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at ~13.7 GPa further demonstrate that a phase transition 
occurs at this pressure, in good agreement with our Raman 
results. The high-pressure phase of beryl appears to have 
two Al sites that become more regular under compression. 
Hysteresis is not observed in our Raman or luminescence 
spectra on decompression, suggesting that this transition is 
second order in nature: The occurrence of a second-order 
transition near this pressure is also in accord with prior the-
oretical results. We speculate that the high-pressure phase 
(beryl-II) might be a mildly modulated structure, and/or 
that extensive twinning occurs across this transition.

Keywords  Beryl-II · Raman spectroscopy · Luminescence 
spectroscopy · High-pressure · Soft-mode transition

Introduction

Beryl is a beryllium ring silicate that crystallizes in the 
hexagonal crystal system with P6/mcc symmetry (Fig. 1). 
Emerald (Be3Al2Si6O18:Cr) is a chromium-bearing variety 
of beryl, and most emerald samples also contain hundreds 
to thousands of ppm of vanadium (Ollier et al. 2015). Ring 
silicates have attracted considerable interest due to their 
unusual thermal expansion behavior, as well as the abil-
ity for their zeolite-like channels to contain a wide range 
of volatiles (e.g., H2O and CO2). For example, the struc-
turally related ring silicate cordierite ((Mg,Fe)2Al4Si5O18) 
on being heated to ~800  °C expands along the a-axis, 
but contracts along the c-axis (Milberg and Blair 1977; 
Hochella and Brown 1986). The high-temperature behavior 
of beryl is comparable: When heated to ~800 °C, it behaves 
much like cordierite. Below ~300 °C, the c-axis contracts 
with increasing temperature, but expands at higher tem-
peratures (Morosin 1972; Fan et  al. 2015). Interestingly, 

Abstract  The Raman and Cr3+ and V2+ luminescence 
spectra of beryl and emerald have been characterized up to 
15.0 and 16.4 GPa, respectively. The Raman spectra show 
that an E1g symmetry mode at 138 cm−1 shifts negatively 
by −4.57 (±0.55) cm−1/GPa, and an extrapolation of the 
pressure dependence of this mode indicates that a soft-
mode transition should occur near 12 GPa. Such a transi-
tion is in accord with prior theoretical results. Dramatic 
changes in Raman mode intensities and positions occur 
between 11.2 and 15.0 GPa. These changes are indicative 
of a phase transition that primarily involves tilting and mild 
distortion of the Si6O18 rings. New Raman modes are not 
observed in the high-pressure phase, which indicates that 
the local bonding environment is not altered dramatically 
across the transition (e.g., changes in coordination do not 
occur). Both sharp line and broadband luminescence are 
observed for both Cr3+ and V2+ in emerald under compres-
sion to 16.4 GPa. The R-lines of both Cr3+ and V2+ shift to 
lower energy (longer wavelength) under compression. Both 
R-lines of Cr3+ split at ~13.7 GPa, and the V2+ R1 slope 
changes at this pressure and shifts more rapidly up to ~16.4 
GPa. The Cr3+ R-line splitting and FWHM show more 
complex behavior, but also shift in behavior at ~13.7 GPa. 
These changes in the pressure dependency of the Cr3+ and 
V2+ R-lines and the changes in R-line splitting and FWHM 
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the high-temperature behavior of emerald shows a shal-
lower minimum in the c-axis contraction with temperature, 
and the minimum distance is shifted to temperatures of 
~100 °C by only 0.5 wt% Cr substitution into the Al3+ sites 
(Morosin 1972). This has been attributed to expansion of 
the unit cell of emerald relative to end-member beryl, since 
Cr3+ has a larger ionic radius than Al3+. Ring silicates such 
as cordierite have widespread industrial uses as ceramic 
materials, but the industrial applications of beryl have been 
more limited, and are usually highly specialized due to the 
toxicity associated with beryllium (Hochella and Brown 
1986). Emerald has attracted more interest as a tunable 
laser material (Buchert et al. 1983; Lai 1987) and has also 
been mined as a gem since before the start of the Egyptian 
Ptolemaic Kingdom.

The high-pressure behavior of ring silicates such as 
cordierite and tourmaline has also attracted interest due to 
their occurrence in subduction zone environments and their 
widespread industrial uses (Likhacheva et  al. 2012; Milet-
ich et al. 2014a, b; Finkelstein et al. 2015; Xu et al. 2016). 
Experimental high-pressure investigations of beryl are lim-
ited to X-ray diffraction studies and two luminescence stud-
ies. Early high-pressure single-crystal work on a synthetic 
chromium-bearing beryl sample by Hazen et  al. (1986) 
extended to ~5.7 GPa. Hazen et  al. (1986) reported high-
pressure structures up to a maximum pressure of 5.7 GPa 
and did not observe any phase transitions. Qin et al. (2008) 
conducted high-pressure powder diffraction on natural beryl 
up to ~19.2 GPa and did not observe a phase transition, but 
the composition of their sample is unknown. More recently, 
Fan et al. (2015) conducted both powder diffraction to 16.7 
GPa and single-crystal diffraction to 9.5 GPa on a natural 
colorless gem-quality beryl sample of unknown composi-
tion. They did not report high-pressure crystal structures and 
also did not observe a phase transition. Prencipe and Nes-
tola (2005) conducted single-crystal high-pressure X-ray 

diffraction on natural colorless beryl to ~6.3 GPa in order 
to obtain accurate unit cell parameters as a check on their 
theoretical calculations. Two previous high-pressure studies 
of Cr3+ luminescence spectra of emerald up to 8.0 and 5.0 
GPa report pressure-induced red shifts of the main R-line 
(Canny et  al. 1987; Sánchez-Alejo et  al. 2011). Sánchez-
Alejo et al. (2011) report a difference in the R-line shift of 
~20 % between natural and synthetic samples of emerald. 
To our knowledge, high-pressure vibrational spectroscopic 
studies of beryl have not been reported. On the theoretical 
side, ab initio calculations on high-pressure, high-tempera-
ture behavior and the mechanics of the compression of beryl 
have been conducted (Prencipe and Nestola 2005, 2007; 
Prencipe et  al. 2011). Prencipe et  al. (2011) predict that a 
second-order, soft-mode-induced phase transition occurs at 
~14 GPa, with a lowering of symmetry from hexagonal P6/
mcc to triclinic P1̄. High-pressure single-crystal measure-
ments indicate that the symmetry lowers to triclinic at pres-
sures near 14 GPa and twinning occurs (M. Merlini, per-
sonal communication).

We utilize the fluorescence of chromium and vanadium 
to probe the high-pressure behavior of natural emerald. 
Investigations of the high-pressure behavior of Cr3+ or V2+ 
luminescence have largely been restricted to relatively sim-
ple oxides and rare earth-bearing garnets (Chopelas and 
Nicol 1982; Kottke and Williams 1983; Wamsley and Bray 
1994; Jovanić 1997, 2000; Jovanić et  al. 2010). Of these, 
the most well-characterized material is ruby (Al2O3:Cr), 
whose role as a pressure calibrant is well known (Pierma-
rini et al. 1975; Mao et al. 1986). Ruby is also the model 
system through which much of crystal field theory was 
developed (Sugano and Tanabe 1958; Burns 1993). The 
materials that have had their luminescent behavior probed 
under pressure share a few general properties: They are 
simple oxide systems, they are not hydrated, and they 
all have Al sites that are close to ideal octahedra. High-
pressure investigations of Cr3+ luminescence from more 
distorted Al sites in silicates and oxides are limited (e.g., 
O’Bannon and Williams 2016). And, high-pressure studies 
of the simultaneous emission of two or more luminescent 
centers in oxides have been largely confined to studies on 
charge transfer between transition metal elements and rare 
earth elements in garnets (Shen et al. 2000).

