Hamiltonian in Magnetic Substances

Localized electrons systems

H — -ZJGXZ,]- SI .Sj
Jox < 0 (incase of wave functions mixed )
. Antiferromagnetism

Jex = 0 (in case of wave functions orthgonalized )

. Ferromagnetism



Magnetism in Localized Electrons Systems

Paramagnetism Ferromagnetism
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Periodic Table for atomic element
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Magnetic moments for free atoms or ions

1. Either d- or f- shell electrons wave functions are distributed at closer location to
nuclei than either s- or p- shell are.

2. Angular dependence of d- and f- wave functions are so complicated that their
contirbution to covalent bonding is not so significant

What is L-S multiplet ? Consider two electrons on either p or d shells.

Electron-electron interaction lifts such the degeneracy as (C,=15 for p shell and ,,C,=4S5 for
d shell. Eigen energy at each state with two electrons is given as follows ;

E,(MN)=2E+U > E(TT,««, )
=2E'+U-J, (because of J, > 0)
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When J_, is negative due to the overlap of wave functions among
nearest neighbor atomic sites, Spins are anti-parallel. On the other
hand, if the wave function is orthogonalized, J__is always positive
and hence ferromagnetic coupling is realized

Proof:
.. LB
RpAg = I‘F‘q.: {rl.-'i,p., I:.r':]r'__lﬂllll.'-'.ll r::'li[l.tl: ry :Iﬂiﬂdr'ﬂ

1 /ris expanded in a Fourier series as

e _1 dxe’ sl
o VERS
Joy = —2St +J’ =J’ (because of S=0)
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Jom =y %F!P--"ir:-'mf ry)e® Ndry
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(2) Real number representation (1) Complex number representation
of 3d wave functions of 3d wave functions



3d orbitals

eg orbitals
3d%: S=1/2

3d4:S=2

E (M) =2E,+U >E (T T, <<, 4l )=2E9+ U-J_ (because of J, > 0)




Electronic state for unoccupied shell is classified by four quantum
numbers (L, M, S, M)

L : Magnitude of total orbital angular momentum, M, : z-component of L

S : Magnitude of total spin momentum, M : z-component of S

LS multiplet : when L and S are given, a number states of
(2L+1)(25+1) are possible. What is the ground state for numbers of
S and L with a lowest eigen energy ?

Hund’s rule is applied to determine the ground state in
LS multiplets ;

1. the maximum S among possible configurations, at the
same time,

2. the state possesses the maximum L.



How to obtain the total angular momentum J from
SandL

Spin-orbit interaction makes LS multiples split into
the J multiplets for J=5+L

J=L+S, L+S-1,* * *, |L-S|

Qualitative interpretation of spin-orbit interaction:

Electron spin feels magnetic field generated by current |
due to orbital motions of the nuclei with positive charge of
Ze (Biot-Savart’law)
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Effective Hamiltonian of spin — orbit interaction on the basis of
Hund’s Rule

(K Drs= 9 3=1L-8S

Less than half in orbital

shell : n <2l+1 5;=S/N
d orbital : n <5

f orbital : n<7

More than half in
orbital shell : n > 21+1 Si— -S/ [2(2|+1) —N]|

d orbital : n>5

f orbital : n>7



HMy=LL'Sh=¢{Im(E, ) S=(/mL"*S
A={/n >0
n>2+1: A= -{/(4142-n) <O
n = 2l+1 : L=0, $=(2{+1)/2 =+ H =0
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How to account total magnetic moment : M;= - g;u; (L + 25)

The J value among J multiplets 1s detemined so as to have a lowest
energy on the spin-orbit interaction

A L-S:%;(J!_Lﬂ_sﬂ)

(zL-,s')_,=-§-zlJ‘(J+1)-L(L+1)-S(s+1)1

Using the Heisenberg equation :
ﬂr.n"f ] =k i —
= LEH, r'l] = L{',T{_l — A.firj <:
ar h il
Prove that 7
ﬁ%-ﬂl[SxL]:z[Jx L] o

ﬁ%‘—f—-:z[LxS]=z[Jx §]

L §8kJ



J=L+S
L=aJ+bd, S=1-a)J+cJ,

Therefore,
J:L=L[*+§-L
JL=aJy' a= [L%+S -L]/J°=[L%+(J%-L?%-5%)/2]/I2=(J*+L2 - S?)/2J?

