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 antiferromagnetism

 ferrimagnetism

 incommensurate order

 spin-glass

MAGNETIC ORDERING



MAGNETIC ORDERING antiferromagnetism

FM AFM

𝑩𝑩𝒎𝒎𝒎𝒎 = λ𝑴𝑴 𝑩𝑩↑ = −λ𝑴𝑴↓ 𝑩𝑩↓ = −λ𝑴𝑴↑

𝑀𝑀 = 𝑔𝑔𝜇𝜇𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆(𝑥𝑥)

𝑥𝑥 =
𝑔𝑔𝜇𝜇𝐵𝐵𝑆𝑆(𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜+λ𝑀𝑀)

𝑘𝑘𝐵𝐵𝑇𝑇

𝑀𝑀↑ = 𝑔𝑔𝜇𝜇𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆(𝑥𝑥)

𝑥𝑥 =
𝑔𝑔𝜇𝜇𝐵𝐵𝑆𝑆(𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜+λ𝑀𝑀↓)

𝑘𝑘𝐵𝐵𝑇𝑇

𝑀𝑀↑~ 𝑇𝑇𝐶𝐶 − 𝑇𝑇

𝑀𝑀↓~ − 𝑇𝑇𝐶𝐶 − 𝑇𝑇

order parameter?



MAGNETIC ORDERING antiferromagnetism

 paramagnet → Curie law
 ferromagnet → Curie-Weiss law

𝐶𝐶
𝑇𝑇

=
𝜇𝜇0𝑀𝑀

𝐵𝐵 + 𝜆𝜆𝑀𝑀
χ =

𝐶𝐶
𝑇𝑇 − 𝑇𝑇𝐶𝐶

𝐶𝐶
𝑇𝑇 =

𝜇𝜇0𝑀𝑀
𝐵𝐵 − 𝜆𝜆𝑀𝑀

χ =
𝐶𝐶

𝑇𝑇 + 𝑇𝑇𝑁𝑁

 antiferromagnet → Curie-Weiss law

C: Curie constant
TC: Curie temperature/critical temperature
TN: Néel temperature
θ: Weiss temperature

 general approach

χ =
𝐶𝐶

𝑇𝑇 − 𝜃𝜃
1
χ

=
1
𝐶𝐶
𝑇𝑇 −

𝜃𝜃
𝐶𝐶

1
χ

𝑇𝑇𝜃𝜃− 𝜃𝜃 0



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

Ni3TeO6 ~𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼
∆

 anisotropy energy
 in the simplest form:
 origin in SOC

E = ∆𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

Ni3TeO6

 anisotropy energy
 in the simplest form:
 origin in SOC

E = ∆𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼

x

z
B = 0

Bx Bx

�ℋ = 𝐽𝐽𝑺𝑺𝟏𝟏𝑺𝑺𝟐𝟐 + 𝑔𝑔𝜇𝜇𝐵𝐵𝑩𝑩 𝑺𝑺𝟏𝟏 +𝑺𝑺𝟐𝟐 → 𝐸𝐸 = 𝐶𝐶(𝐽𝐽)𝑀𝑀2 cos2𝜑𝜑 − 2𝐵𝐵𝐵𝐵 cos𝜑𝜑 + 2∆𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑

φ

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚(𝐵𝐵)



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

x

z

Ni3TeO6

B = 0

Bz

Bz

𝐸𝐸 = 𝐶𝐶 𝐽𝐽 𝑀𝑀2 cos 𝜃𝜃 + 𝛾𝛾 − 𝐵𝐵𝐵𝐵 cos𝜃𝜃 − 𝐵𝐵𝐵𝐵 cos 𝛾𝛾 +
∆𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + ∆𝑠𝑠𝑠𝑠𝑠𝑠2𝛾𝛾

