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Nuclear spin-rotation interaction and non-Abelian gauge potential

By YU. A. SEREBRENNIKOYV and U. E. STEINER
Fakultit fiir Chemie, Universitit Konstanz, D-78434 Konstanz, Germany

It is shown that nuclear spin-rotation interaction in diamagnetic systems
with I = 1 appears as a manifestation of a U(2) non-Abelian gauge potential
and can be represented in purely geometric terms as a consequence of the
corresponding non-Abelian connection.

It has been shown that molecular rotation representing an adiabatic perturbation
to the electronic Hamiltonian generates a non-trivial gauge potential which leads to
a geometric phase of a state vector [1]. The appearance of such a gauge potential
in diatomics, first demonstrated by Moody er al. [2], has been considered by
Zygelman [3] and in greater detail by Bohm et al. [4]. Very recently, it has been
shown [5] that electron spin—-rotation (SR) interaction in paramagnetic molecular
systems with an effective spin S, =3 can be represented in terms of a U(2)
non-Abelian gauge potential. It is the purpose of this article to elucidate the
non-Abelian gauge structure of nuclear SR interaction in rotating diamagnetic
molecules, which have neither resultant electronic spin § nor electronic orbital
momentum L.

We begin by consideration of the response of a quantum system with a Kramers
doublet ground state to an adiabatic variation of the Hamiltonian H[£(t)] along
the closed path £(t) in the angular space. In this case the evolution of the system
can be described in terms of the effective Hamiltonian H,;; (in general a 2 x 2 matrix).
Following Wilczek and Zee [6], we can represent H,¢ in the moving (M) frame of
reference attached to the rotating internal framework in the following form:

d
[H 0 m = -i<2‘1’7'%,m[9(t)]l<d—[ l)?‘l”,/'}.m/[!?(t)]>> (m,m' = £73), (D

where |71} .[£2(t)]) represents one of the two degenerate eigenvectors belonging to

the lowest eigenvalue of the instantaneous Hamiltonian H™[Q(¢)]. Since a two-
dimensional quantum space is dealt with by the formalism of effective spin S,¢ = &,
we will use the set of quantum numbers §, +% (S, S, ¢ Whereby the quantization
axis z refers to the M frame, cf. [5]). Furthermore, here and in the following the
convention 2 = 1 will be used.

Starting with 7% ,,[£2(0)]> (£2(0) = 0) which is an eigenvector of the lowest
eigenstate of the true Hamiltonian at t = 0, we may define a family of instantaneous
eigenfunctions of H™M[Q(t)] = R[Q()JHV(0)R™![Q(t)] at the moment ¢ by a

rotation operator R[£(1)]:

1703, a[201> = RION 7. m[2(0)]). )

Here (L) denotes the initial molecular frame.
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To proceed further, we first specify the differential action of H®:
HMdr = —4™ .40, 3)
where
A = K w201 Val 7 (2001 “4)

is the corresponding U(2) non-Abelian gauge potential [17.

At this stage it is necessary to specify the set of parameters necessary to define
the actual position of the system in the angular space at time ¢t and the differential
change of the orientation of the M frame which occurs at this moment. To define
the position, the Eulerian angles are most appropriate. For the differential change,
however, it is more convenient to define dQ = {5¢,, n}, where n denotes the unit
vector along the instantaneous axis of rotation in the molecular frame at time ¢, and
d¢, 1s the angle of infinitesimal rotation around it. That allows us to represent the
scalar product in equation (3) in the following form

AMdQ = —AMse | )
where

0
(A3 w0 = i<T, ,..[Q(t)]l(ﬁ) 172, m (20011560, (6)

Note that, while a sequence of {d¢,,n} values uniquely defines the path of the
molecule in the orientational space, d¢, 1s not an exact differential, i.e. ¢, is not a
genuine coordinate uniquely related to the path in the angular space.

The effect of (¢/6¢),0¢, is to rotate the molecular axes from Q to (2 + dQ),

whereby the eigenfunction |7 ,.[£(¢)]) is changed to
1703.m[2(8) + dQT) = [1 = id¢,n(6, 9) TN 782, A[L2()]). (N

Here J is the total angular momentum operator of the system defined with respect
to the axes of the M frame at time ¢. Thus, equation (6) can be expressed as

(ALM))mm,é(b l</<(1b/9 m[Q(t)]L{(lb/g m’ [Q(t) + dQ:|> Z(lb/l% m['Q(t)]|/(1b2 m’['Q(t):|>
= 0 ,n{(7 W[ QOB (2] ®)

Using the set of Pauli matrices ¢ we may express the 2 x 2 matrix of J (equation
(8)) in the following general form (see also [5])

