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Relativistic coupled-cluster study of the parity-violation energy shift of CHFClBr
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Four-component relativistic coupled-cluster calculations including the nuclear spin-free electroweak field are
presented for the chiral molecule CHFClBr using a finite-field method to obtain accurate electron correlation
effects for the parity-violation energy shift in CHFClBr. The results are used to obtain optimal parameters for the
Coulomb-attenuated Becke three-parameter Lee-Yang-Parr hybrid functional (CAM-B3LYP), which is useful
for future applications in this field.
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I. INTRODUCTION

Despite the well-accepted fact that the weak neutral current
between electrons and nucleons predicted by the electroweak
theory creates an energy difference between two enantiomers
of a chiral molecule, this kind of parity violation (PV) has
never been observed experimentally [1–4]. Unfortunately, this
energy difference cannot be measured directly, except for
electronic transitions where the PV energy shift for the excited
electronic state is zero (achiral excited state) or accidentally
close to zero. One promising method is to measure PV shifts in
vibrational transitions of chiral molecules [5–7]. Chardonnet
and co-workers have worked to set up molecular-beam
experiments using two-photon Ramsey-fringe spectroscopy
with highly frequency-stable tunable CO2 lasers that can
reach resolutions in the mHz range [8]. Such experiments
could detect PV effects for simple chiral molecules such as
CHFClBr or CHFClI (or their deuterated species) [9–12],
as originally proposed by Letokhov [13]. Previous experiments
by Chardonnet and co-workers were unsuccessful in detecting
PV in CHFClBr [14–16]. Another possibility is to choose
chiral molecules with large PV energy shifts in the vibrational
spectrum, which is currently being investigated by several
research groups [17–23].

Because of the very small size of the PV energy shift,
it is necessary for an experimental investigation to confirm
positive outcomes from measurements by accurate theoretical
predictions. Despite earlier claims that Hartree-Fock already
gives reasonably accurate PV shifts for model systems such
as H2O2 or H2S2 [24–27], it is now generally accepted that
the electron correlation effect to PV is far more important
than originally anticipated. Indeed, four-component Hartree-
Fock (HF), Møller-Plesset second-order (MP2), and density-
functional (DFT) results for S-CHFClBr show large varying
PV energy shifts (EPV) between the different approximations
applied; that is, one obtains (in 10−18 a.u.) −5.53 (HF),
−2.54 (MP2), −1.54 [Becke three-parameter Lee-Yang-Parr
(B3LYP)], +0.63 [Becke–Lee-Yang-Parr (BLYP)], +0.66
[Perdew-Wang (PW86)], and +2.01 [local density approxi-
mation (LDA)] [28,29]. It is evident from these results that
one cannot accurately predict the PV energy shift, but the
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exact value possibly lies in between the two limiting cases, the
HF and the LDA result. Note that for this molecule it is not
even possible to correctly predict the sign of EPV. Moreover,
we cannot recommend a specific density functional that gives
the best PV energy shifts unless more accurate results become
available. This situation is somehow similar to the problems in
accurately calculating electric field gradients (EFGs) [30–35].
Note that both properties (PV and EFG) are core properties
probing the wave function close to the nucleus but originating
mainly from the valence orbitals [24,30].

In order to obtain accurate PV energy shifts for CHFClBr,
which is currently under experimental investigation [1,2],
we performed coupled-cluster calculations using a finite-
field approach for the PV operator as suggested previously
by Thyssen et al. [25]. The coupled-cluster results were
subsequently used to evaluate the quality of various density-
functional approximations. Furthermore, the three parameters
of the recently developed Coulomb-attenuated functional
CAM-B3LYP [36] were adjusted to reproduce the PV energy
shifts of the heaviest atoms in CHFClBr as obtained by our
coupled-cluster calculations. It was found in previous studies
that this procedure works well for dipole moments and electric
field gradients in transition-metal halides [35,37].

