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Abstract—Electron spin resonance spectra of non-Kramers bivalent iron (Fe2+) ions have been detected in
synthetic and natural beryl crystals with an iron impurity. The observed ESR spectra have been attributed to
resonance transitions of Fe2+ ions from the ground (singlet) state to excited (doublet) levels with the splitting
Δ = 12.7 cm–1 between the levels. The experimental angular and frequency dependences of the resonance
field of the ESR signal have been described by the spin Hamiltonian with the effective spin S = 1. The analysis
of the ESR data and optical absorption spectra indicates that the Fe2+ ions are situated in tetrahedral posi-
tions and substitute Be2+ cations in the beryl structure.
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1. INTRODUCTION

Electron spin resonance spectroscopy of Fe2+ ions
in crystals is currently represented by a few works.
Information available in literature does not allow pre-
dicting the possibility of the observation of Fe2+ ESR
in various structures. The ESR signals for the posi-
tions of rhombic and a lower symmetry as a rule can-
not be observed with the use of the standard X- and Q-
band apparatus. This is associated with the fact the
spin states of non-Kramers Fe2+ ions in these cases are
singlets, the energy intervals between which are greater
than the energy quanta of standard spectrometer. This
situation takes place, e.g., in ammonium Tutton’s salt
crystals [1] and forsterite (Mg2SiO4) [2]. In the case of
axial and cubic symmetry, the ground energy level of a
Fe2+ ions is often singlet as well, and degenerate levels
lie too far from it to observe the resonance between
these levels. Such systems are exemplified by α-Al2O3
[3] and ZnS [4]. The ESR signal can be detected only
if the ground state is degenerate in the magnetic field,
as in, e.g., MgO crystal [5]. In this case, interpretation
of the spectra on the basis of a single observed transi-
tion requires serious theoretical analysis.

Obviously, to extend the number of crystals in
which the observation of the ESR spectra of Fe2+ ions
is possible, higher resonance frequency and, accord-

ingly, the magnetic field of the ESR spectrometers are
required. Tunable sources of the subterahertz range
can also be used in relatively weak magnetic fields. In
these cases, resonance transitions from the ground
state to the excited states of Fe2+ ions can be observed
for both low-symmetry and high-symmetry crystals.
However, the power of microwave sources decreases
with an increase in frequency and, in addition, an
additional absorption associated with the phonon
spectrum of the crystal appears in the terahertz range,
which also restricts the possibility of observing the
ESR spectra. Thus, the ESR spectroscopy of Fe2+ ions
in crystal is a challenging experimental problem.

In this work, we present the results of the experi-
mental investigation of submillimeter ESR spectra of
Fe2+ ions in a synthetic beryl (Be3Al2Si6O18) and natu-
ral colorless goshenite crystals. To compare the found
results with the literature data we also measured the
optical spectra of the crystals under investigation.

The beryl crystal has a hexagonal symmetry (space
group P6/mcc) and trivalent aluminum cations in its
structure are surrounded by oxygen anions forming
octahedra, whereas bivalent beryllium and tetravalent
silicon ions are surrounded by oxygen tetrahedra,
respectively. The point symmetry of the Al, Be, and Si
positions is D3, D2 and Cs, respectively. The first works
[6, 7] devoted to the investigation of iron ions in beryl
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by ESR were published more than half a century ago.
By now, quite many works devoted primarily to Fe3+

ions and Fe3+–Fe3+ exchange pairs have been pub-
lished (see, e.g., [8]). There is only one communica-
tion on the observation of the ESR signals of Fe2+ ions
in the structural position of beryllium [9].

