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ABSTRACT: Density functional theory (DFT) calculations
of the magnetic shielding in solid state nuclear magnetic
resonance (NMR) experiments provide an important contribution for the understanding of the experimentally observed
chemical shifts. In this work we focus on the relation between
atomic and orbital character of the valence and conduction
band wave functions and the 33S NMR shielding in sulﬁdes
and sulfates. This allows us to understand the origin of the
observed large (over 1000 ppm) variation of the chemical
shifts measured at the sulfur nucleus. We show that the
variation of the NMR chemical shifts in sulﬁdes is mostly related to the presence of metal d states and their variation in the
energy position within the conduction bands.

■

INTRODUCTION
Nuclear magnetic resonance (NMR) measures the response of
a material to an external magnetic ﬁeld by detecting the
transition energies related to the reorientation of the nuclear
magnetic moment.1 The external ﬁeld induces an electric
current in the sample, which according to Biot-Savart’s law is
the source of an induced magnetic ﬁeld which partially screens
the external ﬁeld. The induced current and the screening ﬁeld
are very sensitive to the details of the electronic and atomic
structure of a studied material. Therefore, NMR measurements
became an useful and widely used characterization tool,2 which
provides valuable information on the local environment around
the measured nuclei.
Usually the interpretation of the measured spectra is limited
to an assignment of NMR shifts to a particular atomic site
based on a comparison of the measured shifts with similar but
simpler reference compounds. This process can be assisted by
density functional theory (DFT) calculations of the corresponding magnetic shielding. However, such calculations may
provide much more information than just the values of the
shielding parameters. In a previous publication we have
proposed an unique strategy to analyze the relation between
electronic structure and NMR shielding and applied it to
understand the origin of the variation of 19F NMR chemical
shifts within a series of ionic ﬂuoride compounds.3 We showed
that even in these highly ionic compounds the small mixing
between metal and ﬂuorine p character is the reason for the
dependence of the magnetic response on the metal atom. The
variation of the shielding is mostly related to the position of the
metal-d character in the conduction band.
In this work we perform a similar analysis on a series of
inorganic sulﬁdes and sulfates. The only NMR detectable sulfur
isotope is 33S. It is a rather diﬃcult nuclei to study by NMR due
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to its low natural abundance (0.75%) and its small
gyromagnetic ratio resulting in an absolute signal strength of
only 1.7 × 10−5 of that for 1H. Moreover, 33S is a quadrupolar
nucleus with spin I = 3/2 and a quadrupole moment Q =
−0.0678b, which causes considerable broadening of NMR
spectra for compounds with nonspherical sulfur environment.
These inherent diﬃculties are the reason why only relatively
few 33S solid state NMR studies appeared in literature so
far.4−14 However, considering the rapid development of the
experimental techniques, this will certainly change in the future.
In any case, there are numerous compelling reasons to perform
33
S NMR studies related to the fact that sulfur is a very
common element present in many important biological or
technological materials. Moreover, the sulfur NMR chemical
shifts show signiﬁcant sensitivity to the chemical environment,
resulting in an over 1000 ppm wide range of shifts, which is, for
instance, almost 5× larger than the variations observed in
ﬂuorides.
The paper is organized as follows. In the next section we
brieﬂy describe the fundamentals of our theoretical approach
for computing the magnetic shielding, that are necessary for
understanding the principles of our analysis. The following
section contains a detailed analysis of the relation between the
shielding at the sulfur nuclei and the details of the valence and
conduction band wave functions, explaining the origin of the
huge 33S NMR shift variations in sulfur compounds. The
analysis is done separately for sulﬁdes and sulfates due to their
considerable diﬀerent chemical characters. The last section
concludes and summarizes the paper.
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■

the current operator (the second term in eq 3). Ψ̃(1)
o is the ﬁrst
order perturbation of Ψ(0)
given
by
the
standard
formula:
o

THEORETICAL APPROACH
There are several ab initio methods described in literature for
the calculation of NMR chemical shifts in molecules1,15 and
solids.16−21 While the use of hybrid-DFT is quite common in
molecular calculations using Gaussian basis sets, for solid state
NMR they usually operate within the standard DFT22,23
framework, but we have also used hybrid-DFT for the NMR
shifts in highly ionic ﬂuorides and oxides, although their
performance was not overwhelming.24 In the present work we
use, in general, the PBE25 functional, but when explicitly stated,
we tested also the Becke-Johnson (BJ) potential,26 which is an
approximate exact-exchange potential and a hybrid-DFT
functional27 (YS-PBE0) with 25% of short-range Hartree−
Fock exchange.
The formalism used in this work is based on a linear response
approach16,18,19 originally developed by Mauri, Pfrommer, and
Louie (MPL).16 However, it is adapted and implemented
within the all-electron, full potential augmented plane wave
method (APW).28,29 The details of the implementation are
described in our previous publications.30,31 Formally our
approach belongs to a set of gauge transformation methods,
often referred as IGCV (individual gauge for core and valence)
with a “d(r) = r” gauge choice for the valence electrons.32
The NMR shielding tensor σ⃡ is deﬁned as a proportionality
constant between the induced magnetic ﬁeld Bind at the nucleus
at site R and the external uniform ﬁeld B:
Bind (R) = −σ ⃡(R)B

