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Abstract
Ab initio band-structure calculations based on the density functional theory have been performed for several crystalline Li, Na,
and K-silicates to obtain electric-ﬁeld gradients (efg) for oxygen atoms. The efg for bridging oxygen environments in these
compounds were also investigated by performing ab initio self-consistent ﬁeld Hartree–Fock molecular orbital calculations on
silicate clusters, and there is good agreement between these two approaches. By performing additional ab initio quantum chemistry
calculations on model silicate clusters the factors inﬂuencing the 17 O quadrupole coupling parameters for bridging oxygen
environments in alkali silicates have been examined. The quadrupolar asymmetry parameter was found to be dependent on the
Si–O–Si angle and the nature of the modiﬁer cation, in agreement with previous studies. In contrast, the quadrupolar coupling
constant was found to have a strong dependence on Si–O distance, as well as Si–O–Si angle and the nature of the modiﬁer cation.
Analytical expressions describing these dependencies are proposed, which should assist in describing the local environments of
bridging oxygen in crystalline and amorphous materials.
r 2005 Elsevier Inc. All rights reserved.
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1. Introduction
With the continued improvement of computational
resources it has become increasingly common to use ab
initio quantum methods for predicting the electronic
structure in crystalline materials [1–13]. These methods
are also extremely useful for interpreting experimental
results, such as the NMR spectra of solids, particularly
for materials or nuclei where it is difﬁcult to obtain
experimental results and establish clear relationships
between structural parameters and measurable NMR
parameters. Oxygen-17 is one such nuclei which,
despite its potential for helping to elucidate the structure of both crystalline and disordered materials,
has been hampered by a low natural abundance and
large quadrupole interactions which make otherwise
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routine solid-state NMR experiments, such as MAS,
challenging.
Recently, we have reported relationships for obtaining the Si–O–Si bond angle and Si–O distance from the
17
O quadrupolar coupling parameters of a bridging
oxygen atom, i.e., the quadrupolar coupling constant,
C q ; and the quadrupolar asymmetry parameter, Zq :
These relationships were revealed through systematic ab
initio calculations on model clusters and calibrated with
experimental 17 O data for extended networks [14]. We
have recently used these relationships to interpret the
two-dimensional DAS spectrum of silica glass [15]. This
approach resulted in the experimental determination of
the two-dimensional correlated distributions in Si–O
distance and Si–O–Si angle, as well as the determination
of the distribution of Si–O–Si bond angles in this
archetypical glass former.
To extend this approach to network-modiﬁed
silicate glasses requires an understanding of how the
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electric-ﬁeld gradient (efg) for a bridging oxygen is
affected by changes in structural parameters, including
the presence of modiﬁer cations. In an earlier investigation of alkali silicates, obtained using ab initio methods
on model clusters representing typical bridging oxygen
environments in lithium, sodium, and potassium silicates we began this task and demonstrated that several
structural variables inﬂuence the bridging oxygen O-17
efg [16,17]. A more recent computational investigation
of molecular dynamic simulated sodium silicate glasses
supported many (but not all) of these general trends [13].
Thus, to investigate network-modiﬁed silicate glasses
in a manner comparable to that performed for silica
requires analytical expressions for bridging oxygen efg
parameters that account for the relevant structural
parameters. These parameters include the Si–O distances [13,18,19,14], Si–O–Si angles [20–22], and the
ﬁeld strength and number of network-modiﬁer cations
coordinated to the bridging oxygen atom [16,17]. Thus,
suitable expression for the 17 O quadrupolar coupling
parameters are

a
1
cos O
C q ðO; nM Þ ¼ a þ
þ md ðd TO  d TO Þ
2 cos O  1
þ nM DC M
q ,

b
1
cos O
Zq ðO; nM Þ ¼ b 
þ DZM
q ðnM Þ,
2 cos O  1

ð1Þ
(2)

where O is the Si–O–Si bond angle, d TO is the average
silicon–oxygen bond distance, md is a term (in MHz/Å)
accounting for the distance dependence of C q ; with
nM DC M
and DZM
q
q ðnM Þ accounting for contributions
from nM modiﬁer cations coordinated to the bridging
oxygen [14,17,15].
We will show here that the general trends described by
these expressions are conﬁrmed by ab initio calculations
on model clusters. Additionally, in order to calibrate
these expression, we will employ periodic density
functional theory (DFT) calculations to determine the
efg for bridging oxygen atoms in a variety of crystalline
alkali silicates, since insufﬁcient experimental 17 O data
exists to do so otherwise.

