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Nonlinear and nonreciprocal responses of topological matters
Naoto Nagaosa

Center for Emergent Matter Science (CEMS)
and
Department of Applied Physics, The University of Tokyo

Nonlinear responses are the key to the electronic functions. One representative example
is the diode by pn-junction showing the rectification effect, i.e., nonreciprocal I-V
characteristics. In this case, the spatially nonuniform structure is introduces to break the
inversion symmetry. On the other hand, the nonreciprocal responses in translationally
symmetric systems are less trivial since the time-reversal symmetry relates the two
momenta k and —k even in the absence of the inversion symmetry of the crystal.

In this talk, I will discuss the role of inversion symmetry and time-reversal symmetry on
the nonlinear and nonreciprocal responses in solids from the viewpoint of the
topological aspects of electronic states. The topics include magnetochiral anisotropy of

semiconductors and superconductors, and shift currents under photo-excitations.
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BEEBEFOAREOBRK THIRBIT. ARKOBESALE—LHEADOKRETH 5HE
BEBHEZTY, Allen PAEBOEEEEZHEH/LAZOMN 1992 F, Thrb 20 FULOEANR
Bo()e ZOM, BEEZ OMEENHIBOWEICE D> TE 7z, BEGEMRSER] CEHLE
BERICEMSEXRRM4)2 L. XROHARBESHAEZBRALEZCHABPEZIBREIL T
5, L2L, TRODEAMENEL A, XiBOARBRESHPLPEAEET— FMEZFEALTWVS
KT ET . RROR 2= BB THINEAEHREZPBHCBEALL D LI HEIR
RIEBDV L DT HIEBRFOABEHEZR T DO ~v=Falb—a VANRKRL LTR
AENTWRIZBERY, XROAESHRIIMIEATE 52007

ZOBWIZR LT, bhbnidREBMIOXRFICEI ZLxFRLE, VL—F—mMEAIhi=H
BRIBELDIVEEBRL T TA 70 A= MY A ADIFTREI—LRARED, DL,
JTRAE—EINBOAENEELZTMSZ L TAGEHT I, TORE, K4 RHMHEBENRE
KBNS B EBNTHE ROV —F—MITTIIAIS Z & BEEE - 885 =— FA[5].
BREERELY —7[6]., A 7a2=—RA[7]. 6. BIRB)RLFrOBEENERRAE
BRF CHEICAIND, XRBAIZ IO DEEIBENICKRL RIF~OSHABHFTE 5,
Bz, BiE=— FLv%E 2 REZEFITHIE, BEXEEZFOAIMEIONMNA I —T = —
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I EEE GG OGRS D EHFF SN TW b, — ., ARk 28 - 7 - ¥
VRTBOETHHE—ONFRMELR (=)o Fd~—) THHZ L (WbbHKREXFTY
T4 —) OEFIL, EVRFEICBWTHHT RERE R TH S, £, EFRMLE L TH
HEINTWDIEEM DB EEN X T N0 ThY ., — O Fd~—0HN3RER R
ERT T —ANBNZ END, TN TOHRB7E D NI FIEORIIX, BEKEED
KEEHFETH D,

SF-DXT )T 4 OB bR o F A~ —DEIE (RFIEEIE, enantio-excess: ee)
DORFEIIE, 7 a~ 87T 7 ¢ —72 5 NIH —E (circular dichroism: CD) HIEN > X5
FIHShTECWD, Ja~ /577 4—Tl, SRV TANKETHY , £i-, 3t
HNZ S 30004, — 5, CDIE. BRMARFH AAEH & xR L < IZEX 4 i1
FHAERICHET DEROMBETH D720, EHE ORI L TI0  FEDOEE L,
HERUEEZITHOICIZEREOY TR KEL D, ZALORIING, @SiRERY
TNEMEGET D ENRETH DKM OEETIE, 7 VT 1 OiAISCeelfll EIX. 2 E
TIFEAEITONT I enoTe, KM FORHNL, BREOREZZ T T ARK
DOMEEZHRHZENTE, £, FHEORL L5 F2HEICXKAARETH D & ) Fl A
N DHDT, B TFIEORENLEE LTV,

