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(4) ELEZ Ampere F7F0 Lorentz 17 » EEZEREAIREIE X °
(5) kb L RERIERE p = lA%H?ET@LEﬁM%%EpL = gl L ( Asnzt) B

R B EREERE ps = gs;;ng s ( igsERs ) 5 Rk O RS (3)F04) &
BT T B R B MR Q MEAEARE S B °

(6) Lorentz FIRIHEGET] Fg = qux By D vHIB,. IR AREGEER 7 WHiE BERED
FHEEER ? @ BOF Ampere /1 dFp = [ dl x B, BB XA ?

(7) @ BT Fp g3 BREBMHEER ? O IEER ¢ BT B v 1 2 R R
ZeRIE AR BT EEEEEETE?

(8) 2 [ Ex.7 - 44 ] 9BIEESTIE

()53 (7-46) 15 = TA x By = b x Bow? PAR 75 BIA/INO R 0
(S5 PNES 5 N

00 FEFS [ Bx.7 - 38 ] EMHETHERER « NEE=A
winsE  SREAERAEA/NIRBEERR [ &UH
BER/NEREATREEE A - B CHIBER=A
A= (EIEE » e R EEAZINAR  RE=R =9

AR SETR R AR 7 !

) 342 [ Ex.7 - 38| AU/ - d>
W ATEE A RS TS  EEEER = | T 44

J(BREE)
*Dr< R @ r> REEEEB » A = BYJEH <R ° =
B {58 [ Ex.7-45] ~ [Ex.7-47] 5 Fy = 08 F5 08
qava, %D vab Ej\jﬂﬁgl‘%\_ﬁé\ 3 qa %D qb %E%ﬁ 5

C
Q EEPIHEE T

a

V. #'8 &4 & mE ik

A mE

&g ATt o BRER EEERE 2 2N SRS I R R © B
HITE B AR E R R R b’ﬁ%m%ifﬁﬁz&f@%%ﬁ p PriEHE - HE A
YRGS - SRR 2 RRNE - FTLUEREMREERN  BIERE p - BT THE
2t WA T RERERETTET RETEHCHEFERTHANAEMNE
¥ FASHSHRREETE - =R EERAEE T T ETREZEER
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[Ex.7-1] » EEFEEHEL - EERRENEHESIT - BHET S/ B% .
PHIBREMAERT SAE—EEF EFEENEETFT B 1836 1% » it
BRI RAEE e » (FEREE - 5%@@5%&%@@@@?/}\9’]%
) o BT EREEE BRI BB TR I fE RS 106 (5 - EREF
SR REN NGB AE AR EE TR A BT T - ﬁ%f&ﬁ%
BIIRRE  BEESE ) NSRBI THREET HEFTHEDRITEDR
RERE - REGIFHETOMEESE  FLUE AW EAZLT T - e T ERIER
HEREE > BEE TR (tue current) 5 TIETFHENE ( EEE ) £RE 2R (BE
fir ) 1F LRy = Ry T 5 (true charge ) B8 &1 B4 ( free charge ) ©

BTHRNFAEE  FCHREELE ; THIERES © — H RS BB T E S,
EHGRAE py 0 FIRFERSHNEASE  BHEEME (spin) S B S
ps © TEIMIES Boo SRR » AREEE A py . s 1B MEEIERRL » B3t (7
-47) EESE 1y = uy. gx B, 0 R pyos —EREEAE—EERN DB, B
TF1E B.. BIEFE T e ( precession ) EE) - EFHEE » B (7-54) \]%0 >
TERACER G ELRNES B DRE BB, BY T EREELE S, o
(DB < B, :

FRIMUESEN NETRES: © B, B RN BITRIRGNZIER - e po 0 ps
EHMNB. X - T EE ’amL %Dm%%%%&ﬁ“ﬁé A3 (7 - 48b,c) L,S Y
TR e, s BITTAIRIFARR  ERABETFHEBERR (7-48b,c) 5858
It o MR ERENRELE - Ejﬁﬁbifﬂﬁﬁﬁiﬁﬁ'_ EHA—E o
(B > B,,:

ERES: B BRBIMIES B, BENEETS N EEE—BUREHT B, ; &/
& J =L+ STIEHEER = p; + ps EBBYB,, HISEES TE b) - M5
MEEREAESHEERE L (24) -

FTEASMIESS: B oo REF I VB REIEEBAIIEE » BHIYVE B, ML TR
BEA TERWGYE  EEVEBSFuEn Y SNWESE £ B.. BB
B s IREFTERERER 0 LH us NHEE > Y8 2B EEYE B
WH o BREARRRIR (Fe) ~ 87 (Ni) FI%5 (Co) @ HMIEHESETEET
FREE ~ BASTRETRUBE TS0 WEEENE - A M EREswE
T ENES E NER TAEREFTHED LY e ARl § by
EH M EREFE—EZSER (electric dipole ) » ¥1E 218
BILHER (L8 ) @ EEMEBS T4 ¥ EEEEEY @
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(a) (®)