The specificity of the crystal lattice of beryl is the
presence of structural channels situated along the
sixth-order axis. The beryl channels can be filled by
individual water molecules during the growth under
the conditions of hydrothermal synthesis and in natu-
ral samples; the fraction of water can be as high as 3%
by weight. The individual water molecules in a high-
symmetry crystal environment form a model system
for studying the properties of water under confine-
ment. We recently studied the properties of water in
beryl by dielectric terahertz spectroscopy [10, 11]. It
was shown, in particular, that the spatially structured
arrangement of water in the beryl channels leads to vir-
tual ferroelectricity [12]. A possible influence of water
on the ESR spectra is also important, as discussed
below. On the other hand, the paramagnetic ions and
complexes can be embedded into the beryl channels
[13, 14]. This is of great interest, since the ESR line-
widths are very small in the case of localization of
paramagnetic centers, which makes the crystal prom-
ising for quantum memory systems.

2. EXPERIMENTAL
Synthetic beryl crystals with an iron impurity were

grown by the hydrothermal method [15] in laboratory
autoclaves with a volume of about 200 mL by the syn-
thesis from oxides: synthetic quartz SiO2, melted elec-
trocorund Al2O3 and a BeO compound of a chemical
purity grade. The crystals were grown onto nucleation
plates cut from synthetic beryls along the {5.5. .6}
direction. Multicomponent acidic f luoride solutions
[16] were used as a mineralizer. To avoid the inclusion
of components of the autoclave still into the beryl crys-
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tals, the beryl and mineralizer components and the
nucleation plates were placed into a vacuum-tight
welded golden bulb with a volume of about 100 mL
[17], in which the growth actually occurred. The
growth conditions of beryl crystals were as follows: a
temperature of ~600°C and a pressure of ~1.5 kbar.

We studied the samples of (no. 1) green and (no. 2)
bluish color, whose color is caused by the main dopant
of the 3d element (V3+ and Fe2+, 3+ for nos. 1 and 2,
respectively). The chemical analysis of the composi-
tion of the beryls (see the table) was performed by the
inductively coupled plasma–atomic emission spec-
troscopy (ICP–AES) for main components (with an
accuracy of 1%) and inductively coupled plasma–
mass spectroscopy (ICP–MS) for impurities (with an
accuracy of 10%). The chemical formulas of the sam-
ples recalculated according to the results of the analy-
sis under the assumption that all losses during anneal-
ing were caused by removing water from the beryl
structure were as follows:

(Be2.938Si0.002Fe0.002Li0.058)Σ=3(Al1.979Fe0.003V0.027)Σ=2.01≈2Si6O18{(H2O)0.398Li0.052}
(sample 1),

(Be2.912Si0.051)Σ=2.96≈3(Al1.950Fe0.036)Σ=1.99≈2Si6O18{(H2O)0.267Na0.009K0.001Cs0.001}
(sample 2).

The ESR spectra of Fe2+ were observed only in crystal
no. 2. To study the influence of water on the ESR
spectra, this sample was annealed for 24 h in vacuum
at a high temperature of 1000°C. The detection of the
ESR spectra was repeated after annealing (dehydra-
tion) of the sample. This sample is further referred to
as no. 4. The signals of bivalent iron were also detected
for a natural colorless beryl sample—goshenite from
the Middle Urals deposit (sample 3). The sample was
characterized by a high transparency and a pale bluish

tint. The percentage and valence state of iron in the
natural sample were studied in our previous works [18,
19]. According to the elemental energy dispersive
X-ray (EDX) spectroscopy microanalysis and the
Mössbauerr spectroscopy data, the contamination of
the iron impurity in the natural crystal was much lower
than in its synthetic analog (sample 2), on the order of
0.15 at %. As was found, the major fraction (~80% of
the total amount) of the iron impurity occurred in the
form of bivalent iron ions localized in (60%) octahe-

Chemical composition of beryl crystals

L/a stand for losses during annealing.

