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Definitions

B=H+4M

£:1+471:%:1+47zr)(
H H Y

X, volume susceptibility (dimensionless)

X, gram susceptibility (cm® g™'):

X = Lo
& p « density
X, molar susceptibility (cm® mol™):
Xn =X M
oM
(Technically, ;{V:a—H, which is important

when dealing with magnetically-ordered
materials where M is not proportional to H.)

* B is the flux density
inside a sample, H is
the applied field, and M
is the induced
magnetization.

- X is a measure of the

sample’s ‘susceptibility’ to
being magnetized, per unit
applied field.
Strictly, M doesn’t have to
be parallel to H, and then y
is a matrix.
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Energy relationships

HB
E=— (erg/em®)
8

H(l+4my |H
E:(ix”): i+x—‘ H?
8 8t 2
o2
Inavacuum, £, =— (y,=0)
8 !

E-E, = Loy
e =

or, choosing £ to be the zero of energy

E= Xopp
2

pdE_ (g
:odz v dz

* HB/8x is the magnetic energy
‘stored’ in any medium. (Seems
weird, but if you integrate HB/8nt
over all space with no sample
present, you obtain the energy
that was needed to magnetize
the magnet!)

F_is the force that a volume
element of the sample ‘feels’ as
it moves in an inhomogeneous
magnetic field (i.e., in or out of
the field of a magnet along the

z-direction). 4




x measurement; Faraday method

to microbalance

-
F, 7deZ Xe

R N LT T } sample is moved into
-J constant range

dH
H dz

With Field: . =95 — | g+ 1|
Fodz dz )"

+ Pole pieces shaped to yield field gradient requirements (or
“shaping coils” mounted to faces of the magnet).

« Advantages: good sensitivity; no ‘packing error’; Small
sample allows good thermostatting of sample

+ Disadvantage: magnetic anisotropies difficult to measwe.

Zero Field:  F, =mg g - gravitationalal constant

v measurement; Evans (solution) NMR

Evans, J. Chem. Soc., 1959, 2003.
methOd Oatfeld & Cohen, J. Chem. Ed., 1972, 49, 829.
* Two, concentric, NMR tubes are used.
* Inner tube: internal standard, dissolved in solvent

« Outer tube: internal standard, dissolved in solvent, plus
paramagnetic solution species to be measured.

The presence of paramagnetic ions in the outer tube shifts the field felt by
the standard molecules in the outer tube.
shift of resonance field > AH _ 27
H 3 <
where Ay is the difference in the volume susceptibilities of the liquids
gram susceptibility of paramagnetic substance:
Py~ P 3 Av <« frequency shift (Hz)
A= 2|1+ e =2
m 2nm v« resonance frequency (Hz)

S —
correction for

2 _ grams of paramagnetic solute/
m= .
density changes ‘ml solution

e —
accounts for sol-
vent displaced Py

solvent density
pg = solution density 6

X, = gram susceptibility of solvent

The Basic

&
és) Schemes
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Zero temperature
‘snapshots’ of magnetic
moments in each
paramagnetic (zero
field), ferromagnetic,
antiferromagnetic, and

g ferrimagnetic materials.

Ferromagnet
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Xia ~ 1070 - present in all matter
T independent
Very weakly destabilizing in

y—— 107 — 107 - unpaired spins
1/ T dependence

RRORONCS
85 s
RESIEORES

weakly stabilizing in H

Paramagnet Antiferromagnet

Xami Nldia arT=0
if exactly stoiciometric

slowly rises with 7" until T,

Koo ~ UP tO 10°
slowly decreases with 7" until near 7,

stabilizing in H

RECRCONeT
-85 %52y
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Diamagnetism — Pascal’'s Constants

H All paramagnetic
H H measurements should be
A corrected for
diamagnetism:
H N/ H Xobs = Xpara + Xdia
+) )

These can be estimated
5 x C(ring) = 5% (-6.24x10°)=-31.2x10° using Pascal’s constants
5 x H=5x(-2.93x10°) = -14.6x10" (from atomic/ionic
1 x C(ring)=—4.6x10° susceptibilities)

Pascal's Constants not perfect

calc. exptl.
pyridine: —50.4x10° —49x10°°
H
H AsMe, 6 p
-147x107° -194x10"
H AsMe, Fortunately, it is usually the case that
iy [Xparal >> IXqia | @nd errors like this can

be tolerated. Nevertheless, if
diamagnetic complexes analogous to
paramagnetic species can be

. _ —6 3 -1 —1 .
Total: 50.4x10™ cm” mol ™ (or emu mol ') measured, they yleld better
9 estimates. 10
9 10

Statistical Thermodynamics

Magnetic susceptibility measurements are “bulk
property” measurements, and results are
averages over the so-called ‘ensemble’ of
molecules in the system.

Probability the an energy level with energy &, is occupied

-&;/kpT
e
P, = ﬁ where g, is the degeneracy of the i level.
ge
The 'thermal average' of property A one will measure for a system in equilibrium:
ZA,g.efs"/kBT
<1
<A> = z pA; = W ; where 4, is the value of property A in the iM state
i ge !

i

1"

Magnetization of an Ideal Paramagnet

If we call m the average magnetic moment of a paramagnetic molecule,

then N, M is the molar magnetization the compound in question.

If we apply a magnetic field along the z-axis to a sample of noninteracting
molecules, each molecule will experience Zeeman splitting of its energy levels.

m is given by substituting into the formula we have have just presented as follows

—&;/kyT z’: ~Eu, kgT zj" M M g upH [kpT
2‘41&2 s My e s8 1€
Zg.efg"/k”r L gy kT L et kT
~Si z e M z Mg sHst ky
i
My=-J My=-J

‘What do all the symbols mean?

« J is the total angular momentum, but in many cases, J = S.