Since both Cr3+ and V2+ have a d3 configuration, their 
luminescence spectra are quite similar. The main differ-
ences lie in the intensity, wavelength, and lifetime of emis-
sion associated with these transition metals. The emission of 
Cr3+ and V2+ is typically characterized by relatively narrow 
intense R-lines associated with the spin-forbidden 2E–4A2 
transition, with the 4A2 state being the ground state and 
the 2E state being split in non-cubic environments (Syas-
sen 2008). At high field strengths, the narrowband 2E−4A2 
emission typically dominates the fluorescence spectrum, 

Fig. 1   Crystal structure of beryl looking down the c-axis. Structure 
after Gibbs et al. (1968). Dashed line indicates the unit cell. Crystal 
structure diagram generated using v8.7.6 CrystalMaker®
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while at low crystal field strengths the generally broader 
(and spin-allowed) 4T2–

4A2 emission dominates the emis-
sion spectrum, and at intermediate field strengths, both can 
occur together (Sugano and Tanabe 1958; Burns 1993; Gaft 
et  al. 2005). In samples with significant Cr3+ or V2+ sub-
stitution, sharp neighbor lines (N-lines) generated by shared 
excitations between neighboring Cr3+ or V2+ centers can 
also be observed. These bands tend to be complex, since a 
wide variety of potential neighbor interactions exist (espe-
cially in complex crystal structures). If their assignments are 
known, their pressure dependence can be used to estimate 
changes in magnetic interactions between chromium centers 
(Williams and Jeanloz 1985). In addition to these electronic 
transitions, vibronic bands are also observed. These pho-
non-associated sidebands are offset from the R-lines by the 
frequency of a lattice phonon or a local vibrational mode.

Here, we use Raman spectroscopy to probe the bond-
ing environment of beryl up to ~15 GPa, and Cr3+ 
and V2+ luminescence to probe the Al site in emerald 
(Be3Al2Si6O18:Cr,V) under compression up to 16.4 GPa. 
The Cr3+ luminescence spectrum of emerald under com-
pression has been previously reported but was characterized 
only to ~5.0 GPa (Sánchez-Alejo et al. 2011). They reported 
solely the pressure dependence of the R1 line, although the 
emission spectrum also contains the Cr3+ 4T2 emission, the 
R2 band, linewidths, and, for some compositions, V2+ emis-
sion. With respect to the vibrational spectra, high-pressure 
Raman spectroscopic studies on beryl appear not to have 
been previously conducted. Thus, our experiments are ori-
ented toward: (1) probing the local bonding environment 
and of the Si6O18 rings and Al/Be sites to constrain their 
high-pressure behavior, (2) resolving the 2E and 4T2 emis-
sion bands from both Cr3+ and V2+ in the same crystal 
structure under compression, (3) determining whether any 
phase transition occurs, such as the soft-mode transition that 
has been proposed to be present near ~14 GPa as predicted 
by theory (Prencipe et  al. 2011), (4) determining how the 
crystal field strength in emerald changes under compres-
sion, and (5) examining how the symmetry of the Cr-substi-
tuted Al sites might change under compression by examin-
ing shifts in splitting and linewidths of luminescence peaks.

Experimental methods

The beryl samples are from Rabenstein, Zwiesel, Lower 
Bavaria, Germany (UCSC sample #6533), and the emerald 

samples are from the Boyacá Department, Columbia. 
Purity of both beryl and emerald samples was confirmed by 
single-crystal X-ray diffraction, Raman, infrared, and lumi-
nescence spectroscopy. Spectroscopic measurements were 
in good agreement with previous studies (Wood and Nas-
sau 1967; Hofmeister et  al. 1987; Hagemann et  al. 1990; 
Sánchez-Alejo et  al. 2011). Moreover, both samples con-
sisted of gem-quality euhedral single crystals with typical 
beryl crystal habit. The beryl sample is light green in color, 
while the emerald sample is a characteristic emerald/deep 
green color. The beryl sample was selected for the Raman 
measurements due to its low luminescence background, 
and the emerald sample was selected for the relatively high 
amplitude of its narrowband (R-line) emission relative to 
broadband emission.

Blocks of the beryl and emerald with dimensions of 
~0.05 × 0.05 × 0.02 mm3 were mounted on the goniom-
eter head of a Stoe Stadi-Vari diffractometer equipped 
with an RDI CMOS1 M detector on beamline 12.2.2 at the 
Advanced Light Source in Berkeley, CA. Diffraction data 
were collected using synchrotron radiation monochromated 
with silicon(111) to a wavelength of 0.4959(1) Å (25 keV). 
A hemisphere of data was collected using 0.25° Ω scans 
at multiple χ positions with 0.5-s exposure times.  Data 
were indexed and reduced using the X-Area program. Unit 
cell parameters and volumes obtained are listed in Table 1. 
Hence, based on the systematics of the variations of the 
a-axis dimension with c/a ratio of Aurisicchio et al. (1988), 
each of these beryls are considered “normal” beryls with 
limited substitution of divalent cations for aluminum, and 
limited lithium substitution.

Trace element concentrations of the beryl and emerald 
were measured with a PhotonMachines Analyte 193H, 
which is a 193-nm ArF excimer laser system coupled with 
a ThermoScientific ElementXR single-collect or magnetic 
sector ICP-MS. The instrument was calibrated with a SRM 
610 trace element glass from NIST, and Al was used as 
the internal standard. The results are given in Table 2. The 
concentrations of Na, K, Mg, Ca, and Li are similar in the 
two beryl crystals that we study, and their lattice parame-
ters are also similar (indeed, the c/a ratios are identical, see 
Table 1). Thus, we do not anticipate that the high-pressure 
behavior of these two samples will be notably different 
from one another. In passing, we note that the high-pressure 
behavior of alkali-rich beryls is likely different from that of 
alkali-poor beryls. Alkali-rich beryls show a lengthening of 
the lattice parameters and larger unit cell volumes (due to 

Table 1   Unit cell parameters 
and unit cell volumes of studied 
beryl crystals

Mineral Locality Crystal system a-axis (Å) c-axis (Å) c/a Unit cell volume (Å3)

Beryl Germany Hexagonal 9.2186 (31) 9.1903 (31) 0.9969 (4) 676.37 (40)

Emerald Columbia Hexagonal 9.2124 (19) 9.1839 (18) 0.9969 (2) 675.26 (23)
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alkali substitution) relative to alkali-poor beryls (Sherriff 
et  al. 1991), and the role of alkali occupancy of channels 
within beryls or lithium substitution generating beryllium 
vacancies (Aurisicchio et al. 1988) on high-pressure transi-
tions is beyond the scope of this study.

High static pressures were generated using a Mer-
rill–Bassett-type diamond anvil cell (DAC) equipped with 
16-sided type 1a 500-µm culet diamond anvils. A spring 
steel gasket with a 200-µm hole was used as the sample 
compartment. Experiments were carried out with a metha-
nol/ethanol 4:1 mixture as the pressure media, which yields 
hydrostatic conditions up to ~10.5 GPa (Piermarini et  al. 
1973; Fujishiro et  al. 1982; Klotz et  al. 2009). There is a 
pressure gradient in our sample compartment above ~10.5 
GPa. However, since our spectra were collected from a spot 
size of ~2 μm in diameter, we do not anticipate that pres-
sure variations will adversely affect our spectra; moreover, 
at our maximum pressure of 16.4 GPa, deviations of pres-
sure in methanol/ethanol are anticipated to be of order 1 
GPa across 150- to 200-µm sample compartments (Klotz 
et  al. 2009). Single crystals of both the sample and ruby 
were loaded into the sample compartment, and to prevent 
contamination of the sample luminescence spectra by the 
intense ruby luminescence, the small ruby crystals (ca. 
2 μm diameter) and the emerald were spatially separated 
within the sample. The standard ruby fluorescence method 
was used to determine the pressure (Mao et al. 1986). For 
the low-temperature, ambient-pressure measurements, the 
sample was immersed in liquid nitrogen.