.:w—ﬂa:f_,_—ﬁ (T4 1)+ LCL+1)—5(5+1))

Total magnetic moment is derived in tems of projected components of S
and L along J

=—pp(L4+28)=—pp(2—a)f=—grnaJ

gr=3+ S(S+ zﬁ: —_E,ELHE

g,: Lande’s g factor




Paramagnetism and the Curie law of magnetic susceptibility

When magnetic field 1s applied along the z-axis, the Zeeman energy is
given by

E(J, M) =gpp HM;

The occupation probability at this eigen state at temperature T 1s
expressed in terms of a Boltzmann distribution as

"-*.:xp{-E{J, M J)&T}

Then, the thermal equilibrium is obtained as follows

MCEL TJ=N{M§— (=grusM;) “F_E_-EJFIHMJ fkT)}
{% "-“'-P(—EJFIHMJ,ET}}

Mywm=r

N : avodadro number, Kg : Boltzmann constant



Prove the following formula ;

MCH, T)=NaymJ B,{H4fE)

Bi(z) =25 coth 2oLz - L eath

B{(x) : Brillouin function

x>0 Bilxy*{J+1)arx
x=+oa | Bi{x)~1

Calculate the Curie constant C

Curie Law for
Paramagnetic materials

HIT=0: M~{C} H

Hﬂh“ : H"HE;H;’

Saturation
magnetization




Here you find the following definition




Paramagnetism of Rare earth ions including 4f shell

4f electrons does not so strongly interact with surrounding ions,
keeping their localized character.

Therefore, the magnetic moment per 10n is described in terms of J .

To confirm this, the theoretical value is compared with the experimental value

P=0 /3 (J +1) + Effective moments

X (T)=(Npg*/3kgT)p?



M(H / T)




Effective moments for Rare earth ions
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Magnetic moments of ions in the crystal

3d electrons in the d shell are strongly interacted with the
surrounding crystal electric field potential

Orbital moment is quenched, confirmed experimentally by
the following results

ETFME | 1AV »RUE &r Iy
St Y Ti .
Wi+ 1.8 .
ad? *F, Ve 2.8
3 Ny W 3.8 3.87
Co* 3.7 3.87
Mnt* 4.0 3.87
34t *D, C¥* 4.8
Mo+ 5.0
34* *S.n Mn¥* 5.9
Fal* 5.9
32 4N, Fel* 5.4
3 Fun Co* 4.8
A% AR, Nis+ 3.2
3 "Dy Cul* 1.9




(1) Complex number representation of 3d wave functions :
Rau(7) Y2"(0, ¢) (m=—2,—1,0,1,2)

(2) Real number representation of 3d wave functions :
de §ili @ doy=1(r) 2y, du=f(¥)yz, da=F(r)zx

dy 8t dep=F( 22— 1), da=—f(r)(32°—1?)

We have the following relation between the representations of
above (1) and (2)

de=R(*) 72 Y0, §), f::ez,rz;—ff(r}};.-m+ﬁr’}
2
d.3-1=—ﬁ(r)--.,%3.m’—Yz-‘}. dir-yr=R(7 m Y:?)

— f{’{ ?"]‘ ( Y.g }/2—2}
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(2) Real number representation (1) Complex number representation
of 3d wave functions of 3d wave functions






What is the origin of crystal electric field

Electric field produced by surrounding ions acts on electrons in the d shell.
Crystal field potential is given by Hcrys=2i V(1)

For example, we consider the magnetic ions surrounded by
octahedral oxygen ions which is displayed as follow :

Which electron’s wave function is in a state with eigen energy lower
than the other ?

de Wil d(zz) ¥FET  dr Bk d(G—y?) &R
ENFEHSE M L 4B
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Here, we see that a real representation of wave function results in <lI >= 0,
as an example for the case of

R(r —Y>%)

It is proved that this wave function is not an eigen-state for |, from the
relation

lidzy= R(r )5l Yi— Yi*)=2R(r) ( Y2+ Yi?)#dun
In fact, <| >=0 is valid from the following calculations;

oo 2
(J;)‘—l; O R (7 )dr './:I A (YZ2— Yo O)* L(Y$— Y:?)sin @ dOde

—9 ,/,; " VSR ) dr - f f( Yit— Y2)( Y2+ Ys)sin 0 dodg =0



The orbital moment is quenched in case of the degeneracy being lifted up.