AGHH T, £9°. ZOBFEMICHKRWTHE SNz, KFESFOXZ U7 ¢ ikBlIcE
T AR ZRINT 5, Zbid, 1) Z7—a @R A A= 07 [1,2]. 2) HEFAE
AR [3,4]. 3) ~ A 7 v sEEk CORBER A [5-7]. D 3 DIZKBIS v, HIEREE
ITAEWVNZRZ2 D00, MR ET D0 FROLZRRANZHHAIFTETHD Z & &, MEkR
P TN THSTHEETE T VT ik (BXWee tRE) NAGETH D Z L 2H@mD
Rl LT %, TS 6, 3) ICHA#EL T, Whbwdate—L v Mo T 7 e
—FIC LD F T A~ D REM[8-10IZ OWTiEim T b, &RIZ., o FHEHOHE)
H72% 7 VT 0 W BLENG, —HWEINCEHET 5 0 FHEFORFZE/M A A —2 » ZTHIZ
DNTIRR 5,
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FHARBIR LTS Tlk, 227 Y 2 — S OB~ 7 hvns, HIEY; & TE 2N T
120 EZ L D 3 JFIATHREAR LIz A X)L 2 A4 U fERIRRE 2 MBI EFS 2 & 3 B i
LRI TE, L L, ZOAFILIF 0%, HIC 2 T A Y U HBERIREE
ELTTIERL, T A2MA DAL IF N, AF VI8 (1) Lip
D PR Y INTF ¥y —V THREINTEBY . ZAK T EMERWISI LT/
bt & LTHHEET D, AFNAIAVIFAFAIA RS LT, REEICE
B ety (BIBsRE) 2 52 . £ AU RICRT L TH B 1k LICA S I BRE)
ENbd, EEAFAILUE, PR YU VRIAE L CORMAE KL T, Hx D
SHE. T2 & 213, AR TLUANOE T HEES Y 7 A, IRIRIREEZ L5 Z & L A[EET
bHbHEZEZBND,

ZITE, CEARS AR AR OEEED e UH R & -
T, BNFLEMN B CRERELERES LTIFEL, $Z20EAIREN @
HOZMEF PR R VNV ERET DT, EFRF0T7 LT 7 2R
RRICHER T 28R 2R~ 5,

Fo—FH T, DHABMEOZIECRIEIX, R ¥ I A U4 LIA OLLFE K Bia ks 1
FEEBIEY 95608, 22T, ~y PRy sy (N RXI) ERASy VR Y TRk
T AT EZ IR 5, BFHEOROKE (FFELATOAE S E—XA L MDA
FRIZFE D) Tix, ZOBSKFFR AL, ARG OE ) RA—v, KE R—/V L TR
L85, BGHIIMTFClET 47 v 7 « ANV U7 OERT, BERRARESICLD
B—hE (MRa PR —NR) BENG, EEGHINCZE S, £/ FR—
b, B R—/VOXPER A L 2 9EGR MR e VR TR, TR E
IZ L DE R EOHABIIREZS /T,

DL, FTNRBHERIL, AFAIA=I AR EOH LVAE Y fr=y
AT RA ZADIEHATE T T FEZEM bR DA VLR AT DB O EE &
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BFREEFROXFIDH 2 FZILERINEICET 2MEIE. HEEEICARS
N2 & SBHBNEYMEZRT I ENMTOSNTE D, H<HSHMETLRIERZRIRT
BIHDEBEUVTHRINTE . FIGAFE, BIAFILIAY EEENS MR
OVHILERELZCY OBHEED, S ILAHMATTEEL S 32 KRS
N, REWEBZEDHTVWDB[1-3]e BMEAFOIFILIA VG ERE~¥E S/
A—=KILDRFEUTOHBEZRTFLE., XIHRARBRNMETZDEEZHIfEH T= 508
HDMRESINTWVWBR DS, BRE - EHEEBNLBBITR - BERFDORLOHD
RERBEREBEDENERFEEEZ SN TWS, K. AFILIAVERHDOREE
B2 EDEE (MnSi, FeGe, Fer,Co,Si) DHICRENT W, ch5DYE stEZIK
NICEBTHDZEN S, BICEEBFEOHERB - @XFEOHRIHN SHELITO
N, ERICKDAFILI AV OFEMNAIGEETH DI EMh>TWD,

