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Summary

Berylindifferent varieties (emerald, aquamarine, heliodoretc.)
displays a wide range of colours that have fascinated humans
throughout history. Beryl is a hexagonal cyclo-silicate (ring-
silicate) with channels going through the crystal along the
c-axis. The channels are about 0.5 nm in diameter and can be
occupied by water and alkaliions. Pure beryl (Be3 Al;SigO13g) is
colourless (variety goshenite). The characteristic colours are
believed to be mainly generated through substitutions with
metal atoms in the lattice. Which atoms that are substituted is
still debated it has been proposed that metal ions may also be
enclosed in the channels and that this can also contribute to
the crystal colouring. So far spectroscopy studies have not been
able to fully answer this. Here we present the first experiments
using atomic resolution scanning transmission electron mi-
croscope imaging (STEM) to investigate the channel occupa-
tion in beryl. We present images of a natural beryl crystal (va-
riety heliodor) from the Bin Thuan Province in Vietnam. The
channel occupation can be visualized. Based on the image con-
trast in combination with ex situ element analysis we suggest
that some or all of the atoms that are visible in the channels are
Fe ions.

Introduction

The atomic structure of beryl (Be3Al,SisO15) was first re-
solved by X-ray diffraction in 1926 (Bragg & West, 1926)
and later refined (Gibbs et al., 1968). Beryl is a hexagonal
cyclo-silicate (ring silicate) (see Fig. 1). It consists of regular
six-membered silicate rings of SiO4 tetrahedra that link latterly
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and vertically to adjacent rings by tetrahedral beryllium (Be)
and octahedral aluminium (Al). Six-membered silicate rings
form open channels along the crystallographic c-axis with a
diameter of around 0.5 nm. This is so big that alkali ions as
well as water molecules can be trapped in the channels (Folins-
bee, 1941; Vorma et al., 1965; Hawthorne & Cerny, 1977;
Sherriff et al., 1991; Andersson, 2006). The dynamic of water
molecules trapped in the nano-channels has been investigated
using neutron scattering and various spectroscopy methods
(Gorshunov et al., 2013; Anovitz et al., 2013; Zhukova et al.,
2014; Kolesnikov et al., 2016). Isotope analysis of the trapped
water hasbeen used to obtain information about the geological
conditions at the time of crystal formation (Beal & Lentz, 2010)
and to investigate historical emerald trade routes (Giuliani
et al., 2000). It has been proposed that single nitrogen atoms
could be enchased within the lattice channels as a candidate
for qubits for quantum computer applications (Mashkovtsev
& Thomas, 2005).

Beryl in its pure form is colourless (variety goshenite)
(Mathew et al., 2000), but exists in a large variety of
colours. Numerous spectroscopy studies have been performed
to investigate this including infrared spectroscopy (Mathew
et al., 1997), Mossbauer spectroscopy, Raman spectroscopy
(Charoy et al., 1996), UV/Vis/NIR spectroscopy, electron
paramagnetic resonance and electron spin echo spectroscopy
(Mashkovtsev et al., 2010, see also Fridrichova et al., 2015
and references therein). It is known that the colour stems from
the incorporation of various metal atoms (Fritsch & Rossman,
1988), for example, chrome (the classical emerald; Wood &
Nassau, 1968), iron (aquamarine; Goldman et al., 1978 and
heliodor — sometimes referred to as golden beryl; Wood &
Nassau, 1968; Loeffler & Burns, 1976; Goldman et al., 1978),
vanadium (green beryl—also sometimes referred to as emerald;
Wood & Nassau, 1968) and manganese (bixbite and red beryl
— sometimes referred to as morganite; Wood & Nassau, 1968;
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Fig. 1. Atomic model of beryl.

Shigley & Foord, 1984). How this incorporation takes place
and how it affects the colouring, is still a matter of debate. In
the case of incorporation of iron, the resulting colour change
varies from the characteristic blue in aquamarine over bluish
to yellowish green to deep golden in heliodor.

The yellow colour of heliodor is due to absorption between
450 nm and the absorption edge at 320 nm. The cause for this
was originally attributed to the substitution of Fe3>* ions for
APt ions in the octahedral Al positions in the crystal (Wood &
Nassau, 1968). Later it was proposed that both Fe?* and Fe3*
areincorporated in the octahedral positions of Al (Spinolo et al.,
2007). Other studies claimed that the yellow colour of heliodor
is in fact linked to a substitution of Fe>* on a tetrahedral site,
that is, Be or Si (Solntsev & Bukin, 1997; Andersson, 2013).
For further recent work on natural beryl crystals see Huong
et al. (2012) and Fridrichova et al. (2015).