BHATE - EUWETE E. AT » BT REEES  SENERR TR 5
{3 Y E B RINETE T B/ BIRGE — 2 AR -

BYWEESENEERR

EmAEAEES (—) (6) WEAENHE HEBRTEVEEREER
730 BT RAHSATINENSEUREAT BEFMUEE - FENKOEIEN
NESE B, LRIV B WREEIER » RRERERRT LT TSR
TR Gauss EETRERERT]

(1) BE{LEE P ( electric polarization vector )

A1 7 - 36(a) BEREARFE Y EEEAERERANER  ZREEM ¢
@ 7 - 36(b) PEHEABANE R - TLE  EENESEMTE HERIESY

Gauss H S
__%értttit' ——ZéiTTTTT_
| Gauss & S

d R E, 2\?}(2@ | ﬁ ) ] A

+/+><+ =
bfy i

EIEEE =9
(a) (b) (©

&7 - 36



150 V. YERNEHEM

B BNMEFEI (polarization » EFUBREEERE ) - BEEFTHRES

72 - HARUTER A Gauss 5T EAME S AIIF O REESER RIENEB(EEE
Gauss EEfEE

§ s -

I)—A

Do (SHRE) = - (g-g)

m

0

dp = @{t%@%ﬁ ’ EEE%E Op = [%B

_ % xd _ FEIEE p BURER
T Axd T BNENERV

RN B S TA e ¥ RSB P §
mEE e |

BE1EE p 20 7 - 36(c) » AIEBHB{LERE
s = JAO'P d4 = JAP - dA

1 Gauss B S WENRAEEARHENSNE—HEES  LHESET 25
TEBFNERAITR A dA 24 WRVERAER  CHEBEAAENHHE -

- éEdS:jEwA:i%_ifP-m
S 4 €9 €0 /4

JA(50E+P>'dAEJ4D'dA:§SD‘dS=gf (7—58}3)

.{7 D=¢yE+P=c¢cE ' (7-58¢)
_ i

DB EaEmE (electric displacement vector ) * BB E A & F H ( electric flux
density ) » B ER A G F ( electric induction vector » 22 B 3% (7-39) ) 5 e = BN
HELZE - A (7-58b) BEENERY Causs T TEMLTH TEN RPN
D& B&yfEf sk DRTEFYEESR  H D BRREHEMC - D 1P AERE
(D] = [P] =FE®C/ (Km)? (0FBE T - 36(c) CEE(BLE » AIEF ¢, EFIP
FIF SERT a2 — o R (7-58¢ ) REMENIGES  SWEBIHKEE
REE e« 351 SEEFRBARENE TEEE N EESs6AREAR
(isotropic dielectric ) = HEMENETEE MG DA TR EAY
( un-isotropic dielectric ) =i REDENEEBE BN T ARG EIRE !
B B SRS TR BRI E - !
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) AEEH o BAELE y,

FER FEEERBEENEG  BESTHE HENEBHEEEERKNIE
& GENBENER (4 FRENENESR C, WHLERIFENERE ¢ Me Z Lt
(W
Cy e
Co_eozxe (7 -5%9a)

«, BEAM T # % ( dielectric constant ) * HfERH EEF REANRENHIE -
SEENEERHSATRER  RETE ( positive real quantity ) * BUREH -
Co>0"Cy=0
Kk, =0

o, BIF/NIBBILEEP S EER - PFIE FAARe > ¢ PR x> 15 KFAAe
o HERR < 1o B HEHE «, = OFFTRENE ? 2% LIELTFLE ° v, < 1 2]
e, > 10 B k, = 10 B ¢ = o HEREB(ERAREE S « Rkl ER 3
A AL FFUEE—(ELEBLERAE . 18R 41 F (electric susceptibility
& dielectric susceptibility ) * ZE4% 4L # ¥ ( polarization constant) * y. MEMT
=, -

K521+Xe (7—-59]:))

V. Rk, — M EERARBHEE o % LEARER ¢ M 248 TBEGR -
Kk, =0 v, = - 1 FR y, BETR (AREEEDE )

K, < 10 ~1 & y, g Qo ( RREEEDE )
K, > 10 0< g, =7y, BER BESREBRE  HBAERSIVE?