—AT, BRESERE. FIILBEEZ M S EHIEEHRIACU,05e0sIC & LT,
AFINZAVRERT S EZHKRB Uic, SOICHFHBHFBAEZIToLER.
ODCF%EUDZ:\:)I/ AVHETEFBEROEINMBIFRINTWVWS I DD o 71[4
lo ZMETIE. AFILZAVKRIFD T D1 2HAO—HILBESIIIRFZEATL
53:%;1@@\ Vai—ILEAZHEDEW, BHICKDAFILI A VRAFOHIENT]
BECTHDIENBLEFTEIND, ERIC. BEBICLDAFILIA Y DREMEFIE
. REEHBICLDRAFILI A Y OHIGERENTHTI L TUWBI6,7]0

Ko, FIIEEHBMERIE. BIEARICEET 2ENFRICKHUTY A A — R
HeRd EN—MIICHARTE NS, Cu05e0:ICEWTEERIC, Y6 (W17 0OK)
PRAEVERICHUT, JERBICKERTAA—RMRIIENDZ EZHE U T[7-9
EROBERIF. WIThEFERBEOFZ )T NAEVEEREERAZEL TR
ICRHEBEGZACRRELCHODTHD, RFEETRISUIF T U T« EBBHED
B D ICDWTHERICERL L,
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AR ERF 3 5| & fl 222 RS PRI DR ALY N U T — & e o T, BRI
B OB EMENIEELS L 2 NI SIND L 27 oTz, R OMRFEE
RERERIZ, HREABKIRTFHEDOBFAEMRICIBN TS, EHOMIZ XV R
BOMMOFF 52 KIS 25 Z LN ARET, EIHIC K DoMWL, b A
EICNET DT MVAE ATV T 4 2, (8 % Si))DRERZAYE: S Z & D HGR
ANCIEME SN, EBRMOICHLIER I TWD, F-, MKBEAmFEEE R~
NFTxzaAf 7 ZAD%LNE, MSHOHINITAEL 2 A X BEMEERE e 812 X0 Bkt
MHENRZALT 52 & C, MeFEESHE LY, EXomomE 7y 7
PALT 272 EOLRIRBEBRMRNRERT E VTRl FoZ & bR TS
NTW5,

L L7an s, BpHREROER & U TE < HUIMES ORI & % TER SO
BR] &V BIRIT, =L b8 ARG E XD~ 7 vl & i3t
F R R OB AMKHEE L RO — O~V F 7 =uA 7 2B Z1E CoCr0s,
ANTET7 2 T4 FROIZEBNT LIRS TRV, £, TOAD=AAIZ
ONTH TSI I N THRVORBURTH 5,

AFERTIE, a2 =h L 5 AEEHEE BT 5 BRSSP OB R R,
&SNS X 2 BRIBIKERD A B = X XZHDONT, AV BB Mn B
MnyGeO4 IZBIT DR Z H L IZHEmm T 2. FWEIL S5 KT TEARB LUIHE
B IRBE IR y 72 A3 % double-Q DEEXMEEZ A L, ~ 27 vt & sy ez
TOHYNT T zuA vy 7 FtEamd 1], R - FERSELRS A o M- BOELRE O
RATK T 25 B RS MT OFRER, I = AROEEAARAEVEHR T v P
SRIGMERIICBLST 2 & W o TR 70 B H AMKBRTREE S B L e o 70, Rl
KT D - BHHNOEOFEMZ TN, S BITE OXIFRMEDBLSFRAH
O F, [ b ABKBFEIEITERT 5K AL V2 b O K
DAL v TFT5ZTENFAWEICBIT2EBXMKICEDARE THLZ ENRHLNE
Ipolz, AFETIE, ETHOLOHBROFEMOWTHEMNT S,

AFERTHRNT DMRARIL, ABEFEESE L (&= 05— Indga 7o -
YyEREERIFAFSEET), Dr. Jonathan White, Dr. Michel Kenzelmann (Paul Scherrer
Institut), Prof. A. Brooks Harris (Univ. of Penn.) & & O [RIMFSE DR T,

[1]J.S. White et al., Phys. Rev. Lett. 108, 077204 (2012).
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YWHOEWIGE 2B T 2 ICIZFHER ¢ LBERE p ZHV 20095 TH 508, BEBX 7 LR
MOBGICIZES (W) 2k (BRa) 2FET2 2L FEX20ENH D, HE DOHEK
IR D =¢E, B=pH I3RS TUERS RV, ZDFfEH Drude-Born-Fedorov (DBF)
FR & E N B RS [1]

D=¢E+(VxE), B=uH+3vxH), (1)

BELHeENED, THIEFEGRNGNREDOZEZ FIH->72b DT 7 uBRIIGENE
Vv, ST LTS 7 e BB GR 2 BEAUL L 7. b Dl E, B Z2EBSOEARZER E LT
MRS E I N,