High-pressure Raman spectra were collected using a 600 
lines/mm grating and 633-nm excitation between 75 and 
1200 cm−1, while high-pressure luminescence spectra used 
a 1800 lines/mm grating with 532-nm excitation from 650 
to 800 nm (15,380–12,500 cm−1). Both Raman and lumi-
nescence spectra were measured using a Horiba LabRAM 
HR Evolution Raman spectrometer with a spectrometer 
focal length of 800 mm. An Olympus BXFM-ILHS micro-
scope with a 50× long working distance objective was used 
to focus the laser beam onto the sample. Raman spectra 
were collected to a pressure of ~15 GPa, and luminescence 
spectra were collected to a pressure of ~16.4 GPa and on 
decompression to room pressure at 298 K. Infrared spectra 
were collected from 400 to 8500 cm−1 using a Bruker Ver-
tex 70v evacuated Fourier transform infrared spectrometer 
(FTIR) equipped with a globar source, KBr beam splitter, 

and a liquid-N2-cooled mercury–cadmium–telluride (MCT) 
detector. Infrared spectra have a resolution of 4  cm−1. 
Vibrational and luminescence spectra were fit using a com-
bination of Gaussian and Lorentzian functions with either 
Horiba Labspec6 software or Bruker OPUS6.5 software.

Results and discussion

Room‑pressure luminescence and vibrational spectra

Raman spectra of beryl and emerald under 532-nm excita-
tion are shown in Fig.  2a and are in excellent agreement 
with previous studies (Wood and Nassau 1967; Hofmeister 
et al. 1987; Hagemann et al. 1990). Due to the broad lumi-
nescence background of Cr3+ and V2+ emission, the Raman 
active H2O modes in the ~3600  cm−1 range of emerald 
could not be resolved. Mid-infrared absorption spectra of 
the emerald show that both type I water and II water are 
present within the channels (e.g., Wood and Nassau 1967). 
H2O combination bands and the first overtone of H2O are 
also present in the spectra (Fig. 2b). The Raman spectra of 
the OH region in beryl did not have interference from lumi-
nescence, and type I and II water is observed in the chan-
nels (Fig. 2b inset). Very weak Raman modes are observed 
at ~1385  cm−1 in both beryl and emerald and are due to 
CO2 contained in the channels. Assignments and peak posi-
tions of observed Raman modes are given in Table 3. 

The assignments and deconvolution of the emission 
bands in emerald at room pressure and temperature under 
532-nm excitation are shown in Fig. 3 and listed in Table 3. 
In accord with prior work (e.g., Kisliuk and Moore 1967; 
Schmetzer and Eysel 1974; Ollier et  al. 2015), we assign 
the sharp narrow emission bands to the transition from the 
2E states to the ground states of Cr3+ and V2+: These are 
typically referred to as the R-lines. The splitting of the 2E 
states into two components (R1 and R2) is a consequence 
of the site symmetry of Al in the beryl lattice being slightly 
distorted from octahedral: Its site symmetry is D3 (e.g., 
Gibbs et al. 1968). The broad emission bands are assigned 
to the transition from the 4T2 states to the ground states of 
Cr3+ and V2+. The Cr3+ 4T2 emission band’s location at 
702.3 nm (14,239 cm−1) at room pressure and temperature 
is at substantially longer wavelength than the correspond-
ing absorption of this transition near 615 nm (Kisliuk and 

Table 2   Trace element concentrations of beryl and emerald

All measurements are given in ppm, and dashes indicate that the concentration was below the detection limits of our method

Sample Na K Ca Mg Li Ti Mn V Cr Fe

Beryl 2938 (±68) 133 (±67) 315 (±222) 1243 (±34) 138 (±5) 13 (±6) 31 (±4) – – 3471 (±217)

Emerald 1430 (±415) 10 (±8) 332 (±192) 1826 (±91) 37 (±3) – – 760 (±75) 1235 (±105) 265 (±45)
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Moore 1967). Thus, the excited state of this transition is 
Stokes shifted to the long wavelength side of the R-lines, 
a phenomenon that has been well documented in emer-
ald (Kisliuk and Moore 1967). The 4T2 emission band of 
V2+, located at 731.55 nm (13,669.6 cm−1), is also Stokes 
shifted to longer wavelengths relative to its absorption band 
at ~667 nm (~15,000 cm−1) (Schmetzer and Eysel 1974). 
Our emerald sample is grossly similar in Cr3+ and V2+ con-
centration to the Capoeirana, Brazil  emerald sample from 
Ollier et al. (2015), and we fit and assign our spectra simi-
larly to their ambient-pressure study. The previous assign-
ments of the V2+ 2E and 4T2 emission lines are based on 
lifetime measurements (Schmetzer and Eysel 1974; Ollier 
et al. 2015).

Unlike Ollier et al. (2015), we observe both the R1 and 
R2 lines from Cr3+ under steady-state excitation (they 
observe the R2 band only in time-delayed spectra), and 
we fit two components to each Cr3+ R-line (Fig. 3 inset). 

The lower-intensity component/shoulder of each R-line 
is located to the long wavelength side of the more intense 
component of the R-lines, and the presence of these addi-
tional components suggests that there are likely two mod-
estly different Cr3+ sites, with most of the Cr3+ being pre-
sent in the site represented by the more intense bands. We 
refer to the most intense component of the Cr3+ R-lines as 
the primary R-lines and the lower-intensity components as 
the secondary R-lines. The origin of the secondary Cr3+ 
R-lines might be associated with local shifts in bonding 
associated with channel constituents. Certainly, the shift in 
energy of the secondary lines from the primary R-lines is 
slight, and water as a channel constituent affects the bond-
ing of the adjoining silica tetrahedra (e.g., Fridrichová 
et  al. 2016), and hence proximity to a water molecule in 
a channel may modestly alter the charge density of the Al/
Cr site and give rise to the secondary bands. Peak asym-
metries, and the necessity of fitting absorption bands with 

Fig. 2   Room-pressure and room-temperature a Raman spectra of beryl and emerald in the lattice- and ring-vibration region and b infrared spec-
trum of emerald in the OH stretch region. Inset shows Raman spectrum of beryl in the OH stretch region

Table 3   Raman modes 
observed at high pressures 
[assignments based on 
Hofmeister et al. (1987) and 
Prencipe et al. (2006, 2011)], 
pressure dependences of peak 
positions, and calculated mode 
Grüneisen parameters (γi) of 
beryl

ν0i (cm−1) Assignment (dν0i/dP) to 14 GPa (cm−1/GPa) γi

138 E1g ring flexure −4.57 (±0.55) −5.95

318 Ring and Al distortion 0.99 (±0.19) 0.56

391 Ring breathing 0.40 (±0.08) 0.18

440 Si and Be bending 1.47 (±0.31) 0.60

520 Si and Be bending 3.65 (±0.27) 1.26

678 Si and Be bending 2.75 (±0.24) 0.73

1005 Si–O2 stretch + O2–Al/Be–O2 deformation 6.93 (±0.28) 1.24

1061 Si–O2 stretch + O2–Al/Be-O2 deformation 5.76 (±0.56) 0.98
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two peaks of markedly different intensities, have also been 
noted in the absorption spectrum of emerald (Parkin and 
Burns 1980; Taran et al. 1994), and additional R-lines from 
separate Cr sites (albeit on the short-wavelength side of the 
primary R-lines) have been observed in very Cr-rich emer-
ald (3 at.%, Quarles et al. 1988).

The tandem of Cr3+ and V2+ can account for all of the 
emission bands observed, except for the broad low-inten-
sity band located at ~785 nm. Ollier et  al. (2015) discuss 
the possibility that this broad low-intensity band might be 
due to the 2E to 2T2 transition of Ti3+, but note that this 
valence state is unlikely in geologic materials. They sug-
gest that emission from ferric iron is the probable origin, 
due to the large full width at half maximum (FWHM) of 
the ~785-nm emission band. Moreover, a broad Fe3+ emis-
sion band near 770  nm has been reported in ruby doped 
with both Cr3+ and Fe3+ (Snytnikov et al. 2008). Hence, we 
tentatively assign the emission band at ~785 nm observed 
in our room-pressure and room-temperature measurements 
to Fe3+, since the Ti concentration in our sample was below 
detection limits. Under compression, the intensity of this 
band decreases dramatically and becomes unresolvable, 
so the deconvolutions of our high-pressure spectra do not 
include this emission band.

