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Abstract

The general experimental hamiltonian expressed in tensorial notation is assessed in a way to ensure that the outcomes from such a
hamiltonian reflect correctly the electron—nuclear-magnetic field interactions and yields the appropriate parameters. Without such
knowledge the use of hamiltonians in tensorial notation to analyse magnetic resonance spectra may lead to questionable or even mean-
ingless results reflected in several publications over the years. Furthermore, the errors that may occur in handling mixed hamiltonians
compound the problem.
© 2007 Published by Elsevier Inc.
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1. Introduction J }
The fundamental expression used for extracting elec-

tron—nuclear-magnetic field interactions from experi- I e
ments is given by an experimental hamiltonian +Z ZB (S.S)

expressed in terms of these interactions specified by {
unknown parameters that quantifies these interactions. +Z{ . }

For example

H=uzB-g- S+S-D-S+I-A-S+1-P-1—;B-g\-S

(1) + Z Z B(/)rr?a:;/m(la I) — UN
J m=—j
In (1) the first term describes the electron-applied mag- I\ o
netic field interaction, the second term an electron—elec- X Z Z B Jm(B, 1) 2)
tron interaction, the third term an electron—nuclear 7o Am==j

interaction, the fourth term the nuclear electronic quad-
rupole interaction and the final term the nuclear-applied
magnetic field interaction. The matrices g, D, A, P and  Equation (1) is the fundamental approach adopted in
gn each may involve, in general, up to nine unknown  extracting meaningful parameters that describe interactions
interaction parameters. In spherical tensor notation (1)  such as electron—nuclear-magnetic field interactions. These
may be expressed as parameters may then be used in determining an insight into
electronic and nuclear structures. This approach is critical
in handling a wide range of problems in chemical physics,
E-mail address: raygolding@m141.aone.net.au especially in magnetic resonance spectroscopy, and has
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been used successfully for decades in gaining an insight into
complex systems.

In (2) B is a unit applied magnetic field vector with
components B,, B, and B. along which the magnetic
field is directed. We have written the coefficient of the
operator in (2) in the form given in other publications,
namely, in the form Bﬁ,;,js’j’ and, as we shall see below,
one of jg, js, j; will always be zero since we shall con-
sider only two-vector tesseral operators. (When we are
considering a tensorial B-value for a set of j and m val-
ues and the jp, js and j; values are unimportant we
shall abbreviate B/, = B),. Care needs to be exer-
cised in distinguishing between the applied magnetic
field vectors and the tensorial B-values.). We shall see
also that this does not seriously compromise the gener-
ality of the hamiltonian. We choose j as an even
number.

Unfortunately from several publications, over at least
the last decade, the relationship between (1) and (2) is
not fully understood. Equation (2) cannot be used alone
to determine the various parameters that describe the elec-
tronic, nuclear and magnetic field interactions and this
paper aims to show why.

2. Theory

To illustrate the process of comparing the two experi-
mental hamitonians, given by (1) and (2), we shall select
the first three terms the g, D and A matrices as diagonal
noting that D, + D,, + D.. = 0.

The experimental hamiltonians (1) and (2), can then be
written as

H = g, B:Sx + :uBgyyBySy + upg..B.S. + DXXS,%
+ Dy S} + D..S? + Al S, + Ayl S, + A:.L.S. (3)

H = By Joo(BS) + 1By " Iao (BS)
11,0~ 02,0~ 02,0 ~
+ 1pByy "I (BS) 4 By I (S) 4 Bys I (S)
+ B S0 (1S) 4 B 30 (1S) 4 BY, ' 3, (1) (4)

Equating (3) and (4) we derive the result that
By = —J3lgn T8, + 2.}

1
Bébl"o = %{_ 5 (gxx + gyy) + gzz}

B;ZLO = ﬁ{gxx - gyy}

B =D, 2
By = Jo{Da = Dy}

B = —%(Axx +A4,, +4..)

ngu _ %(Azz — A "‘Aw’))

B(z]il‘1 = ﬁ(Axx - Ayy)

In other words using (1) we obtain the g, D and A4-val-
ues. Using (2) we obtain the B-values where from (5)
the g, D and A-values may be determined. Hence in
this case the two hamiltonians may be described as
equivalent. This is well known—see for example [I].
However, it is a specific example and must not be as-
sumed to apply to more complex cases involving higher
order terms.

