i 8L Heisenberg B8 2> & WE RS 4~

K4 #E

20252 H 15 H

1 HEFoEE

WEIIHEZRT DO WMEZRI VB DI NS. W2 R TWE 2B,
RERNS D2 IERMER AT 5. WA IREZ BT UIHESZRL, JERIEDIR
& (HEMEIRRR) 1T&L s 5.

1.1 HA it 7 o UEE

WA DEGE, BHEOIRY 22 MHENRBAOTH I2BRE—X Y M —HICHI> 28T
BB REHRLTVE. 121 2DMARE—X Y POKREXZI/NIWVD, BKE—X Y A
A—AREAWTEST 22T, 2R LTRERBMKAE— XV %D OYHE sk
FLIER, ZZTHWAE—X Y FOMPBMETH 3.

REMER OB LRI 1@ D TH 5. G2 THETRVMbER>Z &
MNTE, WEOERE (L ATV T R) IKIF L efi<. K 1T OXBHRREE (%5
Bt) CEREDIIADOHRELZRITEER T X—XTH 5.

WG DVNE W TR A 2 Z 2 I & » THREA IR 2. BGHKE WEET
X, IRTOMKRE— XY MBS T ANCHE WK R D, b3RR3 2 (B
t). F7, SRS HEIRTORILDOME DL R AR O _LF iR % F5 % ToME L 7zt ok
= I BREEL WA,

WAEOHFIIEZZ T VEEERLH 2. 7o VR, WEA I 2 BEOBMERT /A4 4
UHFEEL, REXDELZ A DWKE—XA Y e B OBRE— X > M EWIIHH =
WEAIS 25 ACEL 3. BRE—X Y MEIA L BTHEHDEID, MKE—XAY FDOK
XXPERL LD, ZOEPEMRNRELE o THAS., 72 V) B AROBLEIRRIZ,



+B ISR R (B
R

IR E B

AY;

WA [0) D& EDRIREMDE

0 LR
il : Oe, A

HWEDOHRMEE 0] =TIC
MR ZDICHE ET DR
DHBOREE

4—/

1 SRESIER OB LR,

S ERS S U

m\/‘ X | \
&l ~

"\

~N

X2 X,

SRR DG E & LTS,

1.2

7 2 VOB ETHAZ X511, HKE—X Y MIAWIHTIHI SO HBEITMA T, K
AT (AWICHA ) ICHiSHE0H 5. 1 BEDRF /A A o2 2WIEERICB VT,
B D& ST — X ¥ bz ENRMNTTREZFAWCTERYIL, 2k LTHtzRzzwn



YWHE O RN 'R ERESERIEYTEZL OFIRR LS. BRI L
WWREE, (KWREHGHEE TR N U TR IS 2 (RUEIRE). 35\ 2 HIINS %
&, ROFATICH © 72 /e — X ¥ b A TS U370 23, G ATAcE 2k
MR TERI/NERBL LIRS VA, BOBISE L KT — X > F2—FIC 90 E[HldE
LTHSKE—X Y OB HANOMHEZEAL S L T2EFERT I DHD (REVT
O 7#678).

PLED & 5 5T £ 72 3R FATICEA 3 2 e — X ¥ s OO EAEH % Hamilto-
nian TRIATZ L &, LUFDEI LRI MLOABOETRT Z e A TE 3 (RIREE

VER).
H=JS; S (1)

TITS k& S 3ET 22 2RT. AV VIEBRERBICBLVTHAE—X VD
FREFR: 2. NEOETEIPNATVE 26002 K512, J<0DGEIZIZ,
B ALY ATOBEICRIRT X LEY — v 72 2 (GEREIE) —75, Kkt 7 = U etk
WZBWTE, J>07T, BEDES R VA 2T (RVATIC) il o 7R ZE L 72 5.