The 77 K luminescence spectrum of emerald is shown 
in Fig.  4. At 77  K and room pressure, the 2E transition 
of Cr3+ and V2+ and pair emission lines of Cr3+ and V2+ 
are the primary features in the spectrum. At 77  K, the 
Cr3+ R-lines shift to lower wavelength by ~1 nm and the 
splitting between the primary R1 and R2 is lowered to 

62.9  cm−1 (from 65.8  cm−1 at room temperature), which 
is in accord with previous studies (Ohkura et  al. 1987; 
Skvortsova et  al. 2015). At low temperature (77  K), the 
broad thermally populated 4T2 emissions of Cr3+ and V2+ 
are quenched. The secondary R-lines are still observed at 
77  K (inset in Fig.  4), indicating that they are not popu-
lated by thermal effects and supporting their origin as being 
derived from a separate Cr3+ site. Peak positions of Cr3+ 
neighbor lines are assigned after Ohkura et al. (1987) and 
shown in Fig.  4 (dashed vertical lines). Neighbor lines 
(N-lines) are emission lines that are generally located to the 
longer wavelength side of the R-lines (lower energy) and 
are attributed to paired ion emissions. Interestingly, the pre-
viously assigned neighbor lines account for less than half 
of the observed sharp emission lines in the sideband region 
(indeed, many bands were not assigned by Ohkura et  al., 
1987). This demonstrates that this region consists of com-
plex pair emission lines due to neighbor interactions from 
Cr3+ and probably V2+-associated pairs.

High‑pressure Raman spectra

Representative high-pressure Raman spectra are shown on 
compression and decompression in Fig. 5, and the pressure 
shifts of the Raman modes are shown in Fig. 6. The assign-
ments, pressure shifts, and mode Grüneisen parameters 
(γi) of beryl are given in Table 3. The assignments of the 
Raman modes of beryl have attracted interest (Hofmeister 
et  al. 1987; Hagemann et  al. 1990; Prencipe et  al. 2006): 
For reference, there are 36 Raman active modes of beryl 

Fig. 3   Typical deconvolution of emerald emission spectrum 
using 532-nm excitation. Assignment of emission bands based on 
Schmetzer and Eysel (1974) and Ollier et al. (2015). Green colored 
peaks are Cr3+ emission and wine colored peaks are V2+ emission. 
Inset shows detailed 2E fit with primary (p) and secondary (s) R1 and 
R2 lines. The modulation/fringing on the broad 4T2 emission is an 
artifact

Fig. 4   Representative room-pressure 77  K luminescence spectra of 
emerald using 532-nm excitation. The sharp emission lines in the 
×50 spectrum at low temperature are assigned to paired emissions 
of Cr and/or V (N-lines). Inset shows detailed 2E fit with primary (p) 
and secondary (s) R1 and R2  lines. Vertical red dashed lines are the 
subset of Cr N-lines that were assigned by Ohkura et al. (1987)
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predicted by factor group analysis (e.g., Prencipe et  al. 
2006). Most of the modes resolved in this study are 
assigned to either Si/Be–O stretching or bending vibrations, 
or ring breathing/distortions. Notably, the E1g mode located 
at 138 cm−1 has a rapid negative shift under compression. 
However, we do not resolve this band above ~5 GPa due 
to our lower-frequency cutoff of ~100 cm−1. Nevertheless, 
its negative pressure shift appears to become larger with 
increasing pressure, and a polynomial extrapolation of the 
pressure shift of this mode (Fig. 6a) shows good agreement 
with the calculated mode shifts reported by Prencipe et al. 
(2011). This simple extrapolation of our Raman data to 
zero frequency thus suggests that the soft-mode transition 

would occur near 12 GPa. For comparison, the calcula-
tions of Prencipe et al. (2011) indicated that the decrease in 
frequency of this soft mode should induce a second-order 
transition near 14 GPa. However, the pressure shift of this 
E1g mode likely becomes complicated as the transition is 
approached, with anharmonic effects becoming increas-
ingly important, and the soft-mode frequency itself never 
reaching zero. Indeed, it likely approaches a minimum 
where the harmonic component of the effective potential is 
zero, and anharmonic effects predominate (Prencipe et al. 
2011; Prencipe, personal communication). Hence, our 
polynomial extrapolation of the transition pressure may 
underestimate the actual pressure of the transition. Thus, 

Fig. 5   High-pressure Raman 
spectra of beryl under 633-nm 
excitation on a compression 
and b decompression. Asterisks 
indicate the position of Cr3+ 
R-lines in the beryl sample

Fig. 6   Raman mode shifts of 
a the low-frequency E1g mode, 
including from the calcula-
tion of Prencipe et al. (2011) 
and b the higher-frequency 
lattice and silicate ring and Be 
modes. Closed symbols are 
compression, open sym-
bols are decompression, 
and error bars are smaller than 
the symbols
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given the pressure (and hence frequency) range over which 
we resolve this band, the agreement with theory (Prencipe 
et al. 2011) on both the shift and inferred pressure of a soft-
mode transition in beryl/emerald is excellent (Fig. 6a). The 
other Raman modes shift monotonically and positively up 
to ~11.2 GPa, and at 15.0 GPa, all observed Raman modes 
undergo discontinuous shifts, dramatic decreases in inten-
sity and broadening. On decompression, we do not observe 
hysteresis in the transition, although our bounds on the pre-
cise pressure of the transition from the Raman spectra are 
not tight.

We assign our modes in more detail using the calculated 
isotopic shifts of the Raman modes (Prencipe et al. 2006) 
as well as animations (animations are available on the 
CRYSTAL Web site)1 of the Raman active modes (Prenc-
ipe et al. 2011). The Si and Be bending modes at 440, 520, 
and 678  cm−1 have variable pressure shifts; of these, the 
678 cm−1 mode has the largest degree of Be motion, while 
the 520  cm−1 band predominantly involves Si and O 
motion, and the 440  cm−1 mode involves both Si and Al 
motion in addition to O, and its displacement appears to 
involve more of a bulk rotation of the silica tetrahedron 
(Prencipe and Nestola 2007, Prencipe et  al. 2011). The 
smaller pressure shift of the 440 cm−1 band relative to the 
other two bands suggests that the internal tetrahedral defor-
mational vibrations stiffen more rapidly under pressure 
than deformational vibrations associated with the rings: In 
this sense, the behavior of the 440  cm−1 band may more 
closely resemble that of the ring distortion and ring defor-
mation vibrations at 318 and 391  cm−1. Interestingly, the 
pressure shifts of the Si–O2 stretching and O2–Al/Be–O2 
deformational vibrations at 1005 and 1061 cm−1 are quite 
rapid, indicating that vibrations associated with the O2 
atom are particularly responsive to pressure. The idea that 
the O2 atom may play a key role in the high-pressure defor-
mational behavior of beryl is precedented: Prencipe and 
Nestola (2007) note that the mechanics of compression of 
beryl primarily involve movement of the O1 and O2 atoms.

While we could detect no evidence of Cr3+ luminescence 
from this beryl under 532-nm excitation, under 633-nm 
excitation low-intensity Cr3+ R-lines are observed (Fig. 5a, 
b). This indicates that the ability to excite the R-lines in 
Cr-poor beryl is minimal at 532 nm, while at 633 nm the 
strong 4A2g  →  4T1g derived absorption band pumps the 
R-lines. Within Cr-rich emerald, the high-energy tail of this 
absorption band is sufficient to excite the R-line fluores-
cence. The emission lines in beryl are observed as contami-
nants in the Raman spectrum across the pressure range of 
this study and their pressure shifts, as described below, are 
essentially identical to the pressure shift observed in our 

1  http://www.crystal.unito.it/vibs/beryl.

emerald sample. The pressure shift of R1 in our beryl sam-
ple is −10.5 (±0.5) cm−1/GPa and for R2 is −10.1 (±0.3) 
cm−1/GPa. A more complete discussion of emerald Cr3+ 
R-line pressure shifts follows the next section.