D=¢E+ifB, H=(1/i)B+iiE, (2)
EWIHTBIZZ % [2]. BUT Z#1% Chiral Constitutive eqs (ChC eqs) EWEER. ¥ 7 VIESZHITHY
T2 BIHEZ 5 A= TH 5D, £,7 DHIBEIFLTI 7anikATEENS,
2o OREGRRZ v 2 L ERIEO T HBIRIEZNENRD L H IR D,

% = —\/a eqs
=t (PP 3)
k_ 26 (ChC eqs) (4)

A+ 1) £ LA + 7)) + 4
B,E, 7 BATEDRF XA —% LT 2 IR OBISRG & LA, AP L TRz 2
MR 22 809 mHTASER L, TFHOMRITF 5 VS OB SO CEIB IR ST 2 24
DB ZHBCE 20 TER VL E V) HTHFICA S, I 2 THEICT 3 HBREZRIE—
i (WEROMBRI IV —2MiE §5) —foliz R OBKOMTHT 505 ¥ 5 LHRT
(3 TP 178 & RSB 7B DI A7 12 SR 2 ARYERT ASAAE T . Z3USHIIET 5 &, 0, &, 1)
DEIBIE % H\ 2 L BiERICIE k= 0 TEIBOED BN S, DBF ATl 2 OB EDS
HBXNARVIED, FEEOBDEMD B IKEL R E VW) AR RITEEL S 3.
f%# & LC, DBF HFRIEIELBROBIRGE L COAHA 25, ChC ARz DBF A
LHARTIROS SICEBECZ TR, S7nicberuicd, 2B TLM2 2 Ev)
B2 R > Tw 3,

e\

[1] P. Drude, Lehrbuch der Optik, S. Hirzel, Leipzig, (1912) ; M. Born, Optik, J. Springer,
Heidelberg, (1933) ; F. I. Fedorov, Opt. Spectrosc. 6 (1959) 49; ibid. 6 (1959) 237

[2] K. Cho, Reconstruction of Macroscopic Mazwell Equations: A Single Susceptibility Theory,
Springer, Heidelberg, 2010; J. Phys., Condens. Matter 20 (2008) 175202
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KBICTRAEEDNH D ENERBINZDIE, 181TEFET7SVADFZZT—ICE>TTH
5. KBICBEFREFROZBEOEE BRENEDE) NHDH, Tn2NXORIEOE
BAMMNERS. ULHL, EAMOBRRIIEBEDENE (F7UTv) ZHEITZHICIFE
TRV, BIZIE, AKE (SiO2) &, AiEEZEELDH, GRILYF1 K~ (AIPO4) Ik
AEZED. DFED, RAUOEEGEARAEBEDFZUTICIF, T ULHE—X—DERK
NEDII>TWBDIFTIEREWN, FIUTsDBEORES F, EENMF—InTLERWS
CICEHE—ENH . FIZIE AetEEE DAKE (Si02) (& EERFHICITLERIBES
Bo-TWwabZE ns, HAR (FHERZFOIENS) (=4 EKEGEEMER,

HIEXIREOIIFT T, HI2ETFORNGEZFAT S ZOREDRRZEDS & HEBRINICK -
TREDHERRE (REY, Bf, #E) OMEHNBAINDG. 20 & EHELRFIRIMK
FhzREO>IENS, BB F(CeBs), WS /\MEF(LaosCeo7Bs), BEXT/NIEBF
(DyB2Co) i EDZBFHFEZBAT B2 ENTE S, BICHRIEXREES &, RIHKREG
NMERFSU T DAMBEXRBBAEDOMBOY Y FUIIEVWEE LS ES. FUTCEFR
EBIEWHNEND[1]. ALECEREDKRETEWVE, FEREXIRIC K 2 HBLOETEES
MICHERF IV T A ZRETDIENTEDRTHD. COHER, BRBEFZIITAIC
HIGHAT B ENTES,

CDFEETIE, ARAEXIRICLZHERINOFERZFEHTHRET . FICRAT-o>TW
3, TT—ERICELBZVA7O0E=—LZFMBULE N VERIE, EERHERREDO—DT
H3. ETE1IE DyFes(BO:)+DEERNDEETHD. 7VIEETIE, B—HEHIRZZ
EiFTH2H, FIUTARKENRZIZ00IRHFICEVNT, ARAENVAIIO0E—LZFEST
EEBITDE, H2DE3CFTYUT a0 RXAA VEBSHBEICERSN5[2] cD&SIC, Y1
JOE=LICEBVYYEYTICE > TEEDXIREIITTIE, ESNBWRAAS VEEEZEHER
TBIENTED. ZOMEHRRIE, BRAERIANHE OXRAREDERETH 3.