It has been suggested that metal atoms/ions can also be
trapped in the channels. This has been proposed as an ex-
planation for certain colour variations in beryl (Viana et al.,
2002). However, other studies suggest that metal atoms in
the channels do not contribute to the colouring at all. For
example Mathew et al. report measurements on samples of
colourless beryl (goshenite), which showed a strong Fe>* sig-
nal in Mossbauer spectroscopy (Mathew et al., 2000). If the
Fe3* ions had been substituted into the lattice structure one
would have expected a visible colour change.

Despite the geological and gemmological interest no elec-
tron microscopy work at genuine atomic resolution has been
carried out on beryl so far. This is presumably due to its fragility
and the fact that it is beam sensitive, which makes both sam-
ple preparation and imaging difficult. TEM images of a natural
beryl from Mexico can be found in (Buseck & Tijima, 1974).
The lattice images are of high quality but give only the overall
structure. Given the TEM instrumentation and the technique
chosen it is not apparent if channels are empty or filled.

In this paper, we present the first aberration corrected
atomic resolution high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images
of a natural beryl crystal. This technique has a supreme

Fig. 2. Image of the beryl crystal sample used for this work, a natural
heliodor from the Bin Thuan Province in Vietnam. The crystal is 2.49 cm
long and has a weight of 7.65 Karat. The red patches are remains of the
host rock.

spatial resolution and the contrast makes it possible to diffe-
rentiate between variations in the average atomic number of
the columns as well as filling of the channels. In ‘Experimen-
tal methods’ section, we present the experimental methods
applied, including the TEM specimen preparation as this is a
crucial step in obtaining the results. In ‘Results and analysis’
section, the results are presented, including an element analy-
sis on the bulk crystal sample based on energy dispersive X-ray
spectroscopy (EDX) and induction coupled plasma mass spec-
trometry (ICP-MS). The study gives the overall structure and
the local variations in the channels.

Experimental methods

The sample investigated here is a natural beryl crystal of the
heliodor variety from the Bin Thuan Province in Vietnam. The
crystal is 2.49 c¢cm long and has a weight of 7.65 Karat (see
Fig. 2). In a preliminary study, an element analysis of 59 nat-
ural beryl samples from 13 different countries was performed
(Schmitz). This sample was chosen because the element anal-
ysis shows that it has a low amount of nonformula elements
compared to the other samples, except for Fe and Na.

TEM specimen preparation and imaging

A TEM foil taken from a (0001) facet was prepared on a Helios
Nanolab Dual-Beam Focused Ion Beam (FIB) (FEI, Hillsboro,
Oregon, USA). Because of the poor electrical conductivity of
beryl, the macroscopic single crystal was coated by a 40 nm
thick Pt/Pd layer prior to FIB preparation to avoid charging
in the FIB. In the FIB, an additional 200 nm Pt protection
layer was deposited by electron beam-assisted deposition, be-
fore adding a 2 um thick carbon protection layer by ion beam-
assisted deposition. All coarse ion beam thinning was done
at 30 kV acceleration voltage for the Ga™ ions. Final thinning
was performed at 5 and 2 kV acceleration voltages to minimize
the ion-induced surface damage on either side of the TEM foil.
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The TEM lamella had no additional coating and was even in
thickness. All conducting layers were on the side of beryl ma-
terial, and the electron beam propagated through beryl only,
that is, no additional conductive layer added for TEM analysis.
The area imaged was 40 =+ 20 nm thick.

TEM was performed with a double Cs corrected, cold FEG
JEOL ARM20OCF, operated at 200 kV. The high angle, an-
nular dark field (HAADF) STEM images were acquired with
collection angle range of 43—-170 mrad. The beam conver-
gence semicollection angle was 27.4 mrad.

