PRINCIPLE OF
ELEC TRON
MAGNETIC
RESONANCE

R RE

| | AEXRF AR




PRINCIPLE OF
ELECTRON
MAGNETIC
RESONANCE

WL R AL e Jt L

fRTiE H®E

AR R

b



REBE T

AP EMEVHE L THOMR (EMR) MHEARE, QFEIRHERM. g KEHE. SRR () #
MRS AL, BB ESERER. wRAE. BRI A di. S scER
TR EYSF 10 7. RO EMR REEMRIRRENG, LS W MY B R 50,

AATA] B R TUR AN B SLSE TSR A8, o mT A G LR T A b

MR, RIS E. RNEEIREIE: 010-62782989 13701121933

EH RS B (CIP) &R

LT RECYRIRER / ARTekI g . —dbat: TR, 2015
ISBN 978-7-302-41879-5

[. O II.O%- L QS -BRILE V. ©0441.4 ©0657.2

o 1 AR A B 0 CIP #0344 7 (2015) 3 256758 =

REwEE: PRiE
HE®RI: TRE
RAER: BN
BRAEEDH): R AR

HAR&ZIT: HHRZEH R
] it: http://www.tup.com.cn, http://www.wgbook.com
o fb: JERUEEKFEEHIRE A B B8 4: 100084
# & #1: 010-62770175 BF W: 010-62786544
BESIEERS: 010-62776969, c-service@tup.tsinghua.edu.cn
FRERIE: 010-62772015, zhiliang@tup.tsinghua.edu.cn
BN & & B EORAERAR

2 . SEHEPRE

F A&: 185mmx260mm  EJ 3k: 2325 < F . 519 FF
R R 20154E 11 A 1A ED R 20154E 11 A5 1 IRENR
E it 99.00 T

PGS 056955-01



PREFACE

This book is more stress an aspect of foundational principal of EMR. The content
include: Introduction, theoretical basics, g-tensor theory, isotropical hyperfine structure of
spectrum, anisotropic hyperfine structure of spectrum, fine structure of spectrum, relaxation
theory & linesharpe, linewidths, spectra of transition metal ions & their complexes etc. 10
chapters.

The Chapter 8, Quantitative determination of spectrum, is one of the most diffieult
problems in EMR. Usually, the samples of EMR are liquid or solid state, Chapter 9 of this
book discusses paramagnetic species in gas phase & inorganic radical specialy. There are 57
transition metals (including rare earth) group elements in the whole 107 elements in period
table, and their EMR spectra have some special characteristics. It would be discussed in the
chapter 10 of this book.

About ENDOR, ELDOR, Pulse-EMR & EMRI as an extending of EMR put into
Appendix 1 for readers to reference. Appendix 2 “Mathematic Preparation” and appendix 3
“Angular Momentum Theory & Stable Perturbation Theory in Quantum Mechanics” are
help readers to replenish the basics of mathematics and physics.

Important aspects of modern EMR methods are considered in Appendix 1. This is
pulse techniques. In EMR, these methods have been developed in the last decade. It can be
expected that these methods will be described in detail in the main part of the book in future,
when the theory and practice of pulsed EMR will receive their completed development.

Special emphasis foundational principal of EMR is distinguishing feature of this book.
It is an advanced specialized book of science and technology. It either could be material of
further more study basic theory of EMR for researchers and technicians, who worked in the
field of EMR, or could be educational materials of advanced studies for graduate students
and young teachers of relation special fields. In all aspects I recommend this book for study

and use.

%ZVN%LO L

Prof. Yu. D. Tsvetkov
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Lawer!' /& F 437 3 2 OW 1 #] CIDNP 3% . CIDEP Fl CIDNP (IR I, hyHRig R
MNB) J15, JUH R NG ARG RN B T ST, AL T 5RA I ST
TH.

F) 20 tHAD 60 4FAAK 70 FEARH], HTUFENEARN AR, #AHREEREST
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—NFIAKE. 70 AR OUHEBEHD Ar-fil, Z¥ol BitEN, XmfRE
SIA BN KP4 55 (55, 7T A Fourier A8 4045 2 14 5 17 BRAE VLM ; {49 BB T
ek, v] LU vHE LS LA#ET . 90 AR A= R U L FEAE N THEILR T .