2. Methods

Calculated efg tensor elements are related to the
quadrupolar coupling constant, C q ; and quadrupolar
coupling asymmetry parameter, Zq ; according to
C q ¼ e2 Qhqzz i=h

and Zq ¼

hqxx i  hqyy i
,
hqzz i

(3)

where ehqxx i; ehqyy i; and ehqzz i are the principal
components of the electric-ﬁeld gradient tensor deﬁned
such that jhqzz ij4jhqyy ij4jhqxx ij and Q is the nuclear
electric quadrupole moment. For 17 O a value of
e2 Q=h ¼ 6:11 MHz a:u:3 was used to convert the qzz
output from Gaussian into the 17 O quadrupolar
coupling constant.
2.2. LAPW calculations
These calculations were based on the density functional theory (DFT) using the generalized gradient
approximation (GCA) for the exchange and correlation
potentials [24,25]. The full-potential, linearized, augmented plane-wave (LAPW) package WIEN97 [26] was
used. In the LAPW method, the unit cell is divided into
spheres centered at the atomic positions and an
interstitial region. For the interstitial region, the basis
set consists of plane waves which are augmented by
atomic-like solutions inside the spheres. Sphere radii of
1.45, 1.50, 1.65, 1.45, 1.35 a.u. were used for Li, Na, K,
Si, and O atoms, respectively. The cutoff for the plane
wave basis set was chosen as Rmt K max ¼ 6:75; where Rmt
corresponds to the smallest atomic sphere radii and
K max is the plane wave cutoff. These parameters
typically resulted in more than 7000 LAPWs being used
in our basis sets. Additional calculations conﬁrmed that
these results were well converged for these cutoff values.
To treat the semicore states for silicon and oxygen
additional local orbitals were employed. The number of
k points in the irreducible Brillouin zone (IBZ) for the
calculations ranged from 12 to 16. Nonspin-polarized
calculations were studied in all cases. The LAPW
calculations were computationally expensive, typically
requiring more than a week to reach convergence
when run on a SGIs Origins 200 computer. These
time constraints precluded the use of additional DFT
supercell calculations for the investigation of possible
crystalline distortions. The conversion factor for the
full-crystal calculations of the quadrupolar coupling
constant is given in Ref. [4].

2.1. MO-cluster calculations
The electric-ﬁeld gradients for bridging oxygen
environments in these compounds were investigated by
performing ab initio self-consistent ﬁeld molecular
orbital calculations on silicate clusters (MO-cluster
calculations) using GAUSSIAN98 [23]. These calculations were performed at a restricted Hartree–Fock level
with a 6  31 þ GðdÞ basis set for all atoms.

3. Results and discussion
The 17 O quadrupolar coupling parameters were
calculated using the LAPW approach for several alkali
silicates with reported crystal structures. The results are
shown in Table 1. For two of the compounds, i.e.,
Li2 SiO3 and Li2 Si2 O5 ; several crystal structures have
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Table 1
17
O ab initio calculated results for the bridging oxygen sites in crystalline alkali silicates
Compound

Si–O–Si (3)

SiO distances(Å)

Modiﬁers

Ref.

C q ðLAPWÞðMHzÞ

Zq ðLAPWÞ

C q ðMOÞðMHzÞ

Zq ðMOÞ

Ratio

Li2 SiO3
Li2 SiO3
Li2 SiO3
Li2 SiO3
Li2 Si2 O5

124.6
133.0
126.5
124.1
158.6
129.4
156
132

1.68,
1.55,
1.64,
1.68,
1.61,
1.64,
1.61,
1.58,

1.68
1.65
1.66
1.68
1.61
1.65
1.61
1.68

2 Li
2 Li
2 Li
2 Li
None
1 Li
None
1 Li

[27]
[28]
[29]
[30]
[31]