(7 -159%)
HEELRERILEE PIESE REEEMILE
P = y.c0 E (7-359d)
ERLEENEEEEEE  FER (7 - 9a,b) AR (7 -58) BEREH (7 -
50d) o FEEMEREERIEENE ¢ =- | BIFF  EEEERNENE? 1.
| EEEc-0 RED =0 HKEReE+ P =0 BEFERERLAE P HE
FIREREES o E > T EMEARARES  ENEEREHE | EMHEHAKE
§2s e A e A USRS IR 5 0 AR o, = - | BT ERFRUEERER
BE - 7198745 R 12 e BRS & (et ZE v, ( magnetic susceptibility ) TEFEME



152 V1. Y)ENERME

W - Ly, [ESENEAEE
<0 1BIR/N BETEYE ( dia-electric substance )
>0 BB/ BBEIEEYE ( para-electric substance )
Xe > 0 1BIEK  BEHEEYE ( ferro-electric substance )
=-1 REHEE
(7 -59%)
Ye < 0% Ye > 0 FRfEL IR Ay = () Blk, = 18T e = g BENE - BLLEHRR

wEE - A—EERAGAEENT

M(E§)53E3E+EﬁEE%
FEFEEp= yEe LA E RIELLEREEENE
Eg= (l+y%. ) E
=« E
. e BITE -
BERE eo Eo( EZ) g0 (14 5. ) E-veg = BERSARMEENE
=ckE
= D~ R D BERIMEBEESR  EESENE
=¢E+ P
P=¢y y. E

CmMmE (HENE ) 2ENEERR

(1) e

MEERERES » MARKER & ELIENREBRR N FERR -
AR RO RS B RREAGRERE (NE) HREAEE (S
) EAEEIE  PREERENSMMR - BEIRATREHRE Gauss

R (7-8) TSRS
SESB'dS= 02 Qi (S PIRORETT )
= po(+ Qn = QOn)

© § Bas=0 (7 - 60a)

E" ?ﬁ\ q@ B -d B, R = A o s 2LE : Gauss i S (&)
SEERS B - ds 8% BOEERT By CoTEEsemum
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Couss BT A R 23R + BUE45RE0 B RAE S R TIE4RRY B REEME
BERERAEN §  Elt— & TAREENE « SHEERER A A HIRERS
sl A 9y 0 HIER ,

A(#)BEJAAB.dA (7—60b)

JA B AA PRIBUNERAE (EE )  dp BIER [ 65 ) =
T (tesla ) x (m(2K) )2;Wb(weber) °

(2) EE'T_&L#?J%"E’\JE%H: » Bt{bmE ( magnetization vector ) M

B AR - R RS AR © W T - ) K
B GEEE (oid) EREIT - ERORRERUELE | AEIE
Sm 4 - WAREE - BER SEETER  ERELNEIRIER 2
P o (B PRV E RS IR By + R Ampere ERER (7 -
2bh) =&

§ By di= w1 (T R

=2nrnul (7 -6la)

WRBITE DB
(b)

B 7 - 37

I = HEABER > wo = B 7oRiE 2R ( permeability of vacuum ) 0 00 T B4Er 89E
8l B, RIS E BRI EE _FHIBUINRER Al = 7 dO T d13EA YR -

EﬁBo%DdlE"\j%% = ’}j’ﬁ%ﬁngo-dl = J:( B r df cos (°

qg Bo+ dl = 2nrBg = o 2 I
v r

By = monl B Bo=ponles
es = YR HAMELIAE ° gFEoR AE n AT EE ° Bo g/ NMBEE B Bo =
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S - R E VES AR E - AR E S R T T TRIBE p 1T
V2 EB, BEF & p BB, MRS - SENEESR - BERE B (R
B BT+ AUE T - 3700) » BRI LIRS B/ VE i, - 1R
S (7_47) B o, EET M A &, WTRRITBRE A - RRAEEES &
e R E B ERE R - ORI 7 - 310 B iy = I, » ERERHEER
) Ampore AT (7 - 61a) B : J

§ Bdl=poX (T+1) =2mu(I+L)  (7-6b)
r TPEHT

| FERmILER & p )/ BEIFIL, ZFEMA 1R p FB RIFRE » AR
ME A2 0 8l TR, BRE SR AENRRAMR R - FEERIVD 0 B
(855 p FORGEZS , SEFMERASRT  BEBERFRRE 1 DIBIRIE °

BESR » REEMBE ESMEES B BV T 0 AR S A A
WEFEFHRESE p (FINE T EENBERERE
ps.p ) FOBEGFEASER T p s @82 EHESBER
MEE R MEERLER L, o BT SENNE £
RS M T B LA E B EE - B (7 -
1) p = 1A BRTFHEE r, EFEEE AL 14 = 107m BREE A, = n ra =
10-1902 BUBNESR » TIE FHUERMBEESNRMEER i FIR/INE -

o e Bohr 87 ) | 9.274 x 107 J/T

i, = = =
" Tk 107 m? 107 m?

