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Relativistic nuclear magnetic resonance chemical shifts of heavy nuclei
with pseudopotentials and the zeroth-order regular approximation

Jonathan R. Yates,a) Chris J. Pickard, and Mike C. Payne
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Francesco Mauri
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We present a method for the first principles density functional calculation of relativistic all-electron
nuclear magnetic resonance chemical shifts using pseudopotentials. The method is based on the
gauge including projector augmented wave approach of Pickard and Mauri@Phys. Rev. B63,
245101~2001!#. Relativistic effects are included at the level of the scalar-relativistic zeroth-order
regular approximation. The method allows chemical shifts of large, low symmetry structures
containing heavy elements to be calculated efficiently. We demonstrate its success for a range of Se
and Te containing molecules. ©2003 American Institute of Physics.
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I. INTRODUCTION

Nuclear magnetic resonance~NMR! experiments on
heavy nuclei present both experimental and theoretical c
lenges. As measurements of the chemical shift of nuclei
yond the second period are becoming increasingly comm
it is important that accurate theoretical techniques are av
able to predict and interpret these experimental results. F
principles density functional~DFT! calculations have bee
shown to provide an excellent description of the chemi
shieldings for compounds containing light elements.1 How-
ever, the extension to higher atomic numbers poses two
tinct challenges; first dealing with the large number of el
trons which must be explicitly considered and seco
accounting for the effects of special relativity.

Relativity strongly affects NMR shielding parameters
these parameters are dominated by the region of space
to the nucleus. In this region the electrons experience
strong nuclear potential and have a large local moment
This is true for both the valence electrons as well as
tightly bound core electrons.

Fully relativistic calculations, based on a fou
component Hamiltonian, are time consuming and, at
present time, limited to small systems.2 Various two-
component formalisms have been developed and one o
most simple and elegant is the zeroth-order regular appr
mation ~ZORA!.3–5

Regardless of the method employed, all-electron ca
lations on systems containing heavy elements will be co
putationally demanding due to the large number of electro
A more computationally attractive solution would be to u
pseudopotentials, which treat only the valence electr
fully. Pseudopotentials are most commonly employed wit
a frozen core approximation however, in principle this co
dition can be relaxed.6 Kauppet al.7,8 have used pseudopo
tentials to represent the core electrons of a transition m

a!Electronic mail: jry20@phy.cam.ac.uk
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atom in various complexes. This allows for the efficient c
culation of the chemical shielding of the light elements in t
system. It has been shown9 that the contribution to the
chemical shift from the core electrons is rigid and so t
calculation of the shielding of the heavy atom itself is po
sible. However, this poses a significant problem as
pseudo-wave-function differs significantly from the a
electron wave function in the core region.

Recently, Pickard and Mauri10 have presented a gaug
including extension to Blo¨chl’s projector augmented wav
~PAW!11 method which allows for the calculation of al
electron NMR chemical shifts with pseudopotentials. Th
allows the use of pseudopotentials for all atoms in the sys
to obtain maximal computational advantage.

In this paper we show that this gauge including projec
augmented wave~GIPAW! approach provides a natura
framework for the inclusion of relativistic effects in cor
properties such as chemical shifts. The relativistic nature
the valence electrons close to the core is of paramount
portance and we derive relativistic GIPAW operators th
take this into account.

II. THEORY

A. Introduction

We begin by reviewing the zeroth-order regular appro
mation to the Dirac equation. We then discuss Blo¨chl’s PAW
scheme and show how it may be used to calculate
electron observables from a pseudopotential calculation.
ing a gauge invariant extension to PAW we derive a pseu
Hamiltonian and pseudocurrent operator from the ZO
Hamiltonian and show how scalar relativistic all-electr
chemical shifts can be obtained from pseudopotential ca
lations.

B. Zeroth-order regular approximation

We start with the time-independent single particle Dir
equation for an electron in external magnetic field,B;
6 © 2003 American Institute of Physics
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S V~r ! cs"p

cs"p V~r !22c2D S uF&
ux& D5ES uF&

ux& D , ~1!

wheres are the Pauli matrices andc is the speed of light.
The canonical momentum,p, is given by p5p
1(1/c)A(r ) whereB5“ÃA(r ). Within density functional
theoryV(r ) is the effective Kohn–Sham potential given b
the sum of the nuclear, Hartree, and exchange-correla
potentials. The Dirac wave function has two spinor comp
nents, uF& and ux&, called the large and small componen
respectively. The large and small components are relate
ux&5XuF&, where

X5
1

2c S 11
E2V~r !