II. COMPUTATIONAL METHOD

At the Dirac-Hartree-Fock and Dirac-Kohn-Sham (DKS)
level, the contribution of atom n in a molecule to the parity
violation energy shift EPV can be calculated as the expectation
value

En
PV = 〈�|Ĥ n

PV|�〉 (1)

over the (nuclear spin-independent) P -odd operator

Ĥ n
PV = GF

2
√

2

∑

i

QW,nγ
5
i �n(�rin), (2)

which is derived from the timelike component of the (Ae, VN )
component of the Z0 exchange between electrons and nu-
cleons; GF = 2.22255 × 10−14 a.u. is the Fermi coupling
constant and �n(�r) is the normalized nucleon density of nucleus
n. The summation is over all electrons. The weak charge is
QW,n = −Nn + Zn(1 − 4 sin2 θW), where Nn is the number
of neutrons and Zn is the number of protons in nucleus n. For
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the number of nucleons An = Nn + Zn, values of 1, 12, 19,
35, and 79 have been used for H, C, F, Cl, and Br, respectively.
The value of sin θW = 0.2319 for the Weinberg mixing angle
was chosen. Gaussian nuclear charge distributions for �n were
chosen for the particle densities with nuclear radii taken from
Ref. [38]. The Dirac-Coulomb (DC) Hamiltonian was used in
all calculations [39]. All calculations were performed at the
previously published coupled-cluster singles-doubles treating
the triple contributions perturbatively [CCSD(T)] [40,41]
optimized geometry for CHFClBr [28] using uncontracted
correlation consistent double-zeta (cc-pVDZ) and triple-zeta
(cc-pVTZ) basis sets [42–44] for hydrogen, carbon, fluorine,
and chlorine. Note that these basis sets already contain suffi-
ciently hard s and p functions to correctly describe the wave
function close to the nucleus. For bromine, Dyall’s double-zeta
and triple-zeta basis sets augmented by hard p and f functions
were utilized within the program package DIRAC [45]. The
basis sets are abbreviated as DZ and TZ in the following.

Because analytical derivatives are currently not available
for four-component coupled-cluster calculations, we calculate
the PV expectation value for S-CHFClBr using the finite-field
method as suggested by Thyssen et al. [25]. The PV energy
shift can be written as

EPV = GF

2
√

2

∑

n

QW,nM
n
PV, (3)

where Mn
PV is given by

Mn
PV =

∑

i

〈�|γ 5
i �n(�rin)|�〉

= 〈�|M̂n
PV|�〉. (4)

The basic idea is to deploy the PV operator as a perturbation
for the HF level for the DC operator with perturbation
strength λ,

Ĥ (λ) = ĤDCHF + λM̂n
PV, (5)

where Mn
PV is found numerically as the first derivative of the

total energy of the molecule with respect to λ. The perturbation
strength λ was varied over a large range (10−1 − 10−6 a.u.) and
compared to analytical results at the DCHF and DCMP2 level
of theory. Figure 1 shows that for λ > 10−2 a.u. the weak
perturbation regime is left and Mn

PV drifts to larger values.
For λ < 10−4 a.u., an oscillational behavior is observed due
to numerical instabilities for such tiny perturbation strengths.
In between, the MPV values remain almost constant over a λ

range of two orders of magnitude. For the DCHF and DCMP2
calculations, the values differ by less than 0.5% from the
expectation value (Table I). This clearly indicates that the
finite-field method is numerically stable and thus reliable. For
the finite-field coupled-cluster calculations it was necessary
to restrict the active occupied space to the valence shell (1s

for H, 2s2p for C and F, 3s3p for Cl, and 4s4p for Br),
and the virtual space to energies up to 100 a.u.; otherwise
the calculations become computationally prohibitive. Using
the smaller cc-pVDZ basis set showed that, by correlating
the full virtual space, the MPV CCSD value changed by
less than 1%.

The wave-function-based results are compared with DKS
calculations using the LDA and the functionals BLYP, B3LYP
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FIG. 1. (Color online) Dependence of the atomic PV contribution
(in a.u.) on the perturbation strength λ as obtained from Dirac-
Coulomb calculations.

[46,47], Perdew-Burke-Ernzerhof (PBE) [48,49], and CAM-
B3LYP [36]. The CAM-B3LYP approximation [36,50] starts
from a generalization of the Ewald decomposition for the
electron-electron Coulomb operator into a short-range density
functional and a long-range wave-function-based part [51],

Vee =
∑

i<j

1 − [α + βerf(µrij )]

rij

+
∑

i<j

α + βerf(µrij )

rij

,

(6)

by introducing two new parameters α and β with the
constraints 0 � α + β � 1, 0 � α � 1, and 0 � β � 1. The
first term accounts for the short-range interaction described
by DFT, while the second term describes the long-range part
through the HF exchange. The parameter α determines the
weight of the HF exchange for all distances, and additional
long-range HF exchange is mixed in by parameter β. For
the short-range DFT part, the B3LYP functional is used
[46,47]. The original parameters (α = 0.19, β = 0.46, and
µ = 0.33) for the CAM-B3LYP functional were determined
to accurately produce atomization energies and charge-transfer
excitations [36].

