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Recent years have witnessed a growing interest in magneto-optic spectroscopy techniques that use
nuclear magnetization as the source of the magnetic field. Here we present a formulation of magnetic
circular dichroism (CD) due to magnetically polarized nuclei, nuclear spin-induced CD (NSCD),
in molecules. The NSCD ellipticity and nuclear spin-induced optical rotation (NSOR) angle cor-
respond to the real and imaginary parts, respectively, of (complex) quadratic response functions
involving the dynamic second-order interaction of the electron system with the linearly polarized
light beam, as well as the static magnetic hyperfine interaction. Using the complex polarization prop-
agator framework, NSCD and NSOR signals are obtained at frequencies in the vicinity of optical
excitations. Hartree-Fock and density-functional theory calculations on relatively small model sys-
tems, ethene, benzene, and 1,4-benzoquinone, demonstrate the feasibility of the method for obtain-
ing relatively strong nuclear spin-induced ellipticity and optical rotation signals. Comparison of the
proton and carbon-13 signals of ethanol reveals that these resonant phenomena facilitate chemical
resolution between non-equivalent nuclei in magneto-optic spectra. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4869849]

I. INTRODUCTION

Natural optical activity arises in chiral media due to
their asymmetric interaction with the magnetic component
of electromagnetic radiation.1 By applying an external mag-
netic field B0, optical activity can be observed in materials
regardless of their chirality.2 Classical magneto-optic phe-
nomena such as the Faraday rotation of linearly polarized
light propagating along B0,3 the ellipticity induced at spec-
tral regions close to optical excitations in magnetic circular
dichroism (MCD),4 or (in the Voigt setup with B0 ⊥ k̂, the
direction of propagation of the light beam) the induced lin-
ear birefringence of the Cotton-Mouton effect,5 have been
known for a long time. Theoretical analysis of these effects
involves nonlinear interactions between the electromagnetic
beam, B0, and the electronic wave function of the system in
question.1, 6–8

As shown in 2006 by Savukov, Lee, and Romalis,9

magneto-optic effects can also be caused by the field due to
the collective magnetization of nuclei, such as typically used
in nuclear magnetic resonance experiments. In Ref. 9, nu-
clear spin-induced optical rotation (NSOR) was observed in
the Faraday set-up for liquid water and xenon. Later work has
demonstrated, using a multi-pass cavity apparatus, the exis-
tence of an optical chemical shift, the differing NSOR an-
gles caused by nuclear spin polarization in different molec-
ular liquids.10 This phenomenon was predicted using first-

a)juha.vaara@iki.fi
b)coriani@units.it

principles calculations according to the response theory for-
mulation of the underlying antisymmetric polarizability.6 Fur-
ther experimental11–13 and theoretical14–16 work has been
reported for NSOR. Nuclear spin- and electric quadrupole
moment-induced Cotton-Mouton effects have been theoreti-
cally investigated in Refs. 17–21.

The predicted6 resolution of the chemically non-
equivalent sites of identical nuclei in a molecule, akin to
the high-resolution conventional nuclear magnetic resonance
spectrum of ethanol of 1951,22 has not yet been exper-
imentally observed in nuclear magneto-optic spectroscopy
(NMOS). The antisymmetric polarizability underlying NSOR
increases rapidly as the incident light frequency approaches
optical excitations,23–25 which has been proposed to facili-
tate a means of gaining chemical resolution of the nuclear
magneto-optic rotation signals arising from the different chro-
mophores of the molecule.6 The first-principles NSOR cal-
culations carried out so far6, 10, 15, 16 have all been performed
with conventional quadratic response theory,26 disregarding
the fact that the perturbational approach is not valid in the
vicinity of the excitation energies. Hence, it remains a ques-
tion whether the conclusions drawn in the earlier work remain
valid in a more realistic treatment of the near-resonant spec-
tral regions.

Formally the nuclear magneto-optic observables may be
obtained by replacing the interaction of the electron cloud
with the external magnetic field occurring in the classical
magneto-optic phenomena by the corresponding hyperfine in-
teractions with the magnetic moments of the nuclei.6, 9, 17–21

By analogy, also the conventional MCD effect may be

0021-9606/2014/140(13)/134103/13/$30.00 © 2014 AIP Publishing LLC140, 134103-1
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generalized to nuclear spin-induced circular dichroism
(NSCD), where the nuclear magnetization causes a differen-
tial absorption of left- and right-circularly polarized light, ex-
pressible via induced elliptic polarization onto the incident
linearly polarized light.1 Whereas the MCD ellipticity pro-
vides information on the excitations occurring in the entire
molecule, and may be used for analytic purposes such as, e.g.,
to distinguish different fullerenes as shown in recent work,27

