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H=AS -S
Two spins
1T ferromagnetic
1l ferromagnetic
Tl antiferromagnetic
1T antiferromagnetic

If A > 0, the antiferromagnetic state has lowest energy
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Spin waves

H= —QJZSi “Sin

(Heisenberg ferromagnet J>0)

Spin waves

H = —272 [ngf+1 + gg§?+1 + Sizgizﬂ]

(Heisenberg ferromagnet J>0)

Spin waves
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(Heisenberg ferromagnet J>0)

Spin waves
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Spin waves

A= =20 5 (818t + 5818 + 5, 81)]
Flipped spitt [} 1T11THTLITHTTTT11111

|]> = SJ_ |(b> « Start with a ferromagnetic chain of spins

H|j) =2 [(-NS2T +287)|j) — ST|j + 1) — ST|j — 1)]

« Start with a ferromagnetic chain of spins  Start with a ferromagnetic chain of spins

* Then reverse one spin ¢ Then reverse one spin

* The spins are exchange coupled and so the excitation
becomes quickly delocalised on a time scale which scales with
h/J

Spin waves Spin waves
H= —2JZ [S'fgfﬂ + %(Sj_g;l + S’fS’;:_l)] H= _2‘72 [312574.1 n %(S’fﬁ;l N 31_3;:_1)}
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g-state |q) IRRRRR AR RN
= L igR; | f‘)meared out single flipped spin
|‘{> N Ze j
H|q) = E(q]lq)
1 E(q) = —2NS27 + 47S5(1 — cos qa) .
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Number of thermally excited spin waves: Outline
oo
o g(w) dw 1. Spin waves
nmagnon = / ohw/ksT _ | o

2. Frustration
In three dimensions: g(w) o wl/?

3. Phase transitions
3/2
Nmagnon X T3/

In one or two dimensions, the integral diverges. 4. Magnetism and metals
Magnetism not stable in Heisenberg model in 1D or 2D
(Mermin-Wagner-Berenzinskii theorem,

due to also to Coleman) 19 20
Triangle of spins Triangle of spins
Classical Heisenberg spins
120° state
AF interactions for n.n.
Magnetic frustration Two different chiralities
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Triangle of spins Triangle of spins
Classical Heisenberg spins Classical Heisenberg spins
120° state 120° state
Two different chiralities Two different chiralities
...and rotational symmetry ...and rotational symmetry
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Triangle of spins
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Triangle of spins
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Triangle of spins
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see M. Trif et al. PRB 82, 045429 (2010)

Tetrahedron of spins
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Phase transitions and magnetism
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« Liquid-gas phase transition — can avoid the

phase transition. Not so for liquid-solid.

32

+ Simplest model to illustrate symmetry breaking
comes from Landau theory.

» Guess a form for the Helmholtz function (per m3):
F(M) = Fy+ a(T)M? + bM* + - -

» Can exclude odd powers because of the
symmetry:

F(M) = F(-M)

* Choose the constants such that
a(T) = ao(T — Tc)
b>0

33

* Find the minimum by differentiating:

OF/OM =0
2M ao(T — Tc) + 2bM?] = 0

M=0or M=+ (%(To—T))""

Fw) / \
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» Now add a magnetic field

F(M,H) = F(M) — igMH
» Set u,=1 for ease of notation. Differentiating gives:
OF(M,H) _ OF(M) _ H

M M
OF (M)
ot = H
oH __ 9*F(M)
oM — ~oM?
_ oM _ (9P
X="om = \ Tom?
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2Mao(T — Tc + 2bM?) = H
At Te, M? x H =— M < H'/3

T ="Tc, M x H'Y9, §=3
OH
2a0(T — T, M?=—— =1
ao( c) + 6b M X
1
X = {2ao(T—Tc) T>1c
- 1
dao(Tc—T) T<Tc

XX‘T_TC|7A{‘, 7:1
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» Effect on Helmholtz function:
F Fy T>1T¢
- 2
Fy — % T <Tc
* Heat capacity:

T >1T¢

a2 0
CV:— -_— = a2
dT? {— ol T < T
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 If M varies in space, have to generalize:
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» Hence the correlation length behaves as follows:

€= c _ (ﬁ)1/2 T>1Tc
2a + 4bM?2 (=)Y? T <1t

Ex |T —Tc|™, v=

N =
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« First-order phase transition — extend the Landau
model to a sixth order term

F =Fy+aM?+bM* + cMS
a:ao(T—T*{g ?>0

OF /oM =0

solve simultaneously 42




M? = —2a/b
a=ao(T —T*) =b*/4c

M

o AR SCoaRnow)

iomdi
a:ao(T—T*):{O b>0

b2/4c b<0
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» Generalized model has a tricritical point

Se(,o(\t}\’ g-nh: (Cow\\mW)
Yb\a se bransvhimes

TRICRITICAL 7 o
Po(NT % o
0 b>0
—an(T = T*) =
a = ao ) {b2 Jde b<0
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Magnetism and metals
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1D electron gas unstable to SDW formation
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Spin-density wave TMTSF Salts =
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Stacks of TMTSF molecules = 1D chains
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GMR = giant magnetoresistance
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GMR Head Structure
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(b)

GMR = giant magnetoresistance

-
b

62

11