* M, is the z-component of J, so that in spin-only cases, M , = M.

* U,, is the z-component of the magnetic moment for each Zeeman
v

level, so My, = M ,g i, (We can ignore x and y components since

they cancel each out when averaged over all molecules.)

. EMJ is the energy of each Zeeman level, so , EM/ =Hy,t H=-M,g,u,H
12

11
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Pictorial View

Magnetization and Susceptibility

J By, T J My T Mg, uH / k,T <1 at temperatures over a few K. Therefore, we can expand
Z 'uMJe o Z M_,g‘,,uBe sestut T M ;g upH kgl
o M=t _ M=y e :1+Mjgj,uBH/kBT
i eiEMJ/‘BT i oMoesbsH kT J ¥ T J
My==J My==J 2 M g e 2 MJ(1+ M,g,uH kBT)
_ M,=J M,=J
yH =0.4574 cm™ for H =1.0 T (10,000 G) relative m= 7 =g Mg 7
lati Mg upH kgl
M _ o ess1k for H=1.0 T (10,000 G) [rsova Z € z (1+M~/gJﬂ5’H kBT)
p at 298 K, My My
# H=10T ‘J ’
E 2M2 2 2 thnotes: " =1+x forx <1
E=+2uH 0.991 2 2]_] J _ H math notes: e x forx<
i o T RN m:%J(JH) S k=0 Y m=2s+1
k,T z 3k, T - -
E=+ugH 0.994 2 (1) S =D+
My=—J
- _ N
£=0 0.996 The molar bulk magnetization, M, is then M = N, m= 3kAT |:g3J(J + 1),u§:|H
B
E=—upt 0.998 The molar magnetic susceptibility is then,
E=-2ugH  1.000 oM N, , Curie
=—=— ; and =g \J(J+1 .
I K= 90 " 3k,r Hop =& NI DI | e derived
13 14
H 2772 sin 6d ia’
Classical Result ‘ Curie’s Law
- C
Empirical form: In=7
(x=c059;dx=sin9d9) a=ﬂ
kyT
2
C Nyu
" . x,=— ; and C=——L =0125¢20(J +1)
NAJ.,ltcosee“H“’SG/kﬁT sin0do '[xe”"dx ‘ r ky
_ 1
N m= 0 :NA/.L1 =N ,uycotha—— 2
T -1 a 23 -21 CIg
J'e,uHcosB/kBT <in6do J.e“xdx , (6.023x10% mol™)| 9.2740x 1072 ==
0 ] La). NOTE: ~aks_ =0.125 2% Kmol" =0.125 K mol’
Langevin s 3 1.3807x 1071 € G
e & function o ’ K
Normally , a <1 (uH < k,T), .. use cotha——=———+ ' ¢ 2
( 8 ) a 3 45 02 % 3 : (6.023x10% mol” )[9.2740>< 1072 %) ; ?
2 . Al _ -1 |
—_ B Ma _ W H _ L(a BUT (!): =1.25 — Kmol =0.125 K mol
H=Nplla)y=N, =N, 3k,T " (@) 3k 3[1.3807><10’23 %J T
. . S : : e Why? 1G?=lerg, BUT 1T°=10]J
Comparison of the Q.M. result with the” ** pp o Y e
041
_ N u 2
_ 4 I
N M gsicar = 3% T H|  kgT > pH [ 024 Using ST units throughout for C: 1) —2 Hs (47r x107 %][1.25 iz K mol“): 1.57 x4§™° m* K mol”
B : 3k, A T
- 03

16




v and -1

Spin-Only Magnetism

C_Ny
: T =yt and 1, =2yS(S+ D), =n(n+2),
C N, u..
X = T ; and C= ;qu = O.IZSgiJ(J +1) (assumes g, =2) n= # of unpaired electrons
B
n S ueff
1 1, | 1.73 Note:
Xfl .
X 2 1 2.83 The high-T slope of a x-1
3 3, 387 vs. 1/T plot is a more
4 > 4.90 reliable measure of y
. than the direct use of the
S S, | 5.92 Curie formula from a
0 6 3 6.93 single measurement at a
0 T T fixed temperature.
- 7 71, | 7.94 perature
17 18
Table 5.3 Ul data (~ 300 K) for selected compounds of d3 and d” ions. ::;?aﬁdar:gg;:ig“”) atca. 300 K for a selection of trigonal Othe r Coord | n at|0 n
a3 crCly 3.90 K;[Cr(ox);].3H,0  3.62 ;o 7[NT(CN)]:’ f-»Ni(PMei)r (CiN; 70 (c]osre;-s};‘elljigi H - An
[Cr(NH;3)¢]Br3 377 KCr(SO4)2.12H,0  3.84 [Mo(NO;(SPh)ﬂ 0 (S]jsed-sf{eu d% geometrles' d
[Cr(en);]Br 3.82 K3[MoClg] 3.79 1 =1 LTi . 69 (d! y 70 (d! H H H
s am ey sm Opin-Only evn TOMeNTy 1) O 170 Trigonal Bipyramidal
K;3[Cr(CN)g] 3.87 [V(en);]Br, 3.81 S=1  rV(PMe3),Clz  2.61(d?)  1-Co(PMe3),Cl; 3.05 (d%) com p|eX€S
K3[Cr(NCS)g].4H,0 3.79 [V(bpy)3ICly 3.67 Exam pleS [Ni(Megtren)Cl]" 3.42 (d®)  [Fe(QP)CI" 3.10 (d%) L
K3[Mo(NCS)gl.4H,0 3.70  [Mo(bpy)sICly 3.66 S=32 Cr(NMe;),Cly;  3.88(d%) rFe(PMes)Cly 422 (d%)
(N"Buy);[Cr(N3)3) 376 K4[V(CN)g] 3.78 [Co(Megtren)CI]" 4.45(d7)  [Co(Opy)sI* 456 (d7)
S=2  [Cr(Megtren)CI]" 4.85(d%)  -Mn(PMej),l;  4.80 (d%) L,,,,,,,,”,
d5 MnCl, 579 FeCly 5.73 n S Mgt (Ug) (Fe(MegtrenyBr]* 5.34 (d°) /M L
MnBr, 5.82 (Et4N)[FeCl4] 5.88 S=52 [Mn(Megtrem)l]* 5.95 (d°) L ’
(NH,),Mn(S0,),6H,0 5.88  (NH,)Fe(SOg),.12H,0 5.89 3 3/, 3.87 S . A —
[Mn(NH3)6]C12 592 Kj[Fe(ox)3].3H,0 5.90 5 Megtren = tris-(2-dimethylaminomethyl)amine, N(CH,CH,NMe,),; zZ
(Et4N),[MnCl,] 5.94 5 /2 5.92 QP = tris-(2-diphenylph P(0-CgH,PPhy); L