20 42 70 4EARLE, 7E EMR ({25 B RR I VFZARINEOR, Xt (B
$5 “BF—ZWIHR”, Electron-Nuclear Double Resonance, ENDOR; “HF—H TN
3t 4% 7, Electro-Electron Double Resonance, ELDOR), B F# iR & (Electron
Magnetic Resonance Imaging, EMRI). &L (CW-EMR) & FE 2| Bk i B Fhi 3£
#& (pulsed-EMR), MHEFBEHEEK (Electron Spin Echo, ESE), F|E-FHIELEE
7%38% (Electron Spin Echo Envelope Modulation, ESEEM) UL K 8F01% & (Saturation
Recovery, SR) %55, &4 K1k, Bk P31 EMR MU CE Z N A T@m
HRNF AR, CEBIRAEY RS FEMIA T TR: JFHC RSk R
Bl uE, HERMNLAIRMHE 95 TIK (GHz) JhZEFEHE, LAENSMNEATRR, N—
YEilh kB 2 YELE, MR EN R, 90 FEARY), —DUEAE RIS, ) 7
it BAE F RS L TH3K (B Penning) [¥) EMR {5517,

12 LB K &

DU L T RESE IR B 445 Bamoticxmin WL H T RESLIRFTAE A M Se e &, ©
24 TRINARRBE, RIS B E AR KK . ABEHETHEA G,
FIT LA s e Bt MU BAE B I A o X sk B YRR A T MR 2 1A 1
S SRS TR A S 54 .

LT RISk B SR B HEE A 1.1 P

T —

AL

D
=Y

il 27

R
B 1 R S B A R AE P
1) KR
T E R ARG EE 1 <v<<100GHz, 752 H &R B (R 2R 3 3% & =
o ENTEFE R IP (backward-wave) #RGE, Rk AR =S (GEoblE {428
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fFmEk (Gunn) KR, HIRYE, BEEE, ITHESS. EXSHEBRGE T, &
WEVRR AR BB MR TR AR AR TR, S e, EhE
Fih T B RA, TP kR AR .

BRSBTS, HARGIMREPE—MEADTEEZ A
IR MR RV EHE (Klystron mode) SH IR £ NMIEFWEBEN (H
KA/ ERBUR ) BRI IR R — MR E . — D
BILA “48” (mode), ALMTEATB/RTERERS b, 5 NAZE TR AR 5
H DRI HAE L.

AT LA AU R R A (R, [ A T D et 8 R A D B AR Y T R
1. JLTF R AN AR, XERT, RERECLEenrg, ERA R HE A
FEBCE IO . TR A HH A R A R AR BN AR e 1Y), T A IR R
RSB BANHIBIRN, JPRBEMEIWMES . A T Be I BHER sl 24,
B TSR D E R HERS] IMHz, Sl RetER 2] 1kHz.

JEXT TR AR IR AR (BT T KBRS, &4 01k, eIttt
KILA B G H e, M FERE . (HEX TR EMR #4¢, HTHT
VERHIE B SR E SR B AR, BRSSP Y5 R BE L IR i %

Tk Be A K S E AT, RAERIA B, R PR R . IR
WRG, X=FHEAERA, SR FE R B EHR i 1) A& Sl A2 b AR B 1
— R0, B SR TR RS ESR A, BRI “X-BB MBS AN R ST
h 12.7%25. 4mm HFEH B IR, & Re LMEBIFEALHIANE A 8.2~10.9GHz 18I .
X 1.1 5 T A G B BT N e, DA N T g=2 K358 .