(1)
|Ψ̃ o ⟩=.(ϵo)H(1)|Ψ(0)
o ⟩

⎡
⎤
where .(ϵ) = ∑e ⎣ |ψe(0)⟩⟨ψe(0)| /(ϵ − ϵe)⎦, and H(1) = (1/
2c)r × p · B is the perturbation due to the external magnetic
ﬁeld in symmetric gauge. The last component in eq 4 is
proportional to electron density which may lead to the gauge
origin dependence of that expression. The generalized sum
rule18 allows to express this term using wave functions of the
occupied bands:

(

1
c

∫ d3r jind (r) ×

(6)

Finally eq 4 can be cast into a simple form:
jind (r′) =

where
choice:

p|r′⟩⟨r′| + |r′⟩⟨r′|p
B × r′
−
|r′⟩⟨r′|
2
2c

⟩]
(7)

o

is a perturbation of

∑ |Ψ(0)
e ⟩

Ψ(0
o

with “d(r) = r” gauge

(0)
⟨Ψ(0)
e |[(r − r′) × p · B]|Ψ o ⟩
ϵ − ϵe

⎧ 1
∑ CGn,kei(G+ k)·r , r ∈ I
⎪
⎪ Ω G
Ψn , k (r) = ⎨
⎪ ∑ W n , α , k(r )Y (r ),
r ∈ Sα
lm
lm ̂
⎪
⎩ lm

(8)

(9)

Inside the atomic spheres APW uses numerical radial functions
28
Wn,α,k
lm (r) computed at predeﬁned linearization energies, which
are chosen to match the energies of the corresponding
occupied bands. This approach yields basically the exact radial
wave functions for all occupied and the ﬁrst conduction band
states. However, it is not a complete basis and not well suited to
expand the perturbation of the wave function due to an external
magnetic ﬁeld. We have solved this problem by supplying
several additional local orbitals (NMR-LO) with radial wave
functions evaluated at higher energies30 and by augmenting the
Green’s function in eq 5 by radial functions proportional to
r(∂/∂r)u(r) (DUDR).31 This makes the method basically
numerically exact within a given DFT functional.31
Speciﬁcally we added for all orbital quantum numbers up to l
= 3 two DUDR functions with l ± 1 and eight NMR-LOs at
energies such that the corresponding radial wave functions have
one additional node inside Sα. Besides that, the NMR
calculations within our APW method do not require any
other computational parameters considerably diﬀerent from
generally accepted defaults. For the sake of analysis we kept the
atomic sphere radii for sulfur atoms in the sulﬁdes series

(2)

(3)

(0)
(0)
(0) (0)
̃ (1)
∑ [⟨Ψ̃(1)
o |J (r′)|Ψ o ⟩ + ⟨Ψ o |J (r′)|Ψ o ⟩
o
(1)
(0)
+ ⟨Ψ(0)
o |J (r′)|Ψ o ⟩]

(1)

0
̃
∑ Re[⟨Ψ(0)
o |J (r′)|Ψ o

In the actual implementation the position operator r is replaced
by the limit r · ûi = limq→0 (1/2q)(eiqûi·r − e−iqûi·r) to avoid the
divergences for extended systems.
In the APW method the unit cell is decomposed into
nonoverlapping atomic spheres and an interstitial region. The
unperturbed wave functions as well as their ﬁrst order
perturbations are expressed using plane waves augmented
with an atomic like angular momentum expansion inside the
atomic spheres Sα:

The expression for the induced current involves only the ﬁrst
order terms with respect to the external ﬁeld B:
jind (r′) =

1
c

e

For nonmagnetic and insulating materials, only the orbital
motion of the electrons contribute to jind(r). The current
density is evaluated as an expectation value of the current
operator:
J(r′) = −

Ψ̃(1)
o

(1)
|Ψ̃ o ⟩ =

(1)

R−r
|r − R|3

)

1
(0)
(0)
ρ(r′)B × r′ = −∑ ⟨Ψ(0)
o | [B × r′· r , J (r′)]|Ψ o ⟩]
i
o

Often only the isotropic shielding σ(R) = Tr[σ⃡ (R)] can be
accessed experimentally. The actually measured quantity is the
chemical shift δ, which is the NMR isotropic shielding σ(R)
with respect to a reference compound, δ(R) = σref − σ(R). An
often quoted reference for 33S is CS233 and we have also done
calculations for CS2 using the experimentally determined crystal
symmetry (Cmca) and lattice parameters (6.414, 5.579, 8.893
Å), but fully relaxing the internal atomic positions. The
computed shielding is equal to 435.3 ppm, and this will be
compared to the reference obtained by a linear ﬁt of theoretical
shielding versus experimental chemical shifts.
The induced ﬁeld Bind is obtained by integrating the induced
current jind(r) (in atomic units, with c as the speed of light):
Bind (R) =

(5)

(4)

where Ψ(0)
is an unperturbed Kohn−Sham (KS) occupied
o
orbital, J0(r′) is the paramagnetic part of the current operator
(the ﬁrst term in eq 3), J1(r′) is the diamagnetic component of
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constant at 2.2 au. The radii for sulfates (1.28 au) had to be
chosen much smaller due to the small S−O distances and
follow the default WIEN2k setup. Because of these small S−O
distances in the sulfates, also the S-2p orbitals were treated as
band states using an extra LO. The plane wave cut oﬀ Kmax for
the APW basis set is determined by RKmax = 8.0, where R
represents the smallest atomic radius in a calculation. The
Brillouin zone was sampled with mesh size close to 0.04 au−1,
with exceptions for TiS2 and PbS where denser meshes of size
0.013 au−1 are required. Spin−orbit coupling was considered
for PbS.

