAWYI HHQ;  T?B+ (@MHBO®)X kyyN- pQHX e8- MQX jR¢
7°QK, ‘QBE, X p BH #H2 7°QK,

X

(9N) .P*>1 hu- CX 2i HX .2i2+iBQM Q7 TQi2MiB HHvV iQtB+ K2i Hb
+QKTH22DXM HY®MHBM2)X kyRe- pQHX ROR- MQX ky- TTX 83¢
7°QK, /QB, X p BH #H2 7°QK,

X

(8y) GA-CX@aX2i HX SQHVQtQK2i H i2@# b2/ K2i H Q" ; MB+ 7" K
i"Q+ i Hvbib 7Q" ?B;?Hv 2{+B2Mi ?2v/ Q:RQNE@MAMMQ HNMIB@M2 B +HB
*22KBbi YQMHBM2)X kyRe- pQHX 9- MQX 9- TTX Rkyk RkydX

X p BH #HZ 7 QK, X

(8R) :PSAL .> L-EX 2i HX 1ti 2K2HVvH ;2K ;M2iQ 2bBbi M+2 BM
;0 T?22M2f#Q QM MBI B/2 ?2i2mQbi*@ KKm RIBKQ INBIDBM2)X kyR8-
MQX 3jjdX p BH #H2 7 QK, /QE, X p BH #H2 7 QK,

X

(8k) .* 61G-aBM;H2 *"vbi Haim/B2b Q7 i?2J ;M2iB+ MBbQi QTv Q

K ;M2Abaimii; i, IMBp2 bBiv Q7 aimii; i- kyR8X RNd TTX

33



(8j) " AL- :X X M/ "1 __u CX6X .B K ;:M2iB+ *Q "2+iBQMb M/ S
CQmM'M HQ7 *?2KB+(BNHBMBAMyy3- pQHX 38- MQX 9- TTX
IQ2, X p BH #HZ 7 QK,

X

(89) EAaaGAL:1 -6X2i HX GBM2 ~K :M2iQ 2bBbi M+2 BM KQl

S T22M2X1 "2 S?VEBWHEBM2)X kyR8- pQHX RR-TTX e8y €8jX |
X p BH #H2 7°QK,
X

(88) E _ul*>EPo- aXoX M/ EIE> _1XAX AM~m2M+2 Q7 i?2 J :M
CT?22M2 *QM/mE@PBWX Q7 JQ/2 (M BRBM2)IX kyRk- pQHX
TTX NN9 RyyRX p BH #H2 7°QK, /Q3 X p BH #HZ2 7 QK,

X
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GBbi Q7 ## 2pB iBQMb

## 2pB iIBQM

J2 MBM;

1S
la_
>61S _
LJ
alJl
all
aG:
"G
6G:
.Pa
G"

Ga

a>

h

hP

GP

al
"al

1
S1h
LJS
*G

N |
.J6
ohA
**.
*1Ahl1l*
"lh

a a
JILA
*aa*6
L1oShk
aZlA.

** *

*

1H2+i QM S ~ K ;M2iB+ _2bQM M+2
1H2+i'QM aTBM _2bQM M+2
>B;? 6 2[m2M+v 1H2+i"QM S °
Lm+H2 ~J ;M2iB+ _2bQM M+2
aBM;H2@JQH2+mH2 J ;M2i

a+ MMBM; 1H2+i'QM JB+ ' Qb+QTv

K ;M2iB+ _2bQ

aBM;H2@G v2 " T?2M2
"B@G v2 T T?2M2
62r@G v2 " T?2M2

.2MbBiv Q7 ai i2b
G M;KmB* "HQ/;2ii
G M;KmB™ a+? 272"
aTBM > KBHIiQMB M
h> Mbp2°'b H +QmbiB+
h Mbp2'b HPTiB+ H
GQM;Bim/BM HPTiB+ H
a2+QM/ v 1H2+i " QMb
"+F@a+ ii2 2/ 1H2+i QMb
m;2 1H2+i QMb
SQbBi'QM 1KBbbBQM hQKQ;  T?v
N@J2iI?vVH@Kk@Tv QHB/QM2
*2HQ Q7Q K
B+?HQ QK2i? M2
.BK2i?vVH7Q K KB/2
o B #H2 h2KT2 im 2 AMb2i
*? ", 2@*QmTH2/ .2pB+2
*2Mi° H1m QT2 M AMbiBimi2 Q7 h2+?MQHQ ;)\
"MQ IMBp2 ' bBiv Q7 h2+?MQHQ ;v
aHQp F + /2Kv Q7 a+B2M+2b
J b VvVFIMBp2 bBiv
*QKTH2i2 +iBp2bT +2 b2H7@+QMbBbi2Mi }21
L@1H2+i'QM o H2M+2 ai i2 S2im # iBQM h?:
amT2 +QM/m+iBM; Zm MimK AMi2 72 2M+2 .2
*K#' B/;2 * vbi HHQ; T?B+ .1 *2Mi 2
"#2Bib; mTT2 UQqQ FBM; : ' QmTV
Hi2 "M iBM; *m " 2Mi
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