TABLE I. Comparison of Mn
PV Dirac-Coulomb HF and MP2 val-

ues obtained from analytical and numerical (finite-field) calculations
using uncontracted cc-pVDZ basis sets for S-CHFClBr (in 10−5 a.u.).

Atom Method Analytical Numerical

Br HF 2.2305 2.2309
MP2 0.9591 0.9587

Cl HF −2.3561 −2.3554
MP2 −1.4131 −1.4180

F HF 0.9701 0.9593
MP2 0.6740 0.6702

C HF 0.0850 0.0861
MP2 0.0682 0.0677

H HF −0.0002 −0.0002
MP2 −0.0014 −0.0013
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TABLE II. Mn
PV values (in a.u.) for S-CHFClBr obtained from Dirac-Coulomb calculations at different levels of theory using

uncontracted DZ basis sets. Numbers in brackets denote powers of 10.

Br Cl F C H

HF 2.230[−5] −2.356[−5] 9.701[−6] 8.506[−7] −1.875[−9]
LDA −7.672[−6] −5.729[−6] 1.018[−5] 1.055[−6] −2.550[−8]
BLYP −1.653[−6] −9.873[−6] 1.016[−5] 8.741[−7] −2.255[−8]
B3LYP 6.758[−6] −1.541[−5] 1.056[−5] 9.337[−7] −1.773[−8]
PBE −2.567[−6] −8.419[−6] 1.007[−5] 8.530[−7] −2.324[−8]
CAM-B3LYP 1.208[−5] −1.712[−5] 8.318[−6] 6.532[−7] −1.911[−8]
CAM-B3LYP* 1.393[−5] −1.772[−5] 7.741[−6] 6.422[−7] −1.637[−8]
MP2 9.594[−6] −1.413[−5] 6.740[−6] 6.820[−7] −1.522[−8]
CCSD 1.075[−5] −1.417[−5] 6.322[−6] 6.197[−7]
CCSD(T) 9.346[−6] −1.314[−5] 6.281[−6] 6.294[−7]

III. RESULTS AND DISCUSSION

The results of our calculations with the DZ basis set are
summarized in Table II and depicted in Fig. 2. As noted before,
different density-functional approximations lead to largely
varying atomic PV contributions. Some functionals like LDA
and PBE even yield the opposite sign for the heaviest atom,
bromine, compared to the HF calculation. HF and LDA are
the two limiting values for bromine, but not necessarily for
the other atoms. The CCSD(T) results are close to the MP2
results, which might suggest that the latter method is sufficient
to accurately describe PV effects in chiral compounds such
as CHFClBr or CHFClI. However, it is well known that
single-reference MP2 fails to correct describing properties
in transition-metal-containing compounds [52,53]. As chiral
transition-metal compounds are already investigated for PV,
single-reference MP2 may not be the method of choice for
future investigations. Figure 2 shows that, out of the many
DFT approximations used, the B3LYP and CAM-B3LYP
functionals perform best, but the deviations are still too large
to predict accurate atomic PV contributions.

It was impossible to perform a vast number of coupled-
cluster calculations using the TZ basis set to find a regime for
the perturbation strength where a converged PV energy differ-
ence could be obtained, and we adopted a perturbation strength
of λ = 10−3 a.u., which worked well in our DZ calculations.
The atomic PV contributions using the TZ basis sets are listed
in Table III. For the heaviest atoms, Br and Cl, basis set effects
from comparing DZ and TZ results are between 10% and 20%,
and they become even larger for the lighter elements. In this

table, we also include the CCSD(T) DZ result corrected by
the difference between MP2 DZ and TZ results, which are
in good agreement with the CCSD(T) TZ values. Hence, this
method might work well for estimating the basis set limit in
PV calculations of main group element compounds.