■

RESULTS AND DISCUSSION
In this work we analyze the relation between electronic
structure and the NMR shielding of 33S in a series of sulﬁdes

Figure 2. Density of states calculated for alkali/alkaline-earth (left)
and transition metal sulﬁdes (right).

here follows the strategy applied before to understand the
variation of NMR shifts in ﬂuorides.3 It is based on a
decomposition of the total NMR shielding with respect to
atomic and orbital character of the occupied and empty states.
The analysis is carried out in the following steps: (i) we
separate core and valence contributions to the NMR shielding.
(ii) The valence part is further split into contributions related
to diﬀerent energy regions as given by individual peaks in the
density of states (DOS). (iii) The corresponding main
contributions are further decomposed according to the orbital
character of the occupied wave functions (Ψ(0)
o ) and (iv) their
perturbations (Ψ̃(1)
o ) involved in the expression for the induced
p
̃ (1)
current as given in eq 7 (⟨Ψ(0)
o |J (r′)|Ψo ⟩). The calculation of
the perturbation Ψ̃(1)
(given
in
eq
8)
involves
empty states Ψ(0)
o
e
(0)
weighted by matrix elements: ⟨Ψe |(r − r′) × p·B|Ψ(0)
o ⟩.

Figure 1. Comparison of the experimental 33S NMR shifts (δ) with
the calculated absolute shielding (σ) for a series of inorganic sulﬁdes
computed with the PBE, BJ, and YS-PBE0 functionals, respectively.
The insets show the trends for the alkali/alkaline-earth and transition
metals sulﬁdes computed with PBE. The larger dot indicates the
collective data representing the sulfates. The experimental data have
been retrieved from refs 6, 12, and 14.

and sulfates and explain the origin of the huge variation of the
NMR shift within the sulﬁdes series. The analysis presented

Table 1. Structural Parameter of Various Sulﬁdes Together with Computed Absolute 33S NMR Shielding (σ) for PBE, BJ, and
YS-PBE0 Calculations and Chemical Shifts (δPBE; Using the Least Squares Fit Shown in Figure 1) and Comparison with
Experimental6,12−14 Shifts δexp and Previous PWPP Calculations11 (σPWPP)
structure
Li2S
Na2S
MgS
CaS
SrS
BaS
TiS2
ZrS2
MoS2
WS2
ZnS
ZnS
PbS

Fm3m
̅
Fm3̅m
Fm3̅m
Fm3̅m
Fm3̅m
Fm3̅m
P3̅m1
P3̅m1
P63/mmc
P63/mmc
P63mc
F4̅3m
Fm3̅m

lattice param. (Å)
5.760
6.546
5.202
5.710
6.020
6.375
3.4097
3.6623
3.1600
3.1530
3.8360
5.318
5.932

5.705
5.826
12.294
12.323
6.277

σBJ

σYS−PBE0

σPBE

σPWPP

δPBE

δexp

846.88
845.37
647.90
384.80
390.13
151.37
−300.74
28.09
145.22
420.05
682.75
699.6
711.83

864.0
859.7
694.6
560.4
520.1
330.2

802.3
781.9
589.6
353.7
325.4
58.7
−358.4
−17.1
160.1
427.5
626.5
651.7
788.5

803.6
780.5
590.7
354.8
329.0
105.0

−411.5
−391.1
−198.8
37.1
65.4
332.1
749.2
407.9
230.7
−36.7
−235.7
−260.9
−291.1

−347
−338
−174.9
−29.1
42.8
291.3
795
435
200
−90
−231
−236.5
−293

733

251.8
318.6
555.0
725.6
757.0

625.3
660.0
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Figure 3. Decomposition of the calculated total 33S NMR shielding (σtotal) into contributions from the S-sphere (σ-sphere) and the rest (σinterstitial). σ-Sphere is further decomposed into core (S 1s-2p), S 3sband and S 3p-band contributions.

Figure 5. Dominant shielding contributions to the ﬁrst order
perturbation with S-p character Ψ̃(1)
o (S-p) with respect to the empty
̃ (1)
states Ψ(0)
e , which contribute to the ﬁrst order perturbation Ψo via the
(0)
|(r
−
r′)
×
p·B|Ψ
⟩
in
eq
8.
(a)
Decomposition
matrix elements ⟨Ψ(0)
e
o
of the integral according to the empty states Ψ(0)
e in the sulfur (S),
metal (M), and interstitial (I) regions; (b) decomposition according to
angular momentum of the S and M empty states Ψ(0)
e .
Figure 4. Decomposition of the dominant S p-band contribution (S-p)
with respect to the S-p orbital character of the occupied orbitals
(Ψ(0)
o (S-p) and the orbital character of the corresponding perturbation
Ψ̃o(1)(S-s, S-p, S-d). The ground state orbitals Ψo(0) and their
perturbations Ψ̃(1)
o contribute to σ via the induced current given by
p
̃ (1)
⟨Ψ(0)
o |J (r′)|Ψo ⟩ (see eq 7).