2c2 D 21

s"p. ~2!

It is therefore possible to express the Dirac equation
terms of the large component only,

~V~r !1cs"pX!uF&5EuF&. ~3!

The large componentuF& is not normalized. We intro-
duce a normalized two-component wave functionuC& given
by

uC&5~A11X†X!uF&. ~4!

Traditionally Eq.~3! is simplified by assuming thatp2

!4c2, which leads to the relativistic Pauli approximatio
However, for a divergent potential such as a Coulomb pot
tial there will exist a region, close to the nucleus, in which
expansion based on the Pauli assumption is not valid.
size, and hence importance, of this region will increase w
atomic number. To avoid this problem we follow the a
proach of van Lenthe3 and rewrite Eq.~2! as

X5S c

2c22V~r ! D S 11
E

2c22V~r ! D
21

s"p. ~5!

If we assume thatE!(2c22V(r )) and expand to zeroth
order inE/(2c22V(r )) we obtain the so-called zeroth-ord
regular approximation~ZORA!. The assumption thatE
!(2c22V(r )) remains valid close to the nucleus, where t
Coulomb potential is divergent. It can be shown that ZOR
will be more accurate for low energy valence electrons th
deep core states as a result of the approximations ma12

The ZORA Hamiltonian is

HZORA5s"p
K~r !

2
s"p1V~r !, ~6!

where

K~r !5S 12
V~r !

2c2 D 21

. ~7!

We can rewrite Eq.~6! as

HZORA5V~r !1p
K~r !

2
p1

K2~r !

4c2 s"@¹V~r !Ãp#

2
1

c
K~r !s"B. ~8!

The local functionK(r ) determines the influence of rela
tivity on the system. For a valence electron in a weak pot
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tial K51, in which case Eq.~6! reduces to the nonrelativisti
Levy–Leblond Hamiltonian.13,14 Close to the nucleusK,1
and thus relativity has a direct influence on the electrons.
a good approximation a valence electron in this region w
experience the strong Coulomb potential, screened by
core electrons, independent of the chemical environm
Consequently we may calculateK(r ) using the potential
screened by the core electrons generated from an atomic
culation.

The final two terms in Eq.~8! represent spin–orbit cou
pling and the coupling between the spin and magnetic fie
respectively. We neglect these two terms, the remain
terms in Eq.~8! form the basis of the scalar relativistic ap
proximation. The effects of spin–orbit coupling can be co
siderable for heavy elements~e.g., Ref. 4! and is known to be
significant for the shielding of light elements bonded
heavy atoms. However we shall examine only scalar rela
istic effects.

In order to calculate magnetic response properties, s
as NMR chemical shieldings, we require an expression
the induced orbital current density. We use the continu
equation,

]nZORA~r ,t !

]t
5¹JZORA~r ,t ! ~9!

and note that within the zeroth-order approximation t
charge density, nZORA(r ), is given by nZORA(r )
5^CZORAu(Nd(r2r 8)uCZORA&. The derivative with respec
to time can be obtained by using the time-dependent form
the ZORA equation,

]uCZORA&
]t

5HZORAuCZORA&. ~10!

The electric current operator,JZORA(r 8), can thus be
written as

JZORA~r 8!5K~r 8!FJp~r 8!2
A~r 8!

c
ur 8&^r 8uG , ~11!

where

Jp~r 8!5
pur 8&^r 8u1ur 8&^r 8up

2
. ~12!

C. Projector augmented wave

Van de Walle and Blo¨chl15 have introduced a method i
which all-electron properties can be extracted from a pseu
potential calculation. In their projector augmented wa
~PAW! approach the all-electron wave functionC is derived
from the pseudo-wave-functionC̃ by means of a linear trans
formation,T,

uC&5T uC̃&, ~13!

where

T511(
R,n

@ ufR,n&2uf̃R,n&] ^ p̃R,nu, ~14!

ufRn&, uf̃Rn& are all-electron and pseudopartial wav
and ^ p̃Rnu are a set of projectors such that^ p̃Rnuf̃R8m&
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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5dRR8dnm . Each projector and partial wave is an atom
like function centered on an atomic siteR, and the indexn
refers to both the angular momentum quantum numbers
to an additional number which is used if there is more th
one projector per angular momentum channel.