4:00
3:40
4:00
3:97
5:25
4:51
5:18
4:40

0.66
0.47
0.55
0.69
0.09
0.65
0.10
0.58

4:09
3:77
4:17
4:12
6:29
4:84
6:18
4:89

0.58
0.32
0.48
0.61
0.05
0.74
0.08
0.69

0.98
0.90
0.96
0.96
0.84
0.93
0.84
0.90

133.7
136.5
137
135
160
138.9
123.4
158.4
138
132.8

1.67,
1.63,
1.64,
1.64,
1.61,
1.64,
1.63,
1.59,
1.62,
1.66,

1.68
1.63
1.64
1.64
1.61
1.64
1.82a
1.76a
1.78a
1.66

2 Na
1 Na
1 Na
1 Na
None
1 Na
2 Na
1 Na
1 Na
2 Na

[33]
[34]

5:20
5:44
5:59
5:51
6:46
5:64
4:19
6:37
5:70
4:93

0.49
0.36
0.44
0.55
0.06
0.36
0.68
0.26
0.50
0.50

0.85
0.84
0.83
0.83
0.88
0.83
0.98
0.90
0.84
0.80

134.7
141.7
145.3
139.3
138.3
144.4
133.5
141.2
148.0

1.64,
1.59,
1.60,
1.62,
1.63,
1.59,
1.62,
1.61,
1.60,

1.66
1.78
1.65
1.64
1.64
1.66
1.64
1.64
1.61

2K
2K
None
1K
1K
1K
1K
None
None

[37]

5:56
5:00
6:16
5:60
5:52
5:93
5:64
5:99
6:02

0.41
0.22
0.13
0.19
0.28
0.27
0.43
0.21
0.19

0.84
0.95
0.77
0.88
0.89
0.78
0.82
0.82
0.86

Li2 Si2 O5

Na2 SiO3
b-Na2 Si2 O5

a-Na2 Si2 O5
Na2 Si3 O7

K2 Si4 O9
K4 Si8 O18

[32]

[35]
[36]

[38]

4:40
4:55
4:63
4:57
5:70
4:70
4:13
5:78
4:81
3:96
4:65
4:75
4:75
4:94
4:91
4:64
4:60
4:90
5:17

ð4:46Þ
ð4:68Þ
ð4:77Þ
ð4:67Þ
ð5:39Þ
ð4:83Þ

0.54
0.34
0.42
0.42
0.09
0.40
0.58
0.16
0.36
0.36
0.32
0.20
0.15
0.24
0.28
0.13
0.39
0.22
0.26

(0.52)
(0.12)
(0.41)
(0.42)
(0.13)
(0.37)

Calculations were performed using the LAPW and MO-cluster methods. LAPW values in parentheses are calculated values from Ref. [13]. Ratio
value in last column refers to C q ðLAPWÞ=C q ðMOÞ:
a
Denotes an atypical bridging oxygen site bonded to tetrahedral and octahedral silicon atoms.

been proposed. Calculations were performed for each of
these plausible crystal structure in order to obtain a
maximum number of bridging oxygen environments
with predicted C q and Zq values. The bridging oxygen
sites in these compounds are structurally diverse in
terms of Si–O–Si angle, Si–O distances, and the type and
number of modiﬁers present.
The LAPW predicted results agree with C q and Zq
values determined experimentally by MAS NMR
spectroscopy. Experimental results for these compounds include C q ¼ 4:20ð0:2Þ MHz; Zq ¼ 0:58ð0:05Þ
for Na2 SiO3 [17], C q ¼ 5:74ð0:2Þ; 4:67ð0:2Þ MHz; Zq ¼
0:2ð0:1Þ; 0:3ð0:1Þ; for the two bridging oxygen sites in aNa2 Si2 O5 [39], and C q ¼ 4:45ð0:05Þ; 4:90ð0:05Þ MHz;
Zq ¼ 0:35ð0:05Þ; 0:20ð0:05Þ; for the two bridging oxygen
sites in K2 Si4 O9 [40], respectively. This close agreement
is expected, since the LAPW approach has accurately
predicted the electronic structure in a wide variety of
crystalline compounds, including other silicate minerals
[1,4,11,41]. The results are also in good agreement with
those previously investigated using periodic boundary
conditions [13].