Because the wave function 1s described by the real component, we have
the following relation :

I=C/D{rx grad]

(Lyav= [FL¥de= JwrLy*dr

= — ¥ L¥Vdr e —(L>av*
{forva]




Strong crystal field effect (V) breaks up the Hund’s rule (V)

We consider the following case :

dé: Fe3t, Co?*

VCr < VH
dr t Vi > Vy
0
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Electron Configuration in Transition Metal lons

d! d? d’
T3t V3*  Cr*
V4+ Cr4+ M n4+

d> d® d d¢ &
44 Mn?" Fe?* Co Ni** Cu?*

Mn3*t Fe3™ Co3" Nis™ Cu?"

AAA AAA AAA AAA AAA ALA

-
N

S=1/2 S=1 S=3/2

Hunds’ rule and Crystal

Electric Field Effect



Problem 7
1. 3d°(S=?2,L=2,1=7,Ey=?)

2.4f8 (5=2,L=7,3=?,Eq,=?)



Temperature variation of susceptibility for localized systems

Xa(D=C/T + T o (T)=C/T

Paramagnetism

Vg A \/
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-Magnetic field control of resistance
- Photo-irradiation control of resistance

- Electric field control of magnetization



Giant Response to magnetic and electric fields
due to the multi-criticality

Electric field

Giant Change in Resistance
by Magnetic Field

Magnetic Field Induced
Metal-Insulator Transition

Magnetic Field |—>

Photo Irradiation \

Charge Pressure Induced
Metal-Insulator Transition

Strongly
Correlated

Materials

External
<« Strain

Magnetic field

induced structural phase transition

‘ Electric Field ' Photo irradiation'

‘ Magnetic Field '

Conductivity
A

Magnetization
A

Conductivity

Magn}etization
)

o

& Electric field / k Strength of photon/




Application of spin degree of freedom

Crystal Structure of Mn Perovskite Oxides
LaMnO,

Electronic Strucutre of Mn

Perovskite Oxides

(b) xH&

4
= = es it (2 HiB)
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3d Wil (SEHLB) \ Y

Ly WUE (3 EHER)

Mn®" £7+ (34*: S=2)

B2E Mn™ A+ OETHRE.
3d* 1 fle!, S=2 DEAE VIREBR L B,
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Transition metal
Elements

Oxygen

Rare earth
ions

(a)

Perovskite

(b)

Layered Perovskite




Electronic Structure of Manganese oxides

Mn4+ Mn3*
(aB, S=3/2) (d*, S=2)

3d orbital €q —_—

MnO, Octahedron

Hund’s Coupling J, > CEF splitting 10Dq



By doping, Ferromagnetic metallic state is stabilized

Resistance
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Strong coupling of spin and

charge degrees of freedom ,
Conduction

- electrons
Hund’s coupling ,
Localized
spins

La3*MnO;  Sr*MnO,

Mn3+ Mn4+ Mn3+ Mn4+




Mixed configuration of Mn**(S=3/2) and Mn3*(S5=2) ions

(a) despins are ferromagnetic, dy electron is mobile.

dy === ? """" >
® 1o de e g © TP
iy =g —  —

4o b= # e @ [

Mn*'* Mn** Mn*t

(b) despins are antiferromagnetic, dy electron is localized.