For each atom we define an augmentation regionVR .
The following conditions are imposed:~i! outsideVRufRn&
anduf̃Rn& coincide,~ii ! outsideVR the projectorŝ p̃Rnu van-
ish, ~iii ! within VR the ufRn& form a complete set for the
valence wave functions, and~iv! the augmentation region
belonging to different atoms do not overlap.

Under these conditions, for an all-electron operatorO,
the corresponding pseudo-operator,Õ, is given by

Õ5O1 (
R,n,m

u p̃R,n&@^fR,nuOufR,m&2^f̃R,nuOuf̃R,m&#

3^ p̃R,mu. ~15!

We may use Eq.~15! to calculate all-electron observ
ables from pseudopotential calculations~e.g., hyperfine
parameters,15 electric field gradients,16 core level
spectroscopy!.17 However, for magnetic response properti
Eq. ~14! is not sufficient. In a uniform magnetic field a rigi
translation of all the atoms in the system by a vectort causes
the wave functions to pick up an additional field-depend
phase factor,

^r uCn8&5e~ i /2c!r "tÃB^r2tuCn&. ~16!

The wave functions reconstructed using the PAW ope
tor of Eq. ~14! do not transform according to Eq.~16!. In
order to preserve translational invariance in a magnetic fi
the PAW method was generalized in Ref. 10 leading to
GIPAW approach. Within GIPAW the field-dependent tran
form operator,TB , is

TB511(
R,n

e~ i /2c!r "RÃB@ ufR,n&2uf̃R,n] ^ p̃R,nue2~ i /2c!r "RÃB

~17!

In the following, we indicate with a bar the pseudo-wav
functions and operators obtained using theTB operator by
analogy to Blo¨chl’s use of the tilde. The GIPAW pseudo
operatorŌ5TB

1OTB corresponding to a local or a semiloc
operatorO is given by

Ō5O1 (
R,n,m

e~ i /2c!r "RÃBu p̃R,n&

3@^fR,nue2~ i /2c!r "RÃBOe~ i /2c!r "RÃBufR,m&

2^f̃R,i ue2~ i /2c!r "RÃBOe~ i /2c!r "RÃBuf̃R,m&#

3^ p̃R,mue2~ i /2c!r "RÃB. ~18!

D. NMR chemical shielding

The chemical shielding tensorsJ (r ) is defined as the ra
tio between a uniform external magnetic field,B, and the
induced magnetic field,Bin

(1)(r ),

Bin
~1!~r !52sJ~r !B5

1

c E d3r 8j ~1!~r 8!Ã
r2r 8

ur2r 8u3 , ~19!
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wherej (1) is the first-order induced electric current.
Following the procedure outlined in Ref. 10, to calcula

the shielding tensor we must derive relativistic forms of t
magnetic pseudo-Hamiltonian and the pseudocurrent op
tor. The scalar relativistic ZORA Hamiltonian is

HZORA5V~r !1p
K

2
p. ~20!

In the presence of a uniform magnetic field,B, and
choosing the symmetric gauge,A~r !51

2BÃr , we can expand
Eq. ~20! in powers ofB,

HZORA5V~r !1p
K

2
p1

K

4c
B"L1B"L

K

4c
1O~B2!. ~21!

Applying the GIPAW transformation to Eq.~21! we find
that the ZORA pseudo Hamiltonian is identical in form to t
nonrelativistic pseudo-Hamiltonian~see the Appendix!.
Relativistic effects are confined to the nonlocal part of t
pseudopotential,VR

nl , which is generated from a relativisti
atomic calculation.

To first order inB the pseudo-Hamiltonian can be wri
ten

H̄ZORA5
1

2
p21Vloc~r !1(

R
VR

nl1
1

2c S L1(
R

RÃvR
nlD "B,

~22!

where

vR
nl5

1

i
@r ,VR

nl#. ~23!