1.3 RAEREME (Helical /Spiral magnetism)

BT — X ¥ MEFATR AT WS A T ISR 5 587210 T <, etk <
KO BBF S RT (MBEENE). 0 XS RBKFRFE, SREES KB & W o TR 72
BEECH &b LT, R & PR, BRFERGMEICIE, EWC 2 oDRIESH 5 Z 2 BHIS
3. 12HIZSZAML—oa Vi Tchs. 3Bz, REOMKE—X > M
DB EEREIERIC GRBEERT IR W), 2208 2 EHOMKE—X > s O/
D EER S KRN TH 2 55 E 2. 2, ROEOADHEERE2E 2 2545
THEREMPMISAML—oa LRI TN TES. 22 21E, M30Xk51=

?
AF

3 ZAELORKBEERICHEER T 2 28 IR MAFEN 7 A L= a Y%L 5.

AEFICHEKE— X FEESIL, REEENHEERZIRES 2, ZOHES I %<



[ERIEMERCAN 2 ES Z e DT E S, W 27/3 797 V) MAEHIDNER LG 2. e
2olX, K30 XS5IC=AED 2 DOTHAIERERYIORAE Y 2B LT 5 L,
BOD1IDDALNIE D DAY V&3 IREMERNCEYIE X 5 2153720, SREER
REHNC X 2 A NF—HEPWOTE-0DITHREY U O AEEN R LG 5.
73, 7R — a NI K 2 IRTERE R S 5.

1.3.1 THE Heisenberg 1&1Y

BRBEREE 2 a5 A RMIC, SeICIRERTE DB H ORI fib i 2 L Heisenberg A0
fRERZ1T S . HH# Heisenberg IO EF X, KD XS5 WERLENS. d RITDIET
EHEL, SFSY.S23Makb ORI 1DAE YT frl

S; eR3, |8 =1 (2)

P EFEIC—OFTORET 3.
Z DFHRD Hamiltonian IIRKD XS IWCERSNS:

HHeisenberg = -2 Z «7@]52 : Sj- (3)
(i,5)

0
0
o
e
jres

J if i, 5 are neighbors
Jij = { (4)

0 else

BAY VHORERETH2. i HFHE j FEHORAE VHEE L TV, 25 TRITFN
X0 DEZ L 5.

1.3.2 mUiRHE : Fourier EHRDBRIC Fourier RN MICTRNEIRM 1 n*, = n, DA
(:REE)
Z DO DHNEEERT % BRI Charles Kittel (1916-2019) 4D HAAIE Introduction
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We consider first a function n(z) in one dimension with period a in the direction

x. We expand n(x) in a Fourier series of sines and cosines:

n(x) =ng + Z [Cf cos kx + S sinkz] . (5)
k>0

For the periodicity n(z) = n(z + a),

n(x + a) :no+Z[C’kcosk(x+a)+Sksink(m+a)]
k>0

=ng+ Z [C cos kx cos ka — Cy; sin kx sin ka + S, sin kx cos ka + S, sin ka cos kx|
k>0
= n(z),
(6)
we obtain
Crcosk (x4 a) + Sksink (x + a)

= () coskx cos ka — C}, sin kx sin ka + S}, sin kx cos ka + Sy, sin ka cos kx.

(7)

Since a represents one period, it is evident that cos ka = 1 and sin ka = 0. This leads
to the condition:

2
k:a:27rp:>llep

(8)

where p are positive integers representing the periodic index.
Let us rewrite the Fourier series Eq.(5) and please do not forget the periodic con-
dition:

27

0o
n(x) =ng + ; [C’p cos ?az + S, sin Tpx , 9)
where C),, S, are real constants, called the Fourier coefficients of the expansion.
The factor 27/a in the arguments ensures that n(z) has the period a.

We say that 2prm/a is a point in the reciprocal lattice of Fourier space of the crystal.
In one dimension these points lie on a line. The reciprocal lattice points tell us the
allowed terms in the Fourier series. A term is allowed if it is consistent with the
periodicity of the crystal, as in Fig.4; other points in the reciprocal space are not

allowed in the Fourier expansion of a periodic function.
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4 A periodic function n(z) of period a, and the terms 27p/a that may appear

in the fourier transform n(z) = an exp (1222z).

