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Oempovpe 000 SPINS Ta 0T0i0. PTOPOVV VO, EMKOIVOVIIGOVY HETAED TOVGS, S, KoL S

ne S,= Sg=1/2 (m.y. éva durvpnviko cdpumroko tov Cu(ll), 3d°

H payvntiki emwcowvovia coppoirileror pe J (cm)

ESAPTATAI
1) @von Tov petariov (.. Ni(11)-Ni(11), Cu(1)-Cu(ll), Fe(111)-Fe(111)

2) apdué ofeiomong tov petdrirov (.. Mn(1)-Mn(11), Mn(11)-MnIl), ...)
3) @Yon Ko YEOUETPIKES TAPAUETPOVS TS YNUIKNS YEQUPUS neTad TOV netdilov (m.y.
Ta 2 pérarra,
ve@updvovtol ord —COO, OH-, O% 1 orowadnmote YEQupo Bdonc katd Lewis

ne 1o INOAY péypr 3 dropo M-X-X-X-M



Superexchange — two identical metal centres, 180°

Ligand electron Ligand electron
Spin down Spin up

Metal electron Metal electron
Spin up Spin down

The result of this arrangement is that the coupling between
the two metal ions is antiferromagnetic (avrippotra spins 1 “avrirrapdAAnAa’)




Superexchange — angle of the M-O-M bond, 90°

Ligand electron Ligand electron

Spin down ifpin up
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Metal electron
Spin up

Ligand electron
3 Spinup

i ———Ligand electron
> Spin down

Metal electron
Spin up

(©)

The result of this arrangement is that the coupling between
the two metal ions is ferromagnetic (opéppoTra spins “TTapaAAnAa’)




strong magnetic interaction within the cluster

negligible magnetic interaction
between clusters
- magnetically dilute

molecular packing



Think what spin states are possible...

Mn'l = d4 = S=2

*magnetic exchange occurs through the bridging organic ligands, & comes in 2 forms:

S
A
S

=) l Antiferromagnetic S =0 J=-ive

1
N
(D

=2 S=2 Ferromagnetic Sgs=4 J=+ive

For a molecule containing 6 Mn'" ions the maximum possible spin state is:
S=6x2=12

The minimum possible spin state is given by subtracting 1 from S
S=0o0rS=1/2.1e.5=0

max Until you reach



But, we must remember that all the spins states in between also exist and
simply form an energy scale.....

l.e. possible S states for an Mn'', complex are: 12, 11, 10,9, 8,7,6,5,4,3,2,1,0 -
and they all exist.
What we are trying to do by measuring the ‘magnetism’ of our sample is

figure out in what order (in the energy scale) they appeatr. i.e.

A S=12 S=0 ——
s=1 S=1 ———
S=10 S=2 ———
S=9 S=3——
S=8 S=4

E S=7 or S=5 or.....

S=6 S=6
S=5 S =7
S=4 S=8
S=3 S=9
S=2 S=10—
S=1 S=11
S=0 S=10—

Luckily we are only really concerned with the ground state value....



NB: Each of these S states is splitin 25+1 Ms states (+S, +S-1.....-S)
So, the S=1 state has Ms = +1, 0, -1
the S=2 state has Ms = +2, +1, 0, -1, -2

the S=12 state has Ms = 12, +11, +10, 9, 8, +7, +6, 5, 4, £3, +2, +1, 0

In theory all the Ms states of a given S state are degenerate:

S=12
S=11
S=10

But they are not!

Split by:

a) zero-field splitting (SOC)
b) Application of H
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A¢ TPOSTUONGOVUE VO KETLAVGOVUE» TO NAYVITIKO GUGT LY,
OV TTPOKVTTTEL
a6 éva Survpnviké courioko tov Cu(ll)...

Don’t Panic!