Mode Grüneisen parameters

Using the pressure shift of a vibrational frequency νi for 
a mode i, (dνi/dP), a mode Grüneisen parameter, or mode 
gamma (γi), can be calculated using γi =  K0/ν0i (dνi/dP). 
Here, K0 is the bulk modulus of beryl, for which we used 
a value of 180 (±2) GPa (Fan et  al. 2015). Two previous 
studies reported indistinguishable values of K0 of 179 (±1) 
and 181 GPa (Yoon and Newnham 1973; Prencipe and Nes-
tola 2005), while Hazen et al. (1986), in their single-crystal 
study to 5.7 GPa, reported a value of K0 of 170 (±5). The 
ν0i values were determined by Raman spectroscopy at room 
temperature and pressure (Fig.  2), and the calculated dνi/
dP and mode gammas are listed in Table  1. Notably, the 
E1g mode at 138 cm−1 has a large negative mode Grüneisen 
parameter, which is in good accord with the calculated 
Grüneisen parameters reported by Prencipe et  al. (2011). 
For comparison, the thermodynamic value of the Grüneisen 
parameter can be determined using the thermal expansion 
reported by Morosin (1972), coupled with the bulk mod-
ulus of 180 GPa (Fan et  al. 2015) and the heat capacity 
at 300  K (Hemingway et  al. 1986) using γi = α K0/ρCp. 
The calculated thermodynamic Grüneisen parameter is 
0.27: This small value is a consequence of the relatively 
low thermal expansion of beryl at 300 K (3.26 × 10−6/K, 
Morosin 1972). Our overall average mode gammas for the 
Raman bands in Table  1 is −0.05. This discrepancy with 
the thermodynamic value is certainly associated with our 
sampling of the Raman modes of beryl being highly biased 
by a single, low-frequency soft mode with a highly nega-
tive Grüneisen parameter.

High‑pressure luminescence

In order to probe the effect of polymorphism on the lumi-
nescence spectrum, emerald was probed at high pressures 
through the transition observed using Raman spectroscopy. 
Representative high-pressure luminescence spectra on both 
compression and decompression are shown in Fig. 7, and 
the pressure shifts of the Cr3+ and V2+ emission lines are 
plotted in Fig.  8. The assignments and pressure shifts of 
the Cr3+ and V2+ emission bands are given in Table 4. The 
primary and secondary Cr3+ R-lines shift smoothly and to 
lower energy under compression up to ~13.7 GPa where 
the primary lines split. Above ~13.7 GPa, the two compo-
nents of the R1 and R2 bands have different pressure shifts 
(Table  4) which, in combination with their splitting, sug-
gests that a phase transition has occurred. The splitting is 

http://www.crystal.unito.it/vibs/beryl


679Phys Chem Minerals (2016) 43:671–687	

1 3

clearly manifested in the R1 band (Fig. 9), while two over-
lapping (but deconvolvable) components are present in 
the R2 band. Hysteresis of these splittings is not observed 
on decompression: They are fully reversible, which indi-
cates that this transition is second order in nature. We 
note that this split occurs 1.7 GPa higher than the pressure 

determined by extrapolating polynomial extrapolation 
of the Raman E1g mode. This is not surprising, since the 
extrapolation of this mode incorporated data only up to 
~4.0 GPa, and the shift of this mode is thus less negative as 
the transition is approached relative to a polynomial extrap-
olation. Hence, our luminescence data provide an accurate 

Fig. 7   High-pressure luminescence spectra of emerald under 532-nm excitation a compression and b decompression. Notably, the broadband 
4T2 emission from Cr3+ and V2+ decreases in intensity rapidly under compression

Fig. 8   Pressure shift of emerald R-lines and 4T2 bands of a Cr3+ 
and b V2+. Primary and secondary R-lines are labeled with a p and 
s, respectively. Vertical dashed line indicates the high-pressure phase 

transition. Closed symbols are compression, open symbols are decom-
pression, and error bars are smaller than the symbols
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constraint on the pressure that the high-pressure second-
order transition occurs, and our Raman data confirm that 
this high-pressure transition is indeed a soft-mode transi-
tion. The pressure shift we observe up to 13.7 GPa of the 
primary R1 line is similar to that of the previous studies of 
Canny et al. (1987) and Sánchez-Alejo et al. (2011). Canny 
et al. (1987) report that the pressure shift of R1 in emerald 
of unknown origin was −10.5 (±0.5) cm−1/GPa from 0.4 
to 8.0 GPa. The pressure shift of the R1 band reported by 
Sánchez-Alejo et al. (2011) in a natural emerald sample up 
to ~5 GPa was −11.3 (±0.3) cm−1/GPa. The pressure shift 
of our natural emerald R1 emission band is −10.7 (±0.2) 
cm−1/GPa, in good agreement with prior studies.

The pressure shift of the V2+ R-line in emerald is −6.5 
(±0.3) cm−1/GPa. There are few previous studies of the 
pressure shift of V2+ R-lines in other compounds. Chope-
las and Nicol (1982) report that the pressure shift of the 
V2+ R1 in MgO:V2+ is ~−12  cm−1/GPa, and Jovanic 
et  al. (2010) report that the pressure shift of V2+ R1 in 
LaMgAl11O19:V

2+ is essentially 0 cm−1/GPa. In the case of 
MgO, the pressure shift of V2+ is roughly two times larger 
than that of Cr3+ in MgO (Chopelas and Nicol 1982). The 
opposite seems to be the case for V2+ in emerald (our 
observed V2+ R1 pressure shift is about half of the Cr3+ R1 
pressure shift in emerald). One key difference between the 
MgO study and our study is that we are characterizing the 
pressure shift of Cr3+ and V2+ simultaneously in the same 
material under compression. The unexpected smaller shift 
of the R-line of the larger V2+ ion may be associated with 
the effects of local charge balance on the environment sur-
rounding this non-isovalent substitution: Two V2+ substi-
tutions are plausibly accompanied by an oxygen vacancy 
which, if the vacancy is local to the vanadium ion, may 
induce a markedly different local compressibility.

The 4T2 transitions of Cr3+ and V2+ shift to higher 
energy up to ~8 GPa where their pressure shifts decrease, 
shifting only slightly to lower energy up to the maximum 
pressure of this study (Fig. 8a, b). The intensities of these 
transitions also markedly decrease under compression. The 
shift to higher energy and the decrease in intensity indicate 
that the crystal field strength changes from an intermedi-
ate strength field to a stronger field under compression to 

Table 4   Assignment, position in wavelength and wavenumber, and 
pressure shift of emission bands in both emerald phases

a   dν/dP of these bands determined from polynomial fits

Assignment λ  
(nm)

ν  
(cm−1)

Low P phase High P phase

dν/dP  
(cm−1/GPa)

dν/dP  
(cm−1/GPa)

R2 Cr3+ primary 680.52 14,694.7 −10.2 (±0.2) −4.4 (±0.4)

R2 Cr3+ secondary 681.83 14,676.1 −10.0 (±0.4) −9.8 (±0.4)

R1 Cr3+ primary 683.58 14,628.9 −10.7 (±0.2) −3.0 (±0.4)

R1 Cr3+ secondary 684.41 14,611.1 −10.5 (±0.4) −9.2 (±0.5)

R1 V
2+ 691.13 14,469.1 −6.5 (±0.3) −20.7 (±7.0)

4T2 Cr3+ 702.31 14,238.7 +44.7 (±2.4)a −12.7 (±4.6)
4T2 V

2+ 731.55 13,669.6 +47.5 (±4.2)a −13.2 (±5.8)

Fe? 785.26 12,732.6 – –

Fig. 9   Detail of the Cr3+ R-line 
region showing the splitting 
that occurs in the high-pressure 
phase of emerald on a compres-
sion and b decompression
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~16.4 GPa. The shift of the 4T2 emission to higher energies 
and the 2E to lower energies under compression has been 
reported in materials doped with d3 ions (Jovanić et  al. 
2010). The change in crystal field strength appears to occur 
continuously and across the pressure range to ~10 GPa in 
emerald.

The 4T2 transition corresponds to the difference in 
energy between the split d orbitals of the chromium ion 
and is represented as 10Dq. If we assume, in accord 
with an octahedral crystal field point-charge model, that 
the energy of the 4T2 transition scales as R−5

Cr–O (Zheng 
1995; Bray 2001), then we derive a compressibility of 
6.28 × 10−4 GPa−1 for the Cr3+ bond lengths. This result 
is much smaller than the calculated bond compressibility 
of 1.96 ×  10−3 GPa−1 for the Al sites in beryl using the 
high-pressure single-crystal results of Hazen et  al. (1986) 
(e.g., Mei et  al. 2016). Since X-ray diffraction refines an 
average structure, the beryl sample (synthetic emerald con-
taining 1.3 % Cr) measured by Hazen et al. (1986) involves 
an average of the Al–O and Cr–O distances. Recently, Mei 
et al. (2016) derived covalency reduction parameters from 
ambient-pressure spectra of emerald and combined these 
with the R-line shifts of Sánchez-Alejo et  al. (2011) to 5 
GPa, and generated a compressibility of the Cr–O bond 
that was between 9 and 19 % less than that of the results of 
Hazen et al. (1986).