High-spin d5- and d3-complexes often behave as
nearly ideal spin-only systems. In these cases,
obtained by assuming the Curie formula is correct
and plugging in the temperature, 300K, gives good
to excellent agreement with experiment. (\Why?)

Opy = pyridine N-oxide, CsHsNO

Spin states are determined

by varying ligand field

strengths in ax

ial and

equatorial ligands — see if
you can discern trends.

x2—y2  xy

19
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: o C
Non-ideal Paramagnets: Curie-Weiss Law: y=——

T-6
6 <0 ; paramagnetic behavior well above
. antiferromagnetic ordering temperature (7}, )
x!
c 1 0
L Curie-Weiss Law: y=——; y '=|— |- —
Ty T-0 C C
o ! 6 > 0 ; paramagnetic behavior well above ferromagnetic

ordering temperature (7). Applies only for 7> 6.

™

Curie Law: y :% s x = [IJT

21

Non-ideal Paramagnets; Molecular Systems

xT

T
s ¥xT=C
50 =iy

6 >0 ; net ferromagnetic coupling yields y7 > C

Curie-Weiss Law: y = TL S

Curie Law: T =C

0 < 0 ; net antiferromagnetic coupling yields 7' < C

22

21
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Paramagnet Saturation: u,H > k,T

Paramagnet Saturation: u,H >k,T

O_r“(n:hard, p. 49 & section 3.10 ¢ st 4 s Orchard, section 3.10
! T 111 T T T L] RGN € M M e y8HB [ .
- ~ ed 5= ] i = o, " e Scaled saturation curves
= ? = = C 3
M 600, ;.,{,i ‘\ i g_EMJ/kBT i g’MJgJAuHH/kHT r Gd ,$*7/2
[~ 1 6.00 e 1 S
(us) [ / Fe*'.s=572 M’:g_'; . Z’:_'/ , M |
50— - ’ Le“‘:% i then ﬂ:g,uﬁzln[ > e‘m\] (UB) Fe3+, S=5/2
g L l f"‘(‘/ _| B My=-J L 500 pe—
f% C 7 B 3 Myx _ < My _ e S i _ x| N () o M, Z /
: L B PR YR RN :
E i; / crt, $=312 =M Z ()T 2 ) ]= :q §=312
% “m;f [ /wg glv(l,gm*‘)l) i (L:X)Ml:(e./vief(lﬂ)x] i 3.00 f——b—
2 _X! /an n My=0 l-e™ H
i L | - ’
72w /‘ o 130K } ] SRIHN2 _ )2 sinh7(21+l)x B sinhi(zjzl)x 7 am
i Z o o | - t
£ ] _ g1 i 1 1 | !
. ’u:g'ﬂuBJB'/(}g : y:J% L E RN RN NN 0.00 10 20 30 40
D"n S 10 - Jn S 111» S 40 B o~ 10 20 30 10 HIT
7 i kG dog ! ) 2J+1 2J+1 1 ) BT in kG deg !
prmicist B (kG) B,(»)= coth )~ —coth B (kG)
2J 2J 2J 2J
23 24
cothe=S"¢" 1o x5 B,(y) =1 as y— o Brillouin Functions
23 24




Saturation Measurements to
identify Spin States

Origins of Curie Law Deviations

The BriIIoui_n functions have //
a characteristic shape for 2 » The Weiss constant, 6, incorporates
cases). o peny "/ the effects of intermolecular/interionic
cases). moos] |
When magnetic ion M 1] = = magnetic coupling above the ordering
concentrations or g-values 041 Theor, £-2 )
are not known, the saturation ; e -4 temperatures of ferro-, antiferro-, and
measurements can yield J 02| e ]
(or S) for near-ideal Curie- — ferrlmagnets'
;aw systems. 0‘00.0 ' o.vs ' 1.'0 ' 1.'5 ' 2.'0 ' 2.'5 ' 3:0 ® Thel’e al’e Sevel’a| SOUI’CeS Of non'
aturation measurements HT . .
are only useful for getting the - e Curie Law behavior that have an
low-T moment and only if the H=g,ugJB,(y) ; VETRT intramolecular origin.
system if nearly ideal (i.e., 2rel agel |
molecular, noninteracting, B,(y)= coth y——=co e
moments) = 2 252,‘] 2/ 26
25 26

Origins of Curie Law Deviations

+ The simplest deviation: g # g,. This doesn't alter

the temperature dependence, but it does alter the
computed value of S. The correct value of g to use

is: g2 = 1/5(9,2 + 9,2 + 9,%)
» Temperature-independent (Van Vleck)
paramagnetism (TIP). To more carefully discuss the

origin of this kind of case, we’'ll need to use the
Generalized Treatment of Susceptibility - see below!