Therefore, in the ﬁnal step (v), the contributions to Ψ̃(1)
o are
further decomposed with respect to orbital and atomic
components of Ψ(0)
involved in these matrix elements. This
e
procedure allows us to identify the atomic and orbital
components of the occupied and empty states contributing
most to the dominating valence part of the NMR shielding.
Subsequently, we can correlate the variation of the NMR
shielding across the series of compounds with the diﬀerences in
the electronic structure of these compounds.
Sulﬁdes. Figure 1 compares the calculated NMR shielding
(σ) and measured chemical shifts (δ) for various sulﬁdes. The
two insets show the variations of the calculated shielding for
alkali/alkaline-earth and transition metal (TM) sulﬁdes
separately. The NMR shielding shows a clear monotonic
variation within both, the alkali/alkaline-earth and the TM
sulﬁde series. The shielding decreases with the atomic number
of the metal atom for the alkali/alkaline-earth series, which is
similar to the observed behavior for halides or oxides. However,
it increases with the atomic number and the d-band occupancy
for TM compounds. Let us mention here that TiS2 is metallic

Figure 6. Comparison of the experimental 33S NMR shifts (δ) with
calculated absolute shielding (σ) for series of inorganic sulfates. The
experimental data has been taken from ref 14.

and has therefore also a spin-component to the NMR shielding,
which is, however, in this material very small (4 ppm) because
there are hardly any S s-states at the valence band maximum.
The calculated shielding and measured shifts align well along a
straight line over a large range of 1200 ppm and a linear leastsquares ﬁt gives σ = 393.1(12.1) − 1.01(0.04) and R2 = 0.984.
The slope is very close to the required value of −1, which is at
ﬁrst quite diﬀerent from the observation in ionic ﬂuorides,
734
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Table 2. Crystal Structure, Cell Parameters (Å), and Optimized S−O Distances (Å) for the Studied Sulfates
space group
Li2SO434
Na2SO435
K2SO436
Rb2SO437
Cs2SO437
MgSO4-α38
MgSO4-β39
CaSO440
SrSO441
BaSO441
ZnSO442
Al2(SO4)343
Ga2(SO4)344
In2(SO4)344
K2S2O745
K2S2O846

P21/c
Fddd
Pmcn
Pnma
Pnma
Cmcm
Pnma
Cmcm
Pnma
Pnma
Pnma
R3̅
R3̅
R3̅
C2/c
P-1

lattice parameters/angles
2.9472
5.8582
5.7704
7.8200
8.2390
5.1747
8.5787
6.9934
8.3545
8.8790
8.6040
8.0246
8.0540
8.4400
12.3500
5.1150
106.32

8.4740 β = 86.88
9.8138
10.0712
5.9790
6.2560
7.8756
6.6953
6.2417
5.3458
5.4540
6.7460
8.0246
8.0540
8.4400
7.2700 β = 86.88
5.5050
106.12

S−O distance
4.9540
12.2990
7.4776
10.4410
10.9370
6.4952
4.7438
7.0014
6.8671
7.1540
4.7740
21.3570
21.8400
23.0930
7.3100
7.0340
90.18

1.4939
1.4997
1.4928
1.4965
1.4981
1.4738
1.4738
1.4944
1.4780
1.4828
1.5219
1.4796
1.4828
1.4880
1.4579
1.4579

1.4939
1.4997
1.5023
1.5039
1.5050
1.4738
1.4738
1.4944
1.4780
1.4944
1.4965
1.4891
1.4933
1.4939
1.4664
1.4626

1.4944
1.4997
1.5023
1.5039
1.5050
1.5007
1.5007
1.4949
1.4918
1.5087
1.4801
1.4775
1.4891
1.4912
1.4664
1.4674

1.4992
1.4997
1.5055
1.5066
1.5071
1.5150
1.5150
1.4949
1.5066
1.5087
1.4801
1.4854
1.4854
1.4912
1.6727
1.6748

In the following we discuss the origin of the large variations
of the sulfur NMR shielding within series of compounds. For
this purpose, we display the atomic and angular momentum
resolved partial density of states for the alkali/alkaline-earth and
TM compounds in Figure 2. The top of the occupied valence
DOS is dominated by states of mainly sulfur-3p character
(termed S p-band) and sulfur-3s states (S s-band) appear
around −10 eV. The S-p band is quite narrow for the ionic
compounds with small admixture of metal-d character. For TM
compounds, the metal-d character enters the valence band
hybridizing with the sulfur-3p states. Depending on the number
of d electrons for a particular TM element their occupation is
smaller (TiS2, which is still metallic in PBE, and ZrS2) or larger
(MoS2, WS2) until the d shell becomes fully occupied for ZnS
(still overlapping with S-p) and PbS (localized Pb-5d peak
around −15 eV). For all compounds except Li2S there is also a
low-lying metal-p band, which approaches the S s-band in SrS
and BaS. The conduction band is dominated by metal-d
character (except for Li2S, Na2S, MgS, ZnS, and PbS), followed
by sulfur-p and sulfur-d character. As we will show below, the
changes of metal-d character is the dominating eﬀect
determining the magnetic shielding. For Li2S, Na2S, and MgS
there is no metal-d character in the vicinity of the band gap,
while for the other metal atoms it is gradually coming down in
energy and eventually relocated between the conduction and
the valence bands until it is well below the S-p valence band in
PbS.
In the ﬁrst step of our analysis we identify the leading
contributions to the total shielding within the series of our
compounds. Figure 3 shows that the total shielding is a fairly
local quantity and comes predominantly from an integral over
the current within the sulfur atomic sphere (σ-sphere), while
the contributions from the interstitial and the metal-spheres (σinterstitial) are small. We can thus restrict our analysis to the
contributions within the S-sphere. The largest contribution
(979.9 ppm) comes usually from the S-core electrons (1s, 2s,
2p), but this contribution is absolutely constant within the
series. Clearly, the main contribution explaining the observed
trend comes from the S p-band, while the sulfur s-band
contribution is below 25 ppm for all compounds (and also
entirely of S-3p character). The contributions of other bands
(not shown in Figure 3) are always below 10 ppm, except for