At the local scale, Gaudry et  al. (2007) find that the 
Cr–O bond lengths in emerald are almost 4 % longer than 
the Al–O bond lengths and that the structural compensa-
tion for this increased bond length takes place primarily in 
the first coordination shell surrounding the Cr: Hence, the 
compaction undergone locally by the Cr ion almost cer-
tainly does not reflect the compression of the Al site within 
the bulk lattice. Indeed, Gaudry et al. (2007) note that the 
R−5 point-charge model fails to explain the magnitude of 
10Dq in emerald: Our results imply that this model also, 
unsurprisingly, cannot explain the pressure dependence of 
10Dq either. The notable disagreement between bond com-
pressibilities derived from the combination of the point-
charge model and spectroscopic pressure dependencies of 
Cr ion transitions and X-ray diffraction characterizations 
of the pressure dependence of the Al–O bond are thus not 
surprising and indicate that complex local bonding effects 
associated with Cr3+ ion substitutions may be present in 
beryl (e.g., Zheng 1995). Additionally, the close approach 
of the 4T2 and 2E states may give rise to resonance or anti-
resonance effects between the levels (e.g., Sanz-Ortiz et al. 
2010): Such effects, which we do not examine in detail in 
this study, may produce the markedly nonlinear shift of the 
4T2 state in Fig. 8a. Thus, we do not present a point-charge 
calculation of compressibility using the pressure shift of the 
4T2 emission of V2+, since it is not isovalent with Al3+ and 
hence we expect simple crystal field scaling rules to break 

down even more severely than for an isovalent substitution. 
In addition to local relaxation, the roles of site distortion 
from an octahedral environment, pressure-induced shifts in 
site geometry, potential complex deformation mechanisms, 
and spin–orbit coupling and possible admixture/resonance 
effects between the 4T2 and 2E levels further render such 
octahedral point-charge-based scaling results suspect for 
emerald. Nevertheless, in contrast to the modestly differing 
pressure shifts of the 2E R1-line emissions between vana-
dium and chromium, the pressure shift of the V2+ 4T2 emis-
sion is more than twice the pressure shift of the Cr3+ 4T2 
emission in emerald, suggesting that sites with V2+ may be 
more compressible than Cr3+ sites in emerald.

The intensities of the Cr3+ and V2+ 2E transitions 
increase under compression (Fig.  10a) relative to the 
intensities of the Cr3+ and V2+ 4T2 transitions (Fig. 10b). 
Under compression, the energy of the 4T2 transition shifts 
to higher energy and moves closer in energy to the 2E 
transition. Indeed, by ~10 GPa, the 4T2 emission of Cr3+ 
lies within 5  nm of the primary R1 band. Hence, mixing 
between these two transitions is enhanced under compres-
sion. This increase in mixing and near-energetic equiva-
lence likely contributes to the increase in intensity of the 
2E transition under compression. It is also possible that the 
increase in relative intensity could be caused by the pres-
sure shift of an absorption band relative to the wavelength 
of excitation: Unfortunately, no optical absorption meas-
urements of emerald have been taken at high pressures, 
although significant shifts in emerald’s crystal field absorp-
tions are observed as a function of temperature (Parkin 
and Burns 1980; Taran et  al. 1994). Above ~10 GPa, the 
relative intensity of the 2E transition begins to decrease and 
the intensity of the 4T2 increases slightly up to the maxi-
mum pressure of this study. This observation is unusual and 
could be due to (1) a decrease in mixing between the 4T2 
and 2E; (2) an unconstrained shift of an absorption band 
above 10 GPa; or (3) a significant change in the interaction 
between the two states across the high-pressure phase tran-
sition. By analogy with Gd3Sc2Ga3O12:Cr3+ (Hoemmerich 
and Bray 1995), there could be a tendency toward anti-
crossing behavior of the 4T2 and 2E states in emerald under 
compression which starts to prevent mixing of the 4T2 and 
2E near 10 GPa. With respect to pressure shifts of Cr3+ 
absorption bands, a shift to shorter wavelength of ~100 nm 
under compression to ~13.5 GPa has been reported in kos-
mochlor (NaCrSi2O6) (Taran et al. 2011). If such a pressure 
shift is present in emerald, the shape of the emerald absorp-
tion spectrum (Taran et  al. 1994) is such that under com-
pression the absorption bands of emerald could shift so that 
532-nm excitation is absorbed less by the low-energy tail of 
the 4T1 absorption and more by the high-energy side of the 
4T2 absorption. Lastly, the absorption spectrum of the high-
pressure phase may be significantly different than that of 
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the low-pressure phase. However, we do not anticipate that 
two Cr sites that have R1 emission lines separated by only 
33.5 cm−1 (at 16.4 GPa) would generate a dramatically dif-
ferent absorption spectrum from the low-pressure phase.

R‑line splitting and FWHM

The R-line splitting is viewed as a primary manifestation 
of the distortion of the Al site, with the larger the split-
ting, the more distorted the Al site from an ideal octa-
hedron. For example, ruby has a close-to-ideal Al site 
(with a modest trigonal distortion) and has an R-line 
splitting of ~29  cm−1 (Syassen 2008), while zoisite 
(Ca2Al3Si3O12(OH)) has a highly distorted Al site and has 
an R-line splitting of ~350 cm−1 (Koziarska et al. 1994). 
Emerald has a mildly distorted Al site with an R-line 

splitting of ~65 cm−1, and under compression to ~6.0 GPa 
the R-line splitting decreases by ~5 cm−1, indicating that 
the Al site becomes less distorted (Fig. 11a). Indeed, high-
pressure single-crystal structural refinements confirm that 
the Al sites become mildly less distorted up to ~5.7 GPa 
(Hazen et al. 1986). Above ~6.0 GPa the Cr3+ R-line split-
ting rapidly increases up to ~13.7 GPa, suggesting that 
the Al sites become more distorted in this pressure inter-
val as the high-pressure phase transition is approached. 
The R-line splitting of the secondary Cr3+ R-lines shows 
similar behavior under compression, but the data are more 
scattered because the second component of the R2 line 
is difficult to deconvolve. Indeed, the secondary R2 peak 
becomes impossible to resolve between ~6.5 and 13.7 
GPa. Also, only the R1 component of the V2+ emission 
lines could be reliably fit across the pressure range of this 

Fig. 10   Pressure dependence of 
Cr3+ and V2+ a R1 emission and 
b 4T2 emission. R1 intensity is 
normalized to the 4T2 intensity 
and the 4T2 intensity is normal-
ized to the R1 intensity. Closed 
symbols are compression, open 
symbols are decompression, 
and error bars are smaller than 
the symbols 

Fig. 11   Pressure dependence 
up to ~16.4 GPa of the primary 
Cr3+ R-line components a 
R-line separation and b FWHM. 
Circles (green) are R1 and 
squares (black) are R2. Verti-
cal dashed line indicates the 
high-pressure phase transition. 
Closed symbols are compres-
sion and open symbols are 
decompression
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study, and so the V2+ R-line splitting as a function of pres-
sure was not characterized.

After the phase transition near 13.7 GPa, a second com-
ponent of the Cr3+ R2 band again becomes resolvable, since 
the two components of each of the R-lines have different 
pressure shifts in the high-pressure phase. The pressure 
dependence of the Cr3+ R-line splitting changes sign and 
decreases above the 13.7 GPa transition (Fig.  11a). This 
marked change in splitting indicates that the Al sites in the 
high-pressure phase become less distorted under compres-
sion to the maximum pressure of this study. These varia-
tions in R-line separations are largely reversible on decom-
pression, with the R-lines being perhaps slightly more 
closely separated between 13.7 and ~10 GPa on decom-
pression relative to on compression (Fig. 6a): We have no 
simple explanation for this difference.