NSCD furnishes a nuclear site-specific observable that may,
at least in principle, be used to obtain a high-resolution spec-
trum. The ubiquitous Faraday B term contribution to MCD,
arising from magnetic mixing of the excited states,2 has in
the past been obtained in electronic structure calculations
by the analytical residues of appropriate quadratic response
functions28 (QRFs) or magnetic-field derivatives of transi-
tion strengths,29, 30 sometimes combined with empirical line-
shape functions to simulate the spectral profiles. In addi-
tion, both finite-magnetic-field31 and sum-over-states pertur-
bation theory (Ref. 32 and references therein) have been
employed. The Faraday A-term, also contributing in high-
symmetry closed-shell systems, involves orbital degeneracy
of the excited states2 and requires using complex molecular
orbitals.33, 34

Norman and co-workers35, 36 have proposed a com-
plex polarization propagator (CPP) approach where a well-
behaving and straightforward response theory treatment of
near-resonant phenomena is facilitated by introducing (in the
QRFs) a single empirical linewidth parameter γ to account
for the finite lifetime of the excited states. In this method, the
optical rotation (dispersion) angle arising in the normal Fara-
day rotation or NSOR experiment is obtained as the imag-
inary part of the relevant QRF, whereas the MCD elliptic-
ity can be directly calculated from the corresponding real
part.37 Thus, the CPP approach eliminates the need to eval-
uate the separate A and B terms in MCD calculations of
closed-shell systems.2, 38 By the analogy between conven-
tional and nucleus-induced magneto-optic observables men-
tioned above, the CPP method should be applicable for rig-
orous investigations of NSOR at light frequencies in the
neighborhood of optical excitations as well as NSCD, al-
beit involving the γ parameter. In the past, the CPP method
has been used to investigate a variety of molecular proper-
ties such as natural optical activity,39 x-ray absorption,40 dis-
persion forces,41 two-photon absorption,42 and MCD.27, 37, 38

MCD calculations using related damped response theory ap-
proaches have also been performed by Krykunov et al.43 and
by Kjærgaard et al.34 Ref. 44 reported recently a real-time
density-functional theory (DFT) method for calculating both
the A and B terms.

In this paper, we predict the existence of NSCD and
formulate expressions of its observable ellipticity, using the
analogy between magneto-optic effects caused by an exter-
nal magnetic field and the field from an ensemble of spin-
polarized nuclei. We employ the CPP approach to calculate
using Hartree-Fock (HF) and DFT methods the NSCD ellip-
ticity for the nuclei of ethene (C2H4), benzene (C6H6), and
para-benzoquinone (pBQ, C6H4O2). We illustrate the sim-
ilarities and differences in the information that can be ex-
tracted from the nucleus-specific, local NSCD spectroscopy

(for nuclei of different kind and in different molecules) as
opposed to the global MCD method. We demonstrate using
calculations of ethanol (CH3CH2OH) that similar nuclei at
chemically non-equivalent sites in the same molecule pro-
duce distinct features in the NSCD spectrum, which facilitates
high-resolution spectroscopy. In addition, we investigate the
behavior of the NSOR angle in the optical absorption region
using the non-divergent CPP methodology, to verify the ear-
lier suggestion6 of enhanced NSOR signal in such conditions.

II. THEORY

The antisymmetric dynamic dipolar polarizability of a
molecule (α′

ετ = −α′
τε , dependence on the circular frequency

ω implied) may be expanded as a Taylor series in terms of
the small magnetic interactions arising from the external mag-
netic field B0 and nuclear magnetic moments mK = γK¯IK ,
where γ K and IK are the gyromagnetic ratio and spin vector
of nucleus K, as6, 17, 23

α′
ετ =

∑

ν

α′ (B)
ετ,νBν +

∑

ν

α′ (IK )
ετ,ν IK,ν + O

(
B3

0 , I 3
K

)
, (1)

ετν being the Cartesian coordinates in the molecule-fixed
frame. α′ vanishes in the absence of magnetic fields.

Consider an experiment in which linearly polarized light
beam of angular frequency ω travels along the laboratory Z-
axis (k ‖ Ẑ) through a path of length l in a medium consisting
of isotropically tumbling molecules, the number density of
which is N . In these conditions, the beam acquires an ellip-
tical polarization with the ellipticity parameter η, as well as
undergoes an optical rotation through angle φ, obtained as1

η = 1

2
ωμ0c0lN�〈α′

XY 〉, (2)

φ = 1

2
ωμ0c0lN�〈α′

XY 〉, (3)

where c0 is the speed of light in vacuo, μ0 is the vacuum per-
meability, and the angular brackets 〈〉 denote isotropic rota-
tional averaging.