chlorides, bromides, or oxides, where the slope is usually
around −1.2 when using the PBE approximation to DFT.24
However, a closer look at our results reveals a similar trend and
when we restrict the compounds in the ﬁt to alkali and alkalineearth sulﬁdes, the slope increases to −1.18 and it is quite similar
as in the ionic halides and oxide series. It was found
previously 24 that in these ionic compounds exchange
interactions dominate and the BJ potential, which is an
approximation to an optimized exact exchange potential,
improves the slope considerably. In the case of the sulﬁdes,
however, BJ results are not superior to PBE, and while the slope
remains at −1.00(0.05), the R2 = 0.969 value indicates some
scatter (MoS2, WS2) in the results. Obviously, the sulﬁdes are
less ionic than halides, and correlations become more
important and must be treated on the same footing as
exchange. We have also performed rather expensive hybridDFT calculations for most sulﬁdes (not for metallic TiS2 and
PbS, where spin−orbit coupling is mandatory). The results are
rather disappointing and fairly similar to those for the
ﬂuorides.24 The overall slope (−0.82) is far too low with
signiﬁcant scatter (R2 = 0.966). Even considering only the more
ionic alkali and alkaline-earth sulﬁdes the slope stays small
(−0.85), although for these compounds a good R2 = 0.99 value
has been obtained since the most problematic shift for CaS has
improved. These rather common observations indicate systematic errors for speciﬁc classes of chemical bonding introduced
by the various approximations to DFT.
Using the slope and reference value found in the linear ﬁt, as
speciﬁed in Figure 1, we can also calculate the theoretical
chemical shift δ. The corresponding numerical data are
compared with experiment in Table 1. For the simple sulﬁdes,
we can also compare our computed shielding to previous planewave pseudopotential (PWPP) calculations11 using the CASTEP code. We observe in most cases a very good agreement
with the published values, except for BaS and PbS, where large
diﬀerences (50−100 ppm) occur and whose origin is left to
speculations. It should be noted that the reference value of
393.1 ppm obtained from the ﬁt compares reasonably with the
calculated shift of solid CS2 (436 ppm). Unfortunately, only the
liquid phase of CS2 is used as a reference in experiment,
therefore it is impossible to compute the exact value of the
absolute reference shielding.
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Table 3. Comparison of Calculated and Experimental 33S NMR Parametersa
Li2SO4

Na2SO4

K2SO4

Rb2SO4

Cs2SO4

MgSO4-α

MgSO4-β

CaSO4

SrSO4

BaSO4

ZnSO4

Al2(SO4)3

Ga2(SO4)3

In2(SO4)3

K2S2O7

K2S2O8

a

WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP
WIEN2k
experiment
CASTEP

σiso

Δσaniso

108.7

126.6
127.9

16.8
19.0 ± 2.0
16.4
−4.08
−15.6 ± 2.0
2.9
20.11
−17.5
17.8
18.48
−17.0 ± 2.0
21.5
20.76
−14 ± 2.0
21.0
54.53
−51.5 ± 3.0
49.9
−43.64
−37.6 ± 3.0
−42.4
−23.09
18.3 ± 2.0
20.7
35.06
30.0 ± 3.0
35.8
44.59
28.0 ± 4.0
44.7
−47.65
−56.3 ± 4.0
−47.5
26.06
31.0 ± 5.0
27.4
29.81
24.0 ± 4.0
30.2
23.56
22.2 ± 5.0
24.0
−199.37

0.62
0.4 ±
0.79
0.77
0.1 ±
0.79
0.37
0.3 ±
0.45
0.13
0.4 ±
0.25
0.16
0.4 ±
0.17
0.97
0.9 ±
0.97
0.22
0.1 ±
0.18
0.88
0.9 ±
0.81
0.87
0.9 ±
0.79
0.75
0.8 ±
0.75
0.24
0.2 ±
0.22
0.30
0.4 ±
0.38
0.48
0.4 ±
0.35
0.83
0.7 ±
0.66
0.22

141.8
116.4

208.2
−188.56

0.09
0.17

139.1

190.8

0.11

105.8
97.8
93.5
104.4
92.4
102.9
93.0
104.8
95.6
128.9
118.8
125.2
115.4
116.0
110.4
107.6
98.9
110.8
99.1
127.7
117.9
161.6
156.4
149.9
143.5
131.6

ηCSA
0.1

0.1

0.1

0.1

0.2

0.1

0.1

0.2

0.3

0.3

0.2

0.3

0.2

0.2

δ
331.7
330.9
328.3
342.1
340.1
340.1
335.8
335.7
341.7
337.2
335.7
341.1
335.4
335.9
338.5
312.5
313.1
315.3
316.0
316.8
318.7
324.8
326.2
323.7
332.8
330.4
335.2
329.7
330.4
335.0
313.6
317.0
316.2
281.3
280.7
277.7
292.5
291.8
290.6
309.9
307.3
307.6
313.4
320
293.1
324.4
330
280

± 0.5

± 1.0

± 0.5

± 0.6

± 1.0

± 2.0

± 2.0

± 0.5

± 1.0

± 2.0

± 0.5

± 2.0

± 1.0

± 0.5

CQ

ηQ

1.028
0.877 ± 0.05
1.023
−0.531
0.655 ± 0.05
−0.697
0.739
0.959 ± 0.03
0.788
0.680
0.860 ± 0.05
0.865
0.643
0.813 ± 0.05
0.718
−1.371
2.14 ± 0.05
−1.846
−1.636
2.0 ± 0.05
−1.886
1.031
0.86 ± 0.05
0.925
0.897
1.31 ± 0.05
1.121
1.261
1.76 ± 0.05
1.559
−1.743
2.04 ± 0.05
−1.917
−2.400
2.32 ± 0.05
−2.680
−1.820
1.87 ± 0.05
−1.928
−1.172
1.25 ± 0.05
−1.32
−11.986
16.2
15.16
−11.569
15.9
14.96