* Another kind of T-independent paramagnetism
arises from the conduction electrons in metals (Pauli
paramagnetism).

» Zero Field Splitting and first-order orbital effects.
+ Temperature variations due to coupling within a

27

Magnetism of Ln3+ Complexes

O N = gilI0 g ‘
B ngp = [4S(S+1) _‘»L(x.ﬂ)]?
® Ny = 2[S(S+D)?

I — the error bar defines the range of
experimental values of n g at about
300 K. [Much of the variation is due
to crystal field effects, as explained
in section (5).]

The asymmetry of the O plot reflects
multiplet inversion

[See NB (J) of § 2.5(4).]

The symmetry about N = 7 of the
other two plots is consequent upon
the hole theorem.

[See NB (H) of § 2.4(3).]

Fig. 4.9 Simple estimates of ng for Ln®* ions 4f™
compared with representative experimental data (~ 300K).

Neff
/7

Number of felectrons

28
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Pauli Paramagnetism

Valence electron -1 2
DOS for Mo. HFH % = g?N(EF)

antibonding The Zeeman

interaction introduces
a small difference in
up- and down-spin
populations.

D. D. Koelling, F. M. Mueller, A. J. Arko, J. B.
Ketterson, Phys. Rev. B, 1974, 10, 4889
PR S S S T SO ST S
0 4 8 12 16 18 24 28 32 36 40 29
N(E) (evels/Ry)  (/atom)

bonding

EI,(O) — El

Perturbation expansion:

E=EV+E"H+EYH +---

(Eiz_ui.H) = H;=-

p=EV+2EPH

EVH (0)
(1) @) _E —E© fi, T
oE, N;(Ei +2E! H)[l i, Je s .
— =
aH 2 I_E;DH e*E,(O)/kBT
- k,T

Generalized Treatment of
Susceptibility (Van Vleck)

* Energy shifts are generally small
compared to spacings between
levels (except for degeneracies).

Ei[kgT
Nz,u,c ‘
M=t
ZG—EL/I:ET
i

0)
ol efE,‘O)/k,,Te*(E,(”H+E,(Z)H2+---)/I<,,T _ efg,“”/k,,r I—M

kT

30

29
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- Generalized Treatment of
Susceptibility (Van Vleck)

_— If a material is not magnetically
ordered, it will have no permanent

Generalized Treatment of
Susceptibility (Van Vleck)

2
— A ED
_—— magnetization. Therefore, M,,_, = 0. —_— Ny (k’)—zEl@ B
R 1 (2)
—_— M,_, =W=O ;.. numerator = 0 —_—— xX= ze_E!(O)/kBT
H - H -
E©® — F (Em)z o) E©® — E
Ny 2D ekt
i B BM

Using this and expanding equation (1) to terms linear in H: M = m H ; and finally, since y = — , . .

e i ton ! R Y E(" and E{2 are obtained from perturbation theory.

0) O\ /(0 )
(E(l))z (0’/ E(z) _2<LP7' ‘}[Zeeman ‘Pn ><an }[Zeeman lPi >
. T ) @ | B kT i
E(" and E{2 are obtained NY T e @) ED = (056, [¥0) = - EY—E"
! i i Zeeman i
from perturbation theory. x= © o\
p ry S ¢ T g (#0125, w0 (w02, + 25 [w)
: 37 i E}ﬁo) — El.(o) 32
31 32




Curie’s Law from the Van Vleck Formula

The Van Vleck formalism can be used to derive Curie’s Law;
just retain the leading term in the numerator of eqn. (2):

mg =
2 2
(1) O]
NZ (Ei ) _2E® L,_E,(O)/kgr NZ (E‘ ) e‘E§O)/kBT ge‘LlBH
~ g, ~ "k, T
x= H mg = -1/2
ZQ—E,‘O’/I(BT Ze—E}”‘/kBr

Now, E; = E,(O) + E(OH, where é,(1) = gMgpg

2
(E?”) o
! 7Ei /I‘BT 2 2
¢ Ne“ iy

Y= LSS +@S +1)

2
i A(MS) eE:U)/kBT/
wy=-s k5T Ng12S(S +1)

[ 3 m=25+1

%

|

1/2

Temperature Independent (Van
Vleck) Paramagnetism (TIP)

» TIP is significant when the ground state is diamagnetic
(E{® = 0), but there are many paramagnetic excited

states with energies substantially greater than kgT (E,©
— E, 0 >> kT), but still not too high in energy.

* Only the second-order Zeeman mixing of excited states
into the ground state (by the field) makes an
appreciable contribution. Use of eqn. (2) shows the T-
independence:

diamagnetic ground state: ,uBH<‘{’§°) ‘L: +28, “}’50)> =0

o)
i kBT f Nz{(E’ ) _ 2E(2) e_E,(m/kBT 5
x£= o] = = T kT l @ ‘<‘P‘°>‘]{ ‘{“°)>
—F. kT S 3k T NE, 0 Zeeman n
ze i kg _E(0>/k T B %= - 0 . E(Z):Z
. 1) le " B _p(0) _gO /[ >0 ‘ (0) _ (0)
, 120 . S EE
33 34

Examples: T-independent effects

Diamagnetic susceptibilities Yo T
compound m
Am (10-6 cm3 mol-1)
ion (10-6 cm3 Li,[CrO,] +20.7
mol-1) Na,[CrO,] +15.4
Li* -0.6 K,[CrO,] -3.6
K* -13 KIMnO,] +27.8
Cs* — 31 Cs[MnO,] +3.5
Notes:

TThe values given in the table at right are from Orchard
(p. 81), divided by 4w x 10-6 to convert them to cgs units.
See p. 6 for more. "From Selwood. %

Empirical Corrections

Curie-Weiss plus T-independent corrections: y = y, + g

* In practice, a fit of the x data including a T-
independent term, y,, is often included to account
for diamagnetism and TIP empirically (3 = Xgia +

XTip)-

WARNING: empirical corrections like this can be
dangerous when used indiscriminately! The magnitude
of the correction has to be sensible (and small!).
Furthermore, since neither x, nor y1, is dependent on

field, the H-dependence of the data should be csrgecked!