A. Magnetic circular dichroism

In a MCD measurement, an external magnetic field
B0 = B0 Ẑ is oriented along the direction of light propaga-
tion, rendering the isotropic average of the antisymmetric
polarizability1

〈α′
XY 〉 = 1

6
B0

∑

ετν

εετνα
′ (B0)
ετ,ν , (4)

where the Greek subscripts now denote coordinates in the
molecule-fixed frame and εετν is the Levi-Civita tensor.
Hence, the observable MCD ellipticity and OR angle per
unit path length and magnitude of the external magnetic field
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strength become37

η(B0)

lB0
= − 1

12
ωμ0c0N

∑

ετν

εετν�
〈〈
με ; μτ , h

Z
B0,ν

〉〉
ω,0, (5)

φ(B0)

lB0
= − 1

12
ωμ0c0N

∑

ετν

εετν�
〈〈
με ; μτ , h

Z
B0,ν

〉〉
ω,0, (6)

where μ = −e
∑

i r i is the electric dipole moment opera-
tor and hZ

B0
is the Hamiltonian for the Zeeman interaction

with B0. In nonrelativistic (NR) electronic structure theory
of closed-shell molecules, the latter corresponds to the orbital
Zeeman (OZ) interaction

H OZ
B0

= −m · B0 =
∑

ν

hOZ
B0,ν

B0,ν ; hOZ
B0,ν

= e

2me

∑

i

�iO,ν,

(7)

where m is the magnetic dipole moment operator and
�iO = −ı¯ [(r i − RO) × ∇i] is the orbital angular momen-
tum of electron i, at location r i , with respect to the gauge ori-
gin RO . The notation 〈〈A; B, C〉〉ω,0 denotes third-order time-
dependent perturbation theory expressed in terms of a QRF
involving dynamic (with frequency ω) operators A and B and
a static operator C.26 Standard perturbation theory fails when
¯ω approaches the excitation energies of the system, leading
to divergences of the response function (see, e.g., Ref. 6). In
this work, we use the CPP approach by Norman et al.,35, 36

which includes relaxation of the excited states and allows for a
smooth evaluation of the QRF over the entire frequency range,
with results identical to those of the standard approach in non-
absorptive spectral regions and a well-behaving response also
at resonance. The first MCD calculations using the CPP for-
malism were carried out by Solheim et al.37 The resonance
linewidth is controlled by the parameter γ that may be se-
lected to empirically reproduce the experimental band shapes,
which, in turn, are influenced by significant vibrational broad-
ening not explicitly included in the present calculations. We
note that molar η(B0) and φ(B0) may be obtained from Eqs. (5)
and (6) using N = nNA, where n is the concentration of the
molecules and NA is the Avogadro constant.

B. Nuclear spin-induced circular dichroism

In the NSCD experiment proposed here, the magnetiza-
tion of a sample of spin-polarized nuclei is aligned with k.
This produces a magnetic field in the medium that is able to
cause magneto-optic effects, even though no significant exter-
nal magnetic field B0 is influencing the experiment. Various
means of creating and controlling the nuclear magnetization
in NMOS measurements have been discussed.9–12 These in-
clude transferring the magnetized sample from a separate po-
larization vessel to the optical apparatus,9, 10 a method relying
on relatively slow nuclear spin relaxation processes. Alterna-
tively, the optical measurement can be placed transversally to
the bore of a nuclear magnetic resonance spectrometer, en-
abling the creation and manipulation of the magnetization in
the same volume.11, 12

Consider now a sample of magnetized nuclei K with the
number density NK = nKNA, where nK is the molar concen-
tration of the nuclei and the degree of nuclear spin polariza-
tion along k is equal to PK = 〈IK, Z〉/IK, with 〈IK, Z〉 the ensem-
ble average of the spin component along Ẑ and IK the nuclear
spin quantum number. The antisymmetric polarizability ap-
pearing in Eqs. (2) and (3) is now obtained from

〈α′
XY 〉 = 1

6
PKIK

∑

ετν

εετνα
′ (IK )
ετ,ν , (8)

and the NSCD ellipticity and NSOR angle per unit sample
length, spin polarization, and nuclear concentration can be
written as

ηK = η(IK )

lPKnK

= − 1

12
ωμ0c0NAIK

∑

ετν

εετν�
〈〈
με ; μτ , h

hf
K,ν

〉〉
ω,0,

(9)

VK = φ(IK )

lPKnK

= − 1

12
ωμ0c0NAIK

∑

ετν

εετν�
〈〈
με ; μτ , h

hf
K,ν

〉〉
ω,0. (10)

Here, the QRF notation involves the hyperfine interaction hhf
K

that, in the NR theory for closed-shell systems, is the orbital
hyperfine (paramagnetic nuclear spin-electron orbit, PSO)
operator

H PSO
K =

∑

ν

hPSO
K,ν IK,ν ; hPSO

K,ν = e¯

me

μ0

4π
γK

∑

i

�iK,ν

r3
iK

,

(11)
where �iK = −ı¯ [(r i − RK ) × ∇i] is the angular momentum
of i about the position RK of nucleus K. It is seen that the
NSCD and NSOR equations (9) and (10) are obtained from
the expressions (5) and (6) of the corresponding observables
for MCD and Faraday rotation, respectively, due to the exter-
nal magnetic field, by exchanging the Zeeman interaction of
the latter for the hyperfine interaction. In Eqs. (9) and (10),
we have introduced the NSCD and NSOR constants ηK and
VK for nucleus K, respectively. A convenient unit for these
quantities is rad/(M cm).