By a similar approach we obtain the GIPAW current o
erator from Eq.~11!;

J̄~r 8!5Jp~r 8!2
BÃr 8

2c
ur 8&^r 8u1(

R
e~ i /2c!r "RÃB

3@DJR
p ~r 8!1DJR

d ~r 8!#e2~ i /2c!r "RÃB, ~24!

where

DJR
p~r 8!5(

n,m
u p̃R,n&@^fR,nuK~r 8!Jp~r 8!ufR,m&

2^f̃R,nuJp~r 8!uf̃R,m&#^ p̃R,mu ~25!

is the paramagnetic augmentation operator, and

DJR
d ~r 8!52

BÃ~r 82R!

2c (
n,m

u p̃R,n&@^fR,nur 8&K~r 8!

3^r 8ufR,m&2^f̃R,nur 8&^r 8uf̃R,m&#^ p̃R,mu ~26!

is the diamagnetic augmentation operator.
In the nonrelativistic limit,K51 and we recover the

form of the GIPAW current operator obtained in Ref. 1
Note that in Eqs.~25! and~26! the relativistic parameterK is
contained only within the atomic all-electron matrix el
ments.

Pickard and Mauri10 use density functional perturbatio
theory to derive an expression for the induced current in b
finite and infinitely periodic systems. Following the sam
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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procedure we obtain identical expressions using the mod
GIPAW augmentation operators, Eqs.~25! and ~26!.

The total valence current is given by the current due
the pseudized valence electrons plus the diamagnetic
paramagnetic augmentation currents. We could comb
these three contributions and apply the Biot–Savart law
find the total valence shielding. Instead we follow Ref.
and take advantage of the linearity of the Biot–Savart law
solve for each of the three current contributions givin
sbare, the shielding from the response of the pseudized
lence electrons,sDd the shielding from the diamagnetic G
PAW current augmentation, andsDp the shielding from the
paramagnetic GIPAW current augmentation. When adde
the contribution due to the core electrons,score, calculated
separately in an atomic code, we obtain the total chem
shielding. The core and bare contributions are unaffected
using the ZORA current. However, both the diamagnetic a
paramagnetic augmentation terms are modified from t
nonrelativistic forms by the inclusion of the factor ofK.

E. Discussion

For the pseudocurrent operator, Eq.~24!, as for the
pseudomagnetic Hamiltonian, Eq.~22!, we find the effects of
relativity ~through the inclusion ofK! are contained purely
within the GIPAW augmentation terms. This is due to t
fact that the region in whichKÞ1, where the electrons ca
be considered to be relativistic, is localized close to
nucleus. For the current operator the augmentation terms
given by Eqs.~26! and~25!. For the pseudo-Hamiltonian th
augmentation term is just the nonlocal part of the pseudo
tential.

As relativistic effects are confined to the GIPAW au
mentation terms, the majority of any computational imp
mentation of this approach~e.g., the calculation of the
ground state charge density, the perturbed and unpertu
wave functions, and so on! need not be altered from a non
relativistic implementation. Only the calculation of the G
PAW augmentation terms differ through the inclusion of t
local function K(r ), which requires only a single matri
overlap. These augmentation terms depend only on
atomic species and need only be calculated once. Co
quently, there is essentially no extra computational cost
sociated with the inclusion of relativistic effects within th
ZORA/GIPAW approximation.

III. CHEMICAL SHIELDING OF Se AND Te
COMPOUNDS

The methods described in Sec. II were used to exam
the chemical shielding in a range of selenium and telluri
containing compounds. These elements were chosen a
and Te have been the focus of previous first principles d
sity functional studies allowing us to compare our pseudo
tential results with all-electron calculations.

A. Implementation

The method described in Sec. II D has been implemen
in a parallelized plane-wave pseudopotential electronic st
ture code. The chemical shielding tensors were converge
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within 1 ppm using a plane-wave cut-off of 80 Ry, larg
supercells, and a 23232 Monkhorst–Packk-point grid. All
calculations used the Perdew–Burke–Ernzerhof18 exchange-
correlation functional. The chemical shielding tensors due
the core electrons where calculated using the La
formula19 and it relativistic equivalent20 ~neglecting spin de-
pendent terms!. The results are given in Table I. Numerou
schemes exist to treat single atom calculations relativistic
with minor computational cost. To be consistent with o
scalar relativistic approximation we use thej-averaged form
of the radial relativistic Kohn–Sham equations.21 This in-
cludes the effects of spin–orbit coupling on the orbital m
tion of the electrons but neglects any shielding effects of
induced spin density. In principle we could use a ZOR
based atomic code.