35
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ZFS: Effect on Susceptibility

£ E=EY+EYH+EDH +...
MS: +1 i i i i
i gugH Bearing in mind the definitions of
the terms that go into Van
D My=-1 Vleck’s formula (E(2) = 0) :
Me=0 E®=0; EM=0
H E11(0) =D

N N E,, W=+ gM
g{q[f:uBH.g.S+D[SZZ_S(S3+1)J +1 gMspig

(E) a0 (6] o, (ot
NZ i) E Ji,T 0+ gHy o DlksT 8Hy o OlksT

+

ZFS: Effect on Susceptibility

go k,T . k,T k,T - N&uBz o DlksT 8,[132 e—D/kBT 0 5 100 150T 200 250 300
Ze-ffo)/kﬂ 1426 2/k7 kT (1 +26_D/k”T) £ kT (1 +2 _D/kBT)
i B e
CAUTION: e’(F‘“)H'F'[Z”"'2 kT =1- E“)T actually only applies when k7' > E:”H 37 38
37 38
A + . — . —_—
: . Cr+ZFS:S=23/2 ZFS: S = 3/2
M) \E
E=EOY+EOH+EDH?+... M=+, y
1 1 1 1
+3/, — 3gugH o - g
2 &hp Bearing in mind the definitions of , k—B ——————————————————————————————————
2D Mg=+1, the terms that go into Van +°/, = 3gugh B
’ 2 =0): — 41 L
L1y, i M=, Vleck’s formula (E; 0): oD M=+,
- EQ,=0 ; Ef) =+ 1,gMgig £ 1/, =4 Wy Y
MS_ /2 E(O) =2D S 2 D
- +3/2 Mao=_1/ ar —=4K
H M _ ., ST 2 k
E. s = £ 3,gMspig > B
2 _EO fk,r H
NZ(E;I)) e I iy
T gyt O
i ‘UBZ 1+ 96_2D/kBT 0 1 1 1 1 I I
2 2 2 2 Lpir = 0 50 100 150 200 250 300
(3ams) +(-2em,) +[(%g“s) +(~3au,) }e Jto 1,2 1496720 kT X T
x=N =N=—E

kb,T(2 4 2efzu/ABr) kT (1 + efzo/kﬁr)
39
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Some Room-temperature Effects

Table 5.20 m, ¢ values (/|1p) at ca. 300 K for some tetrahedral
complexes of Co(ll) d’ - ground state *A, (€)*(ty)® — compared
with the orbital splitting Ay (in cm™1). $

* In tetrahedral
complexes with some
tetragonal distortion
(due to an asymmetric
environment) ZFS can
significant affect the
susceptibility.

» For Co(ll), Cis
significant (ca. 530 cm-
1) and A, isn’t very
large; mixing of the
excited states ~ {2/A,,
SO anisotropy gives
relatively large ZFS

M Ay M A
[Co(NCS),J>~ 4.36-4.53 4550  [CoCl,J>~ 4.66—4.80 3130
[CONCORI> 438 4150  [CoBry> 4.80—4.87 2850
[Co(N3),1 447 3920 [Col* 487-501 2650
[Co(SPh) >~ 450 3870

The spin-only value of Megris 3.88 g
Mgy varies considerably with counter-cation.

SPECIAL TOPICS IN INORGANIC CHEMISTRY

Ligand Field
Theory and

e | Orbital Angular
momentum

* In some cases, orbital
contributions to

magnetism can be quite

lts Applications .=

This occurs orbitally

Brian N. Figgis degenerate states so
Michael A. Hitchman

competition with J-T
distortions makes the
actual observations
variable.

* Well-known plots
including orbital
contributions to

WWILEY-VCH . .
magnetism dfe found in
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First-Order Spin-Orbit
Coupling in T-states,
Till example; symmetry

2'|'2 ; A
aspects
J AV LY .
= é}l” =r )
N N N N
- N N No JT-
0 ? Distortion 2C)= sin(J +1/2)a
h 8 assumed o sina/2
6(3C, +3RC,)
O |E R 8C, 8RC, 2720 6C, 6RC, 12(6C;+6RC)
(=C2 +RCY) 2
411 1 1 1 1 11 1 Xyt
401 1 1 1 -1 -l -1
E|2 2 -1 -1 2 0 0 0 Q22 -x* -y =Y
13 3 0 0 -1 1 1 -1 (R.R.R ), (x,y,2)
7,03 3 0 o0 -1 -1 - 1 (x9,%2,)2)
rl2 2 1 - 0 N 0 =T,
rl2 2 1 - 0 2 2 0
|4 4 -1 1 0 0 0 0 =T,
43
Ler,=I,&r

First-Order Spin-Orbit Coupling in T-
states, Tilll example; set up

No JT-

Distortion F7 For the (tZg )l configuration, there are 6 spin-orbitals:
assumed ¥, |d,0) Hl[20)-|-20)]
ZTZ ¥, ‘_1ﬂ>
TN 7T v, |d B) —+||28)-|-2B
o " s
¥, [18)
¥ ‘—]a)

To evaluate the matrix elements involving
these basis functions, we need:

AL S, = —%E‘P2+‘dx2_y1a>
ALesy, = Af|-20)+1¥, ]
WeSY = Y . )
ALesy, = A[[2B)+1v, ]

The spin-orbit perturbation is evaluated
in the basis of these six functions

AL-SY¥, = AT "
AL-SY, = A

43
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First-Order Spin-Orbit Coupling in T-
states, Ti'll example; secular equation