As already mentioned, the CAM-B3LYP functional per-
forms reasonably well, but still with rather large deviations
for Br (29%), Cl (30%), and the other lighter elements. The
parameters published by Yanai et al. [36] were determined to
accurately reproduce atomization energies and charge-transfer
excitations and not PV energy shifts. It was therefore necessary
to reoptimize the CAM-B3LYP parameters in Eq. (5) to
best describe atomic PV contributions. As DFT results are
usually less basis-set-dependent than wave-function-based
correlation methods such as coupled cluster, we optimized the
CAM-B3LYP parameters to the CCSD(T) results of Br and
Cl in a least-squares fit using the TZ basis sets (denoted here
as CAM-B3LYP*). The newly adjusted parameters are α =
0.20, β = 0.12, and µ = 0.90, for which the coupled-cluster
values for the Br as well as the Cl atoms were reproduced
within an error of less than 5%. The final PV energy shift
of −2.138 × 10−18 a.u. is within 3.6% agreement with the
CCSD(T) result. Note that the α value is quite close to the
original one proposed by Yanai et al. [36]. Another interesting
fact is that the newly optimized parameter set to reproduce PV
effects accurately in CHFClBr differs substantially from the
parameter set obtained to reproduce electric field gradients for
a series of copper and gold compounds (α = 0.4, β = 0.179,
and µ = 0.99). This is rather unfortunate as one wishes at least
one density functional to perform well for all core properties.

TABLE III. Mn
PV values and total PV energy shift (EPV) obtained from Dirac-Coulomb calculations at different levels of theory using

uncontracted TZ basis sets for S-CHFClBr (in a.u.). The CCSD(T)/DZ + MP2/TZ value is the CCSD(T) DZ calculation corrected by
the DZ/TZ difference at the MP2 level of theory. Numbers in brackets denote powers of 10.

Method Br Cl F C H EPV

HF 2.159[−5] −2.044[−5] 7.312[−6] 6.564[−7] −1.380[−8] −4.907[−18]
MP2 1.055[−5] −1.710[−5] 9.610[−6] 1.090[−6] −8.712[−9] −1.937[−18]
CCSD(T) 1.054[−5] −1.570[−5] 8.860[−6] 1.010[−6] −2.064[−18]
CCSD(T)/DZ + MP2/TZ 1.030[−5] −1.615[−5] 9.155[−6] 1.045[−6] −1.945[−18]
CAM-B3LYP* 1.124[−5] −1.647[−5] 8.384[−6] 7.299[−7] −3.095[−8] −2.138[−18]
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FIG. 2. (Color online) Mn
PV values (in a.u.) for S-CHFClBr

from Dirac-Coulomb calculations at different levels of theory using
uncontracted cc-pVDZ basis sets.

To discuss the found parameter set of the CAM-B3LYP*
functional in more detail, the function f (r) = 1 − [α +
βerf(µr)] is plotted for the B3LYP, the CAM-B3LYP, and
the CAM-B3LYP* functional in Fig. 3. The parameter α

allows to incorporate the HF exchange contribution over the
whole range (by a factor of α), and the parameter β allows to
incorporate the DFT counterpart over the whole range [by
a factor of 1 − (α + β)]. The widely used hybrid B3LYP
functional takes the CAM potential partitioning of Eq. (6)
with α = 0.2 and β = 0 [36]. The extra flexibility arising
from the two extra parameters α and β can be used to give
an estimate of the importance of the HF exchange contribution
for the short-range region and the DFT counterpart for the
long-range region. For the CAM-B3LYP* functional, the ratio
of the DFT-HF contribution at the long-range region is shifted
toward the B3LYP ratio, which means that the CAM-B3LYP*
functional is more B3LYP-like than the original CAM-B3LYP
functional.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
r
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f(
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B3LYP
CAM-B3LYP*
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FIG. 3. Plot of f (r) = 1 − [α + β erf(µr)] for the B3LYP, the
CAM-B3LYP, and the CAM-B3LYP* functionals using α = 0.20,
β = 0.12, and µ = 0.90.

IV. CONCLUSION

We presented the first coupled-cluster result for the PV
energy shift in CHFClBr using a finite-field method similar
to the one described previously by Thyssen et al. for H2O2

and H2S2 [25]. None of the density-functional methods
perform well, except perhaps for the B3LYP and CAM-B3LYP
functionals, where deviations to the coupled-cluster results
are still on the order of 30%. A readjusted CAM-B3LYP
functional (CAM-B3LYP*) using uncontracted TZ basis sets
leads to atomic PV contributions in good agreement with our
CCSD(T) results. This functional should be useful in future PV
calculations, especially for chiral transition-metal-containing
compounds.
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