TR L QONNTE  [ROD> = 39216 &)

whereby, a tensor 9[£2] is defined. Note that all the relevant information about the
original ‘unrotated’ Hamiltonian H™(0) = H'"Y(0) which comprises the actual
physical problem is now represented by the 7 tensor. The original Hamiltonian serves
only to determine the gauge group and the principal values of j. At the moment
t = 0 the basis functions | 7%} ,,[2(0)]> = |7}, ,[2(0)]> may always be chosen such
that 7 is diagonal and that the main axis = of this ‘tensor’ represents the quantization
axis of the effective spin operator a/2. If |%1/2.m, Were a pure spin doublet |y, /5 .
then these functions would span a complete representation of the spinor group SU(2)
(J =8) and 7 would become the unit matrix. Any coupling of the spin to other
degrees of freedom associated with orbital angular momentum will be reflected in a
non-unit ;' tensor.
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Substituting equation (9) into (8) we arrive at

HE dt = —4700¢, = —5¢,n7[Q(1)]e/2. (10)

According to this result it is clear that the differential action of H{{ is proportional

to d¢,, i.e. to the distance in the angular space, independent of the time it takes to
perform this rotation. Such behaviour is necessarily expected if the time variation of
the true Hamiltonian H[£(¢)] is in the adiabatic limit. Using the definition of angular
velocity @ = qS,,n we may now represent equation (1) in the following form

HE = —of[2(t)]o/2. (11)

For axially symmetric systems J commutes with H™(0). As a result, in this
particular case .. =y, =1, j,. = J,, =7, and equation (11) can be represented in
the Wilczek—Zee form [2, 5, 6, 8]:

H(e];'if) = _[w:az + ?_L(wxax + coyay)]/Z
= —[By 0, + &(—v_0.sin B + o, cos B)]/2, (12)

where {a, B} is a set of spherical angles defining the orientation of the C,, axis of
symmetry.
It is easy to represent H, in the L frame [5]:

HE = —0é)[20]e/2, (13)

where 69 = 9 — 1. This equation shows that in the L frame a response of a Kramers
doublet to an adiabatic rotation of the molecular framework can be described as the
interaction of an effective spin a/2 with a ‘fictitious’ magnetic field f= —wJ7. From
the definition of # given by equation (9), one may conclude that unless the Kramers
doublet spans a complete representation of the SU(2) group, which is generally not
the case, the field f is not zero. This field appears as a manifestation of the U(2)
non-Abelian gauge potential, equation (4).

Equation (13) can be applied to any case of an adiabatically rotated Kramers
doublet. Formally, it has the same structure as the spin Hamiltonian H,, of SR
interaction for systems with an effective spin 1. It has been shown in [5] that, e.g.
for linear radicals, the electron (E) SR tensor can be represented in the following form

S

Csr.E = —2B6}};E’ (14)

where B is the rotational constant of a linear rotator. It was also shown [5] that to
first order in electron spin—orbit coupling

O7e =04 (15)

where §§ = § — gei corresponds to the deviation of the components of the g tensor
from the value of the free electron.

With the general effective Hamiltonian equation (13) determined, we can now
consider quite a different physical system, namely a diamagnetic molecule with one
magnetic nucleus with spin I =3. In this case the full ‘unrotated’ electronic
Hamiitonian (including nuclear spin) can be written as

H=T+V+HLS)+ HL1I)+ H(S,I). (16)
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Here, T and ¥ represent the kinetic and electrostatic potential energy of the electrons,
respectively. The electron spin—-orbit coupling H(L, S) and hyperfine coupling H(S, I)
can be omitted in the subsequent consideration since the effects of electronic spin in
diamagnetic substances are usually orders of magnitude smaller than the contribution
of the direct magnetic interaction between the electronic orbital momentum and the
nuclear spin H(L, I) (see, e.g. [9] and [10]). Due to this term the ground state vector
of H (equation (16)) cannot be represented as a direct product of an electronic space
part with a nuclear spin part. Taking into account the interaction H(L,I), the
modified eigenfunctions can be represented in the following form:

73, m(0)> = 112, m(0)>10> + 1785 (0)> Y a,ln), ; (17)

where [y} .(0))> is a pure nuclear state, |[0) is the orbital wavefunction of the
electronic ground state and |n) denotes the nth orbital excited electronic state
admixed with coefficient a,. The corresponding equation applies for the Kramers
conjugate state |7 . (0)).

In molecules the electrostatic interaction ¥ has symmetry lower than spherical.
Therefore, the mixed states |7 ,,(0)> of the corresponding Kramers doublet neither
span a complete representation of the spinor group SU(2) nor of the SU(2) x SO(3)
double group.