1st-Order S-O Coupling in T-states, Ti!l
example; solutions, magnetic moments

D’i\;?o‘it-:-c-)n I, For the (fzg )l configuration, there are 6 spin-orbitals: D,i:(t)o‘:t-!—(;n I, Eigenvalues and eigenfunctions, magnetic moments
assumed2 ) ¥, |d, > %Dm) -|2a)] assumed2 . E=+1 @ = %[ 2w ] i,
TZ = ¥ ‘_lﬁ> TZ - 2-fold degenerate @, = T[‘P +I‘{—’ ]
\E e i i = W ¥y [4,8) §lPA)-126)] \Er'i ) W o= HV2w ] o
- N ¥, ) -t - /> E=-2/2 o= T[«/—‘P -w,] o
Tg Y ‘ ‘1ﬁ>> g 4-fold degenerate @, = W ‘lﬁ) 0
Y, ~lot D, = =) 0
W W S\e}::ular E&Iuation' W ¥ Example calculations of Magnetic Moments: M_ = u, (Lz + 2SZ)
v O_; —7; o 5 6 The spin-orbit Ol 0:) =y QAL 425 18) =y 1203 ] =0
o |-y Yk 0 perturbation is (@[ M| =20, (@], +25.|@ )= (¥, -2, |1, +25 | w, -2,
— evaluated in the basis ) .,
:3 OyE ; - =0 of these six functions =59 |L, +25, >+2§ (w,|L +25 |w,)=
4
v, 0 & Y-E 0 ““<2a\L +28_|2a) + £ (20| L_+28 \—20:) Lo (-1B|L, +25 |-1B) =
¥ 0 -¥%-E 45 Blo42els2ed]+ 2o 1420 ]:2“ﬂ+2“ﬂ( —2) 46y,
45 46

1st-Order S-O Coupling in T-states, Till

Ti3+: S.0. coupling

. . I
. 7
example; the big picture == T,
Eigenvalues and eigenfunctions, magnetic moments 2_]_ '/’ 2 Ei = E;O) + El.(l)H + El.(z)[‘]2 +
2
B il ) P o -
E=+d &= 4[¥,-2v,] -, PNV T Bee;rmg Ifl hm/tnd tl_1et d\e/ﬁmt\/zns Igf the
2-fold degenerate @, = 7[\{1 2w ] NeUANUANaNN PV erms that go into Van Vleck’s
2 —_ .
g 5 2 formula (assume E{@ = 0) :
@, = T[ v +~y2] 0 o == =
E=-32  ®,= T[«/—‘P -v,] o © o)
4-fold degenerate @, = Y ‘1[3) 0 - H E—A/z =0 E—A/Z =0
o=  ¥,=|-ld) 0 r, __Ia,:: ,,,,,, N
= :
TR AL \ NZ(E‘(I)) efEl(O)/kBT E)»(O) = 3?»/2 ; E}\(1) =+ Ug
2'I'2 A 2ulH? =—t
— =5 - 1 kTS JigT
{=H Ayt " "2
SN — R S~ / _
A 4(o) {(HB)Z +(7#8)2}e Ty g
No JT- 0 T A x=N - =N=E -
Distortion " 8 kT (44267247 kol (2474247
assumed H 47 48
47 48




My (B.M)

T-terms: Orbital Effects (Max.)

E Co'™* 2
F L ¢ o Ni?*
E I — 4F >
F o 8T E / M A-ve \
5 B — E /x""“‘-ﬁo__,_ \=1s
o / E Fett o
C 3 - fA=10
F Mn | et - fr—
F / ot 3 E e
E : F = (T
/ e 27: A A=15
N:
N T 1 1.0<4<1.5 —
r Fe
F oo AT f\\'-‘ | (strong field limit) ~ (weak field limit)
E R’y o -
?y() //,]«;—- o b T bd
F / o+ ve ®) KT/IM
' F—
E /o™ L. .
/ B. N. Figgis, M. A. Hitchman,
I STV VIV PV “Ligand Field Theory and its

Applications”, Chapter 9.

wh
IS

49

KT/, Ty

Mgy (B.M.)

©)

T-terms: Orbital
Effects (Max.)

TINCTTTTT T Trrrrrrrrrprrrrororrrrs

B. N. Figgis, M. A. Hitchman,
“Ligand Field Theory and its
Applications”, Chapter 9.

~

1.0<A4<1.5

(strong field limit)  (weak field limit)

0

0.2 0.4 0.6
KT/I0
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Interactions between Magnetic lons

» We’ve been mostly concerned with the way magnetic
moments can be altered by the electronic structure
within the ion.

* We begin to consider interactions between ions by
considering dinuclear systems and the
phenomenological Heisenberg Dirac-Van Vleck
(HDVV) Hamiltonian for coupling:

J > 0 ferromagnetic coupling
J < 0 antiferromagnetic coupling

H ooy =278 ,*S,

HDVV

* While this reminds us of a form expected for dipole-
dipole coupling, remember that a phenomenological
Hamiltonian is just another name for an effective
Hamiltonian - we’ll worry about where J comes;from

Energy Levels from H

+ Using manipulations similar to those used to treat spin-
orbit coupling, we can rewrite 7,,,:

ﬂHDW:_ZJSA.éB
S e e Lme e tala e e
S, =S ,+S, ; $7=8,8,=82+S2+28 S,
LT T A
28 ,+S,=5.-52-§;
« The eigenvalues (energies) of #,,,, are then:

These are operators!