Molecular orbital (MO) cluster calculations were
performed for these same crystalline sites, and the
results are included in Table 1. Clusters were constructed based on the reported structural parameters,
and included silicon atoms with accurate nearestneighbor distances. Terminal oxygen atoms were
capped with hydrogen atoms, resulting in clusters with
the formulae ðOHÞ3 Si–O–SiðOHÞ3 ; M½ðOHÞ3 Si–O–
SiðOHÞ3 þ ; and M2 ½ðOHÞ3 Si–O–SiðOHÞ3 2þ ; where M ¼
Na; Li, or K, as shown in Fig. 1, an approach consistent
with other investigations of bridging oxygen sites in
silicates [16,17]. Bridging oxygen atoms bonded to
tetrahedral and octahedral silicon atoms were examined
in a similar manner, resulting in clusters with the
formulae M½ðOHÞ3 Si–O–SiðOHÞ5  and M2 ½ðOHÞ3 Si–O–
SiðOHÞ5 :
The C q values calculated by the LAPW approach are
consistently smaller than those calculated by the MOcluster approach. By introducing a scaling factor of 0.85
for the MO calculated results both sets of C q values are
brought into good agreement, shown in Fig. 2A. Such a
scaling factor is commonly required for MO calculations
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Ω
(A)

(B)

Li+, Na+, or K+

Si

Ω

O
(C)

H
Fig. 1. Model clusters for bridging oxygen sites with (A) zero, (B) one, and (C) two modiﬁer cations.

1.0
MO-cluster calculated eta

MO-cluster calculated Cq (MHz)

-7.0
-6.0
-5.0
-4.0
-3.0

0.6
0.4
0.2
0.0

-2.0
2.0
(A)

0.8

3.0

4.0

5.0

6.0

7.0

LAPW calculated Cq (MHz)

0.0
(B)

0.2
0.4
0.6
0.8
LAPW calculated eta

1.0

Fig. 2. Calculation of (A) C q and (B) Zq for the crystalline alkali silicates listed in Table 1 by LAPW and MO-cluster methods. Symbols represent
results for clusters with two modiﬁers (open squares), one modiﬁer (ﬁlled circles), and no modiﬁers (open triangles). C q values calculated by the MOcluster method have been scaled by a factor of 0.85. The diagonal line depicts perfect agreement for each set of calculations.

of C q ; as discussed previously [17,16,42–44]. The
agreement between calculated Zq values is poorer than
that of the C q values, and small systematic differences
are evident for the Zq calculations, as shown in Fig. 2B.
The MO calculated Zq values for clusters with one
modiﬁer are greater than those calculated by the LAPW
method, and the MO calculated values for zero or two
modiﬁers are smaller than those calculated by the
LAPW method. These differences could be attributed
to several factors, such as the lack of counter-ions for
the alkali modiﬁers, or by neglecting the Q-species of the
silicon atoms in the cluster. Clearly, however, it is
possible to predict general trends between 17 O quadrupolar coupling parameters for bridging oxygen atoms
and local environment if the model clusters are in good
agreement with the actual structure.

Having determined a suitable calibration for C q
values calculated by this MO approach, ab initio
calculations were then performed for model clusters of
bridging oxygen atoms coordinated with alkali cations.
In these calculations the Si–O distances for the bridging
oxygen were ﬁxed (and symmetric) and the Si–O–Si
angle varied. Either one or two alkali cations were
coordinated to the bridging oxygen atoms and placed at
distances typically found in crystalline compounds
[16,17]. Representative trends in C q and Zq values are
shown in Fig. 3. The effect of Si–O distance on C q is
clear, with the magnitude of C q increasing as the Si–O
distance increases. This result is consistent with previous
ﬁndings [13,14,18,19], and supports the inclusion
of Si–O distance as a structural parameters affecting
C q in Eq. (1). In contrast, the quadrupolar asymmetry
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1.65 Å
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1 Na cation

-5.5
-5.0
-4.5
-4.0
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Si-O-Si Angle

1.0
Quadrupolar
Asymmetry Parameter

Quadrupolar Coupling
Constant (MHz)

-6.5
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(B)

1 Na cation
0.8
0.6
0.4
1.61-1.67Å

0.2

0.0
130° 140° 150° 160° 170° 180°
Si-O-Si Angle

Fig. 3. Ab initio predicted trends in (A) C q and (B) Zq as a function of Si–O–Si angle with Si–O distance held constant. Calculations were performed
using a MO approach for a model cluster including one Naþ cation at a distance of 2.5 Å from the bridging oxygen atom.