III. CALCULATIONS

The calculation of NSCD [Eq. (9)] and NSOR [Eq. (10)]
using the CPP approach was implemented into a development
version of the DALTON program package.45 The efficient re-
sponse equation solver introduced in Ref. 46 was used. We
performed HF and DFT calculations of these properties for
ethene, benzene, pBQ, and ethanol molecules at fixed ground-
state geometries in vacuo, thus a priori neglecting all rovi-
brational and solvent effects. The following geometries were
used: ethene and benzene, the rz geometries of Refs. 47 and
48, respectively; pBQ and ethanol, re geometries optimized
using DFT with the B3LYP functional49, 50 and the aug-cc-
pVTZ basis set,51 on the GAUSSIAN 09 software.52
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The basis-set requirements of the excited-state calcula-
tions (energy and transition moment from the ground state)
were investigated using DALTON for ethene at the CAM-
B3LYP level56 using the correlation-consistent basis sets aug-
cc-pVXZ, aug-cc-pCVXZ, as well as the doubly and triply-
augmented d/t-aug-cc-pVXZ (X = D, T, Q, 5, 6) sets.51, 53

The lowest excitation energies and the corresponding oscil-
lator strengths of these systems were investigated at the HF
level as well as with various DFT functionals: PBE,54 PBE0,54

BLYP,50, 55 B3LYP,49, 50 CAM-B3LYP,56 BHandHLYP,50, 57 as
well as the following correlated ab initio coupled-cluster (CC)
levels of presumably increasing accuracy: CC2,58 CCSD,59

and CC3.60 The purpose of using the CC methods was to as-
sess the accuracy of HF and the various DFT functionals that
were, in turn, used for NSCD and NSOR.

The basis-set requirements of NSCD and NSOR (both
for 1H and 13C nuclei) were investigated for ethene using
BHandHLYP at standard visible laser wavelengths, in the
dispersive spectral range. This was not done in the transi-
tion region of the spectrum, as the results would have re-
flected the large dependence of the frequency of the transi-
tions on the basis set. We also carefully checked that the ap-
plied numerical criteria for the wave function and response
equation convergence, as well as the DFT grid, were suffi-
ciently tight. The BLYP (with exact HF exchange admixture
of 0%), B3LYP (20%), and BHandHLYP (50%) series of gen-
eralized gradient/hybrid functionals, as well as HF and the
range-separated CAM-B3LYP hybrid functional, were then
used with the chosen d-aug-cc-pCVTZ basis53 (with high-
exponent core-valence correlation functions) for the produc-
tion calculations in the region of selected low-lying transitions
of the target systems. For comparison, MCD calculations us-
ing the method of Solheim et al.37 were also performed for
the same transitions.

We used the empirical linewidth factor γ equal to
1000 cm−1 (0.00456 a.u.) and the step between successive
frequencies in the transition region equal to 0.0025 a.u. The
choice of γ affects the calculated spectra, a larger value pro-

duces broader spectral features with lower peak intensity.
In the present kind of pure electronic structure calculations
where various factors (such as vibronic couplings) affecting
the experimental linewidths are not considered, the value of
γ can be empirically adjusted to approximately to match the
observed spectra. So far there exist no experiments for NSCD
or NSOR in the absorptive spectral region, and we rely in our
selection of γ on the previous application37 of the CPP theory
for MCD in systems of composition comparable to the present
ones.

The NMOS properties corresponding to all the experi-
mentally non-equivalent nuclei of the molecules were com-
puted. In the case of ethanol, the results were averaged over
all the protons in, on the one hand, −CH3 and, on the other
hand, −CH2− group.

IV. RESULTS AND DISCUSSION

A. Excitation energies and oscillator strengths

1. Basis-set convergence

Figure 1 illustrates the basis-set convergence of the cal-
culated two lowest electric dipole-allowed excitation energies
in ethene. Results with the various augmented correlation-
consistent basis-set families are shown as obtained with
the CAM-B3LYP functional. The corresponding convergence
pattern of the electric-dipole transition moments is displayed
in Figure S1 of the supplementary material.63 The numerical
data corresponding to the figures are listed in Table S1 of the
supplementary material.63

A point to note is that the electric-dipole transition mo-
ments and oscillator strengths only have an indirect relevance
for the NMOS observables, which are the primary objective
of this work. Because NSCD and NSOR (similar to MCD) in-
volve, apart from the dynamic electric dipole interaction, also
a static magnetic interaction operator, the relative intensities
of the magneto-optic signals do not directly correspond to cal-
culated dipolar oscillator strengths.