_ These are
E, =—J[S,(S,+1)=5,(S,+D)=S,(S,+D] ety
* In general, the coupling strength (~J) is much smaller
than the splittings between the spin-states of the
individual ions - which are in turn much greater than
kgT. .. We can view S, and Sy as constants and

absorb the two last terms into the zero of energy:

E =-JS.(S;+1); energy spacing: E (S;)— E (S, — Bp=-2JS,
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Example: Cr3+ coupled to Ni2*

» Possible spin states of the coupled system are

—_ () ©) (2) g2
E=E"+E'H+E“H +- Example Cr3+
Bearing in mind the definitions of the

terms that go into Van Vleck’s formula cou pled to N |2+
E

(E@=0):
determined as a vector sum (formally like we saw ooy | M=t it
- i H (0) (1) T 2T 3 B
for L-S coupling and S.O. coupling) Ey=0;  Eyp= 0000 +9,000 £5,01s ol M
. I 0 1
Van Vleck expression can be used to calculate £ 50 EY= g, w30, s=3, % St
expected susceptibility. s 0
E
M=+, E,,=8J, E\;p=41gug 57
PRV quH WY B ks
SCr‘“ :% ;SNiZ‘ =1 : Mg=-11, ’ Nz(Ei ) € ’ §=5/, = SgugH
3J B
Sp = Sc#* + SNiZ* §=3 —_ kBTZefE'(O)/kBT
possible values of . :%, % % 2 8ip : L = 5
2 2 2 2 2| _ 27 e 7H
En = _JST(ST + 1) 5J 2(%&“3) +2(%g/JE) +2(%g/13) +|:2(%g/13) +2(%g:u3) i|e SJ/‘(HT +|:2(%g/13) i|€ M/AHT
-35J x=N
E, . =-J33E+)=——"C T 4075 IKaT 4 9 g 51T
5/2 12(2 ) g | Seudt ky (6+ e +2e )
—15J =3J —5J/k,T —8J/kyT
E3/2=74 ;El/2=—4 )(=N'u—32 2%+Se Jks +%e /ks
L > k.T —5J: kg ~5J; kT
(J >0 case showH3  H B (6+4€ +2e ) "
53 54

A General Formula for Two Coupled lons

Using Van Vleck’s formula and the previous example as
guidance, it isn’t hard to write a general formula for
any two coupled centers:

2,2 ~E [k, T 2 ~E [k, T
DTN VF D )
X = 0 = — 0 = = 8hp
B VI PEED
[ " 3J
Ny 3
Where we've used the fact that % =0375= 3 §=3, < 3gugH
B
1
Also, a,= SST(ST +D2S, +1) ; b,=(2S,+1) 5]
Note that the sum over n refers to all the values that
S, takes, from S, + 5, down to ‘Sﬂ — SR‘ S= 5/2 e SgugH
We'll express the coupling constant J in kelvin: J(K) = J/kB
L >

(J >0 case shown)

55

Ni,(abpy)(CH;CN),(NO;),]

1
The plot here of 7, T is like
viewing the magnetic

moment.

It is decreasing rapidly at
L.T., which is a sign of
antiferromagnetic exchange

{[Niy(abpy)(CH,CN),(NO,),} 00

0 50 100 150 200 250 300
T X)

Fitted line has added
term (C/T) with C =
0.08,J=-11K, g =2.03

2 B [k, T
JE R e 32(0+2¢7/7 410647
=y TY b e Tl 8 T(1+3e”/" +528J/7)

J<0)
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Dipolar Interaction: Weak!

» The energy of the magnetic dipole-dipole interaction
falls off as the cube of the distance between dipoles and
is too weak to explain magnetic coupling.

I A, A
Edipolar = F[ et —3(1 T)(pyer)]

By

N 2, ) 232 3 2
e e (en V(1Y _(enV(me | 1(a) (en
dipolar 3 1 r mec o) oay\ r me

C
a ’ a ’ a ’ 2
p ] (272 ev):aZ(ToJ (27.2 eV):[’—? (13'72 eVJ57

What controls coupling?

* How does the sign and 1
magnitude of J change ooa §
with angle (8)? /c'u/\/e\(‘s'u\cI
|
 delocalized and localized cl cl

picture (Hay, Thiebault,
and Hoffmann, J. Am.
Chem. Soc. 1975, 97,
4884). i i
b -Eg=-2J=J, _%(‘]aa +Jab)+ (522[{:321) =—2K,+ (j; _?jb
(E,=Eg, 5 Eg=E) 0,,0,,€,€,: delocalized orbitals & energies ;

9,=F56,+0,).9,= f(gbl —¢,): localized orbitals

58
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180° & orbital superexchange

4+ J~-200 cm-"

NH, NHg
NHg | NHj
HgN cr—O0——cCr NH;,
HsN | HsN
NH; NH,

8 f—
ET _ES =_2']=J12 _%(Jaa +Jab)+

&
E, —Eg =-2J =-2K, +~——2

T

Compare [Ru,(u-O)Cl, )4+

; Orthogonal
/\)\ Orbitals or Not

A (e (@
P 0 [(L,Cu)MnJE (d9),d5
< < L, L =Schiff base
(imine) ligands
v 3“\0)\0/ o
Q i e Pei, Journoux, & Kahn,
Py Inorg. Chem. 1989, 28, 100.
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NBu,*[Cul'Cril(ox),"]:
dsds

Ir
HO (\: 0
) ot
o. \(!r ,.o\C oc! .0
: u o
O/ \o/ \o/ \0
o o

A Polymeric
Analog

H Okawa, S Kida,et al.,
Chem. Lett. 1990, 87

61

Table 1. Experimental Tc [K] values for some Prussian blue analogues.