B=0

spin-flop: 𝐵𝐵 ≈ 𝐶𝐶(𝐽𝐽)∆



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

x

z

Ni3TeO6

B = 0

Bz

Bz

𝐸𝐸 = 𝐶𝐶 𝐽𝐽 𝑀𝑀2 cos 𝜃𝜃 + 𝛾𝛾 − 𝐵𝐵𝐵𝐵 cos𝜃𝜃 − 𝐵𝐵𝐵𝐵 cos𝛾𝛾 +
∆𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + ∆𝑠𝑠𝑠𝑠𝑠𝑠2𝛾𝛾

spin-flop: 𝐵𝐵 ≈ 𝐶𝐶(𝐽𝐽)∆

PRB 69, 144428 (2004)



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

x

z

Ni3TeO6

B = 0

Bz

Bz

𝐸𝐸 = 𝐶𝐶 𝐽𝐽 𝑀𝑀2 cos 𝜃𝜃 + 𝛾𝛾 − 𝐵𝐵𝐵𝐵 cos𝜃𝜃 − 𝐵𝐵𝐵𝐵 cos𝛾𝛾 +
∆𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + ∆𝑠𝑠𝑠𝑠𝑠𝑠2𝛾𝛾

spin-flop: 𝐵𝐵 ≈ 𝐶𝐶(𝐽𝐽)∆

spin-flip: 𝐵𝐵 = 𝐶𝐶(𝐽𝐽)

PRB 69, 144428 (2004)



MAGNETIC ORDERING antiferromagnetism

 very anisotropic magnetic response (susceptibility) below TN

x

z

Ni3TeO6

B = 0

Bz

Bz

𝐸𝐸 = 𝐶𝐶 𝐽𝐽 𝑀𝑀2 cos 𝜃𝜃 + 𝛾𝛾 − 𝐵𝐵𝐵𝐵 cos𝜃𝜃 − 𝐵𝐵𝐵𝐵 cos𝛾𝛾 +
∆𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + ∆𝑠𝑠𝑠𝑠𝑠𝑠2𝛾𝛾

spin-flop: 𝐵𝐵 ≈ 𝐶𝐶(𝐽𝐽)∆

spin-flip: 𝐵𝐵 = 𝐶𝐶(𝐽𝐽)

vectors!!!

PRB 69, 144428 (2004)



MAGNETIC ORDERING antiferromagnetism

 RE = Ho (c-axis anisotropy) a ferromagnet with Tc=1.5K
 RE = Er (ab-plane anisotropy) an antiferromagnet with Tc=0.38K
 transverse field induced QPT

4f6

J = L – S = 0

J = L – S + 1 = 1

J = L + S = 6

.

.

.

mJ = -1
mJ = 0
mJ = 1

mJ = 0

2J + 1 = 13 states

∆

Eu

when kBT ~ ∆ (~500 K), µ > 0

PRL 77, 940 (1996)



MAGNETIC ORDERING antiferromagnetism

 RE = Ho (c-axis anisotropy) a ferromagnet with Tc=1.5K
 RE = Er (ab-plane anisotropy) an antiferromagnet with Tc=0.38K
 transverse field induced QPT

4f10

J = L + S = 8

J = L + S - 1 = 7

J = L - S = 4

.

.

.

∆ (~7500 K)

Ho

PRL 77, 940 (1996)



MAGNETIC ORDERING antiferromagnetism

 RE = Ho (c-axis anisotropy) a ferromagnet with Tc=1.5K
 RE = Er (ab-plane anisotropy) an antiferromagnet with Tc=0.38K
 transverse field induced QPT
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MAGNETIC ORDERING antiferromagnetism

 RE = Ho (c-axis anisotropy) a ferromagnet with Tc=1.5K
 RE = Er (ab-plane anisotropy) an antiferromagnet with Tc=0.38K
 transverse field induced QPT Kramers theorem:

levels with half-integer spins 
are at least doubly degenerate



MAGNETIC ORDERING antiferromagnetism

G-type AFM

A-type AFM (FM planes)

C-type AFM (FM chains)



MAGNETIC ORDERING antiferromagnetism

G-type AFM

A-type AFM (FM planes)

C-type AFM (FM chains)

KCuF3

JT

3z2-r2 (3y2-r2 , 3x2-r2)

x2-y2 (x2-z2, y2-z2)

x2-z2 y2-z2

double-exchange = FM

su
pe

r-
ex

ch
an

ge
 =

 A
FM



MAGNETIC ORDERING ferrimagnetism

 FiM = unequal sublattices
 more often multiple sites with a resultant FM moment
 sometimes with a compensation point