The FWHMs of the primary and secondary Cr3+ R1 
bands as a function of pressure are shown in Fig.  11b. 
The FWHM of the R1 band decreases up to ~6.0 GPa, and 
from ~6.0 to the  ~13.7 GPa phase transition, the FWHM 
of both the R1 and R2 bands increases. Above the transi-
tion, the FWHMs decrease up to the maximum pressure of 
16.4 GPa. On decompression, the FWHMs of the R-lines 
generally follow the same trend as they did during com-
pression, although the scatter is substantially greater, pos-
sibly due to the effects of residual strain following decom-
pression. The Cr3+ R-line FWHM begins to increase at 
~6.0 GPa, well below the pressure of the glass transition 
in methanol/ethanol mixtures (Piermarini et al. 1973; Klotz 
et  al. 2009), and thus the broadening cannot be attributed 
to non-hydrostaticity. This trend of decreased splitting and 
FWHM above 13.7 GPa of the R-lines is thus robust: As 
such, the decreases in these parameters following the tran-
sition reflect a fundamental shift in the response to pressure 
of the Al/Cr site within the high-pressure phase.

The pressure dependence of the FWHM of the V2+ R1 
line is challenging to resolve from our peak fits, and this 
peak may include difficult-to-deconvolve components of 
the 4T2 emission bands of both Cr3+ and V2+. The room-
pressure and room-temperature FWHM of the V2+ R1 that 
we determine from our deconvolution is ~200 cm−1. This 
is extremely wide for a V2+ R1 emission line (e.g., the 
FWHM of the V2+ R1 line in MgO is ~7  cm−1 at room 
pressure and temperature, Imbusch et  al. 1964) and may 
reflect an association of this band with a vacancy, or a 
structurally distorted environment. The pressure depend-
ence of the linewidth of R-lines can be modeled using a 
Debye-based model (Kottke and Williams 1983), which is 
modified from the formulation for the temperature depend-
ence of the R-line widths (Imbusch et  al. 1964). Since 
vibronic modes and neighbor lines could not be resolved 
across the pressure range of these measurements (due to the 
broad 4T2 emission bands of both Cr3+ and V2+), we do not 

know the rates at which vibronic modes shift, and whether 
they are anticipated to interact more or less strongly with 
the R-lines at high pressures. Moreover, our high-pressure 
Raman experiments provide the only experimental con-
straints on beryl’s phonon spectrum under pressure. The 
vibronic modes that primarily couple with the R1-lines to 
generate their width may initially shift at rates faster than 
the R-lines, which would generate the initial decrease 
in R-line widths under compression to ~6.0 GPa. The 
decrease in peak widths above the transition may reflect 
either a structural effect (a more symmetric environment of 
the multiple Cr/Al sites within a different phase, and hence 
a smaller intrinsic peak width), or a shift in phonon cou-
pling in the high-pressure phase, or a complementary com-
bination of these two effects.

High‑pressure phase transition

Dramatic changes in the Raman spectra at ~14 GPa, a 
negative pressure shift of the E1g mode, and splitting of the 
Cr3+ R-lines at ~13.7 GPa all indicate that beryl undergoes 
a phase transition to beryl-II near 14 GPa. The absence of 
hysteresis in both the Raman and luminescence spectra 
suggests that this transition is second order in nature. Thus, 
both types of spectroscopic data are in accord with the 
predicted transition at 14 GPa proposed by Prencipe et al. 
(2011). Our Raman data also confirm that this transition 
is driven by a soft mode (Fig. 6a). Our spectroscopic data 
allow us to make some general comments on the high-pres-
sure deformation of beryl up to and above the transition to 
beryl-II. Indeed, the detailed changes in the Si6O18 ring and 
Al/Be polyhedra under compression were only character-
ized up to 5.7 GPa in single-crystal diffraction measure-
ments by Hazen et al. (1986).

Our Raman and luminescence data indicate that the 
crystal structure of beryl accommodates initial com-
pression with little or no distortion of the Si6O18 rings. 
Indeed, our high-pressure Raman and luminescence data 
(the pressure shift of emission lines, R-line splitting, and 
FWHM) suggest that the compaction mechanism of beryl 
involves primarily compression of the Al and Be sites up 
to ~6.0 GPa. Above ~6.0 GPa, the deformation mecha-
nism may include compaction of the Si6O18 rings, based 
on the changes observed in R-line splitting and FWHM of 
the Cr3+ R-lines. However, the deformation of the Si6O18 
rings above ~6.0 GPa is still likely minimal since no obvi-
ous changes in the Raman spectra are observed until above 
~12 GPa. High-pressure single-crystal structures of beryl 
reported by Hazen et al. (1986) show that the components 
of the rigid Si6O18 rings do not significantly distort under 
compression up to 5.7 GPa, as indicated by the quadratic 
elongations (Robinson et  al. 1971) of the Si tetrahedra. 
This is in contrast to the quadratic elongation of the Al/Be 
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sites reported by Hazen et al. (1986). The increased distor-
tion of the Al/Cr sites manifested by the shift near 6 GPa in 
the splitting and FWHM luminescence data indicates that 
the onset of larger degrees of distortion of the Al polyhe-
dra may be associated with the initiation of deformation 
of the tetrahedra of the Si6O18 rings (Fig.  1). The defor-
mation of the rings above ~6.0 GPa likely includes mild 
distortions of the Si tetrahedra (changes in bond angles or 
movement of the Si atom), but these changes do not gen-
erate a change in symmetry. Our luminescence data thus 
suggest that a change in the compressional mechanism of 
emerald occurs at ~6.0 GPa, with the Al sites becoming 
increasingly distorted up to 13.7 GPa. Notably, quantum 
mechanical calculations on the compression of beryl up to 
28.4 GPa show that the O2 atoms (which link the Al and 
Be sites) move away from the Si atoms and closer to the Al 
and Be atoms, while the O1 atoms, located on the inside of 
the Si6O18 rings, move in the ab plane toward the center of 
the Si6O18 rings (Fig. 1; Prencipe and Nestola 2005). Nota-
bly, the existence of the soft-mode transition was unknown 
at the time of these calculations, and the calculations above 
14 GPa were done using the symmetry of the low-pressure 
phase.

At 13.7 GPa, the Cr3+ R1 band becomes asymmetric 
(Fig.  9), and a change in the pressure dependence of the 
V2+ R-line is observed (Fig.  8b). On increasing pressure 
above ~13.7 GPa, the Cr3+ R1 line clearly splits into two 
components, and the Cr3+ R2 line also becomes asymmet-
ric. Dramatic changes in the trends of the FWHM as well 
as a splitting of the Cr3+ R-lines also occur at ~13.7 GPa 
(Fig.  11). Our Raman spectra show discontinuous shifts 
of all of the observed Raman modes as well as a dramatic 
decrease in intensity and FWHM of all observed Raman 
modes. Clearly, a phase transition that shifts the geometry 
and response to pressure of the Cr/Al site has taken place, 
as well as a change in the local bonding environment of the 
Si tetrahedra. This transition appears to be second order in 
nature, since no significant hysteresis of either the lumines-
cent bands or Raman spectra is observed on decompression. 
The different pressure shifts of the two components of the 
Cr3+ R-lines in the high-pressure phase strongly suggest 
that there are two crystallographically distinct Al sites with 
different responses to pressure in the high-pressure phase. 
These observations of a phase transition near 13.7 GPa 
are in agreement with the proposed soft-mode-associated 
high-pressure transition predicted by Prencipe et al. (2011). 
Our Raman data, with a strongly negative shift of a low-
frequency band, are in full accord with this predicted soft-
mode transition. The similarity of the decreases in R-line 
splitting and FWHM between 0 and 3 GPa, and above 13.7 
GPa, suggests that the initial deformation mechanism of 
the Al sites in the high-pressure phase of emerald may be 
generally similar to that from room pressure to ~3.0 GPa. 