FIG. 1. Basis-set convergence of the calculated, low-lying electric dipole-allowed excitation energies of ethene (C2H4) at the CAM-B3LYP level. Results at
different correlation-consistent basis-set levels. The basis set selected for the production calculations of NSCD and NSOR is marked with a cross. (a) Excitation
energy of the X 1Ag → 11B3u transition. (b) Excitation energy of the X 1Ag → 11B1u transition.
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The results in Figures 1 and S1 (supplementary
material63) indicate the convergence of all the basis set se-
ries towards a common basis-set limit. The singly augmented
sets (aug-cc-pVXZ) are expectedly the slowest in this ap-
proach, whereas no significant difference is obtained between
the doubly (d-aug) and triply (t-aug) augmented sets. The
singly augmented sets were used in both the standard version
(aug-cc-pVXZ) and the aug-cc-pCVXZ series, in which tight
core-valence correlation functions have been added. Whereas
the latter offer no advantage for the valence excitation ener-
gies and oscillator strengths, they are generally found impor-
tant for hyperfine properties. The figures show with a cross
the results obtained with the d-aug-cc-pCVTZ basis selected
presently for the production calculations of the magneto-optic
properties. This basis is reasonable close to the basis-set limit.

2. Comparison of methods

Figure 2 illustrates the excitation energies for transitions
from the ground state to two lowest dipole-allowed excited
states in ethene, calculated with the t-aug-cc-pVDZ basis set.
Different (HF, CC2, CCSD, CC3, and DFT) methods were
used. For the latter, a selection of functionals was chosen. The
corresponding oscillator strengths are given in Figure S2 of
the supplementary material.63 The numerical data are listed
in Table S2 of the supplementary material.63

The present correlated ab initio estimates (CC2, CCSD,
CC3) are in good agreement with Refs. 61 and 62 for the
excitation energies of both the B3u and B1u states. The var-
ious DFT functionals give a systematically increasing devia-
tion (decreasing excitation energies) from these reference val-
ues as the exact exchange parameter diminishes, towards the
pure GGA functional (BLYP). BHandHLYP (50% of exact
exchange) and the range-separated CAM-B3LYP functional
fare best in this context. These two functionals also display a
reasonable performance for the oscillator strengths, as refer-
enced to the CC3 and CCSD results.

FIG. 2. Calculated vertical excitation energies (in eV) in ethene (C2H4) us-
ing different electron correlation methods and the t-aug-cc-pVDZ basis set.

Figure S3 and Tables S3–S5 of the supplementary
material63) contain the excitation energies and oscillator
strengths for the three lowest dipole-allowed states in ben-
zene, one state in pBQ, and four states in ethanol. Literature
values also shown for benzene64, 65 and pBQ.66–68 Common
to all these cases is that we went only up to CCSD level in
ab initio calculations of both the excitation energies and os-
cillator strengths, as we reckoned that the more accurate CC3
method would have proved computationally too expensive.
Similarly, the comparison with the available literature values
is impaired by the different molecular geometries used be-
tween calculations, as well as the approximations made in the
analysis of experimental data. Our present purpose is to as-
sess the accuracy of the various DFT methods for these ex-
cited states, and we pick the CCSD data as the principal point
of comparison. More thorough investigations of the perfor-
mance of various methods in calculating excitation energies
exist in the literature, and we quote Ref. 68 for a recent exam-
ple. In the present calibration, we note that the BHandHLYP
and CAM-B3LYP functionals provide again the best match
among the DFT functionals with the CCSD excitation ener-
gies for benzene and ethanol, and somewhat less successfully
in the case of pBQ. The quantitative agreement is generally
worse for the oscillator strengths, however the two mentioned
functionals give overall the best results among the present
single-determinantal methods.

B. Nuclear magneto-optic properties

1. Basis-set convergence

A note is in place concerning the sign conventions used
for optical rotation. According to the chemical convention,1

the formulae presented in this paper lead for closed-shell
molecules to a negative rotation angle, both in normal Fara-
day rotation due to the external field and in NSOR for nuclei
with a positive γ K. A negative angle corresponds to the rota-
tion of the plane of polarization to the direction of the posi-
tive electric current in a solenoid that generates the external
field. The convention normally used in the literature reporting
Verdet constants is exactly the opposite (see, e.g., Ref. 69) and
a positive Verdet constant is reported under the same circum-
stances. We follow the chemical convention in this paper.

We first verified the consistency of the new CPP im-
plementation with the standard response theory method
for NSOR, which was used in earlier reports of this
property.6, 10, 15, 16 Calculated NSOR results at off-resonant
wavelengths for ethene, listed in Table S6 of the supplemen-
tary material,63 confirm that far from the transition region the
damped response theory results indeed are in a very good
agreement with the results of the standard approach.

Figure 3 and Table S7 of the supplementary material63

contain the data for the basis-set convergence of the calculated
NSCD ellipticity and NSOR angle for both the 13C and 1H
nuclei in ethene, obtained at the BHandHLYP level.