SN

Z

g R

NT:9.274><10~5A {7 —6le)

I, = 9.274 x lO'Sm )
FRLL I KT 1074A BB ERR - RARE RAYER °
BFMEEESMBES  REHWAEZRK .- B AR

M e L& £ ( magnetization vector ) * BiEE B 2% B RHERALIET ¢

F oy _ BEBE p BOAD 2 A

(7 - 62a)
| wEEY -V | )

e T ’ __[_&l_ J _ N _éo , FAE
MBERIM] = B s 2 T.m m LFuEH BELMAME

B 0 B I, = i AUE7 - 37() » BARE (7 - 6le) f5

P SI GYRZ B 3| (O MBI E:
T, g

{Efm EEAxEE




P/ BT 4V
- e

\M

ﬂM

ﬁ | EE(rE) o | M xRE(IZR)
%m%%mmmm&%%%m& SR Ampere HEHHR I DRI TRFR
§ modt= St @ i - EERE T ERUIMREREE (7 - 62b)
%Tﬁ@ﬁ%&ﬁ%%%ﬁ’ﬁﬁﬁﬁ1€%%%ﬁ§m&T;
§ moar- 1 (7 - 62)
cEm (7 - 61b) HJ Ampere e BRI TR -

SEB dz—#og}@ (M+H) -dl = 2mmpo (1 + 1)

Y B = po(M+H) =uH (7-62d)

£ MKSA &SfE H =¥ 7% & ( magpetic field intensity ( strength ) ) SE{E %7’%%/‘%
BTHE wEAEREES nEE g ETRETNERI ERTE &
RALER In BB if%%zﬁﬁ&}@ 7% & ( magnetic induction intensity ) o B BEFHE
smarg (2RA (7 - 39) ) o H BERFM AR RAER %BE" [B] =
f%ﬁﬂﬂy%ﬁ@@%E%%mﬁﬁ’ﬁﬁﬁim]:E#]=Ij@=%
(3) T HLE B ( magnetic substance ( material ) constant ) Kn 1i{b 2 ( magnetic susce-
ptibility ) Xm

EFELNES dB s (7-40) Y Biot-Savart %@E%Dﬁﬁi%fﬁﬁ " B IR

HYE RN FEARES = (7 - 62d) Wl 7 B R AR EUE -

(HEAE) 2 _,

——'// —
B, (WGREEMIE ) m (7-63)

x, BN EE T B e HrE R F ( relative magnetic permeability ) o REEZER u 2E

EE pg=0" s ARk, =00 EMKSA%U¢y0—4nxlO"7T~A'm>O FCLE knm

=1 p= o FRBHHLRR TG 2 | FBRHE B i g 1 TR
1B > BRI ESE T3

Kk, =1+ Am (7-64)
X (7 -63) F1(7-64) rAF (7 -62d) =
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M= y.H (7-65a)
v EREACE |y, Ak, FEERARE » BREME - AKX (7-62a~ d) LARE(7-
65a ) FISA0TRATRE ¢
ey {M%DHFETFEJ » B IROL, BIF T ym > 0T yn BLER
" UBERT ZE | y, WEEEREREA IR RREERYT -
o {M%um;zréa P B I, K18 0 A RBERE -
" ' -1 <y, <0
(7-65b)
ke 0 <k, < 1BE k, > 10 HELR K, =17 ER ¢ = p FRECRRE
Foh (7-64) BEBIRE y = -1 5K x, = 08 x = 0 BB (7-62d)
RIS B = 0 FRROEYE NERES - bR E M RES no M BIFEEREIMES
wH oy =- 1 EREEYMEN—BEEERE ER VI FARDEER
H.Kamerling-Qnnes Z$FRAVFEIREE (2R 11 ) - EREEMENGER P
EREYERN—BEER - BRREEENEE  BREB 0 BEERE 10 B
2o BTEETE  HL FHRSYEE > A—EER S AEERERT

B<E§>EBOM30+B%: B
& By = ynBo RHLFN By RIEHEIZRRMEDER | (7 -65)
B"ﬁ = < 1+ Xm > BO
= Ky BQ
ﬁ%%BoE /loHM#O(H%— M)
= Bg - FARGERR 1o A0 p FOTEF
_ . H (7-65d)
M = XmH
P Py
(4) B3 - BRI E
BB ORHILES 5, HAN R SR -
SR TR=ERE /’;
(1) FIREPYE ( diamagnetic substance ( material ) ) NS
;ZDE ’ %y*ﬁﬂi% Bext = BO i%]\%gqj 2 %g% LB B
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FFEFHERKERE ps TNEEE > BRTREEE BEMUN ;B p, MAZEE
2 ERVL B HITM c B bAE M AH BAGRKITA » BER (7-62d) #
5
B =y (H-M)

FRER v = Bff  EEVMEBESRENE - M—BWTHTERZ

~1< xm <0, p=10"y (7 -66a)
7E 1845 ~ 1850 4F Faraday B R RIKBEHEE WS - ETUEMEES (Au) ~ iR
(Ag) ~3A (Pb) ~$¥(Zn) “Bx (C) FWHE=
(il) IEREP)E ( paramagnetic substance ( material ) )

B EARES B, = B, RS« FFEET b

BIERGEAE p, FIE e B E ps BB FHAIE R p 18 I
FIfSFERE (random ) » BB TEER » 1B ps A1
HEMB.. B > IRRELAE M B, B » AL
(7-62d) 8K : |

G

u

BRERE #s

B=p(H+M) =y H
FEERT (300 K) » ERELE y,, FREEES 1 BHEKRKIRE
ym >0, BB/ p= gl 1+ (107% ~107°) ] (7-66b)
EREMEMBRIREMY ©
(i) $BHEYE ( ferromagnetic substance ( material ) )