The pseudopotentials used were of the Troullier–Mart
form.22 For Se only the 4s and 4p states were treated a
valence, states below these in energy were included in
core. A pseudization core radius of 1.9 bohr was used. Fo
the core contained all states except 5s and 5p, which were
treated as valence. The pseudization core radius was
bohr. For both elements, the GIPAW augmentation used
projectors in each of thes, p, andd channels. For the firs
row elements the 1s states were treated as core states. T
cutoff radii for C and F were 1.6 and 1.3 bohr, respective
and the pseudization core radius for H was 1.2 bohr.

B. Results

NMR chemical shieldings were calculated for a range
Selenium and Tellurium compounds chosen to span
chemical shift range for each element. For all molecules
geometries were optimized using relativistic pseud
potentials.23 No symmetry constraints were applied to obta
a realistic estimate of the level of accuracy obtainable
large, low-symmetry structures.

Nonrelativistic calculations were performed wit
pseudopotentials generated from a nonrelativistic ato
code and used GIPAW augmentation operators in their n
relativistic (K51) form. Relativistic calculations use
pseudopotentials generated from a relativistic atomic co
The relativistic GIPAW operators derived in Sec. II D we
used. In order to examine the effect of the relativistic GIPA
augmentation operators, mixed calculations were also
formed using relativistic pseudopotentials and nonrelativis
GIPAW operators.

The most stringent test of calculated shieldings is
comparison with experimental absolute shieldings. Wh
comparing relative shifts a large proportion of the effects d
to relativity cancel. Absolute shielding scales exist for mo

TABLE I. Values of core shieldings for Se and Te from relativistic a
nonrelativistic calculations.

Atom Core

dcore

Nonrelativistic Relativistic

Se 1s 2s 2p 3s 3p 3d 2932.12 2992.31
Te 1s 2s 2p 3s 3p 4s 3d 4p 4d 5307.39 5568.31
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



y
n

he
n–
n
ld
in

po

f

th
b
in

t
g
la

ity
r

re
co
m
s
2

te

The
is
the
d

lts
ese
tion
sti-
y-
it
900

ose
lcu-
tic

e of
ed

ent
od.
-
an

ngs
la-
ce
els

f

ob-

f

ob-

5750 J. Chem. Phys., Vol. 118, No. 13, 1 April 2003 Yates et al.
light nuclei, however they have been determined for onl
few heavy nuclei. Experimental shielding scales for Se a
Te have been determined by Jameson and Jameson.26 How-
ever their analysis explicitly neglects any contribution to t
chemical shielding from a spin-density induced by spi
orbit coupling. It is therefore to be expected that calculatio
performed within the scalar relativistic approximation shou
be in reasonable agreement with shieldings on this shield
scale. However one cannot deduce anything about the im
tance of spin–orbit coupling by such agreement.

In a recent paper27 it was claimed that the effects o
spin–orbit coupling on Te absolute shieldings is large~ap-
proximately 1700 ppm!. It is clear that more work on the
effects of spin–orbit coupling on the shifts of fourth and fif
row elements is necessary, in particular to define relia
absolute shielding scales for Se and Te. Work on extend
our pseudopotential method to include spin–orbit effects
in progress.

Although we suggest that the only true comparison
experiment is provided by relative shifts, absolute shieldin
provide a good comparison to other first principles calcu
tions. Calculated absolute shieldings are summarized
Tables II and IV. Where available, first principles dens
functional results from Ref. 24 for Se and Ref. 25 for Te a
given.

The first principles DFT results of Refs. 24 and 25 a
based on Slater-type atomic orbitals and use a frozen
approximation. It should be noted that the frozen cores e
ployed in these calculations are smaller than the cores u
in our pseudopotential calculations. For example, in Ref.
the 3s, 3p and 3d levels of Se and in Ref. 25 the 4d levels
of Te are included in the valence levels. In our pseudopo

TABLE II. 77Se chemical shieldings. Comparison of methods.

Molecule

d tot nonrelativistic d tot relativistic

ExperimentbGIPAW SR-MZa GIPAW

SeH2 2138.6 2198.1 2162
Se~CH3)2

c 1734.5 1668 1803.2 1830
SeF6 1003.7 953 1079.8 1199
SeF4 544.7 494 624.1 747
SeHCH3 1911.3 1837 1975.3 1985

Mean absolute errord 118 63

aReference 24.
bRevised experimental results~see the text! collected in Ref. 24.
cStaggered–staggered conformation.
dRelative to revised experimental results.