Since a represents one period, it is convenient to express Eq.(9) in a more compact
form:

n(z) = i n, exp (z@x) (10)

a
p=—00

where the summation runs over all integers p (positive, negative, and zero). The
coefficients n, are complex numbers. To ensure that n(z) is a real function, we
require the condition:

n’, =ny, (11)

where the asterisk denotes the complex conjugate of n_,. This ensures that the sum
of the terms corresponding to p and —p is real.

I will now demonstrate how to prove Eq.(11).

The sum of the terms for p and —p in Eq.(10) will be real if Eq.(11) is satisfied.

Specifically, the sum of these terms is:
ny exp(i¢) + n_, exp(—i¢p) = Real number, (12)
where ¢ = ?:{;. Now, let us expand np, n_,, n,, and n* ;:

Np = Npr +1MNp;;  Nep = Npr +N_p,,

x s x s
np = Nypr Mp;, n_p =N_pr M_p,;-

6



Similarly, we can expand exp (z?x) as cos (?:c) + isin (?x) Therefore, the
left-hand side of Eq.(12) becomes:

(npr +inp,) (cos ¢ +isin @) + (n_p, +in_p,) (cos ¢ — isin ) =

(Npr +n_p, ) €08 P — (Np; — N_pi) Sin @ + i[(np; + n_p,) cos ¢ + (Nyr —n_p, ) sin @|.
(14)

Since n(x) must be a real function, the imaginary part of this expression must be
zero. For arbitrary p, this condition must hold, meaning the coefficients of both sin(¢)

and cos(¢) in Eq.(14) must be zero. Therefore, to ensure n(z) is real, the conditions

{nm L (15)

These are the necessary conditions to guarantee that n(z) is a real function.

are:
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|Rql” — [T =0 N |Ro|” = |Ig)” EHrEHORETEAHELL (39)
2RQ -IQ =0 RQ iR IQ RQ b IQ WEHEWIERT A
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S; = x/LN [Sqexp (iQ - i) + S_q exp (—iQ - 7;)]
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— \/iN [RgcosQ -1, — IgsinQ - ]
(43)
¥7Y, |Rql’ = |Ig° = INS? 2FIFILT, Rq, I OFMEILEITS> & S »°
Rg Ig
S, = R cosQ - r; — sin T
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X5 EHERAY RS,
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ML Q 3N TH L. B 2l Q ¥ —BL TV S, EXEEEEr Xidh
%. WEHEA Y HEE, &A) 1959 FICHFERIC L > T MO, DRV UHEE LT, ZDFF
EDHEAIC TR EN. 20k, OLEYINT A KV =¥ 4 (&: gadolinium, JFF
#5 64)Gd X hBEBOWHTHSEREICBVWTRRI M.

SRS, BRI (Q = 0) 2 WIXKIEKEME (Q = Brillouin #7 D) A ¥ 2 IRRE X D 1
FEA Y UHEENRENEIND 120121E, 728 21F, BoliEA Y > B o B AR i
MR TH2 %, 52, 5 3EHERAYVHOMBEIERD, MEERN R © 2 EH% 55T % 75
NS, T b5 REERCE 2R THER SN, ZD70, EMHBEEHD, %2, 43
MHEAY VRICETIERTWS Z e pEREIN S, i THEEOEGEOMHEERZ,
RIEEFIC K o TN SN2 HERHEHEER (RKKY fHE/EH) TH 5. ZOMEEEH
&, EREHHEERICEENRT, Z0FERME» R D EL, »o, Hlfr 2 Iz E
ZEZDDT, BHFEHROREZ t oA TVW5.
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1.3.5 Dzyaloshinskii-Moria 1 E{EF
HEREME 2 KT 2 5 1 DOHME, Dzyaloshinskii-Moria fHEAEFICHK T 5. B
B3R S & S 12X L TZ® Hamiltonian 1

Hom = D - (1 X S5) (47)

