Magnetism is a quantum phenomenon.

Teopema bopa — BaH J1éBeH : BELLIECTBO B Kflaccnieckon dnsmke MOXeT ObITb
HaMarHM4YeHo TOSIbKO B TEPMOAMHAMUNYECKN HEPABHOBECHOM COCTOAHUU: NPU Ero
nepexone B COCTOSIHME paBHOBECUS, HAMarHM4YnBaHMe UCYE3aeT.

[pyboe obbsicHeHWE nonydeHHoro bopom 1 BaH JleyBeH pesyrnbrarta 3akno4aeTcs B
TOM, YTO MarHMTHOE MNoJSie He MOXET NPON3BOAUTL PaboTy Hag YacTULIEN.
KoHKpeTHee gokasaTenibCTBO CTPOUTCS Ha npeobpasoBaHMm caBura UMNynbLca Beex
3apsKeHHbIX YacTul Ha Benu4unHy eA/c (roe e - 3apsg Yactuubl, A - BEKTOPHbIN
noTeHuunarsn nosisi, € - CKOpocTb cBeTa). [1oCKoNbKy B KnacCcn4ecknuim raMmisTOHUaH,
OMMCbIBAOLLNMA OUHAMUKY CUCTEMbI, UMMYNbC BXOAUT TONbKO B KOMOMHaLUWK p-
eA/c, TO Npu Takom 3aMeHe CTaTUcTuyeckasd cymma He NM3MEHSIETCS, TO €CTb OHa He
3aBUCUT OT HanNuUumMsa marHnTHoro nosns. OTcroga cnegyert, YTO MarHUTHBIM MOMEHT
CUCTEMbI TaKXXe He 3aBUCUT OT Hann4yma MarHMTHOrO MoJsid U NOTOMY BCerda paBeH
HYIH0, Kak U B OTCYTCTBMW MON4.
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Diamagnetic and paramagnetic media - magnetic susceptibilities
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Microscopic origin of atomic diamagnetism
and of Van Vieck paramagnetism

Hamiltonian of a charged particle in g 1 ( Q )+Q(p

electromagnetic field is given by oM \P—
The additional term due to . ich e,
electromagnetic fieldis % = 3,— (V- A+ 4-V) + o5 A7,
In magnetic field only _ _1_ _ _}_ _
one can choose Ar= 5 4B, Ay B, A, =0,
Then the additional . __ iehB ( .9 e?B? 2
Hamiltonian term is X 2!??, g T et (x Y.
paramagnetic (Van Vleck) dlamagnetic
Diamagnetic term has diagonal matrix elements - __ e’B* (r?)
and gives energy correction in the first order: 12me
The induced magnetic moment oE’ e? (r?) B

originating from this perturbation is = 0B Grme?



Temperature-independent Van Vleck paramagnetism

IlpesnoaokuM, 9To HeAHAroHaJbHbIH MaTPHYHBIH JeMeHT (S|U:|U) oilepa-
TOPa Wz, CBA3BIBAIOUIHE OcHOBHoe cocrostiie O ¢ BO30yXKIEHHBIM COCTOMHHEM S,
CGOTBCTCTBYET 3sneprin A = Es— E,;, OTCUNTBIBAEMON BBEDX OT YPOBHSt 3HEPIHH
ccaoBtioro cuctosuua (Es). Torma crangaprHas Teopust BO3MVIIEHHH B caydae
cnabeix nodaeii (8 K A) nact naa BOJHOBONH (VHKIHH OCHOBHOFO COCTOSIHHS
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CreZLylolLee BbIpaKeNne: gy, | X <3 By | O) P

. . , B
and for the wave function of excited state v, =1, — N O], ]s)v,

Hence, the new ground state ’ N ; 2/
has the magnetic moment O pe 1 07) =~ 28 1 és iz | 0) 12/A,

while the new excited state ’ I 2
has the magnetic moment (s"[pz |8y~ —2B1(s[p10)[*A.

At low temperature T<<A all particles are 2NB | {s|nz|0)|?
in the ground state, and magnetization is M = — A

2N {¢sluz|0) )’
A

The corresponding susceptibilityis ¥ =



Van Vleck paramagnetism at high temperature

a) Cayuait A <€ kzT. Ortnocuresbplibili M30bITOK uyacTHil Ha OCHOBHOM YypOBHE
(o cpaBuHelylo ¢ Bo3OyxaeHHbiM) npuCauxkendo pased NA/2kgT, a pas coort-

BCTCTBYIOINEH HAMarlnHyeHHOCTH NOJVYUM: 28 | <S | K> | (]> |2 NA
M = -
A 2k, T
and the corresponding susceptibility , _ Nidstpz10))?
kT |

The total molecular magnetic susceptibility at low T
can be positive or negative:

Nye? S 0) |2
== LT 2M R
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Pauli paramagnetism of metals

. Magnetization is given by the difference of spin-up
otal energy, kinetic + .
iafenctoutl el trons and spin-down electrons: AM — 1L (N 4 N _)
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As a result spin magnetization of metals is M =~ u*2 (e7) B = 5 ;f B
B F




Comparison of Curie law (for localized
spins) with magnetization in metals

The diamagnetic susceptibility of metals is -1/3 of paramagnetic, and
originates from the change of electron wave functions in magnetic field
(Landau levels -> Landau diamagnetism). The total magnetization is a sum
of paramagnetic (spin) and diamagnetic contributions: N p% A
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This is smaller than the Curie magnetization M —
by a factor kgT/E <<1.



Comparison of (classical) Langevin formula
and quantum formula for magnetization

Langevin formula for magnetization M is derived by averaging the angle 6
of classical magnetic moment p with potential energy U=-u B cosO :

—1
{cos B) = (S e PV cos B dQ) - (S e~ BU dQ) = cth x i == L (x).
As a result one obtains M=Ngu < cos@>=Ny L(uB/KT)

Quantum formula for magnetization M is
derived by the summation of magnetic
moments of different energy levels
weighted by the Gibbs distribution:

M=21; N, =N tanh(uB/KT)

Comparison of Langevin
formula with quantum
formula for magnetization
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Heat capacity of two-level system (Schottky)

(A/TY’e2"

°=(5r), "

At high temperature T>>A
Crkp (A/2T)%2 + ...

Such a term in the heat capacity
often allows the detection of low-

energy splitting, e.g. nuclear spins or
hyperfine splitting (A~0.001-0.1K).
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Puc. 15.15. TennoeMKocTb raJ-
AU B HOPMAJBHOM COCTOSIHHH
(mpu T << 0,21 °K). Bxaanm B
TeNJIOEMKOCTb, 06yCI0BJEHHDIE
KBaPyNO/bHbIMH MOMEHTaMH
gaep {€C ~ T-2?) u 3neKTpoHaMH
npoBoguMocTH  (Cax ~ T) npH
OYeHb HH3KuX TeMIeparypax, siB-
agioTcsl npeo6aagawomumu, (M3