TABLE III. Experimental and calculated77Se chemical shifts for a range o
compounds.

Nonrelativistic Relativistic Experimenta

Se~CH3)2
b ~0.0! ~0.0! ~0.0!

SeH2 2404.1 2394.9 2345~g!
SeF6 730.8 723.5 631~g!
SeF4 1189.8 1174.0 1083
SeHCH3 2176.8 2172.1 2155~g!

aExperimental results collected in Ref. 24.
bStaggered–staggered conformation.
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tial treatment all these states are included in the core.
relativistic approximation employed for Te in Ref. 25
based on the scalar relativistic Pauli approximation to
Dirac equation. A mixture of experimental and optimize
geometries were used in Refs. 24 and 25.

In Tables II and IV we also present experimental resu
on the scalar-relativistic absolute scales of Ref. 26. Th
scales are based on an estimate of the relativistic correc
to the diamagnetic free atom shieldings. In Ref. 25 the e
mate for Te is discussed and it is shown by a ‘‘full
relativistic Dirac DFT’’ calculation on the free Te atom that
is a severe overestimate. In Ref. 25 a scale reduced by
ppm is proposed. We concur with this result, and prop
that a similar reduction is necessary for selenium. We ca
late the difference between the relativistic and nonrelativis
free atom shielding to be 61 ppm compared to the estimat
300 ppm of Ref. 26. Accordingly we propose a revis
shielding scale reduced by 239 ppm.

As can be seen in Table II, for selenium the agreem
between our nonrelativistic calculations and Ref. 24 is go
We find that the inclusion of relativistic effects typically in
creases the77Se absolute shielding by 60–70 ppm. The me
absolute deviation from the revised experimental shieldi
is 118 ppm in the nonrelativistic case. Relativistic calcu
tions reduce this deviation to 63 ppm. Most of the differen
between relativistic and nonrelativistic calculations canc
when comparing the chemical shifts relative to Se~CH3)2 ,

TABLE IV. 125Te chemical shieldings. Comparison of methods.

Molecule

d tot nonrelativistic d tot relativistic

ExperimentbGIPAW R-MSZa GIPAW R-MSZa

TeH2 3591.3 3833.9 3761.4 4009
Te~CH3)2

c 2779.9 2868.2 3053.10 3050.3 3388
Te~CH3)4 3026.6 3018.6 3263.0 3189.2 3455
TeF6 2180.6 2260.0 2416.8 2448.1 28456130
(TeCF2)2

d 600.1 528.0 890.06 614.3 1066
(TeCF2)2

d 665.5 957.59

Mean absolute errore 511 198

aReference 25.
bRevised experimental results as Ref. 25.
cStaggered–staggered conformation.
dAs we use nonsymmetrized geometries slightly different values are
tained for the two Te atoms.

eRelative to revised experimental results.

TABLE V. Experimental and calculated125Te chemical shifts for a range o
compounds.

Nonrelativistic Relativistic Experimenta

Te~CH3)2
b ~0.0! ~0.0! ~0.0!

TeH2 2811.4 2780.8 2621
Te~CH3)4 2246.8 2209.9 267
TeF6 599.3 636.3 5436130
(TeCF2)2

c 2179.8 2163.0 2321
(TeCF2)2

c 2114.4 2095.5

aExperimental results collected in Ref. 25.
bStaggered–staggered conformation.
cAs we use nonsymmetrized geometries slightly different values are
tained for the two Te atoms.
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TABLE VI. Selenium shieldings: Effects of relativistic GIPAW operators.

Molecule

ZORA GIPAW operatorsa Nonrelativistic GIPAW operatorsb

dbare ddia dpara d total dbare ddia dpara d total

SeH2 45.71 8.02 2847.92 2198.11 45.71 8.25 2890.35 2155.90
Se~CH3)2 33.25 8.00 21230.33 1803.22 33.25 8.23 21291.61 1794.64
SeF6 20.37 8.40 21920.57 1079.76 20.37 8.59 22005.91 994.62
SeF4 28.53 7.78 22367.44 624.12 28.53 8.00 22480.92 510.86
SeHCH3 38.50 8.01 21063.53 1975.29 38.50 8.23 21116.62 1922.42

aUsing relativistic pseudopotentials and the relativistic GIPAW current operators of this work.
bUsing relativistic pseudopotentials and the nonrelativistic GIPAW current operators of Ref. 10.
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the standard for Se~see Table III!. In this case the maximum
change in the chemical shift on including relativity is just
ppm, which occurs for SeH2.