Element analysis

The element analysis was carried out on the bulk crystal sam-
ple using two different instruments. The concentrations of
the main elements (Si, Al, Fe and Na) were measured with an
electron-microprobe (EMPA) of the type JEOLJXA-8200 using
energy dispersive X-ray spectroscopy (EDX). The EMPA was
equipped with a Xe-gas and a pentaerythritol (PET)-detector.
The other main elements: Be and O and H from water in the
channels cannot be measured with this instrument because
these three elements are all too light. Further a trace element
analysis was performed with an inductively coupled plasma
quadrupole mass spectrometer (ICP-MS) of the type NWR
193 (ESI New Wave) 193 nm Agilent 7500, calibrated with
the standard NIST-SRM 610. Si was measured with the EMPA
to form the internal standard for the trace element analysis.
For each instrument, 10 measurements were carried out on
10 different positions chosen at random. Different positions
were chosen for the two instruments.

Results and analysis

Figure 3 shows araw atomicresolution HAADF STEM image of
beryl taken along the c-axis. The 60 pA was the highest beam
current that could be used to avoid sample damage during
high resolution scanning transmission electron microscopy
(STEM) imaging. Even at 60 pA, the combination of a small
pixel size (< 0.1 A) and a high pixel dwell time (> 30 ps) still
resulted in significant beam damage. The total tolerable dose
limits the achievable resolution (i.e. ‘Rose’s Criterion’) (Van
Dyck et al., 2004; Egerton, 2013). Nevertheless due to the
higher inherent contrast of HAADF STEM compared to con-
ventional bright-field TEM imaging, a high spatial resolution
could still be achieved. A reduction of the electron beam ac-
celeration voltage from 200 to 80 kV significantly increased
the electron beam-induced sample damage, rather than re-
ducing it. This indicates, as expected for low atomic number
minerals, that the electron beam-induced damage mechanism
isradiolysis rather than knock-on damage (Williams & Carter,
2009). It wasnot possible to collect sufficient signal for element
analysis on individual atoms using X-ray energy dispersive
spectroscopy (EDX) and/or electron energy loss spectroscopy
(EELS) due to this low critical dose for this beryl sample. How-
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Fig. 3. Atomic resolution HAADF STEM image of a natural Heliodor crys-
tal along the c-axis. Be atoms are not visible. The colour code for the
atomic model superimposed on the image is similar to that used in the
atomic model presented in Figure 1.

ever, a significant amount of information can still be extracted
from the image contrast. It is well known that the HAADF sig-
nal intensity scales almost with the atomic number Z squared
(I = 721-6-29) often referred to as Z-contrast imaging (Nellist
& Pennycook, 2000). This, given an even specimen thickness
for the FIB lamella, together with the incoherent imaging,
often allows a direct interpretation of the lattice. These are
key advantages over high resolution transmission electron
microscopy (HRTEM). Hence, for beryl with the ideal chem-
ical formula Be3Al,(Si»0g)3, the atomic columns containing
Al (Z = 13) and Si (Z = 14) are expected to dominate the
image contrast. At first glance, it might appear strange that
the Al columns are so much brighter than the Si columns.
This is however due to the fact that there are 12 Si columns
per unit cell along the present [0001] projection of the struc-
ture, but only two Al-columns. For every Si atom in one of the
Si columns, there are two Al atoms in each of the Al columns.
The Be columns appear dark due to the low atomic number
(Z=4), but the O columns (Z = 8) are visible. This is due to the
average low atomic number in the sample and the high num-
ber density of atoms in the O columns. The overall structure is
in excellent agreement with the atomic model for beryl.
Table 1 shows the results of the trace element analy-
sis, including the results for the concentrations of the main
elements obtained with EMPA (EDX). In order to calculate
the concentrations of the trace elements, the concentrations
of all the main elements must be known as well. Following
the standard procedure in the literature, we assume that the
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Table 1. Element analysis of the heliodor crystal sample used for this work. All elements above the detection limit are listed. Following the common
approach we include the wt.% numbers of the oxides for the EDX analysis. Fe has been taken to be trivalent. See main text for details.