Both the NSCD ellipticity and NSOR angle increase
in absolute value upon shortening the wavelength, to-
wards the first optical transition that appears at 180 nm at
the BHandHLYP/d-aug-cc-pCVTZ level of theory used in
Figures 3(a) and 3(b). Panels (c)–(f) illustrate the difference
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FIG. 3. Basis-set dependence of the calculated NSCD and NSOR constants, ηK and VK , respectively, for ethane (C2H4) in units of μrad/(M cm). The DFT
functional BHandHLYP was used. Results for both K = 1H and 13C. (a) NSCD and (b) NSOR results with d-aug-cc-pCVTZ as functions of λ. Also shown
are the deviations from d-aug-cc-pCVTZ results at λ = 405.0 nm with different basis sets, as a function of the number of basis functions: (c) 13CSCD and
(d) 13CSOR, (e) 1HSCD and (f) 1HSOR.

of results obtained with the various basis sets as compared to
the d-aug-cc-pCVTZ set, at λ = 405 nm. It is seen that the un-
augmented cc-pVXZ and cc-pCVXZ sets do not perform sat-
isfactorily as the results not only converge quite slowly with
the size of the basis set, but they even appear to converge

to erroneous limiting values. In contrast, the singly, doubly,
and triply augmented sets converge to a common limit, and
hardly any difference can be seen between the behavior of the
two latter series. The changes of the results due to supple-
menting the basis with tight core correlating functions in the
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FIG. 4. Calculated magnetic response properties of ethene with various DFT functionals and with Hartree-Fock (HF): (a) MCD and (b) Faraday optical rotation
[in mrad/(T M cm)] due to the external magnetic field, and the following nuclear magneto-optic quantities [in μrad/(M cm)]: (c) 13CSCD, (d) 13CSOR, (e)
1HSCD, and (f) 1HSOR. d-aug-cc-pCVTZ basis set was used.

cc-pCVXZ series as opposed to the cc-pVXZ sets, are rel-
atively small. We select the d-aug-cc-pCVTZ set as a com-
putationally manageable, fairly accurate set for the remain-
ing calculations further in this paper. At the DFT level, the
truncation error implied by this basis set is about 1% for the
presently investigated properties.

2. Results for ethene, benzene,
and para-benzoquinone

Figure 4 shows the calculated magneto-optic properties
in ethene as functions of the wavelength λ around the two low-
est dipole-allowed excitations using the HF method, as well as
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DFT, employing functionals with decreasing exact exchange
admixture: BHandHLYP, B3LYP, and BLYP. In addition, re-
sults with the range-separated CAM-B3LYP functional are
also shown. The corresponding numerical data are collected
in Table S8 of the supplementary material.63

The results show a consistent shift of the spectral fea-
tures towards longer wavelengths when moving from HF to
the DFT functionals with a decreasing exact exchange admix-
ture, in accordance with the behaviour of the excitation ener-
gies (Table S2 of the supplementary material).63 Based on the
performance of the various methods in the calculation of ex-
citation energies and oscillator strengths, we focus mainly on
the BHandHLYP and CAM-B3LYP data, which are mutually
remarkably similar not only for ethene but also for the other
presently investigated molecules (vide infra).

The calculated MCD spectra of ethene in the rigid
molecule limit were discussed and compared with the experi-
ment in Ref. 28. The present BHandHLYP and CAM-B3LYP
calculations [Figure 4(a)] produce two negative-ellipticity ab-
sorption bands centred at the locations of the two excitations,
about 180 and 167 nm (quoting BHandHLYP/CAM-B3LYP
data), corresponding to 1B1u (transition dipole directed nor-
mal to the molecular plane) and 1B3u (along the direction of
the CC bond) excited states, respectively. The corresponding
Faraday optical rotation spectrum [Figure 4(b)] consists of
two overlapping derivative bands. The MCD and Faraday ro-
tation results with the standard B3LYP and BLYP function-
als have additional features in the spectral regions towards
smaller wavelengths, on account of the proximity of further
optical excitations at these levels of theory.

The carbon-13 NSCD signal in ethene [Figure 4(c)] also
shows two peaks with the absorption lineshape, but in con-
trast to MCD, the spectrum consists of a negative peak at
180 nm and a positive peak at 167 nm. The proton NSCD
[Figure 4(e)] features similarly a combination of two an-
tiphase absorption signals, but for this nucleus the 1B1u exci-
tation is characterized by a positive peak. The NMOS observ-
ables depend on the gyromagnetic ratio γ K of the nucleus in
question [Eqs. (9)–(11)]. As the 13C and 1H nuclei have γ K of
the same (positive) sign, the difference in the signs of the cor-
responding NSCD signals is not due to the properties of these
nuclei but is a feature of the electronic structure. While the
two absorption peaks in the 13C spectrum are almost of equal
intensity, the protons cause a much larger signal at the 1B3u

excitation. It should be kept in mind that the detailed line-
shape does depend significantly on the choice of the computa-
tional method, with particularly the HF method giving rather
different results. Overall the 13CSCD signals are roughly 50
times more intense in ethene than the 1H signals, possibly due
to the larger electronic density at the carbon sites, which by far
overcompensates the fact that the magnetic moment of proton
is four times larger than that of 13C.