FEEE (= 300K ) EEWENRETETF u, M ps B UK py, Fps Z[ERL
FEEEER  BREMESBIFLHAL & 0 X% (domain ) © BRIERRX
/NSRS 1075em  FUE 10° [RF  RIMGRSREH B..~B,

B bAE My TZIFHMEER » BT ERME F
BB, EXE > FESFZE—gEgHas —apf
Bo#EE c I My,,i = 1,2,3, BEENE LA
B BINEREAAT BF2IWL TWHE B =

po(H+M) = pH* M = ZM‘“ s FTLAREAEES 5, FOREEER . EARK -

ym >0 BEKRK p=pl1+ (283 ~10°) ] (7 - 66¢)
ERWERES=NY  BEFSREBEVENTIERY  EERBRIEED
H BRSBTS Curie B & ( Curie temperature X Curie point ) T¢ » FIANERATER
FUBE T = 800C © 3% M = eRlEbREAR/)N » BNEKRRIL S E AR LR
E M NIBENRA—BROTE LR -
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(5) HEAIRER ( magnetic hysteresis ) ERER MOB{EIE)

( electric hysteresis )

PlER SRS E N E O ARNE » 2%
R B IS B, T3 o BB BB 2T
BE -~ BOILEMEWHESHN N EYSERES
B BREEREE ST B REWE
BRTBHNESN - —REWEE B, OERT
WAL BBTE B, MERERR » BT -
EFMYBEFTESNETEE  EES6ER

HIRRE o WG 1 RIS ., 0 RIS 4, Ny B
MABHHCAEM » 2FUBE T 51505 B, ) g

ERGERZINERSWEE  FIFEnYy s ]
BEOMTES  EH- WERILEASE M -
M ( T,Bew, B ) EAt HsKm s Am %K“T%IEE
T, B SRS - ERI0E 7 - 38 AORLEE S - HEIEFEE T TR TES R
21 B, :
O B EIERN S 0~ B, :
HALIE T RABIEL N By # a — b —EEEIAIARRE S BRAHILAE
M ;
© &ethrEE B, —~0:
bAEE o TE e B, BE & % 851t ( remanence ) &% %5 » B f& A8 & &
( retentivity ) &% » T M. 7% B ALBABAN. © B, = uy M, o
@ 1E&HMIF AR O RIS - B, |
HACHSIE ¢ > d— e —EEIR FRIBIEFILERET _ 5 1 BEROMERE
RS AMEEE T - M, | o
@ E'BHS" - B, ~0>B,,:
WERRRWE ¢ ~ ¢ — f— b B —(Esi i FefS At @4 ( hysteresis
loop) ° B, REBRR#EMMY  INEBERZLLYT -
NEVESDERAERLEREES 235 ei HEE  IZ2ERE
VRENRREE IR R B 2 ( hysteresis ) * EIFERIF AR KB E - FTLISE
—ESERGOYER 0 BB oWEEs T X1 HEy T8 VESREE
BETREE 0 0 89ERE ; 20 0 BEE  FRME G - B SRS ke

&7 - 38
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% BUIEENYEEND 087 - 3880 0FEB » y £B,, ) S8 ems
& BES  RNER LARRESESE - RS RWE N E§T TS AR
R ERLIBFERER - BRI EIE & (hysteresis loss ) ; BRI TRESLEnR

#ae o MATFAORIBAREERNES — - (21 (s
BRJOEEAR - 085 - BEEROTR - T
AR PR S R EROREET SRR 05 - WV REEROTE F3E /

HHIEE - RE AR — o o// >
A SEVMELENSENERAL  E.,

= SME% 0 P = B{LAE  BYLIETNIE 7 - 3848

DVE(ENE HHEYNE ) HEUENEEHRE

RTYISMER T EECFIRMERS 75 (B) 1 (C) HIEREmIL - &
PR R EDE SRR BE R RS ERYEE co.c, 0., Yor 00 122 km T ym
HREER SRR - SRS AERE ERE S BEEYEEEEEEL
MHACRAE AL - BRARS S8 BUARARESBIEIE  RE
DYEE— RS ERE - LIS (7 - 62d) MFIFRRH » ERSE

Bx = Hx Hx
B e /,zyHy} (7-67a)
Bz = /lzfiz

PIREER 1 = py = o = g0 —FRHOER > REHES , EFWE RIS R
B SENERRIRET—ES S TRAAK H §ELER— BB :

B, = pu Hy + poy Hy + 1, H,
By, = p, H, +/ln-Hy+/xyZHz} (7-67b)

B. = po Hy + p H, + p H,
AR ERB =+ (H) H, H=|H| (7-67c)
HMEHNAERD =<(E) E, E =|E| (7-67d)
k, =k (E), =% &) (7-67e)
Km = Ka (H) , Ton = T & H ) {7 ~67)