1 DyFe3(BO3)sDEfE SR M2 001RE#®BEYyE>Y

[1]1 Y. Tanaka et al, PRL, 100, 145502 (2008).
[2] T.Usui, et al. Nature Materials, 13, 611 (2014).
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" Phys. Chem. Chem. Phys. 17, 6192 (2015) (review). >J. Phys. Chem. C 117, 23964 (2013). *J. Phys.
Chem. C 118, 22229 (2014).
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EEREYNCHIET 2 2 itk o T BARICRFEL A WAFINE 2~ T AN TYE % E
W2z LdalpEL b, COXIRATHEEIIAZ~T ) Te TN, HFE, %
DHFIEED A = X L & SN @ o 72 FEERL A & L C o Bk & | Fep Rl & L
TOJGHDME D &, BEAICHIZE ED S Tn b

TaIT, F 7AMEEE T 2 A THLE % 72 FIRC o filiEc B3 2 52 & itk T
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W, IEEREICHES LT b MEMS HEiffiz w2 2 ic X > T, AL&EMED
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FIVTADREET 774 7YV EZLZERARERA XTIV TAEERT S
LI L 72[4,5], 2hid, TI~AVEBICE T 2 FEBARZT L L THETH
LEZLNLD,

¥ 7o, FEMRICBT A AT * I AEEICE T 2 BERIEEED BT, GO & #hEN
ek 3 HANE—F L OREER. FREDELAED~Y 7 4 —ITIRTF L TRE B
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FAET 5 GaAs FEEF T BIHAREGEIC X o THEFEL 2 [7, 8], 24 b DF5RIT
TEINBYEHEICENTH, WEEOMBRTEF 7Y 74 2RI, FNEMARLLT 2
ZLNARETHB L ERLT VS,

A clt, bk 5%k, FIANBEEZET 2 A LEEEECE W TAEL 5 MR
FEFERN 22 A0S & 2 OFIENCEI T 2 BoE O LR IC O W TN T 5,

[1] M. Kuwata-Gonokami et. aZ, Phys. Rev. Lett. 95, 227401 (2005).
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[3] K. Konishi et al, Opt. Lett. 37, 4446 (2012).
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Chirality in magnetism and optics
Jun-ichiro Kishine

The Open University of Japan, Chiba 261-8586, Japan

The concept of chirality is ubiquitous in natural sciences. However, until only recently, research fields on
chirality had been fragmented into separated branches of physics, chemistry and biology. Even inside physics,
a term "chiral" has been used in different meanings in condensed matter and high-energy physics.

First of all, let us remind the Laurence Barron's definition of the true chirality, i.e., true chirality is shown by
systems existing in two distinct enantiomeric states that are interconverted by space inversion, but not by time
reversal combined with any proper spatial rotation. The space inversion is a matter of geometrical symmetry,
while time reversal is a matter of dynamical motion. This unambiguous definition clearly indicates that the
concept of chirality ties geometry and dynamics. Conversion of geometry into dynamics naturally leads to
material functionalities.

The most widely known probe to detect chiral structure is light. Actually, the concept of chirality was first
envisioned by Louis Pasteur through natural optical activity in chiral crystals. Propagating light carries helicity,
which is truly chiral, and connects rotation and translation. This connection is nothing more than connection
of geometry and dynamics. In this sense, any polarized beam such as ultrasound, neutron, muon can sense
chiral structure. In particular, to use optical vortex which carry both intrinsic spin angular momentum and
orbital angular momentum is of importance. Phonon and neutron vortices are also interesting from this
viewpoint. Localized electromagnetic field, so-called "near field", can also sense chirality. Plasmon-assisted
enhancement of circular dichroism is also promising to promote. One relevant issue is how to quantify the
chirality. I will mention that so-called "Zilch" may play a crucial role.