The exchange interaction can be represented by a spin
Hamiltonian A (only involves the SPIN operators, $)

The Heisenberg spin Hamiltonian

=-2%'J,S,.5,
1,]

Remember that AY = EY

I.e. the spin Hamiltonian operates on the spin part of the
wavefunction — relative energies of the spin states



Exchange Coupling — two S=1/2 spins

Sy5(5s
H =-2JS,.5,

The coupling constant J is negative if the spins are paired, and
positive if the spins parallel

e.0.5,=Sg ="

The spins states, S, are Sp+ Sg, Sa+Sg—1, ...S, - Sp

Here, S,y = 1(with M, =+1,0-1) and S, = 0

Siota 1S SOMetimes referred toas S” or just S, i.e. S=1,and O

(with M, = 0)
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Exchange Coupling —two S=72 spins

H=-2JS,S, Sy— 38

The Hamiltonian is used to calculate the energies of the

different spin states — firstly, we need to rearrange into a more

useable form : 2
(spin operator)- .

Exploit the quantum mechanical result that operation of 52 on
a spin state described by the quantum number S is:

Av 2 Y Al v Al
S?|8S)=8(S+1)|S)
If we can transform H into a function of squares of spin operators,

then can derive energies of spin states in terms of spin quantum
numbers that we know



Exchange Coupling — two S=1/2 spins

SA’ :§A+§B §’ = total spin state

square both sides

— §'° S,”+S,”+2S,S, rearrange
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Exchange Coupling — two S=1/2 spins

N N

— |:| Z—J(é’z_SAz_SBZ)
{rememberthat é’z |S>:S(S —|—1)|S> }

then the energy of total spin states from operation of H on
|S", SA, Sg> is given by:

E(S) =-J[S(S+1) — Sa(Sa*1) — Sp(Setl)]

or E(S) =-J [StotaI(StotaI+1) - SA(SA+1) o SB(SB+1)]
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Exchange Coupling — two S=1/2 spins

E(S) = -I[Sital(Stotatl) — Sa(Satl) — Sp(Sptl)]

Here S, =Sg="%and S,,,,,=10or0

E(S=1) = -J[2 - 0.75 - 0.75]
E(S=1) = -14J

E(S=0) = -J[0 — 0.75 —0.75] E(S=0) = +3/2J

The energy gap E(S=0) - E(S=1) = 2J
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E(S=1) = -%J and E(S=0) = +3/2J

The energy gap E(S=0) — E(S=1) = 2J

Exchange Coupling — two S=1/2 spins

Ferromagnetic exchange

Jis +ve

2]

S=

S=

0

1

+3/2J

-2

Antiferromagnetic exchange
Jis -ve

S=1 +7/2J

2J

S=0 -3/2]
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Exchange Coupling — two S=1 spins

(Sy——(Ss  H=-235,5,

e.g. two Ni(ll) ions, S, =Sg =1

Siotal = Sa + Sgs Sp+ Sg =1, ...5,— Sp Siota = 2,1, 0
E(S) =-J [StotaI(StotaI+1) - SA(SA+1) - SB(SB+1)]

E(S=2) =-J[6 — 2 -2] =-2J

E(S=1) =-J[2 -2 -2] =+2J

E(S=0) = -J[0 — 2 —2] = +4]



Xpnion s MeBooov Kambe Vector yio v ECayoyn g
Eicmong Van Vieck

() 4> (o)

Apykd, v100€TOVUE TNV YOUATOVIOVN:

H=-2J(5,'S,) (1)

Ymv e&lomon avtr] BEAovpe vo pUYOUV 01 TEAEGTEG, GLVETMC:

+

N =
N =

Ioyvet S;=5,+8S,= = 1 Xvvenwg 10 St maipver ipég St = 1,0

Y ydvovtag thv oyéon 6To TETPaymvo Ko pe Ty xpnon g tavtotntog (a+b)? = a2 + 2ab + b?
[Ipokvmet:

(S1)2= (51 + 5% = (5)%+ 25,5, + (5,)? (2)

I'vopifovue 6t (3)? = a(a+l) emopévag n oyéon (2) yiveran:

= Sp(Sy+1)=S(S1#1) + Sy(S, + 1) + 25,5,
= 25;°5,=S1(Sr+1) = S;(S;+1) - Sy(S,+ 1) (3)



Ao t1g oyéoelg 1 ko 3 mpoxdmtel TEAIKA,
H=-J[S1(St +1) — Sy(S;+1) — Sx(S, + 1)] (4)

Eneon S; = S, amhomoteiton 1) e&icmon (4) kol TpokOTTEL:

A= -J[S(Sy +1) - 28(S+1)] omov S = = (5)

And v e€icmon (5) Bpiokovpe v evépyetla Eqr yuo k0Be kotdotoon St
1, 11 3 1
INoSp=1lxo S= > EXOUpE: Eqr = -J-[1-(141) -2- E-(E+1)] =-J-[2- 5] = - ;J
1, 1.1 3 3
[N S;=0xou S= 5 EXOVLE: Eqsr = -J-[0-(0+1) -2 E'( 3 +1)] =-J[- 5] = + EJ

I'o va empefarocovpe v opBOTNTE TOL pHOVTEAOL TTOV OKOAOVOEITOL, EAEYYOVNE
gav to a0powopa ), Egr(2Sy + 1) sivan ico pe 1o pundév.

Mo Sy =1 Egr=-~Jéypovper  Egr (287 +1) = - 20-(2:1+1) =- =)

2

INa S; =0 kot Egr = + %J gyovpe:  Egr (251 +1) =+ %J-(2-0+1) =+ %J

Sovends, X Esr(2S;+1)=-3J+>J=0



Yyéon HOYVIITIKNG ETOEKTIKOTNTOS CUVAPTI|CEL TOV GTLY, S,
LS EVOONS

Bleaney-Bowers egn

= NgB’. Y Sp(Srr1)(2Sr+le{-E(Sp)/KT}
3kT (2St+1)e{-E(St)/kT}




>mv ocvvéyela, epapuolovue v katavour, Maxwell-Boltzmann yia 1o stmopnvikd cdumioko
oV Xaikov (II):

_ Ng?B? ST(St+1)(2ST+1)e KT
= arr 2 “Esy (6)
(2St+1)e KT
, , _ NgZBZ
®¢tovue Tov Opo, C = T
Omnote mpokvmrer n e&icwon 7,
ST(St+1)(2St+1)e KT
y=C-Y T(ST+1)( T—Egi )

(2ST+1)e KT

Avtikabiotovtog oty eicwon 7 T1g TWES St ko TG avtiotolyeg TWES E ¢ mov voloyicope
TPOTNYOLUEV®GS, TPOKVTITEL

(6..2)
6-ekT

x=0C-
ETED
e kT +3-ekT

(8)




Epoapuolovtac v eEicmon 8 oOTIC MEPOUATIKEG TUWEC TPOEKVITEL TO OLAYPOLUO TTOV

eatvetal otnv Ewcova.

AmO0 ™) ovuyKekpuév néBooo

: umopei va vroloyiotei n

I TOPANETPOS OvTOALaYNG, J.
n
\

%, T (€m’mol 'K)

Xpnion Origin

Me avaroyo Tpomo vroroyiloviar ot e€dmoeic Van Vleck yia to dtrvpnvikd cOUTA0KO TOV

Cu(ll) kot Tov Mn(l11).

( +2J -2J
] 30-ekT +6-e kT
InT- _
[ To [Ni'] y = 37 TR,
(5 e kKT + 3-ekT + e kT
+2] —6J —10] —12]
(180" +84+30-ekF +6-¢ kKT + ¢ KT
¥2J —6J ~10J 12

I'oto [Mn',]: x=C-
(9-ek_T+7+5-ekT +3-e kT + e kT



Xpnion s MeBooov Kambe Vector yio v ECayoyn g
Eliocwong Van Vleck

Ni(ll)) < J > [ Ni(ll)

Apyd, vV1I0OETOVUE TNV YOULUATOVIOVT:
H=-2J5,:S,) (D

2y e&lomon avt BElovpe va pOYoLV Ol TEAECTESG, GLVETMG:

Ioyoer S; =S, +S,=1+1 =2 Tvvendc 1o Sy maipvet Tpéc St =2, 1,0
Y yovovtag TV 6Y£0T 6TO TETPAYMVO Kol LE TV Ypnomn ¢ tovtotroc (at+b)? = a? + 2ab + b?
[Tpokvmtet:
(5p)? =51 +5)>= (5> 25,5, +(5,)? (2)
I'vopilovue 61t (3)? = a(at+1) emouévog n oyéon (2) yivetot:
= Sp(Sp+1)=Sy(S;+1) + Sy(S,+ 1) + 25,5,
= 25,5, =Si(S;+1)=S;(S;+1) = Sy(S,+ 1) (3)