0.52
0.91 ± 0.05
0.66
0.54
0.0 ± 0.1
0.26
0.47
0.42 ± 0.05
0.53
0.46
0.42 ± 0.1
0.44
0.48
0.4 ± 0.1
0.46
0.82
0.91 ± 0.5
0.88
0.30
0.11 ± 0.1
0.25
0.47
0.48 ± 0.1
0.03
0.93
0.84 ± 0.1
0.95
0.85
0.68 ± 0.05
0.79
0.86
0.54 ± 0.05
0.91
0.56
0.55 ± 0.05
0.53
0.64
0.68 ± 0.1
0.64
0.93
0.88 ± 0.1
0.90
0.10
0.1
0.39
0.06
0.1
0.07

The experimental and CASTEP calculated values are taken from ref 11 for K2S2O7 and K2S2O8 and from ref 14 for all others.

shielding. Also, for the ﬁrst order perturbation Ψ̃(1)
o the S-p
contribution dominates and dictates the trend, while the S-s and
S-d components are fairly small and constant within the series.
In order to understand the origin of the shielding variations, we
may focus only on the lo = 1 and lfop = 1 components of Ψ(0)
o
and Ψ̃(1)
o , respectively, and the resulting contribution to the
induced current.
Figure 5 shows the decomposition of the lo = 1, lfop = 1
component of the valence σ (Ψ̃(1)
o (S-p)) with respect to the
atomic and orbital character le of the empty states Ψe(0)

the high-lying Ba 5p-band in BaS (see Figure 2) with 19.9 ppm
and the fully occupied Pb 5d-band in PbS with −85.9 ppm,
where these bands contribute 30 (10)% to the total shielding.
The next step of our analysis is summarized in Figure 4,
where the dominant sulfur p-band contribution is decomposed
with respect to the orbital character of the unperturbed
occupied ground-state Ψ(0)
o and the corresponding perturbed
(0)
̃ (1)
states Ψ̃(1)
o . Ψo and Ψo contribute to the induced current by
p
̃ (1)
⟨Ψ(0)
o |J (r′)|Ψo ⟩, as given in eq 7. As expected, the S-p (l = 1)
delivers nearly the whole value of the
component of Ψ(0)
o
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Table 4. Decomposition of the Total Magnetic Shielding into Core (979.9 ppm in all cases) and Valence Contributions in
Selected Sulfatesa
Na2SO4

MgSO4

BaSO4

MgSO4 with BaSO4 structure

BaSO4 with MgSO4 structure

total

valence

S-sph.

Slfoplo == 11

inter.

97.8

−882.2

−893.9

−868.0

−451.1

125.2

110.8

95.9

206.0

−854.7

−869.1

−884.0

−773.9

−863.7

−879.5

−893.4

−782.5

−836.2

−852.1

−869.4

−754.8

−437.9

−458.7

−468.9

−386.7

metal
−5.2
le = 0:
le = 1:
le = 2:
−3.7
le = 0:
le = 1:
le = 2:
5.9
le = 0:
le = 1:
le = 2:
−0.7
le = 0:
le = 1:
le = 2:
55.5
le = 0:
le = 1:
le = 2:

−2.8
−1.8
−0.1
−1.5
−1.6
−0.0
−1.9
3.9
3.8
−0.3
−0.3
0.0
−15.7
21.5
49.6

S

O

−314.1
le = 0: 0.0
le = 1: −309.2
le = 2: −5.0
−306.0
le = 0: 0.0
le = 1: −301.3
le = 2: −4.6
−308.0
le = 0: 0.1
le = 1: −303.2
le = 2: −4.9
−309.5
le = 0: 0.1
le = 1: −304.7
le = 2: −4.8
−314.6
le = 0: −0.4
le = 1: −311.1
le = 2: −3.0

−97.6
le = 0: 89.1
le = 1: −109.6
le = 2: −73.3
−85.7
le = 0: 96.0
le = 1: −107.2
le = 2: −71.2
−91.206
le = 0: 89.8
le = 1: −107.4
le = 2: −70.1
−90.3
le = 0: 88.4
le = 1: −105.4
le = 2: −69.8
−109.1
le = 0: 86.3
le = 1: −112.3
le = 2: −79.5

a
The valence contribution from inside the S-sphere comes primarily from S(lo = 1, lfop = 1) components. The latter is further decomposed with
(0)
̃ (1)
respect to its atomic and orbital character le of the empty states Ψ(0)
e contributing to the ﬁrst order perturbation Ψo via the matrix elements: ⟨Ψe |(r
(0)
− r′) × p·B|Ψo ⟩ in eq 8 (all values in ppm).