LRED. RN bL D 1E Dzyaloshinskii-Moria X2 bV 2 IS, FEdHDMNFRE:
R LCHENREZANZ ML THS. D OFANE, IRHER Y RSO [AHR % o
5. Iz, LD zihEmE<LZS, BEDES A VD oy FHNTIRGE AR > HiE
Z{E%. Hamiltonian ICA Y ONBETRIIMEDEZZATED, HFTAE VIREIXZ
DB L TRIEZ A LF —RETIE RV, AV VRAILPERT % & 2 ICRIKT X
NX—%525%. ZOMHBIERDD 258 I3RS E—X Y PDBMEC AR LF -1
WHRNTHZ Z o, BIERESRHLES. HEICEo T, BRAFILIFDDX
S BRI RIIRD A ¥ A A T1E 5.

BATHZ e, Bt S, - S; \HBIT 2 ZHHEEEH &, Dzyaloshinskii-Moria 1
HAEFH &7 5 Hamiltonian (&

H=J) S;-S;+D) S;x§5; (48)
(i-3) (i-3)
TH5. HHEOLD, RAED 2V A4 2 DAEERLL, S, 8, DRITMAZ LB
T, TALF—IZ

E = JS?cosf + DS?sinf (49)
LETS. BEITL L,
E = 5%/J2 + D2 cos (0 — a). (50)
Z Z°T,
o= arctanj (51)

ThHb. TAINF=DRNIKEDZ 0%2EZ58, D=0DHEAIEETHLE0VIERFAT
DAY VBRI LZEL 220, D#0DHEITIE D OREZIZIGLRA LA azdD
IRTERL DS L ENT TR B .

Dzyaloshinskii-Moria #HA/EAIZ, MHAEH T 2 2 94 b RISHEE AN SRR FREDS
FELRBRVWERIZHNS. BRERSL S ¥4 b Sy A FOHIMIRERHOLD D 5855
Wi, 81 & Sy AN ZTH Hamiltonian 132 H S WITTHD,

D-(5'1XSQ):D-(SQX.S’l):—D-(Sl><Sg) (52)
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L7%20DT, #iF Hom =0 2155, —77, REMHELIEATHWEHEITIE S, & S,
DAFVF Z T L TRRTH 208D 7% <, —MINIZ Dzyaloshinskii-Moria fH A EH 1%
0 THRWV. 2B, NEODE S, - Sy TEHI 21RO (M KB D) MEAERH I,
S1 -8y =858, TH2BDTKIWUIEDMN & BfR7Z S WO THFET 5.

1.4 HEELEVE

DR W E X BRI & REGIE RIS,

WKL, BKE—X Y MED22HANEL AEF L TWRWEETHS. /2, ¥
ATRBMERTHIREZ LT3 bR E—X Y FVHEOHEER XD BUES T 12X 2HA

Y FOEADIEL R D, HENRER 2 WVERBMEIREICHZ S 2 (HE8). &
BEMEARIC BN TIERALIEEIIN L 2 BE5 TP L TR E K 2 %, THERS O 2 IR
=RV IBDULHID 80D XD ICHFET Z 2 (EEHD RS T ANCHI 5 IS IR R
GETI2 B). £, BTREKMEORL L2 A VDD 20, RTIEROET%
B30T, 2R LTHBHLEIHEDDH 5 (BFRICHRAMDEBEFIHA->TWEH
X DIRFE).

REEMEARTIREIBSG 200 7- & 2 iTHia 2 b3 2. RGZHNT % &, wh e 3ot
HIANZ, WHORE XCHAI LML ET 5. ChEBHEGEEY A X -3 5 K
OB LTV, BGEP T RBEI, ZhzfIbiHT X 5 ITWENEROE 7235 FES)
235 TRMAGMOESEZAAL L, KEEXHEBRT 5. @ OEMAEIEFOE
BIDOELIC K > TRET 2720 —B LA TRV, HFFZORE D 2E % EFOMEEIX
BLehs 2 eldmd, EWINCREEZEALT.
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