BA(7-67b ~ 1) » EREEE (HHERETE) WEBEERE  —EiEEYy
ERFo ¥ - TEEXER  RMAEAVYE  FERSETARE  STEREE
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DEAREDERD - HERT - 3 BESHONERVEEEERRT -7

7 (FELILATTT)

B

%7-7
X 4 EX 4 Y BEX B % (MKSA #| B A1)
A magnetic charge FBEUHRAEEHER
% magnetic field, B (] - Al.\Tm _T
X magnetic induction
it
{Eﬁi@)@gﬁfg ’ intensity, magnetic IT = 10°G ( Bauss )
HEETE flux density
HWEEE magnetic field H (H] = A
intensity (strength) | B = po (H+ M) = ¢ H m
ER permeability [ Ho ] [ u ]
T
po () s S
o (BEHE) N
= 4
Gauss € £ Gauss' law § B-dS =0
s
S=HHEE
B ds
M ER
L
Biot-Savart J€ & Biot-Savart’s law mo Idl xr [B] =T
dB = — 5
47 r [7] = A
A [r) =[] =
1 dB
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¥ X 4 EX A R HER B % (MKSA #| £41)
Ampere &£ Ampere’s law é Bdl = #02]{ (rwe!l B] =
r i [L’J = A
=
I ) [dl] =
_ ZE
L' & sl il T = tesla
r
a_| B5F
o EE R | ER
Ampere 7 Ampere’s force dF = 1 dl x B, [F] =N
dl = B EERE [ Bl =T
B = A% .
©m
!
[dI] = m
—a}"B,,
Lorentz # Lorentz force f=yq (E,+vxB,) [f] =N
E, = #%% [¢] = C(coulomb)
B, = /% [ 3] = 2
s
g = BN N
v % g HHEE LBl = ¢
WiEE magnetic flux by [$] =T n?
$y = J B-dA = Wb
‘ Wb = weber
WhEsNEd g
" TR A
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(3) SERGRBHIEEE GHB 0 RIABMHE ? X LSS B Rm
17 2

(4) RSB EERREE - CRAZ e R EHEEER?

5) BB MBI R RRE BB E - 1 < v, < VWEANE » LIRFAF2WE
EnTEE - BEENEREYNE  REERVINES B, IBEE P
GBEGRE (5@ T -6) -

(6) 72 Curie IBELIF » HEBRABIEE R RS - NEWE QMRS
SRTAIAEE  MEGTHEERT? REREEN? B }

FER (7 - 59 ) BTREALEE y, ARGHEDE WBIMAR ¢ L

(7) AOASTE] » TEBT ¢ HEHA RS  EEL - HE
u@@@0ﬁﬁwgﬁﬁﬁﬁyﬁﬁﬁﬁwﬁ@mﬁﬁ<££E;>
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12/5/16 Chapter 32: Magnetism of Matter

Chapter 32: Magnetism of Matter:

Maxwell's Equations

32.1. Magnets

32.2. Gauss' Law for Magnetic Fields
32.3. The Magnetism of Earth

32.4. Magnetism and Electrons

32.5. Magnetic Materials

32.6. Diamagnetism

32.7. Paramagnetism

32.8. Ferromagnetism

32.9. Induced Magnetic Fields

32.10. Displacement Current

32.11. Maxwell's Equations
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Chapter 32: Magnetism of Matter

Magnets

*Magnets have been known since antiquity in the form of small pieces
(lodestones) of a naturally occurring magnetic iron ore called
magnetite

*The Greeks eventually noticed that these pieces tended to align
themselves pointing north

*Magnets were used for navigation for many centuries

*Magnets are magnetic dipoles whose properties are due to the
arrangement of electrons in their atoms

*Magnetic monopoles are NOT known to exist

Gauss' Law for Magnetic Fields

*Gauss' Law for magnetic fields is just a formal way of stating that
magnetic monopoles do not exist:

www.sci.sd511.edu/classes/physics/phys1 96/ferguson/P196-32.MinMat.011 himl
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12/5/16 Chapter 32: Magnetism of Matter

¢B = fﬁ- dZ =0
sContrast this with Gauss' Law for electric fields:

¢E =§E)-dz =@

Ep

*If magnetic monopoles existed, they should have a net flux out of any
area that completely encloses them

The Magnetism of Earth

*The earth forms a giant magnet

*The earth's magnetic field is thought to be due to the movement of
molten iron in the earth's core

*The earth's magnetic field is not aligned with the earth's axis

*The average strength of the earth's magnetic field is about half a
Gauss (50 uT)

*The strength and direction of the earth's magnetic field varies from
point to point on the earth,

*The field declination is the deviation of the magnetic field from true
north

*The field inclination is the deviation of the magnetic field from
horizontal

*The northern pole of the earth's magnetic field is located near Baffin
Bay in Canada

www.5ci.sdsu.edu/classes/physics/phys 196/ferguson/P1 96-32.MinMat.011 htm] 3/15



12/5/16 Chapter 32: Magnetism of Matter

*The "north" pole of the earth's magnetic field is actually a south
magnet pole as conventionally defined