Due to a largely different order of magnitude |7 + V| > |H(L,I)| a simple
perturbation treatment is appropriate. In the lowest non-zero order of perturbation

theory, equations (9) and (17) give

CO|L[n)<m, x ) m(ONH(L, DO, 2 (0)> +oe
‘dOn

30N OV e = €. (18)
Here 4,, = E;—E, is the energy gap between the eigenstates of electronic Hamiltonian
T+ V.

With the result appearing on the RHS of equation (18) we have arrived at the
standard expression used in calculation of nuclear (N) SR interaction and magnetic
field shielding in diamagnetic molecules [9, 10]. However, the way it has been derived
here is new.

In the one-electron approximation

H(L, I) = ZBBN Z gN.ar;iSla.iIm (19)
where one-electron orbital angular momentum operators /, ; have their origin at the
center of the ath nucleus, and f, fix, gn.a» Tai have their usual meanings [9, 10], we
immediately obtain

Ol gln><nl(l, )10 n C,c> . (20

(5)3N)q,q’ = Z (5?HN q.q9 = Z)BBN Z gN,ﬂrt:? Z’ ( A
a On

a,i.j n
Here g and g’ denote the components of /, ; along the corresponding Cartesian axes.
Substituting this equation into equation (13), where a/2 can be treated now as the
effective nuclear spin operator, and comparing the result with the expression for the
nuclear SR Hamiltonian obtained by Flygare [11]:

H,n=02B) oY Ca L, 1)
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Cron=Cin(D) + Cin(2) (22)
yields the following correspondence for symmetric-top molecules
i n(2) = —2B57%. (23)

Symmetric-top molecules have at least a C,, axis of symmetry [11]. This axis is
chosen here to coincide with the z axis of the L frame, which makes the tensors
C.. n» B and 87y simultaneously diagonal. The first term, CA;‘,,N(I), is known to be
determined completely by the electronic wavefunction of the ground state [11, 12].
It reflects the appearance of a magnetic field in a molecule rotating as a rigid body.
The second term, CA;‘,‘ n(2), arises from the lack of spherical symmetry of the electric
field potential ¥, and is due to the admixture of higher states with the coupled
electronic-orbital/nuclear-spin wavefunction which has to adjust itself as the molecule
rotates [13, 5].

It should be stressed that & the paramagnetic part of the magnetic shielding
tensor [9—12] has the same second order dependence as 4%, equation (20). That
allows us to write the following expression relating these two quantities:

594 = ﬂNZ”-“ é. (24)
The similarity of equations (14) and (23), (15) and (24) is obvious. It is apparent that
07% can be eliminated from equations (23) and (24). That gives the traditional result

(see, e.g. [14])

D ﬂNgN.a &a

Cin(2) = —2B e (25)

What is new in the formulation presented here is that the ‘paramagnetic’ part of
nuclear SR interaction (o CA;‘,'N(Z)) appears as a manifestation of the U(2) non-
Abelian gauge potential. Note that effective Hamiltonians of nuclear and electron
SR interaction have the same gauge structure. Therefore, from the geometric point
of view, the treatment of electron SR interaction (as well as relaxation, see [15, 16])
in paramagnetic spin } systems is equivalent to the description of nuclear SR
interaction (relaxation) in diamagnetic molecules with I = 1.

It should be clear from the above that the non-Abelian gauge structure of nuclear
spin-rotation interaction is fundamentally connected with the admixture of ‘fast’
electron orbital degrees of freedom with the nuclear spin wavefunction induced by
the interaction between the electron orbital momentum and nuclear spin. The states
that are coupled together by H(L, I) to form the lowest effective nuclear spin doublet
have energy separations that are typical of electronic excitation and therefore high
frequencies will characterize the time dependent response of the system to any
motionally induced perturbation (as, e.g. thermal molecular rotation) acting towards
a change in the mixing coefficients of the zero order wavefunctions (see also [5, 15,
16]). As a result, the components of the effective nuclear spin doublet are isolated
adiabatically from the higher eigenstates of the molecular Hamiltonian, i.e. effective
nuclear spin follows the rotation of the molecule adiabatically.

The main physical difference between nuclei with spin 1 and electrons results from
the large nuclear mass. Due to this fact the spin—orbit coupling of a nuclear spin
with nuclear orbital motion is negligible in comparison with the coupling with the
orbital magnetic momentum of an electron H(L.I). In the first non-zero order of
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perturbation theory, using the one-electron approximation, it is easy to make the
following estimation
Can(? - 0% ﬂNgN,a

Cee o8 Bz,

« 1, (26)

where Z, is the nuclear charge of the ath nucleus. Alternatively, one may conclude that
due to the large nuclear mass the gauge field which governs the evolution of the
adiabatically rotated Kramers doublet is much smaller for nuclei than for electrons.
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