EMPA (EDX)
Element-oxide Concentration oxide [wt.%]| Error [wt.%] Element Element concentration [wt.%]| Error [wt.%]
SiO, 66.3 0.2 Si 30.99 0.09
Al O3 18.1 0.1 Al 9.58 0.06
Fe>03 0.23 0.03 Fe 0.16 0.02
Na,O 0.085 0.01 Na 0.063 0.007
- - - Cs 0.04 0.015
BeO and H>O estimated 13 (BeO) 2 (H>0) BeH 4.680.11
Sum 99.7 0.35

ICP-MS

Element Element-concentration [ppm] Error [ppm]
Li 340 20
Na 600 60
Mg 5 1
Sc 18.5 4
Ti 45 3
7n 26 2
Ga 15 1
Rb 4.1 0.2
Cs 325 20
Sum without Na 780 40

Jauueyd paidnooQ)|
Jouueyo Aydw3
Jauueyd paidnooQ

Fig. 4. (A) Atomic resolution dark field TEM image of a natural Heliodor crystal along the c-axis. Individual atoms can be seen in the centre of some of
the nano-channels. (B) Enlarged image of box marked in (A). (C) Intensity line profile of box marked in (B).

BeO concentration is 13 wt.% (the value corresponding to the
ideal beryl formula) and the H, O concentration is 2 wt.% (Deer
et al., 1986; Viana et al., 2002). Following the standard con-
vention, we also include calculated oxide values based on the
experimentally determined wt.% with Fe taken to be trivalent
and values for Na,O also included. Strictly speaking, this is

not quite correct since the Na atoms are not included directly
in the lattice, but are present as ions in the channels and fur-
ther we may have both Fe’* and Fe’* in the lattice as well
as some Fe atoms present as ions in the channels. The ICP-
MS analysis combined with the EMPA analysis tells us that
the concentration of most nonformula elements is very low
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and can be ignored. The only significant contributions are: Fe
(Z = 26): 160 ppm, Na (Z = 11): 600 ppm, Cs (Z = 55):
325 ppm and Li (Z = 3): 340 ppm. Na, Cs and Li are all alkali
metals and thus expected to be included as ions in the chan-
nels. Note that the number of Cs atoms is small compared to
the other alkali atoms. For every Cs atom there is 10.6 + 0.2
Na atoms.

Figure 4 shows alarger scale, raw atomic resolution HAADF
image, along the c-axis together with an enlarged section and
a line scan intensity plot. Here it can be seen that several
channels contain what appear to be individual atoms centred
in the middle of the channels. As discussed in the introduc-
tion it is known from spectroscopy that the channels in beryl
can contain alkali ions. According to the element analysis
presented above the only alkali metals present here in larger
amounts are Na, Cs and Li. Further as also discussed in the
introduction it has been speculated that Fe ions (Z = 26) can
be incorporated in the channels. Li is too light to be imaged
even in this sample by HAADF STEM. Cs is heavier, but only
present in a very small amount. Na is lighter than both Al and
Si, and a few Na atoms in some of the open channels would
not have the scattering power to give the observed contrast in
the channels unless these channels are close to fully occupied
by Na ions. However, such a high occupancy of Na ions is ex-
cluded based on the overall Na content in the sample (roughly
one Na atom for every 32 channels in each atomic plane). Fe
is the only trace elements that has both the scattering power
(Z=26) andis present with a sufficient concentration (roughly
one Fe atom for every 35 channels in each atomic plane) to
be able to cause the observed HAADF intensity in some of the
channels. However, it cannot be excluded that Na and/or Cs
contribute to some of the contrast in the partly filled channels.
Fe incorporated in the lattice has not been analysed in this
study, due to the relatively poor signal to noise ratio between
atomic columns of the same type, enforced by the low critical
dose.

Conclusion and future work

In this paper, the first atomic resolution HAADF STEM images
of a natural beryl crystal are presented. It is possible to image
ions centred in the nano-channels. All formula atoms, ex-
cept Be are clearly visible. The low critical dose hampers TEM
analysis and makes spectroscopy analysis impossible. How-
ever, the Z-contrast suggests that Fe atoms are present in the
channels. Our results give interesting perspectives for future
work. An obvious next step would be a systematic, combined
HAADF STEM/spectroscopy study of other varieties of beryl
and quantitative analysis combined with image simulations
to determine if metal ions trapped in the channels contribute to
the colour generation. It should be possible to do this through
Z-contrast imaging alone. Imaging in the direction perpen-
dicular to the c-axis (e.g. [1 -2 1 0]) should also be included
for complementary information. More efficient spectrometers
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would maybe allow elemental analysis on individual atoms
to be performed below the critical electron dose, and thereby
it should be possible to determine conclusively the cause of
specific colour changes.
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