*The earth's magnetic field gets stronger and weaker over a period of
centuries and has reversed itself many times over millions of years

*The earth's magnetic field extends into space and traps charged
particles from the sun in the Van Allen belts

*This protects the earth from higher radiation exposure

Magnetism and Electrons

*An electron has an intrinsic angular momentum (called spin) S

*Associated with this angular momentum is an intrinsic Spin magnetic
dipole moment p

*The magnetic moment 1 is related to S by:

- e =
.ug = _ms

where e = 1.6 x1619¢C and m - 511 x 1031 kg
and the minus sign means that S and it are oppositely
directed

*S is different from a macroscopic angular momentum in that jt
cannot be directly measured; its component along any axis can be
measured

*S is also quantized which means it is limited to certain values (in this
case, the same value, either positive or negative)
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12/5/16 Chapter 32: Magnetism of Matter

M=

Sz = ms-zh—n with mg = +

where ms is the spin magnetic quantum number and h
is Planck's Constant (h = 6.63 x 1034 Jes)

®*The spin magnetic moment # also cannot be directly
measured, but its component can

_ & _ &, _ . eh
Usg,z = m °Z = Iis z = mmSZTI = T 4mm

*us,z is called the Bohr magneton and has the value:

eh
41Tm

g = = 9.27 x 1024 J,/7

*Spin dipole moments of electrons and other elementary particles can
be measured in terms of 1B

°In a magnetic field the energy associated with the spin magnetic
moment is:

- —>
U = g ® Beyt = s,z Bext

Orbital Magnetic Dipole Moment

*In addition to the spin magnetic moment, the electron also has a
magnetic moment associated with its orbit around the nucleus

*The orbital angular momentum is symbolized by L

*The orbital magnetic dipole moment p is:

e =T
nuurb = _-2"] orb

*The component along the z axis is:
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Lorb,z = Mp 5>y with mp = 0,+1,+2, ..,
+(limit)

*The orbital magnetic dipole moment behaves as the spin moment
does:

o eh
lorb,z = ma 41rm

Loop Model for Electron Orbits

*The complete explanation for the behavior of electrons in atoms is
given by quantum mechanics

*But semi-classical models yield similar results in most cases

*The semi-classical model of an electron orbiting about the nucleus
gives a magnetic moment:

Morb = IA
*The current i is that of the electron circling the nucleus:

charge - e
time ~— T T 2nrv

Where the period is the circumference divided by the speed

*Since A = 'r2 and substituting for current:

evr
2 - =
TIr: 2

Horb = 1A = 2nrfv

*The angular momentum for a circular orbit is L. = mvr

_&er_el e |
florb = 5" =% m = Znm
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12/5/16 Chapter 32: Magnetism of Matter

*So, including the sign due to opposing directions of L and p:

> e P
Horb = -5 Lorb

Loop Model in a Non-Uniform Field

*It has previously been shown that the net force exerted by a uniform
magnetic field on a current loop is zero

*So how are the magnetic forces between atoms created?

*It should be noted that the magnetic dipoles within atoms do not
produce uniform magnetic fields

*In fact, the dipole magnetic fields associated with atomic current
loops spread out and drop off rapidly with distance

*Under these circumstances, current loops near atoms are subject to a
net magnetic force

Magnetic Materials

*Each electron in an atom has both a spin and an orbital magnetic
moment

*These combine vectorially to produce a total magnetic moment for

Www4sci.sdsu.edu/clzlsses/physics/phys] 96/lerguson/P196-32. MinMat.011 himl 15



12/5/16 Chapter 32: Magnetism of Matter
each electron

*The magnetic moments of the electrons within an atom combine
vectorially to produce a total magnetic moment of the atom

*And finally, the magnetic moments of the atoms within a substance
combine vectorially to produce an overall magnetic moment for the
substance

*Substances react to magnetic fields in three general ways:
Diamagnetism

Paramagnetism

Ferromagnetism

*Diamagnetism is similar to electrostatic polarization of a dielectric in
that the induced magnetic moment tends to oppose the field that
creates it.

*Paramagnetism is created when atoms with permanent dipole
moments tend to align with an external magnetic field; the resulting
field is greater that of the external magnetic field

*Ferromagnetism is similar to paramagnetism except much stronger
and occurs primarily in iron, nickel, cobalt

T — R ——— S —— e S —————

Diamagnetism

*Diamagnetic materials do not have permanent dipole moments

*Diamagnetism is the weakest of the three types of magnetism in
materials

www.sci.sdsLLcdu/classcs/physics/phys1 96/ferguson/P196-32. MinMat.0] Lhtml 8/15
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*All materials exhibit diamagnetism but it is overwhelmed in
paramagnetic and ferromagnetic materials

*Diamagnetism arises because the dipole moments induced in atoms
tend to line up opposite of the direction of the external magnetic field
that created them