Hence, following the deformation of the Al sites above ~6 
GPa accompanied by ring deformation, the combination of 
deformation of the components of the rings, and the evolu-
tion of two Al sites may allow for deformation to primarily 
be accommodated by the Al and Be sites. This deforma-
tion results in the Al sites becoming more regular up to the 
maximum pressure of this study, as shown by the decreases 
in R-line separation and FWHM above ~13.7 GPa.

The hybrid density functional theory (DFT) calculations 
of Prencipe et  al. (2011) predict that a transition near 14 
GPa from hexagonal to triclinic symmetry involves split-
ting the single Si site in hexagonal beryl to three Si sites in 
the high-pressure triclinic beryl. Our high-pressure Raman 
spectra do not evolve additional peaks in the high-pressure 
beryl-II spectra, although pervasive peak broadening is 
observed (Fig.  5). Thus, the bonding environment of the 
three Si sites is likely similar in beryl-II.

The ring silicate cordierite ((Mg,Fe)2Al4Si5O18) shows 
potentially analogous behavior under compression: Recent 
high-pressure single-crystal structure determinations show 
that extensive deformation of cordierite’s silicate rings 
occurs when orthorhombic cordierite transforms to tri-
clinic cordierite at ~7.5 GPa (Miletich et al. 2014a; Finkel-
stein et al. 2015). Rings become more oval shaped, and the 
Si sites not only split into multiple sites, but coordination 
changes in the octahedral and tetrahedral sites between the 
silicate rings also occur. The changes occurring in emer-
ald at ~13.7 GPa are not as dramatic as those that occur 
in cordierite. No changes in coordination of the Al sites 
are observed: These would be expected to produce dra-
matic changes in the character of the Cr3+ luminescence. 
Changes in the coordination of the Si sites are also not 
occurring in beryl-II. The notably different high-pressure 
behavior of these two ring silicates is thus likely related to 
the octahedrally coordinated Al in beryl being more sta-
ble under compression than the tetrahedrally coordinated 
Al in cordierite. Hence, the Si6O18 ring of beryl is stable 
to higher pressures than the Si6O18 ring of cordierite, and 
changes in coordination of Al, Si, or Be are not likely up 
to ~16.4 GPa. Therefore, H2O and other volatiles would 
remain stable inside the channels of beryl to higher pres-
sures than in cordierite. It is also is clear that disordering 
does not take place in emerald to 16.4 GPa: In silicate 
glasses, R-lines are broadened, merged into one emis-
sion peak, and shifted in wavelength, and the broad 4T2 
emission dominates the spectrum (Yamaga and Hender-
son 1991). Even in these disordered environments, Cr3+ 
strongly prefers octahedral coordination due to its high 
stabilization energy (Shinn and Tesar 1992). Thus, even in 
these extreme examples, Cr3+ emission occurs from a site 
that is sixfold coordinated, and the emission spectrum still 
has the characteristic features of Cr3+ in octahedral coor-
dination. Hence, changes in coordination of the Al/Cr site 
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and the Si site do not occur across the observed ~13.7 GPa 
phase transition in emerald.

Previous high‑pressure powder diffraction

Two high-pressure powder diffraction studies have reached 
pressures in excess of ~14 GPa, and no high-pressure phase 
transitions have been reported (Qin et  al. 2008; Fan et  al. 
2015). It is possible that, since the thermal expansion of differ-
ent beryl compositions can depend strongly on their impurity 
content (Morosin 1972; Schlenker et al. 1977; Hochella and 
Brown 1986), minor compositional differences may play a 
role in the high-pressure polymorphism of this material. How-
ever, the effect of a few thousand ppm of Cr and V would be 
far more likely to simply offset a phase transition to modestly 
higher (or lower) pressures. A more likely possibility is that 
the transition in beryl involves twinning (e.g., Prencipe et al. 
2011) or a transition to a mildly modulated structure. A drop 
from hexagonal to triclinic symmetry would likely result in 
extensive twinning, and often in powder diffraction patterns 
this twinning may appear to resemble the higher symmetry 
lattice. Hence, without the correct twin law, these patterns 
could be refined within a hexagonal crystal system. Moreover, 
the volume and lattice parameters as a function of pressure 
reported by Qin et al. (2008) and Fan et al. (2015) do not agree 
with one another (see supplementary Figures S1 and S2).

The refinement of incommensurately modulated structures 
from powder diffraction data is difficult, and usually single-
crystal data are required to accurately determine the full sym-
metry of modulated phases. Also, overexposure techniques 
would need to be employed in order to properly resolve the 
intensities of satellite peaks. Satellite peaks can be missed if the 
assumption is made that no change from hexagonal symmetry 
occurs across the pressure range of the experiment. Limita-
tions in angular access of typical diamond anvil cells may ren-
der detection of a transition to a modulated structure difficult 
to detect using standard Le Bail refinement techniques. Such 
modulated structures are precedented in ring silicates: Cordier-
ite undergoes a transition from orthorhombic to hexagonal at 
high temperature (1450 °C) via a continuous mechanism that 
involves a metastable short-range-ordered modulated structure 
(Putnis and Bish 1983). Moreover, the E1g mode at 138 cm−1 
involves a dynamic wave-like distortion of the entire structure 
of beryl [again see animations on the CRYSTAL Web site1]. It 
is likely that the soft-mode transition freezes in this distortion, 
which could lead to twinning or a modulated structure.

Conclusions

High-pressure Raman and luminescence spectra have been 
collected for beryl and emerald up to a maximum pressure 

of ~16.4 GPa. Using both techniques, we have character-
ized the high-pressure behavior of the Al, Be, and Si sites 
within beryl under compression and decompression. Our 
high-pressure Raman spectra show that an E1g symmetry 
mode (ring flexure) located at 138  cm−1 under ambient 
conditions shifts negatively under compression. Both our 
observations and an extrapolation of this band’s mode shift 
agree well with the pressure shift of this soft mode calcu-
lated by Prencipe et  al. (2011). Hence, our Raman data 
provide the first experimental evidence of the proposed 
soft-mode transition, and our luminescence data confirm 
that a modest structural change occurs near 14 GPa. Both 
sharp line and broadband Cr3+ and V2+ luminescence are 
observed and characterized at both ambient- and high-pres-
sure conditions. The pressure shifts of Cr3+ and V2+ dif-
fer under compression, and this difference is likely related 
to the different valence states and local charge compensa-
tion associated with these two transition metal elements. 
The Al sites likely undergo increasing distortion above 
~6.0 GPa, as manifested by shifts in R-line splitting and 
FWHM near this pressure. Splitting of luminescent bands 
and changes in the sign of trends in FWHM are associated 
with a second-order phase transition at ~13.7 GPa. Our 
Raman and luminescence results are in good agreement 
with the second-order, soft-mode phase transition from 
P6/mcc to P1̄ predicted by ab  initio calculations near ~14 
GPa by Prencipe et  al. (2011), and observed by M. Mer-
lini in high-pressure single-crystal measurements (personal 
communication): We designate the new phase beryl-II. We 
observed the transition under non-hydrostatic conditions, 
and it is possible that the pressure that this transition occurs 
under hydrostatic conditions may modestly differ. How-
ever, the soft-mode mechanism of the transition appears 
robust, since the soft mode is observed to shift negatively 
under hydrostatic conditions. Moreover, the R-line sepa-
ration and FWHM in the luminescence spectrum of beryl 
do not dramatically increase above 10.5 GPa, suggesting 
that pressure gradients are small. The chemical composi-
tion (and particularly the level of Cr substitution) is known 
to change the high-temperature behavior of beryl, but it 
does not appear that the level of Cr substitution dramati-
cally changes the high-pressure behavior of beryl, since 
the transition was observed at similar pressures in emerald 
(in luminescence) and beryl (in Raman spectra). Twinning 
likely occurs across this transition, and the transition might 
also be to a mildly modulated structure. The high-pressure 
phase of beryl might have interesting lasing properties, 
since Cr3+ is in a strong crystal field in the high-pressure 
phase. The intense Cr3+ R1 emission line has two compo-
nents separated by 1.60 nm (33.5 cm−1) at ~16.4 GPa, and 
at higher pressures, these bands likely become increasingly 
separated. Hence, these emission lines could be selectively 
excited across a modest wavelength range.
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