appearing in the expression for the ﬁrst order perturbation Ψ̃(1)
o
(see eq 8). Contrary to the decomposition shown in Figure 4,
where only the sulfur atomic sphere needs to be considered,
(0)
here the integral ⟨Ψ(0)
e |(r − r′) × p·B|Ψo ⟩ over the whole unit
cell has to be taken into account. In Figure 5a we decompose
this integral according to the APW approach into three regions,
namely, sulfur (S) and metal (M) spheres and an interstitial (I)
part. Because the empty conduction band states are not well
localized within the atomic sphere a large fraction of the
integral comes from the interstitial and cannot be uniquely
assigned to a speciﬁc atomic and orbital character of the
corresponding wave functions. Although the resulting NMR
(0)
shielding related to this part of ⟨Ψ(0)
e |(r − r′) × p·B|Ψo ⟩ is
substantial (about 400 ppm), it is relatively constant and the
variation barely exceeds 200 ppm (Figure 5a). The component
related to the sulfur sphere (Ψ(0)
e (S) is even larger (around
−1000 ppm), but its variation within the series is again only
200 ppm and cannot explain the observed trends. Surprisingly
the leading term which determines the observed trends of the
total shielding comes from the integral involving the metal
sphere (Ψ(0)
e (M) in Figure 5a).
In order to better understand this fact, we decompose in
Figure 5b the contributions of the metal and sulfur sphere
according to their le character. The operator in the matrix
(0)
elements ⟨Ψ(0)
e |(r − r′) × p·B|Ψo ⟩ is a product of position and
momentum operators, therefore the selection rules for coupling
(0)
Ψ(0)
e and Ψo follows Δl = 0, ±1. As shown before, the valence
(0)
states Ψo contributing to the NMR shift are mainly of sulfur lo
= 1 character and they can couple to le = 0, 1, 2 character. Let
us ﬁrst summarize that the contributions of the sulfur s, p, and
d, as well as of the metal s and p character of the unoccupied
states are small and vary typically by about 100−200 ppm
within the series (see Figure 5b). For both valence and
conduction band states, the lo = 1 and le = 1 sulfur components
are large, but do not vary substantially within the sulﬁde series,

leading to a large but fairly constant component to the
shielding (see Ψ(0)
e (S-p) in Figure 5b). It the end it turns out
that the contribution of the d-component of the metal wave
functions are most important. Speciﬁcally, Ψ(0)
e (M-d) in Figure
5b is the metal le = 2 component of the conduction band states
⟨Ψ(0)
e | and the leading term which determines the observed
trends of the NMR shielding in the sulﬁdes. This metal-d
contribution of the conduction band states dictates also the
diﬀerent trends seen in the alkali/alkaline-earth and the
transition metal compounds. The trends in the alkali/alkalineearth sulﬁdes are similar to those in the corresponding
ﬂuorides,3 and the coupling of the sulfur (ﬂuorine) valence
states to the metal le = 2 character of the conduction states
results in an increase of the absolute value of this contribution
to the shielding when going down the periodic table, because
the metal d-states come down in energy and closer to the
conduction band minimum. For the TM elements the
contribution to the shielding arranges according to the ﬁlling
of the d-band. The largest absolute value (most negative value)
is observed for TiS2, where there is a completely empty le = 2
conduction band, which is reduced when more and more d
electrons become occupied across the TM series until the dbands are ﬁlled for ZnS and PbS, so that there is hardly any dcharacter at the bottom of the conduction band. Therefore, the
metal-d band contribution, and thus the total NMR shielding, is
quite similar in otherwise very diﬀerent compounds like ZnS,
PbS and Na2S, MgS.
Sulfates. The 33S NMR shielding in sulfates is determined
primarily by the sulfur−oxygen interaction. The absolute
shielding varies only by about 60 ppm among the studied
compounds (see Figure 6 and Table 3) and is roughly
correlated with the deformations of the oxygen tetrahedra. We
stress that an optimization of the internal atomic coordinates
was absolutely mandatory to get good correlation between
experimental and theoretical NMR data (we still used
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In the calculation of the ﬁrst order perturbation Ψ̃(1)
o , the empty
states Ψ(0)
contribute
via
the
matrix
elements
given
in eq 8 and
e
the corresponding integrals are divided into contributions from
the interstitial and the diﬀerent atomic spheres with selected
angular momentum character. As can be seen from Table 4, the
diﬀerence between Na2SO4 and MgSO4 comes from the
interstitial, the S and the O spheres in about the same amount
and cannot be assigned to a single speciﬁc orbital character. As
expected, the metal contribution is in both cases very small
because the metal d-states are at very high energies, a result in
agreement with Na2S and MgS. The diﬀerent shielding
properties have therefore primarily structural origin.
When going from MgSO4 to BaSO4, the shielding is reduced
by 18 ppm, which is more than an order of magnitude smaller
reduction than in MgS-BaS. This reduction, however, comes
mainly from oxygen and interstitial contributions, while in fact
the large negative contribution due to Ψ(0)
e (Ba) in BaS (−400
ppm, see Figure 5b) is now even slightly positive because the
direct phase relationship between Ba-d and S-p states is not
present in the sulfates. The direct inﬂuence of the metal atom
on the shielding can be demonstrated by calculations for BaSO4
using the MgSO4 structure, and vice versa, MgSO4 with BaSO4
structure. Changing Ba for Mg in the MgSO4 structure almost
doubles the shielding to 206 ppm and as can be seen from
Table 4, the main diﬀerence comes from the metal atom
contribution (and the interstitial) when calculating the
perturbation, since the empty Ba-d states are much closer to
the valence bands and can eﬀectively contribute to the
polarization of the ground state due to the magnetic ﬁeld
but, as mentioned above, with a diﬀerent sign than in BaS. In
the real BaSO4 structure, however, the distance between Ba and
O is much larger resulting in a considerably smaller direct metal
contribution. For MgSO4 with BaSO4 structure the shielding is
reduced to 95.9 ppm, mainly due to the reduction of the metal
(and interstitial) contribution, because the (small) positive Ba
contribution is lacking when Ba is replaced by Mg.