Free electromagnetic field can be characterized by infinite number of conserving quantities. One of such
quantities is the time-reversal even and spatial inversion odd pseudoscalar referred to as the optical chirality
or Lipkin's Zilch. Applying symmetry analysis to the material form of Maxwell's equations, we investigate
how the concept of optical chirality is generalized to different types of gyrotropic systems. Considering
Born-Drude-Fedorov and chiral magnetoelectric constituent relations, we demonstrate that optical chirality
remains well defined quantity in isotropic gyrotropic media. This description of optical chirality can be
extended to the crystals belonging to cubic, hexagonal and tetragonal crystal classes when electromagnetic
field propagates along the high symmetry direction, while for lower crystalline symmetries the definition of
optical chirality becomes questionable.

I will discuss possible vortices in chiral helimagnets, called chiral soliton lattice, and also discuss relation
between optical Zilch and vortex beam.

References

[1]7J. Kishine and A.S.Ovchinnikov, Solid State Physics Vol.66, Chapter 1 (Elsevier, Academic Press, 2015).
[2] Y. Togawa, Y. Kouska, K. Inoue and J. Kishine, J. Phys. Soc. Jpn., invited review paper (Oct. 2016).
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Note on the Relativity of Electric Polarization and Magnetization
Masatoshi Nakayama, Kyushu University
Let me show a brief summary of the relativistic transformation of electric polarization P and
magnetization M, based on my text book “Electromagnetism of Matter’ ,Iwanamishoten,1996. More
details are given in “Classical Theory of Electromagnetism via Relativity’, W. G. Rosser, Butterworth, 1986.
Consider two inertial coordinate systems K and K’, where K’ is moving relative to K along the x axis with
velocity v. Physical quantity in K is denoted as P”. Since (A, ¢/c2) and (i, p/c2) are 4 - vectors,
transformation rules of P and M are given as follows in the first order of v/c.

M = M + puovXP (1) P = P — sovXM (2
These phenomenological rules are known around 1910 and hold irrespective to the details of microscopic
models. Combined with the rules for (E, H ), the rules for (D, B) are derived and we can show that
Maxwell equations in the matter are invariant to the Lorentz transformation. Constituent equations such
asD= ¢ E and B= p H arenotinvariant.

Equations (1) and (2) can be applied to small elements of the matter. They hold for the case where matter
and velocity are not uniform. If we choose v as local velocity of the elementary dipoles p and m,

m' = m + povXp (3) p' = p — eovXm (4)
When a small electric dipole p which is at rest in K is moving with velocity vy, in K, v= - v, andwe
can say “moving electric dipole p is accompanied by magnetic dipole - povpXp”. Similarly, “moving
magnetic dipole m is accompanied by electric dipole ¢ ovm X m”.

Experiment on the rotating dielectric disc polarized perpendicular to the top surface was done in 1888 by
W. C. Roentgen. Magnetic fields are observed around the fringe of the disc. In K, the magnetic field is due
to the current of the polarization charge on the surface. The current is called Roentgen current. In K,
we can say that accompanying magnetic dipole produces the field.

Induction of electric field in a rotating magnet was first suggested by H. Minkowski. In 1908 A.
Einstein and J. Laub published a paper and proposed an experiment, which was done by M. and A. Wilson
in 1913. They used an artificial electromagnetic material which consists of small steel balls buried in a
wax. Relative dielectric constant is ¢ = 6 and magnetic permeability is ur = 3. Cylindrical specimen
was inserted between two electrodes of a double cylindrical capacitor and rotated around the axis. When
the direction of the external magnetic field parallel to the axis was reversed, electric charge moved between
the electrodes. According to the original electron theory of H.A.Lorentz, the electric polarization is induced
only by the external charges on the electrodes and amount of the charge transfer is proportional to (& »—1).
Relativistic calculation predicts that the amount is proportional to (e rur- 1). Observed value is very
close to the latter. It should be noted that in the original theory of Lorentz only the Lorentz force was
considered as the elementary force acting on an electron. Pauli Hamiltonian, however, contains the
anomalous Zeeman energy. The spin magnetic moment should be considered even in semi - classical
treatment of electron. Then, electric dipole is induced for rotating electron spin as eq.(3) shows.

Accompanying p for the moving m yields spin - orbit coupling and spin - Hall effect. Excitations of p
and m waves yield m and p, respectively. Thus most of electromagnetic couplings are explained by the
relativity of p and m. After all, there is only one electromagnetic fields under the heaven. True quantum

effects such as exchange interactions (Heisenberg, super, and Dyaloshinskii) and super conducting state are

of course outside the scope of semi - classical relativistic theory.
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