As expected, the effects of relativity on the Te shieldin
are much greater than for Se. Relativistic effects increase
absolute shieldings by 200–300 ppm and decrease the m
absolute deviation from the revised experimental shieldi
from 511 to 198 ppm~see Table IV!. Again most of this
difference cancels out if we compare the chemical shifts r
tive to the Te standard, which is Te~CH3)2 . Here the maxi-
mum change is 37 ppm for TeF6 . The nonrelativistic Te
shieldings are in close agreement with Ref. 25~Table V!.
The relativistic shieldings are also in broadly good agr
ment but we note that our results are consistently close
the experimental values. This is most likely due to a com
nation of a more complete basis set, and the fact that
ZORA method provides a better description of valence e
trons than the Pauli approximation.5 However, a detailed
comparison of these methods is beyond the scope of
present work.

In Tables VI and VII we compare calculations perform
with relativistic pseudopotentials and both relativistic a
nonrelativistic GIPAW current operators, so as to assess
importance of the ZORA-GIPAW correction. We also bre
down the contributions to the total chemical shieldings of
valence electrons. The bare term,dbare, will be identical in
each case. From Tables VI and VII it can be seen that
diamagnetic contribution is only slightly smaller using re
tivistic operators, but the paramagnetic term is reduced
nificantly. Combining the GIPAW augmentation operato
with the Biot–Savart law to calculate the induced magne
field we find that the matrix elements of the diamagne
term are proportional to 1/r , whilst those of the paramagnet
ar 2003 to 131.111.8.101. Redistribution subject to A
s
he
an
s

-

-
to
i-
e
-

he

he

e

e

g-

c
c

term are proportional to 1/r 3. The 1/r 3 character ofdpara

weights the matrix elements strongly into the region close
the nucleus, where the factor ofK damps their contribution.

It is clear that the influence of relativity on the valen
electrons in the core region is a significant factor in the NM
chemical shielding and it cannot be accounted for using r
tivistic pseudopotentials alone.

Finally we note that from Tables VI and VII it is clea
that the dominant contribution to the chemical shifts in
and Te comes from the paramagnetic augmentation. Pse
potential methods such as Refs. 28 and 29, which do not
account of the pseudization of the valence wave functio
cannot correctly describe the chemical shifts of nuc
heavier than Ne.

IV. CONCLUSIONS

We have presented a method for the efficient calculat
of NMR shielding tensors for heavy elements. Compu
tional efficiency is obtained by using pseudopotentials to
duce the number of electronic degrees of freedom. Relati
is introduced by means of the scalar relativistic ZORA a
proach to the Dirac equation. Using this method a sca
relativistic calculation on TeH2 has roughly the same com
putational cost as a nonrelativistic calculation on OH2 in
contrast to a traditional all-electron approach. This opens
the possibility of calculating the chemical shielding of hea
atom nuclei in molecular and periodic systems contain
several hundred atoms, e.g., calculations of129Xe shieldings
in zeolites.
TABLE VII. Tellurium shieldings: Effect of relativistic GIPAW operators.

Molecule

ZORA GIPAW operatorsa Nonrelativistic GIPAW operatorsb

dbare ddia dpara d total dbare ddia dpara d total

TeH2 36.32 7.04 21777.77 3833.90 36.32 7.32 21988.02 3623.92
Te~CH3)2 26.00 7.00 22548.20 3053.10 26.00 7.27 22849.26 2752.32
Te~CH3)4 14.98 7.09 22327.39 3262.98 14.98 7.36 22567.05 3023.60
TeF6 2.71 7.39 23161.61 2416.80 2.71 7.63 23485.15 2093.48
(TeCF2)2 3.09 6.95 24688.30 890.06 3.09 7.23 25256.09 322.55
(TeCF2)2 3.70 6.98 24621.40 957.59 3.70 7.26 25180.78 398.49

aUsing relativistic pseudopotentials and the relativistic GIPAW current operators of this work.
bUsing relativistic pseudopotentials and the nonrelativistic GIPAW current operators of Ref. 10.
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APPENDIX: ZORA PSEUDO-HAMILTONIAN

The all-electron ZORA Hamiltonian can be written,
its scalar-relativistic form, as

HZORA5V~r !1p
K~r !