experimental lattice parameters). The structural details, lattice
parameters and optimized S−O distances are given in Table 2.
A linear ﬁt of the computed absolute shielding versus the
measured shifts (using all data shown in Figure 6) has a slope of
−1.05(0.03), which is very close to that in the sulﬁdes, but the
reference constant from the least-square ﬁt (457.8(9.0) ppm) is
considerably larger than for the sulﬁdes (393.1 ppm). On the
other hand, this value is closer to the computed shielding of
435.3 ppm for the reference compound CS2 providing better
internal consistency than for the sulﬁdes, where the ﬁtted
reference value is about 42 ppm diﬀerent from the shielding in
CS2. The discrepancy may result from the fact that sulfur in CS2
is also covalently bonded and chemically closer to sulfates than
to ionic sulﬁdes. In general there is excellent agreement
between our results and recent experimental values14 (less than
3 ppm, see Table 3), while older experiments4,9,11 would
sometimes show signiﬁcantly larger diﬀerences. For K2S2O7,
K2S2O8 the experimental results11 carry larger uncertainties,
probably due to large CQ values, causing some deviations
between theory and experiment. Our WIEN2k results are also
close to recently published theoretical values14 of σiso computed
with CASTEP (as these authors have made calculations for
various structures, we have taken their values after geometry
optimization, but still lattice parameters may diﬀer in a few
cases), and the discrepancy does not exceed 10 ppm in most
cases and is fairly systematic, as all CASTEP values are smaller
than ours. Again, there are larger discrepancies for K2S2O7,
K2S2O8, probably because the structures have not been
geometry optimized in these two older calculations.11 The
quite good agreement between WIEN2k and CASTEP also
holds for Δσaniso and the asymmetry parameter ηCSA (except for
CaSO4, where the values have even opposite sign), although
these values are even more sensitive to small structural
diﬀerences. For completeness we have also included in Table
3 the results of the quadrupolar coupling constant CQ and the
asymmetry parameter ηQ, which describes the electric ﬁeld
gradient tensor. Again, the agreement between present and
previous calculations14 is pretty good for these sensitive
quantities, the largest diﬀerence occurs for CQ in α-MgSO4
and for ηQ in CaSO4.
The considerable diﬀerence of sphere sizes of the sulfur atom
in the sulfates (1.28 au) and sulﬁdes (2.2 au) and the very
diﬀerent nature of the chemical bonding makes it diﬃcult to
compare these two classes of compounds directly. Although the
direct bonding neighbors of S do not change in the series of
sulfates (SO4 tetrahedra), it is certainly informative to
decompose the shielding for a few sulfates in the same way
as it was done for the sulﬁdes. We have chosen the sulfates with
the small (Na2SO4) and with the large (MgSO4) shielding, but
also BaSO4, which has the same structure (space group) as
MgSO4. In order to separate the inﬂuence of geometry (bond
distances and angles) and the metal atom, we also performed
ﬁctitious calculations for BaSO4 with the structural parameters
of MgSO4 and vice versa. Table 4 summarizes the analysis for
these sulfates. As mentioned before, the total value of the
shielding varies only by about 30 ppm from Na2SO4 to MgSO4
(97.9 and 128.4 ppm). The core contribution is the same as in
the sulﬁdes and the valence shielding comes primarily from the
current within the sulfur sphere of radius 1.28 au. The orbital
decomposition of stage two shows the same trend as in the
sulﬁdes and almost the whole shielding originates from the S-p
states, both for the ground state as well as for the perturbation
due to the magnetic ﬁeld (labeled S(lo = 1, lfop = 1) in Table 4).

■

CONCLUSIONS
In this work we have used density functional theory and a ﬁrst
order perturbation approach to calculate the 33S nuclear
magnetic shielding in various sulﬁdes and sulfates. We could
successfully reproduce the experimentally observed large
variations of σ in the range of 1200 ppm within the investigated
compounds. The overall slope of the correlation between
theory and experiment is very close to the required value of −1,
while when we restrict the comparison to the ionic alkali/
alkaline-earth sulﬁdes, a larger slope would arise as found
previously also in ionic halides. The BJ functional also yields a
slope close to −1, while when the hybrid-DFT functional YSPBE0 is used, a signiﬁcantly smaller slope than −1 results and
overall the PBE functional yields the best description. In the
sulﬁdes, the relevant induced current and the corresponding
variations of the magnetic shielding are generated nearly solely
by the sulfur-p (l = 1) component of the ground state valence
wave functions and their perturbations due to the magnetic
ﬁeld. Within our approach, the perturbation of the valence wave
function is determined by a coupling between valence and
conduction band states. An analysis indicates that the change of
the magnetic shielding within the series originates from the
change of the coupling to the conduction band metal-d
character. The shielding in the sulﬁdes scales well with the
energetic position and the amount of metal le = 2 character in
the conduction band. Thus, for metals like Li, Na (Mg), or Pb
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(Zn), the valence shielding is small, and the large total shielding
is close to the diamagnetic core contribution. On the other
hand, for heavier alkali/alkaline-earth and early TM sulﬁdes, the
shielding decreases (in BaS it is almost zero and in TiS2 it even
changes sign). However, when the occupancy of the d shell
increases within the series of TM compounds, the valence
contribution reduces again, and in ZnS and PbS, we are back to
a shielding, as in MgS. In the case of sulfates, the variation of
the shielding is very small as compared to the sulﬁdes. Still, our
calculations capture correctly the variations and are able to
correctly distinguish the particular sulfate compounds.
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