-6.0

Quadrupolar Coupling Constant (MHz)

1 K+
1 Na+

-5.5

2 K+
1 Li+
-5.0

2 Na+

-4.5
2 Li+
-4.0

-3.5
1.60

1.62

1.64

1.66

1.68

1.70

Si-O distance
Fig. 4. Ab initio predicted trends in C q (scaled by 0.85) with a ﬁxed Si–O–Si angle of 140 and d(Si–O) varied. Calculations were performed using a
MO approach for a model cluster with cations at a ﬁxed distance; Liþ at 2.0 Å, Naþ at 2.5 Å, and Kþ at 2.8 Å. Solid lines are for clusters with one
cation and dashed lines for clusters with two cations.

parameter is less sensitive to Si–O distance (Fig. 3B), a
ﬁnding also consistent with previous results [12,14], and
so a Si–O distances dependence is not appropriate for
Eq. (2).
The inﬂuence of cation modiﬁers and Si–O distance
for a ﬁxed Si–O–Si angle are shown in Fig. 4. Here, C q
results are shown for a Si–O–Si angle of 1401, a bridging
oxygen angle typically found in crystalline alkali
silicates. The trends shown in Fig. 4 indicate that the
nature and number of coordinating network modiﬁers
clearly inﬂuence C q for a given Si–O distance and
Si–O–Si angle. As the number and ﬁeld strength of the
cation increases, the C q values are systematically shifted
to lower magnitudes. Also, the affect of Si–O distance
on C q does not appear to be strongly dependent on the

nature and number of coordinating cations, suggesting
that the distance dependence for C q in Eq. (2) will be
similar for the alkali silicates considered here.
The C q values were then calculated using the MOapproach for alkali-modiﬁed bridging oxygen sites with
one or two modiﬁer cations for a wide range of
structures. For these model clusters the Si–O distances
ranged 1.6–1.7 Å and Si–O–Si angles ranged from 125 to
180 : These results have been ﬁt using Eq. (2), and the
parameters included in Table 2.
A somewhat different approach was used to describe
Zq as a function of structural parameters. Instead of
using Zq values calculated by a MO-approach to
determine the parameters in Eq. (2), we have chosen
to perform a least-squares ﬁt of Eq. (2) to the LAPW

ARTICLE IN PRESS
T.M. Clark, P.J. Grandinetti / Solid State Nuclear Magnetic Resonance 27 (2005) 233–241

238

calculated results. The resulting ﬁts are shown in Fig. 5
and best-ﬁt parameters are given in Table 2. This
approach was taken because the Zq values calculated by
the MO-approach for these clusters displayed poorer
agreement with the LAPW calculated values than did
the C q values. In comparison with previously reported
trends based strictly on ab initio calculations for model
Table 2
Best-ﬁt parameters for Eqs. (1) and (2)
C q dependence

Cation
a
a
(MHz)
None
1 Liþ
2 Liþ
1 Naþ
2 Naþ
1 Kþ
2 Kþ

6:53
5:90
5:90
5:90
5:90
5:90
5:90

1.80
1.80
1.80
1.80
1.80
1.80
1.80

Zq dependence

d TO
DC M
q
(Å)
(MHz)

md
b
(MHz/Å)

0.00
0.68
0.72
0.57
0.57
0.48
0.50

12:86
9:50
7:71
11:18
9:05
10:66
9:50

1.654
1.61
1.61
1.61
1.61
1.61
1.61

5.03
5.03
5.03
5.03
5.03
5.03
5.03

b

DZM
q

1.09
1.09
1.09
1.09
1.09
1.09
1.09

0.000
0.183
0.034
0.083
0.032
0.000
0.000

1.0

1.0

0.8

0.8

Quadrupolar
asymmetry parameter

Quadrupolar
asymmetry parameter

Parameters for the cluster without modiﬁer cations are from Ref. [14].