.
MM’ Compound Configuration 7. Ref. M a g n etl C
CrVIl  KV[Cr(CN)s}2H,0 bt 376 9 .
CVY KopssV[CH(CN)Jors(SOLuoss Loy 32 P BI
v russian biues
Ky oV[Cr(CN)eloos1.7TH,0 L=ty 350 B
V[Cr(CN)loss2.8H,O bty 315
V[CH(CN)o9(S0)0r30H0  tyltyifty? 315 ©
CrCr"  [Cry(CN),] 10H,0 ey 240 1
Mn"V'  (Et.N)osMn, 5[V(CN)s]-2H,0 ety 230 B
CrCr"  Cs,,Cr{Cr(CN)elyrd 4 H,OP e 190 0
VIMn"  Cs*Mn[V(CN){ i g2 125 01
VY (VO)[Cr(CN)gl,x33H,0 oty 1s ®
Cr™Mn"  CsMn[Cr(CN),] -t e, 9
(NMe,)Mn[Cr(CN)q] b-tle, 59
Mn“Mn"  Mn[Mn(CN)¢J-1.14H,0 i 49 15559
Col"Co"  Coy[Co(CN)s,8H,0 e -tle? 38 1
3 )s]>8 H s € Loy €y
Mn"Mn"  K,Mn[Mn(CN)] gty e 4 &
Mn"Mn"  CsMn[Mn(CN)]-0.5H,0 byt e,” a o
(NMe,)[Mn,(CN);] bitlel 28 O
Mn"Mn™  Mn;[Mn(CN)g],-12H,0 ot e, 37 ®
Mn,[Mn(CN)],12H,0-1.7CH;0H t, e ~t,,* 29 ®
5[Mn(CN)g]; 12 Hy 5 ty ety
Mn"Mn"  Mn[Mn(CN)] tg'—trg e 31 bl
Mn™V™  V[Mn(CN)q ity 28 69
Mn"Cr™  Cr[Mn(CN)q ipkn? 2
FellCol  CoFe(CN)J, tetel I
Fe™n"  Mn;[Fe(CN)g], ot e’ 9 [
Fe'"Fe!  Fe,[Fe(CN)ylsxH,0O L-t'e,” [
Fe!Ni"  Ni;[Fe(CN)4], e tace 24191 601
Ma"™Ni"  Nis[Mn(CN)gJ,12H,0 titoel 30 © ]
CsNi[Mn(CN){| H:O bate; 420 E Ruiz, A Rodrguez-Fortea,S
Cr'Ni'  Nij[Cr(CN)g],9H,0 be-tye,” 60
CSNI[CH(CN),|2H,0 ool 90 Alvarez, M Verdaguer, Chem.
62 Hy! by g € i i

[a] Although this compound is formulated as stoichiometric, a certain
amount of V'™ is present that is responsible for its ferrimagnetic behavior.
[b] Or Cs4Cry[Cr(CN),]s-40H,O. [¢] The critical temperature in those cases
corresponds to a fer ic state, at di with other 62
in which it corresponds to ferrimagnetic ordering,

Eur. J. 2005, 71, 2135.
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Table 3. Exchange-coupling constants J for the molecular models
[(HNC)sM-CN-M'(NCH)s]"*, and some examples with the [(NC)sM-CN-
M'(NC)s]" model (J' values), calculated with the B3 LYP functional.

M, M Configuration J[em™] J [em™]
Mn'vH Tyt —503 —283
Mo"V* tog—tyg —422 —358
Cr'"™Mot [ -372 —194
Vit oty -360 -270
CriVE o=ty 241 -150
Mo''Cr!t -ty eyl —186

Mn'"'Cr't by -te,! 122

cr'vvo tog by -101

iy oty g9

Vi oty _86

crifcr!t R -70

Mo'"'Cr'™ tog—tpg” -63

Crinyi iy _s6

Mol tzgz_[zgz _52

Mn"VCr by -33

My tzgt!z; 31

et tzgs_tzga —29

ViMn" oyt €, -23

cr"Mn" tog =g € -18

VNG ta-trde, +24

CrUNj"t ty-teg +28

Ti"Cr™ tagtyg +37

Mn'VNi" -t e +121

TV [ A +161

Magnetic
Prussian Blues

E Ruiz, A Rodrguez-Fortea,S
Alvarez, M Verdaguer, Chem.
Eur. J. 2005, 71, 2135.

Careful Study of Structure
Can Be Revealing

Ferromagnets S | (Mlyg) | To(K)
Rb,CrCl, * Cr2+ 2 5.8 57
(d* - HS)
K,CuF, * Cuz* 12| 1.8 | 6
(d* - HS)
La, ,SrysMnO; m:: (((;1 :2)) ?3/2 3.7 350

T perovskite ; * K,NiF ,-type

P A Cox, “The Electronic Structure and
Chemistry of Solids” Oxford, 1987.
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Spinels and Inverse Spinels

Spinel: MgAl,O4
~ AtetBOCtZO4

Normal:
(Al)ey(BIe,0
Inverse:

(Blll)tet(AllBlll)OCto4

Normal:
(Mnll)tet(Mnlll)OCt204
Inverse:
(Fe'”)te‘(Fe"Fe”')°“O4

Double-Exchange in Magnetite (Fe;O,)

» The ‘transfer’ of an up-
spin electron would
leave the ion from

Fe..(hs)+ + + +Fe...(hs) which the electron is
444 444 transferred (the left-
Nt hand ion) in a higher
“hop” energy state.
U + e~ transferred must
44 4 4 have opposite spin to
Fe'llhs) Fe'l(hs) those of the ‘receiving’

+4+4+

ion. (Pauli principle.)

.. double-exchange gives
ferromagnetic coypling.

65

3/2
M- M,~T

/ Ferromagnetic
Magnetization

ogl <

M~(T.—T)*"

/ M is much larger for a
ferromagnet than a
T, 1 paramagnet.

In reduced coordinates, T/T; and M/M,, the

behavior of ferromagnets is fairly universal, as
long as the dimensionality of the coupled spins is
the same (i.e., the coupling between moments

extends in 3-dimensions). o
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