Fe3O4 → Fe3+Fe3+Fe2+O4

AFM FM

magnetite



MAGNETIC ORDERING ferrimagnetism

 FiM = unequal sublattices
 more often multiple sites with a resultant FM moment
 sometimes with a compensation point

M(Tcp < TN) = 0
Physica B, 329 (2003)



MAGNETIC ORDERING ferrimagnetism

 AFM - canting

M M
O

�ℋ = −𝐽𝐽𝑺𝑺𝒂𝒂𝑺𝑺𝒃𝒃 + 𝑫𝑫(𝑺𝑺𝒂𝒂 × 𝑺𝑺𝒃𝒃)

Fe2O3 (rust!)

hematite

0 K

260 K

TN = 955 K

Morin transition

µFM = 0.002 µB



MAGNETIC ORDERING ferrimagnetism

 sometimes it gets very complicated

Co7(TeO3)4Br6



MAGNETIC ORDERING incommensurate order

 FM + DMI → helical order

λ = 2π/Q >> unit cell



MAGNETIC ORDERING incommensurate order

 FM + DMI → helical order
spiral order

Q

λ = 2π/Q >> unit cell

conical order (Q weakly coupled to lattice)



MAGNETIC ORDERING incommensurate order

Skyrmion lattice

Q1

Q2

Q3



MAGNETIC ORDERING incommensurate order

 soliton lattice (Cr1/3NbS2) λ(0)

λ(H)
JPJS 52, 1394 (1983)

PRL 108, 107202 (2012)

B



MAGNETIC ORDERING incommensurate order

 helical order from AFM

𝐸𝐸 = −𝐽𝐽1 cos𝜃𝜃 − 𝐽𝐽2 cos 2𝜃𝜃

J1 J1

J2

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝐽𝐽1 + 4𝐽𝐽2 cos𝜃𝜃 sin𝜃𝜃 = 0

θ = 0: FM
θ = π: AFM

cos𝜃𝜃 = −
𝐽𝐽1

4𝐽𝐽2

𝐽𝐽2 < 0

cos𝜃𝜃 =
𝐽𝐽1

4 𝐽𝐽2
< 1

𝐽𝐽1
𝐽𝐽1

𝐽𝐽2
𝐽𝐽1

FMAFM

helical

ℋ = −𝐽𝐽1𝑺𝑺𝑖𝑖𝑺𝑺𝑖𝑖+1 − 𝐽𝐽2𝑺𝑺𝑖𝑖𝑺𝑺𝑖𝑖+2



MAGNETIC ORDERING spin-glass

 often claimed, rarely proven
 started in ‘70s, not-so-good analogy with amorphous glasses
 a follow-up of a Kondo problem (interaction between localized and conduction electrons in a very dilute limit)

PRB 6, 4220 (1972)



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

1) frequency dependence of Tg
2) FC/ZFC protocol
3) specific heat
4) aging, memory and rejuvenation effects

PRB 23, 1384 (1981)

no divergence of χ but divergence of non-linear χ



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

1) frequency dependence of Tg
2) FC/ZFC protocol
3) specific heat
4) aging, memory and rejuvenation effects

PRB 19, 1633 (1979)



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

1) frequency dependence of Tg
2) FC/ZFC protocol
3) specific heat
4) aging, memory and rejuvenation effects

JMMM 31, 1331 (1983)



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

1) frequency dependence of Tg
2) FC/ZFC protocol
3) specific heat
4) aging, memory and rejuvenation effects

PRL 81, 3243 (1998)



kBT

MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

E

E

E

M

M

M

T > Tg

T <≈ Tg

T < Tg

kBT

kBT



kBT

MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses

E

E

E

M

M

M

T > Tg

T <≈ Tg

T < Tg

kBT

kBT



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses



MAGNETIC ORDERING spin-glass

 random-site in CuMn, AuFe; random-bond in (Fe,Mn)TiO3
 randomness, frustration, competing interactions
 canonical and ‘other’ spin-glasses
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