clusters [16,17], these results generally have smaller DZM
values. This suggests that the large systematic shifts
proposed earlier overstate the importance of coordinating cations on Zq : When the efg is calculated using a
more complete description of the bridging oxygen
environment (as in the LAPW calculations), the
importance of the cations on Zq is mitigated with respect
to what is suggested by model cluster calculations. If
counter-ions were included in the model-cluster description of cation-modiﬁed bridging oxygen sites, it is likely
that a similar result would also be obtained.
A comparison of the Si–O–Si angles and Si–O
distances predicted by Eqs. (1) and (2) with the LAPW
calculated results is shown in Fig. 6. The Si–O–Si angles
in Fig. 6A are predicted from Zq with knowledge of the
correct number modiﬁer cations. As was the case for
silica polymorphs, Zq appears to be a reliable probe of
Si–O–Si angle. With the Si–O–Si angle determined by Zq ;
Eq. (1) is used to predict the Si–O distance from C q ; as
shown in Fig. 6B. With the Si–O–Si and S–O distance
determined, it is also possible to determine the Si–Si
distance, given in Fig. 6C. Here, we again assume that
we know the number of cations near the bridging

0.6
0.4
0.2
0.0
120° 130° 140° 150° 160° 170° 180°

(A)

Si-O-Si angle

0.6
0.4
0.2
0.0
120° 130° 140° 150° 160° 170° 180°

(B)

Si-O-Si angle

Quadrupolar
asymmetry parameter

1.0

(C)

0.8
0.6
0.4
0.2
0.0
120° 130° 140° 150° 160° 170° 180°
Si-O-Si angle

Fig. 5. Plots of quadrupolar asymmetry parameter versus Si–O–Si angle for (A) lithium silicates, (B) sodium silicates, and (C) potassium silicates.
The LAPW calculated results are shown for sites with no modiﬁers (open squares), one modiﬁer (ﬁlled circles), and two modiﬁers (open triangles).
Solid lines were obtained from Eq. (2), for one, two, and zero modiﬁers, shown top to bottom, respectively. Best-ﬁt parameters, using Eq. (2), are
included in Table 2.
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1.75Å

180°
170°

Predicted Si-O distance

Predicted Si-O-Si angle
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160°
150°
140°
130°

120°
120° 130° 140° 150° 160° 170° 180°
(A)
Si-O-Si angle

1.70Å

1.65Å

1.60Å

1.55Å
1.55Å

1.60Å

1.65Å

1.70Å

1.75Å

Si-O distance

(B)

Predicted Si-Si distance

3.3Å
3.2Å
3.1Å
3.0Å
2.9Å

2.8Å
2.8Å
(C)

2.9Å

3.0Å

3.1Å

3.2Å

3.3Å

Si-Si distances

Fig. 6. Comparison between the predicted (A) Si–O–Si angle, (B) Si–O distance, and (C) Si–Si distance, which are based on the calculated 17 O
quadrupolar coupling parameters, with corresponding quantities reported from X-ray crystallography. Solid diagonal lines represent perfect
agreement. Triangle (red) symbols are potassium modiﬁed sites, Circle (green) symbols are sodium modiﬁed, square (blue) symbols are lithium
modiﬁed, and diamond (black) symbols do not have modiﬁer cations.

oxygen atom in order to chose the correct expression for
Eq. (1). Clearly, an assumption of this kind is most
important for the lithium silicates because the shift in C q
due to the presence of Li-cations is greatest for this
cation among the alkalis. The predicted Si–O distances
using this approach are in good agreement with the
actual distances, with the majority being within 0.02 Å
of the predicted value. It is noteworthy that, as was the
case for silica polymorphs, the simultaneous measurement of C q and Zq for each bridging oxygen site can be
used to obtain the correlation between Si–O–Si angle
and Si–O distance.
In summary, general trends in the 17 O quadrupolar
coupling parameters for bridging oxygen atoms in alkali
silicates have been described based on ab initio selfconsistent ﬁeld Hartree–Fock molecular orbital calculations on silicate clusters. These results were calibrated by
performing band-structure calculations based on the
density functional theory for a variety of crystalline
alkali silicates. As suggested by earlier investigations,
the quadrupolar asymmetry parameter was found to be
dependent on the Si–O–Si angle and the nature of the

modiﬁer cation. The quadrupolar coupling constant was
found to have a strong dependence on Si–O distance, as
well as Si–O–Si angle and the nature of the modiﬁer
cation. Having established the manner in which local
structural parameters inﬂuence the 17 O quadrupolar
coupling parameters, it is now possible to gain
signiﬁcant insights into the structure of alkali silicate
glasses. Perhaps most noteworthy, it should now be
possible to investigate correlated structural distributions
for alkali-modiﬁed glasses by NMR, a signiﬁcant
achievement that is not presently possible by other
experimental techniques.
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