Next, we shall consider a higher order hyperfine term
IS®. In general, if the electron-bearing nucleus has the
nuclear spin then, from [2], we may express the hamiltonian
as

H = Cyl.S, + Cyl,S) + C..I.S: (6)

In tensorial notation we need to consider the hamiltonian
in the form

H = By 30 (IS) + By 30 (IS) + By ' I (IS)
+ BY 1350 (1S) 4 B 300 (IS) 4 B T4 (1)
+ By 3 (1S) + By Tua(1S) (7)

If we equate these equations we obtain a unique solution
for the eight B-values, namely,

1-35(S+1
By = (Co+Cyy + sz)—{ (S+1)

5/3
B = (300 + 0y - 0 ) PUETER D)
L
By = G (Coo+ Cyy) — czz> % .
B = (€, - Co) g
By = (3 (CutCy) + 4sz> .
2 /70
B = (€, = Co) g
B = (Cot C 3

The outcome shows that (6) is not described as only a third
rank tensor by the BY>' and B! terms (m = 0, 2 and 4)
only. We also have B);"' and BY!"' (m =0 and 2). The un-
ique solution yields the sum of a first rank tensor and a
third rank tensor. It also follows that in this case we cannot
determine the C-values from the B-values. To use (7) to ob-
tain the C-values the B-values must be chosen as defined in

(8).
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Furthermore, (8) may be used to determine the gen-
eral rotation of the x, y and z-vectors. As an example,
if we rotate the vectors such that x -z — y — x then
the B-values change by C..— C.., C,,— C,. and
C.. > C,,. It then follows that the new B-values, B,
may be expressed as

By, = B

By = —%Bzo - \é3322

B, = \23 By — %Bzz

By = %Bm + \:5 By + \/835344 ®)
B, = \25340 2B42 + \27344

B, = \/835 By — \{‘7 By + %344

These relationships may be determined in another way by
rotation of the B-values as given in [3,4] confirming the
form of (8).

We examine next the case when the experimental hamil-
tonian may be described as

H = Hp {gxxBXSx + gyyBySy + gzszSz}
+ {AuLS: + Ayl S, + A=L.S.}

Dzz 2
+ 3 {352

~ S+ 1)}
+ 1y { GuBS? + G B,S) + GBS}

+ {Cxxlei +Cyl, S+ czzlzsj} (10)

In (10) we have added the higher order terms BS> and IS°.
Equation (10) may be expressed in the following tensorial
notation.

H = 1By "Joo (B, S) + ptBsy *3ao (B, S)
+ BY0350(S) + Bo ' S0 (I, S) + BS ' 3y (1, S)
+ B3y "I (B, S) + 1By Juo (B, S)
+ :UBBéll43 ’3u(B, S) + 3203 'S (B, S)
+ B3 S40(1, S) + By 341, S) (11)

For (10) and (11) to be equivalent we must set

By’ =~ % {gu+ 8, + 8}
+ (Gu + G, +G..) {1_35S\(/S3+1)}

B0 — % {—% (8 +8,) + gzz}

+ (; (G + G,y) — Gzz> V2l _5353“ w Uk
B = {0} + (G - 6 )
B0ﬁ20 \\?; .
B0 = DD,
Bt =~ 4 ay )

V3
+(Cu+Cy+C.,) 1 -35(S+ D}

5.3
01,1 ﬁ —l
B = N (AZZ 5 (A +Ayy)>
| 2{1 —35(S+1
| 1-35(8+1
By = 73 e = An) £ (G = Cu) %
(12a)
: 6
By = (2 (Ger 4 Gy) - ) \735
3
1,3,0
By = (Gy = Gu) 55 /70
1,3,0 3 :
B4O’ = E (Gxx + GW) + 4GZZ W
1
85" = (Gy = Gu) g
B = (Gu+G )2\1/2
1 p (12b)
BO¢3¢1 Y Cxx CV — sz LY
20 (2( +Cy) ) V35
3
Bg’;’l =(Cy — C’“‘)W
3
1
B = (G~ Cxx>m
1
B! = (Cut Co) 575

In summary, we have shown that we may express the high-
er order term IS> electron—nuclear term and the BS® mag-
netic—electron term in the hamiltonian as two distinct rank
tensors of different orders.Furthermore we have deter-
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mined the B-values for both tensors.Any relationship be-
tween the two different rank tensors is strictly associated
with the definition of electron—nuclear interactions.Fur-
thermore, it should not be assumed that a hamiltonian with
higher order terms above fourth order expressed in tenso-
rial notation might be described by a hamiltonian in the
form of the electron—nuclear-magnetic field interactions.In
addition, it is clear that to use a hamiltonian in tensorial
notation to treat the B-values as arbitrary variables would,
in general, lead to little knowledge, if any, of the interac-
tion origins of the B-values. The way to handle the tensorial
notation hamiltonian would be to define the B-values in
term of the interaction parameters.By varying the B-values
through the appropriate interaction parameters would be
the way to use the hamiltonian in the tensorial nota-
tion.Once again this reinforces the requirement to establish
the relationship between the two hamiltonians.Also, it
should be noted that from our example we are able to
determine readily the corresponding B-values for the BF
and PS cases.Furthermore, although we have illustrated
the approach for the case when the interaction matrices
are diagonal it is straightforward to handle the non-diagonal
case when, for example, g, = g, Dy = Dp, and A,z = Ag,.