Amo 116 oxéoeig | ka3 mpoxOmTeEl TEMKA,
H=-J[S1(Sp +1 ) = Sy(Sy+1) = Sx(S, + 1)] (4)
Enewon S; = S, anlonoeitar 1| eicwon (4) Kot TpokvmTEL:

H=-J[S(S; +1 ) —2S(S+1)] 6mov S =1 (5)

Ao v e€icmon (5) Bpiokovpe v evépyela Egp Yo kGO kotdotaon St.

[a St =2 xar S=1 &ovpe: Eqr= -J-[2-(2+1)-2-1-(1+1)] =-]-[6-4] = -2]

[a St =1 xar S=1 &ovpe: Eqr= -J-[1-(1+1)-2-1-(1+1)] =-]-[2-4] = +2]

o St =0 kot S=1 &ovpue: Eqr= -J-[0:(0+1)-2-1-(1+1)]=-]-[-4] = +4]

IN'a va emPefarocovpe Ty opBOTHTE TOL HOVTELOV OGS, EAEYYOVUE EAV TO
GOpowopa ). E¢r(2St + 1) civar ico pe To pndéy.

o S; =2 ko Eqr =-2) éyovpe:  Egqp (2S¢ +1) =-2J-(2-2+1)=-10J

o S; =1 ko Eqgr = +2) égovpe:  Egqp (2S7+1) =4+2)-(2-1+1)=+6]

[o St =0 ko Egr = +4J éyovpe:  Egqr (2S7+1)=+4J-(2:0+1)=+4]

Yovenwg, . Eqr(2Sp+1)=-10]J+6]J+4]=0



To aBpoopua teAkd pndeviCetan, emPePordvovrog v opBOdHTHTAL TOL HOVIEAOL TOV
akoAovOeitat.

XtV cuvéyela, epapuolovue v katavour] Maxwell-Boltzmann yio 1o dutopnvikd cOumAoxo
tov NikeAov

_ Ng?B? o St(St+1)(2St+1)e KT
= & “Esy (6)
(2St+1)e KT
, , _ NgZBZ
©ftovpe Tov opo, C=—"—-
Omnote mpoxvmte n e&iowon 7,
St(St+1)(2ST+1)e KT
y=C- Y T(ST+1)( T—Egi 7)

(2St+1)e kT

AvtikaBiotovtac oty e€icwon 7 Tic TIHEC St ko TIC avtiotowyes TWEG E ¢ mov vtoloyicape
TPONYOVUEVOC, TPOKVTITEL:

2] -2
(30 e kT + 6:¢ekT

+2J —2J —4] (8)
(5 e kT + 3 -e kT + e kT

y=C-



Epoapuolovtac v eEicmon 8 oOTIC MEPOUATIKEG TUWEC TPOEKVITEL TO OLAYPOLUO TTOV

eatvetal otnv Ewcova.

AmO0 ™ cvuyKekpuévn néBooo

: umopei va vroloyiotei n

I TOPANETPOS OvTOALOYNG, J.
n
\

%, T (€m’mol 'K)

Me avéloyo tpdmo vroroyilovron ot e&dmaoeig Van Vieck yio ta dutvpnvikd cdumioka Tov

6 k

lNnoto[Cu,]: x=C-
[Cu,] ( 3 J%j)
e kT + 3 -e kT

+2] —6J —10J —12]
(180-ekT +84+30-ekT +6-e kKT + e kT
+2] —6] —10J —12]

lNoto[Mn,]: x=C-
(9-6W+7+5-6W+3-e kKT + e kT



( +5] -3J —%J)

c 84-ekT +30-ekT +6-¢e kT
x=C-

7-eklT +5:.ekT +3:¢ KT + e KT

INa to [Co'L ] :




Modeling Magnetic Data I

To obtain a sensible fit of your magnetic data you need

- Good magnetic data
- A good magnetic model

- A robust optimization process



The enemy of the magnetochemist
"

The good tool

Glass spatula

you pollute your sample with a ferromagnetic impurity !!!!