When J_, is negative due to the overlap of wave functions among
nearest neighbor atomic sites, Spins are anti-parallel. On the other
hand, if the wave function is orthogonalized, J__is always positive
and hence ferromagnetism is realized

Proof:
.. LB
RpAg = I‘F‘q.: {rl.-'i,p., I:.r':]r'__lﬂllll.'-'.ll r::'li[l.tl: ry :Iﬂiﬂdr'ﬂ

1 /ris expanded in a Fourier series as

e _1 dxe’ sl
o VERS
Joy = —2St +J’ =J’ (because of S=0)

1 o dxet : "
Jom =y %F!P--"ir:-'mf ry)e® Ndry

X !.;p.l*{rgflq.:-;,lfrg]ﬁ'"""*drg =10
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There is a restriction for electrons to transfer depending on
spin and orbital states

(a) 2 ER#H x t cos(8/2) @)
. /_\ $ ™
&g
Mn®*  Mn**

(b) ¢ E

yz xy

FIX JETHE.




CMR effect

B.D B I I I T

Colossal
Magneto
Resistance

(W /Mn A k)

Magnetization

Resistance

EmEp(H) /p(0)
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Magnetic Field Control of Magnetic and Transport Properties

in Pr,,Ca,MnO;,

Competition between Ferromagnetic é ;
Metallic and charge ordered = >
insulating phases g 2

E

T * o

Conduction _4
electron I

e, orbits

I Hund’s rule

local spins / \ tZg Magnetic
orbits  field

Resistivily [{lcm]

Conductivity controlled by
Magnetic filed — local spins

— mobile electrons ¢ 1 2 3 4 S § 7
Magnetic Facld [=10" Oe]




Resistance Photo-induced insulator —

metal transition
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s R (Ferromagnetism)

o FerrobLVODIITEED I EWSER T LTSN D50
T HIEEELDERTH S,

o BRICHRINADMEELIL A ZMAELTHHAE
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EREEI1EEY: PtMnSb, MnBi, NdFe,B,,
BRALY - AT FT AR 2034 NTAk: /

La,  Sr,MnO,, CrO,, CdCr,S,, Cr;Te,, MnP, CrBr,
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Fe&Nid) 3d band structures
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Itinerant Magnetism & Spin-fluctuations

!

Stoner model

for itinerant
electrons

W

Weak itinerant Weak itinerant
Ferro. Antiferro.

Wave-number dependent susceptibility follows a Currie
Weiss law in a different origin from the localized model

Self-consistent renormalization (SCR) theory:

<Siz(t)Siz(t,)> = <Siz(t)><siz(t,)>

XO(QJ 0))

£(q, 0)=

Localized

1“17{0(% a)) + A(Qa (U)

Metal-Insulator
transition

Heisenberg model
Increase of electron for itinerant
correlation electrons

electrons mag.

Ferromagnetism.

Antiferro.

Localized magnetism

I = Etwawa +U2nﬂnu

ijo

1
S.=— (ny—ny)
2 n;, n;

when taking L=

<S,,>=const.

This relationship replaces the abvoe
second term in Hamiltonian to the follows;

— 21 Z S.?+ const

2N(Ev)
(1—ay)
0Ly =IN(E;)




= —f Z C;,Cioc + U Z Nt (5.4)
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DOBFEIMEBNS. TTT, 2= =0 2HV. &,
U
U ;nnnu = —2U ; Siz T o ;("ﬂ + i)

HEoNhs. COBE2HDHEEMIZIL2E RN £T5L (UN/2)THS
DT, 1 (5.4) DFE 2 FHIZ,

UZ nitNi | = —QUZ s7, + const (5.5)
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HEEAOMRZ RS-0, R (5.5) D s, D—FHEBFEEET (si,)
ERAZTE, WERENNT)OHEIEE xp = 2ux3N(Er) 2> T, 46
Wt Hy D% & TORE M 13,

M = Ngug (s) = xp [Ho + 2UM/(N g*u%)]
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Application of Magneto-resistive effect
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Spin polarization and Tunnel Magneto-Resistance (TMR)

~ )

TMR = ParPr  _ 2PaPs (Pa: spin polarization of

Pr 1 'PA’DB metal A)

If Py=P5=1, then TMR — ©

FM metal A FM metal B

barrier parrier

Parallel spin Antiparallel spin
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