*Diamagnetic materials thus weaken the external field

Magnetization Vector and Magnetic Field Strength

*To describe the magnet field of materials a new symbol, M, is used

*M is the magnetization vector of a material (dia-, para-, or ferro-
magnetic)

*To describe the external magnetic in the presence of materials a new
symbol, H, is used

*H is the magnetic field strength due to some source of external
magnetic field

*B remains the overall total magnetic field and is often called the
magnetic induction or magnetic flux density to avoid confusion with
H

*H and M have different units than B to account for the magnetic
properties of materials; both have units of Amps/meter

B =po(H+ M)

*Because materials differ in the intensity of their magnetism, the
constant y, the magnetic susceptability, is used to relate their
magnetism to the external field strength that caused the
magnetization

www.sci.sdsu.cdu/cIasscs/physics/physl 96/ferguson/P196-32.MinMat.01 1 hm]
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5016 Chapter 32: Magnetism of Mater
M=y H
*Including the magnetic susceptability in the B equation
B=uo(H+M)=po(H+XH)=uoH(1+X)
*And the magnetic permeability for a substance is

um = po (1+y) = B=pumH

Paramagnetism

*In paramagnetic materials, the various electron magnetic moments
in an atom do not cancel and this leaves a permanent magnetic dipole
moment

*When an external magnetic field is applied, the dipole moments tend
to line up in the direction of the external field

*The magnetic susceptabilities for diamagnetism and paramagnetism
are very small; typically 10-9 to 10-3

*The reason that the Susceptabilities are so small is that the alignment
of the magnetic dipole must compete with the random thermal motion
of the dipole

*The average translational kinetic energy from theor
is 1.5 kT where k is Boltzman's Constant (k = 1.38 x
10-23 J/r)

*Compare this with the maximum dipole energy of £UB = 2uB which
is normally much smaller

www.sclsdsu.edu/classes/physics/phys| 96/ferguson/P196-32.MinMat.01 1 himl 10115



12/5/16 Chapter 32: Magnetism of Matter

*So it is expected that the magnetization M should increase linearly as
the external B field is increased until the dipoles are mostly aligned

*This deduction was proven experimentally by Pierre Curie in 1895
and is called Curie's Law

Ferromagnetism

*Ferromagnetism is a much stronger effect than para- or dia-
magnetism

*The permeabilities for ferromagnetic materials are hundreds to
thousands of times greater than o

*Ferromagnetism is a result of the combining in the same direction of
the many parallel spin electrons in iron, nickel, or cobalt

*The effect (called exchange coupling) extends beyond any single
atom and links thousands to millions of ferromagnetic atoms

°If the temperature is raised above several hundred °C, the exchange
coupling effect is overwhelmed and the atoms cease to couple in
domains

*Under these conditions, ferromagnetism ceases to operate and the
material becomes weakly paramagnetic

*Normally, however, those atoms will have a commonly oriented
magnetic moment in a region called a magnetic domain

www.sci.sdsucdu/classes/physics/phys] 96/ferguson/P1 96-32.MinMat.011 htm] 11/15



12/5/16 Chapter 32: Magnetism of Matter

*Any piece of ferromagnetic material will normally consist of
thousands of microscopic domains that are randomly oriented with
respect to each other

*When a magnetic field is applied, some of the domains will shift thejr
dipole alignments toward that of the external field

*As the field is strengthened, more of the domains will be realigned
and the resulting magnetization will be much more intense than in
non-ferromagnetic materials

*Even when the external field js removed, some of the domains will
remain at the alignment they held, creating a permanent magnetic
moment, i.e. a permanent magnet

*Lodestone is created when lightning strikes a surface deposit of iron
ore and the high currents involved create a strong, though temporary,
magnetic field

*Once a ferromagnetic material is magnetized, it is difficult to remove
the magnetization

*Even if the external field is reversed in direction, some of the
original magnetization will persist

*This effect is called hysteresis and makes it difficult to demagnetize
any ferromagnetic material

*The usual way demagntization is done is to place the material in a
magetic field that reverses itself many times a second and then to
slowly withdraw the material from the field

Induced Magnetic Fields
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12/5/16 Chapter 32: Magnetism of Matter

*Faraday's Law of Induction can be Wwritten:

*James Clerk Maxwell reasoned that, if a varying magnetic field
creates an electrical field, might not a varying electric field create a
magnetic field

*It turns out this conjecture is correct, a changing electric field
between the plates of a capacitor does create a magnetic field

*This is one of Maxwell's contributions to electromagnetic theory

dee
f ﬁ - d-'_.:-'? = jipEg d—t

*This is generalized to include the more typical sources of magnetic
field, static currents

doe
f Beds - Ho€o ~qi~ + Holenc

*This is called the Ampere-Maxwell Law

Displacement Current

*Since magnetic fields are generally created by currents, it is natural
to think of Maxwell's contribution as a current

dée
sThe B field is pProportional to gienc so the Ho€q T

term created by Maxwell is Just g times a current

doe _ ) dde
HoEg dt = Hold = Id = &g dt
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