R 11 ERBRRERAIIEREEUR g=2 M5

BB B3 /GHz AN /GHz RANEREIS/mT
L 0.390~1.550 15 54
S 1.550~3.900 3.0 110
C 3.900~6.200 6.0 220
X 6.200~10.900 9.5 340
K 10.900~36.000 23 820
Q 36.000~46.000 36 1300
\Y% 46.000~56.000 50 1800
w 56.000~100.000 95 3400

2) ERESHEESRE

ERBANHRBIRAR IS BRI P MR L%, THAORER. RRERM
IMTBRF A EEF AL R SEERA R - MEMAS RS,
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PR IVE R, PRI A 2 TRk R ekl €, AHERFEDR, R
SRR R E X B T, BMEUKE PR R XENTRIERE, i
PRI R PR m R E, Bh, REMME AR RN ECREHRES), e
5| RS 2 TR E .

FORER MIVE A RIS NS SR 5 s P P BE B P KD

ITRINERWE 1.2 s, B mBRES, =P ardte, (AmEREsR.
Wk A R HORAIRTE, R)5, MEAREOE OB EHRE, St
PR 2 Ja HRE L @AM RS . NSRRI R R AT e R E T g RiE
HOHEFARN RS . B 6H DR N RS R FREEE, REeE
@A BB 1) A S 45 ML

ERREE: AMHEIEIRIELEM A EMR 5RO AN RIAE i e X . 3L
SCAE EMR SER RS IRAE 5 1K, A— 2 PR TR A £ #R 3V BE (resonant cavity), —£63L
LR A LR E RS 23R 2% (helical resonator), ZEIRT 4R 2&(Loop-gap resonator), LA
K HAMEFFWMAREANE EMR 55, XN TR G E{CA KA Fabry-Perot i
B, R4 KL E EMR #5408 /2 K 4R B2 (resonant cavity)fE R 3tiR 384, X
72 R R e BE A B e (R Q) TE AR i 8 AN AT H #8AR 5 8

‘ 2y (1 8%

!
\\
[1; e (3)
(F83IEIN! I\‘ LRV

g R
B 12 DU O AT 2R R

B TR AE &8 Ak L SRR RN 2T = AR K A R B, R A AR (R
) SEKAE - EREHIRR. EER NSRS RGBSR, &Y
BRI R T AR I R S) . R R BOR 1R 7 K

FEW I 2 UL RO, 58 P IR ) FS AR [ RS YR O 1 A5 5, 2
I BE B RAE I . ARAE RIS (1) B B T TRk, (A% 1 B3z (K B K S 1)
WE R B AEYS A ARG 1/4 B, WA 5REATE 90° MARNLE, B M4ini KitREs
BN, RZIMR. B, MHEHRESMEORMNIZE: ()VAERTRERMEEREEE; QFFM
TEVE SR I W T Ak AL B B KRS58 H, (BB HISSRIE E, s ) ESK H, &
H TSt H;, @)FERTRESERE (Q) .
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i WL PR TE R4 IR 2 TE 0 ZURIZERZBE AN TEo BY M BEIFERR . N T3 31
X X PR IR R TR A4

SERBERCE N2 TE o B (LK 1.3). TE /& Transverse Electric [(485, T
102 FoR a FEAH 1A “FEK”, ¢ HRk 2 A “LEK” b HARER 024,
Kl 1.3(b)2HL3 E, 75 xz Pl _ERIZ A0 B, 78 x(c) 77 I RS REAR S5 T 2 MK,
2(b)J7 I BA TR RS EER, RN T 1A “PRK” B 1.3(c)21 H, 17E xy
S B, pa) T RS 1A Pk P IRE T LAEANBCR . R
HEFERRE AT R R R BN R EEIC. EIILESBERES, WTRLREA
Jis R 0 B

(a) (C) L.Y

B 1.3 3T TE o BRI R EE
(AR B 7 LA 2 TEon 2. 181 1.4(b) 2 i E, 7E AL LR 1B 1.4(c)
i H ERAE T LMaAAE. SRR 2 O EREE 20000 BL L, L TEq
R 3 50U L. ERIEH TS, M ENAEZTKE 25mm.

(a) (b) (c)
F 14 R TEy BEREREE

VPO IE SR A MR E R KRR Q fH. BRI XAF:
AL A I e

0= O A ke (D

s A R T R T 2 AL R, P A TS, AR P, b
Rs o

Fie [,y ds (12)

R Hp RZHBKYIRTT MRS, B30 R EEEANERETRIR . H, fE80E RS