2
p. ~A1!

Using Eq. ~18! the corresponding GIPAW pseudo
operator is

H̄ZORA5V~r !1p
K~r !

2
p1 (

R,n,m
euu p̃R,n&

3F K fR,nUe2uS p
K~r !

2
p1V~r ! DeuUfR,mL

2 K f̃R,iUe2uS p
K~r !

2
pV~r ! DeuUf̃R,mL G

3^ p̃R,mue2u, ~A2!

whereu5( i /2c)r "RÃB.
This can be written as

H̄ZORA5Vloc~r !1
1

2
p"p1~V~r !2Vloc~r !!

1p
~K~r !21!

2
p1 (

R,n,m
euu p̃R,n&

3F K fR,nUe2uS p
K~r !

2
p1V~r ! DeuUfR,mL

2 K f̃R,iUe2uS p
K~r !

2
p1V~r ! DeuUf̃R,mL G

3^ p̃R,mue2u, ~A3!

where Vloc(r ) is a purely local function chosen such th
V(r )2Vloc(r ) is localized within the augmentation regio
VR . As K only differs from 1 near to the nucleus, the oper
tor

p
~K~r !21!

2
p

also acts only withinVR . Using this localization and the fac
that the projectors and the pseudopartial waves form a c
plete set, we write Eq.~A3! as
Downloaded 20 Mar 2003 to 131.111.8.101. Redistribution subject to A
e
l

-

-

H̄ZORA5Vloc~r !1
1

2
p"p1 (

R,n,m
euu p̃R,n&

3F K fR,nUe2uS p
K~r !

2
p1V~r ! DeuUfR,mL

2^f̃R,i ue2u~p"p1Vloc~r !!euuf̃R,m&G
3^ p̃R,mue2u. ~A4!

Using the identity

e2~ i /2c!r "RÃBS p1
1

c
A~r ! DG~r !S p1

1

c
A~r ! De~ i /2c!r "RÃB

5S p1
1

c
A~r2R! DG~r !S p1

1

c
A~r2R! D , ~A5!

whereG(r ) is a local function, we obtain

H̄ZORA5Vloc~r !1
1

2
p"p1 (

R,n,m
euu p̃R,n&

3F K fR,nUS pR

K~r !

2
pR1V~r ! D UfR,mL

2^f̃R,i u~pR"pR1Vloc~r !!uf̃R,m&G
3^ p̃R,mue2u, ~A6!

wherepR5p1(1/c)A(r2R).
We expandH̄ in powers ofB,

H̄5H̄ ~0!1H̄ ~1!1O~B2! ~A7!

and finally obtain

H̄ ~0!5
1

2
p21Vloc~r !1(

R
VR

nl , ~A8!

where the nonlocal part of the pseudopotential,Vnl, is given
by

VR
nl5(

ǹ,m
u p̃R,n&an,m

R ^ p̃R,mu. ~A9!

The coefficientsan,m
R are given by

an,m
R 5^fR,nuS p

K~r !

2
p1V~r ! D ufR,m&

2^f̃R,i u~p21Vloc~r !!uf̃R,m&. ~A10!

The contribution toH̄ linear in B is

H̄ ~1!5
1

2c S L1(
R

RÃvR
nlD "B1(

n,m
u p̃0,n&bn,m

~1! ^ p̃0,mu,

~A11!

where

vR
nl5

1

i
@r ,VR

nl#, ~A12!

and
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bn,m
~1! 5

1

2c
B"@^f0,nuKL uf0,m&2^f̃0,nuL uf̃0,m&#. ~A13!

For norm-conserving pseudopotentialsufm& and uf̃m&
are eigenstates ofL and Lz with the same norm within the
augmentation region. The matrix elements^f0,nuL uf0,m& are
weighted outside of the nuclear region, into the region wh
K51. As a resultbn,m may be neglected andH̄ (1) is identical
to the nonrelativistic form.10
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