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% Magnetic Properties of Free Ions

The resultant magnetic behavior of free ions; whether we talk about transition metals or lanthanides;
arises as a result of spin-spin, orbital-orbital and spin-orbital interactions. Now stating more precisely, after
considering the effect of spin-spin coupling and orbital-orbital coupling, the further degeneracy removal of the
free ion terms is carried out by spin-orbital interaction (L-S coupling) that mainly leads to three different cases
depending upon its relative magnitude with thermal energy. The determination of magnetic moment or
magnetic susceptibility in these three situations is discussed below.

» Magnitude of L-S Coupling in Ground State is Much Greater Than Thermal Energy

If the J states after spin-orbital interaction are very far from each other energetically, the thermal
energy (kT) would not be adequate to populate all J-levels of >**'L state. This, in turn, would result in a
Boltzmann distribution in which almost all of the population density is lying in the ground state (*"'L)).
Consequently, the effective magnetic moment will be given by equation (43) as:

Meft = g+/JU + 1) B.M. (43)
Where g is the Lande splitting factor or gyromagnetic ratio whose value can be found as follows:

SE+1D)-LL+D)+JJ+1) (44)
2J(J+1)

In case the resultant orbital angular momentum quantum number is zero i.e. L = 0, The value of J = S and

equation (43) will become:
Ueff = g+/S(S + 1) B.M. (45)

Now because the value of the gyromagnetic ratio or Lande splitting factor for free-electron is 2, equation (45)
takes the following form.

Her = 2+/S(S + 1) B.M. (46)

Owing to the relationship between resultant spin quantum number and number of unpaired electrons (S = n/2),
equation (46) can also be written in the form given below.

Hef = v/ n(n + 2) B.M. (47)

Where S is the resultant spin quantum number and 7 is the number of unpaired electrons. The equation (45 —
47) is also called as spin only formula as they do not include any contribution from the orbital motion.

This type of magnetic behavior is generally shown by lanthanide ions. A comparison of theoretically
calculated magnetic moments of various lanthanide ions with their experimental observed values is presented

in the following table.
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Table 3. The comparison of theoretically calculated and experimental magnetic moments (B.M.) of

trivalent lanthanide ions.

Metal Electronic Ground state term Gyromagnetic Uefr = g[J(J+1)]"? et
ion  configuration symbol ratio (experimental)
La* SO 'So - 0 0
Ce** f! ?Fspp 6/7 2.54 23-25
pPr* f? SHa4 4/5 3.58 34-3.6
Nd** f3 Ton 8/11 3.62 35-3.6
Pm* f* o 3/5 2.68 27-28
Sm** f3 Hs), 2/7 0.84 1.5-1.6
Eu®* fe "Fo =~ 0 34-3.6
Gd** f7 *San ) ] 7.94 7.8-8.0
Tb** f3 Fe 372 P=v2 9.4-9.6
Dy** f° Hisp 4/3 10,63 10.4-10.5
Ho** [ I 5/4 10.60 10.3-10.5
Er** i 15/ 6/5 9.57 9.4-9.6
Tm?* f2 SHe 7/6 7.63 7.1-7.4
Yb** B F11 8/7 4.50 44-49
Lu** 1 'So - 0 0

The results clearly indicate that the experimental values of p.g for most of the lanthanide ions are pretty much
comparable to their theoretical counterparts. However, the magnetic moment for Eu®*" and Sm** calculated
using equation (43) are zero, suggesting them as diamagnetic which is quite strange as they are actually having
a considerable amount of paramagnetism. This is obviously due to the fact that the energy difference between
their ground state term and the first excited state is comparable to thermal energy i.e. AE = kT. Therefore, even
at room temperature, a part of the total population of Sm*" and Eu*" ions would be present in their excited
states, which in turn are obviously having a different value of total angular momentum quantum number (J-

value) and gyromagnetic ratio (g-value).
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» Magnitude of L-S Coupling in Ground State is Comparable to Thermal Energy

If the separation between J states after spin-orbital interaction is comparable to the thermal energy
(kT) available, the resultant value of the magnetic moment is governed by a complex function of temperature.
In this scenario, the total magnetic susceptibility will be having contributions from first-order Zeeman effects
of involved states according to their Boltzmann weights, as well as from second-order Zeeman effects from
neighboring levels. Mathematically, the magnetic susceptibility will be given as follows:

N 48
Yo =5 > G2BY 0+ D + e AT Y (2] + 1) /4T %)

It can clearly be seen from equation (48) that the magnitude of magnetic susceptibility does not depend directly
on the reciprocal of temperature, and thus does not follow Curie-Weiss law. The theoretical calculation for
Sm*" ion, according to equation (48), yielded a magnetic moment of 1.38 B.M.; which pretty much comparable

to the experimental one. Similarly, satisfactory results are also-obtained for trivalent europium ions.
» Magnitude of L-S Coupling in Ground State is Much Less Than Thermal Energy

If the energy separation between J states.(generated afterZ-S coupling) is much less than the thermal
energy (kT) available, all of the J-levels of >**[; ground state. This situation is pretty much analogs to the case
when spin and orbital motion are completely decoupled from each other. In other words, L-S interaction would
not be effective in distinguishing different metal ions on.the basis of total motion. Therefore, the effective
magnetic moment will be given by the following relation:

Lok 2 V48 (S #11) + LD = 1)(BIM. (49)

Hence, the relationship shown 'in the equation (49) does not considér any quenching of orbital magnetic
moment at all. In this case, the resultant orbital angular mementum quantum number is zero i.e. L =0, the L

will be completely eliminated from equation/(49) and we will get:

Heff =/4S(S +1)B. M. (50)

Owing to the relationship between spin multiplicity and the number of unpaired electrons (S = #/2), equation
(50) can also be written in the form given below.

Hef = v/ n(n + 2) B.M. (51)

Where S is the spin multiplicity and # is the number of unpaired electrons. The equations (50, 51) are also
called as spin only formulas as they do not include any contribution from orbital motion. Now it is worthy to
note that no free transition metal exists with very small J-separation relative to thermal energy; however, had
they shown such behavior, we would have used the equation (49) to calculate their magnetic moment. In that
case, a comparative analysis of the results from equation (49) and equation (51) could be used to estimate the

contribution exclusively from the orbital motion.
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