The 13C and 1H NSOR spectra of ethene [Figures 4(d)
and 4(f), respectively] consist of two overlapping lines with
the derivative lineshape and, similarly as in the corresponding
NSCD spectra, the signals of these two nuclei have opposite
signs. The present damped response theory calculations ver-
ify qualitatively the dramatic amplification of the NSOR sig-
nals around optical transitions, predicted earlier using conven-

tional response theory.6, 24 Hence, future NSCD experimen-
tal set-ups could use both the ellipticity and optical rotation
as means of detecting nuclear site-specific magneto-optic sig-
nals. The same enhancement factor of 50 is valid also for the
13CSOR signals as compared to those of proton, like in the
NSCD case.

Figure 5 shows the results of the magneto-optic calcu-
lations for benzene in the region of the three lowest opti-
cal transitions of relevance, to the 1B1u state with the tran-
sition dipole perpendicular to the molecular plane at around
180–182 nm (CAM-B3LYP and BHandHLYP wavelengths
quoted) and two in-plane excitations to 1E states at circa
177 and 171–172 nm. The corresponding numerical data
are listed in Table S9 of the supplementary material.63 The
data for para-benzoquinone are given in Fig. 6 (for 13C
and 1H), Fig. S4 (17O) and Table S10 of the supplementary
material,63 and they involve the transition to 1B1u excited
state at 227–233 nm (BHandHLYP and CAM-B3LYP levels).
In both cases, we choose to display only the BHandHLYP
and CAM-B3LYP data in the figures. The results obtained
with the other functionals employed are included in the
tables.

In the case of benzene, the MCD spectrum consists of
one strong negative-ellipticity and two weaker, positive ab-
sorption features corresponding to the B1u and two E states,
respectively. As before for ethene, the NSCD spectra do not
stand in one-to-one correspondence with MCD; while the
13CSCD signal of benzene follows the sign pattern of MCD,
the proton spectrum shows the opposite signature. The inten-
sity of the lower of the two E-type bands is equally large with
the B1u band both in 13C and 1HSCD, in contrast to MCD. The
NSOR signals display consistently the derivative patterns cor-
responding to the features in the respective CD spectra. The
comparison of the magnitudes of the 1H and 13C signals indi-
cates that the large amplification factor observed in C2H4 for
carbon as compared to hydrogen is not a universal feature: in
benzene the carbon signals are only roughly twice as intense
as those of proton.

We investigated only one transition for pBQ in the 200–
300 nm region, and for this molecule MCD shows a positive
absorption peak, whereas all the 13C, 17O, and 1H NSCD spec-
tra show a single negative peak, matched by a derivative line-
shape in the respective OR signals. Again, the intensities of
the 13C and 1H signals obey roughly the 2:1 pattern, akin to
benzene. The 17O spectrum (Figure S4 in the supplementary
material63) is similar in lineshape to that of 13C but more in-
tense by two orders of magnitude. Despite the fact these two
isotopes have oppositely signed gyromagnetic ratios, their
NSCD and NSOR signals, which are directly proportional to
the nuclear magnetic moment, have the same phase in pBQ.
Hence, the purely electronic NSCD/NSOR response corre-
sponding to these two nuclei is different in both magnitude
and sign.

From the comparison of MCD and NSCD signals in
C2H4, C6H6, and pBQ it may be concluded that each system
has a unique pattern of the signs and intensities of the spectral
features, with the NSCD signals not always following those
of MCD. The qualitative interpretation of the NSCD spectra
will require further conceptual work.
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FIG. 5. Calculated magnetic response properties of benzene with BHandHLYP and CAM-B3LYP DFT functionals: (a) MCD and (b) Faraday optical rotation
[in mrad/(T M cm)] due to the external magnetic field, and the following nuclear magneto-optic quantities [in μrad/(M cm)]: (c) 13CSCD, (d) 13CSOR,
(e) 1HSCD, and (f) 1HSOR. d-aug-cc-pCVTZ basis set was used.

3. Nuclear spin CD for non-equivalent nuclear
sites: Ethanol

We chose to use ethanol to investigate the nuclear site-
specificity of the NSCD spectroscopic signals. The two non-
equivalent carbons (C1 and C2 in the −CH3 and −CH2−

moieties, respectively) and the three non-equivalent protons
(−CH3, −CH2−, and −OH groups, averaged over the ex-
perimentally equivalent nuclei in the first two cases) are ex-
pected to reflect the chemical environment of the nucleus
in NSCD, similar to what was predicted (also for ethanol)
in the case of NSOR signals in Ref. 6. We display the
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FIG. 6. (a)–(f) As Fig. 5 but for para-benzoquinone.

calculated magneto-optic spectra for ethanol using different
computational methods (HF and the present DFT function-
als) in Figures S5 of the supplementary material63 (MCD/OR
and 17OSCD/17OSOR), and specifically for 13C and 1H nu-
clei in Figure 7 at the BHandHLYP level. The HF and other
DFT results for the latter nuclei are illustrated in Figures S6
and S7 of the supplementary material.63 The numerical data

are tabulated in Tables S11 and S12 of the supplementary
material.63

The calculations of ethanol were carried out for the wave-
length range around the four lowest dipole-allowed excita-
tions, at 150, 156, and 178 nm to 1A′′ states and 150 nm to
1A′ state, wavelengths quoted from the BHandHLYP results.
Investigation of the 13C and 1H NSCD signals [Figures 7(a)
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FIG. 7. Calculated (BHandHLYP/d-aug-cc-pCVTZ) nuclear magneto-optic properties in ethanol highlighting the differences between the signals of the un-
equivalent nuclei. (a) 13CSCD, (b) 13CSOR, (c) 1HSCD, and (d) 1HSOR.