To complete the higher terms up to fourth order we need
to consider the J* and J* terms where J = S or I.

To illustrate the results we refer to [5] where the appro-
priate hamiltonian for a @ ion in a weak crystal field of
tetragonal symmetry was expressed in terms of four param-
eters @, D, F and G namely,

H :D{Sj —%S(S+ 1)}

+ 35 [{355;‘ +2557 — 305(S + 1)S> — 65(S + 1)
5
+35%(S + 1>2} +5{si+ S“}}

F
+150 {35S§ 42582 — 30S(S 4+ 1)S2 — 6S(S + 1)

+3SZ(S+1)2}+G{51+S4} (13)

Analytical expressions for a, D, F and G were derived [5] in
terms of the electronic structure of the d° ion.D =3 D../2
and D, = D,, = —D/3. In tensorial notation this may be
written as

H = By "3 (S) + By "3y (S) + By ' 3i(S)

V2 020 V7 [a | F\ <040

=—=D35"(S)+——=<=-+—=¢3,5" (S

20 ( )Jr\/lO 6 9[>0 (S)
+v2{ 5 +4G}3LS) (14)
Hence, up to and including fourth order higher order terms
we are able to obtain equivalent hamiltonians. However, a
relationship cannot be assumed. For example, considering
the case for I°S by expressing the hamiltonian in tensorial
notation as a sum of first, third and fifth rank tensors we

are unable to find an equivalent hamiltonian representing
the I°S higher order terms and the hamiltonian in tensorial
notation. This means that the B-values in this case have no
relationships with the electron—nuclear-magnetic field
interaction parameters.

3. Conclusions

In general, we have shown that in using tensorial nota-
tion in interpreting magnetic resonance spectra it is essen-
tial that the relationship between the B-values and the
specific interactions under investigation be known. If not
then if the B-values are fitted to experimental spectral data
it must be understood that they cannot be used in any
meaningful way to explain the spectra from specifically
defined interactions such as electron—electron, electron—
nuclear, nuclear-nuclear, and the corresponding electron
and nuclear applied magnetic field interactions.

Another area that needs to be addressed is that in the lit-
erature we find cases where a mixed hamiltonian involving
terms expressed in the form of (1) with higher-order terms
expressed in spherical tensor notation in the form of (2)—
see for example [6-8].

If a mixed hamiltonian, as shown below, was used where
the first five terms in (11) were replaced by the first seven
terms in (10), specific terms have been omitted.

H = pz{g.B:S: + g,B,S, + g..B.S. }

+ {Aud S, + A, 1,S, + A..1S.}

DZZ ~
{382 = S(S+ 1)} + By "I (B, S)

2
+ MBB}LS‘OS4O(B7 S) + ﬂBBéltzl3‘OS44(B7 S)

+ B3 30(B, S) + By Su (1, S)
+BY' (L S) (15)

+

It follows, for instance that we must modify the g and 4-
values, to obtain the correct results, namely,

Gy
G,,
8y = &y~ — {1 -385(S+ 1)}

GSZZ{I —3S(S+1)}

8z 7 82 —

C)oc
Axx *)Axx — ?{1 - 3S(S+ 1)}

Ay — A,y — CSW {1-35(S+1)}
A, — A, — C5 {1-38(S+1)}

This illustrates that in this case the g-values and the hyper-
fine interaction constants determined from using hamilto-
nian (15) would be incorrect.

In summary, we have shown specifically for the inclu-
sion of the higher order terms of up to and including fourth
order that great care needs to be used in extracting mean-
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ingful data from a hamiltonian expressed in tensorial nota-
tion. This work flags that prior to extending a hamiltonian
to any higher order terms it is imperative to explore, for
each one, not only the appropriate electron—nuclear-mag-
netic field interactions but to derive the relationship, if
one exists, between the two hamiltonians so that they are
equivalent. Furthermore, in the case where the B-values
can be express in terms of the electron—nuclear—-magnetic
field parameters we have illustrated how to use the hamil-
tonian in tensorial notation to explore an EPR spectrum,
for example, to yield meaningful results in terms of the
hamiltonian give in the form of (1).
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