and 7(c), respectively] reveals that the lowest-energy X1A′

→ 11A′′ transition is associated with a vanishing NSCD re-
sponse in both the 13C signal of the −CH3 group (C1) and
the 1H spectra from both the −CH3 and −CH2− groups. In
contrast, C2 (the −CH2− group) and the 1H spectra corre-
sponding to the −OH group show a clear response of these
nuclei to this transition. This can be also noted form the cor-
responding 17O signal [Figure S5(c) of the supplementary
material].63 Precisely the same nuclei respond in the cor-
responding NSOR signals in Figures 7(b) and 7(d) [Figure
S5(d) of the supplementary material63 in the case of 17O].
Consequently, both the NSCD observables and NSOR, cal-
culated here using a methodology that is able to cope with
frequencies in the immediate vicinity of the transitions, con-
firm the earlier findings6 concerning the NSOR of ethanol
using standard response theory. NMOS observables allow
nuclear site-specific magneto-optical spectroscopy. The O1H
and 13CH2 NSCD signals are found to be of roughly similar
intensity at this transition.

The transition to the second 1A′′ state at 156 nm
(BHandHLYP) gives further confirmation to this observation.
Signals of opposite phases are found at this transition for C1

(positive) and C2 (negative), as well as for −C1H3 (positive)
and −O1H (negative), whereas the −CH2− group protons are
unresponsive at 156 nm. Finally, the spectra at around 150 nm
result from transitions to both 1A′ and 1A′′ states, with the for-
mer placed at a slightly larger wavelength. The X1A′ → 11A′

transition results in a weak and strong positive signal for C2
and all the protons, respectively, particularly in the −OH and
−CH2− moieties. The X1A′ → 31A′′ transition yields consis-
tently a negative feature in the NSCD spectra for all carbons
and protons.

V. CONCLUSIONS

A novel form of nuclear magneto-optic spectroscopy, the
nuclear spin-induced circular dichroism, which arises from
the differential absorption of left- and right-circularly polar-
ized light on account of the magnetic field created by the mag-
netization of individual nuclei in molecules, is proposed in
this paper. In analogy to MCD, which is due to the externally
applied magnetic field, NSCD can be experimentally detected
from ellipticity induced to the plane-polarized light at wave-
length regions close to the optical transitions of the molecule.
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Comparison with MCD on the one hand and Faraday optical
rotation (due to an external magnetic field) on the other hand
suggests that NSCD might yield an even more insightful di-
rection for the ongoing experimental NMOS efforts than the
already observed phenomenon of nuclear spin optical rota-
tion. Strong signals from both phenomena are predicted in the
absorptive spectral regions, and we propose experiments with
a matching pair of tunable laser source and a medium consist-
ing of, e.g., dye molecules with strong absorption band in the
visible range.

We have formulated a third-order time-dependent pertur-
bation theory expression for the NSCD ellipticity, expressed
as the real part of the derivative of the molecular dynamic
polarizability tensor with respect to the nuclear magnetic mo-
ment. A first-principles computation method for NSCD has
been implemented to the DALTON quantum-chemical pack-
age, involving a variant of damped response theory, which
enables calculations at frequencies in the immediate vicinity
of the transition, as parameterized by an empirical linewidth
factor.

Calculations of NSCD have been presented for low-
lying transitions in a series of small organic molecules us-
ing the Hartree-Fock and DFT methods, demonstrating that
the NSCD signals are of observable intensity and they yield
a resolution of the varying chemical environments of the nu-
clei: a different sensitivity of the magneto-optic response re-
sults for magnetization of non-equivalent nuclei is observed.
This optical chemical shift, analogous to the corresponding
phenomenon in NSOR, paves way for high-resolution NMOS
using the NSCD effect. The present damped response the-
ory calculations also qualitatively verify earlier predictions of
strongly enhanced NSOR signals when the photon energies
approach the optical transitions.

All the present calculations of NSCD have been based
on the responses of a single molecule to the optical and nu-
clear magnetic fields. The formulation of bulk magneto-optic
properties has essentially been carried out by multiplying the
calculated single-molecule properties by the number density
of molecules in a medium. Previous research on NSOR14, 16

suggests that the macroscopic nuclear magnetic polarization
of the medium will give an additional, MCD-like, and non-
nucleus-specific contribution to the differential absorption ob-
served in NSCD experiments. Furthermore, modification of
the local optical field will also occur in a medium.16 These
additions to the basic NSCD theory will be topics for further
research.
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