Oxide Sample 1 Sample 2

SiO2 66.32 66.52

BeO 13.52 13.33
Al2O3 18.48 18.2
Fe2O3 0.08 0.52
V2O3 0.37 0
Li2O 0.30 0
Na2O 0 0.05
K2O 0 0.01
Cs2O 0 0.03
L/a (H2O) 1.32 0.88
Σ 100.39 99.54
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dral or (20%) tetrahedral lattice sites isomorphicly
substituting aluminum and beryllium, respectively
(see the table in [19]).

The ESR spectra were measured on a wide-band
ESR spectrometer using backward-wave oscillators as
microwave sources. The detailed description of the
design of the spectrometer can be found in [20]. All
measurements were carried out at liquid-helium tem-
perature.

The optical absorption spectra were detected on a
Shimadzu UV-3600 spectrophotometer in the wave-
length range of 185–3200 nm at room temperature.

3. RESULTS

3.1. ESR in a Submillimeter Range

The ESR spectra attributed to bivalent iron ions
were observed in the frequency range of 350–
401 GHz. In Fig. 1, they are shown for various fre-
quencies at the orientation B0 || c of the crystal, where
B0 is the static magnetic field and c is the fundamental
symmetry axis of the beryl crystal. In sample 2, the
ESR line featured an unresolved structure composed
of at least two lines. In sample 3, only a weak broad
line was detected, whose position coincided with the
position of the most intense line in sample 2. Based on
the frequency–field dependence for sample 2 (Fig. 2),
we concluded that the singlet–doublet resonance
transitions with a zero-field splitting of ~12.7 cm–1

were observed and the levels of the doublet are in turn
split by a small energy gap. Figure 2 shows only the
intense line of the structure. We failed to measure the
zero-field splitting by a direct method owing to a low
power of the microwave oscillator in this range. In the
frequency range higher that the zero-field splitting,
sample 2 exhibited a weak line in the low-field part of
the spectrum associated with the singlet–singlet reso-
nance transition. This line was not studied owing to a
low signal-to-noise ratio. It is marked by the arrow in
Fig. 1. We succeeded to measure this line only at a few
frequencies and the respective values are also shown
on the frequency–field dependence in Fig. 2. The
angular dependence of the singlet–doublet resonance
transition of Fe2+ ions in beryl (Fig. 3) was measured
in the ( ) plane. The ESR signals were not
detected in the (0001) plane. The angular dependence
did not reveal magnetically nonequivalent centers, but
the range of measured angles appeared to be incom-
plete. In this case, there were limitations associated
with the presence of structural water in the beryl chan-
nels. As was found in our previous works [10, 11],
water molecules intensively absorb submillimeter
waves with the polarization E1 ⊥ c (E1 is the microwave
electric field). The ESR spectra were observed under
the condition B1 ⊥ B0 and the spectrometer utilized
the Voigt geometry; i.e., k ⊥ B0, where k is the wave
vector of the plane wave incident to the sample.

10 10
Therefore, when the orientation deviated from B0 || c
(E1 || c) toward B0 ⊥ c (E1 ⊥ c) toward B0 ⊥ c (E1 ⊥ c)
the line broadens due to a decrease in the effective
g factor and the microwave power transmitted through
the sample decreased owing to the increase in the
absorption associated with water in the channels. The
combination of these factors led to a limited range of
angles in the measurement of the angular dependence
of the spectra. To eliminate the effect of absorption by
water, we subjected the sample to dehydration. After
annealing, the crystal acquired a milk-white color

Fig. 1. Electron spin resonance spectra of Fe2+ ions in
beryl crystals: samples (a, c) 2, (b, d) 4, and (e) 3. The
arrow marks a weak broad line of the singlet–singlet tran-
sition in sample 2. The frequencies are (a) 401.5, (b, e)
399.5, (c) 391.2, and (d) 391 GHz. The orientation is B0 || c.

Fig. 2. Field dependence of the resonance transition fre-
quencies of Fe2+ ions in beryl (sample 2). Squares are the
experiment (the position of the most intense line of the
structure are indicated); the line is the simulation. Trian-
gles represent the singlet–singlet resonance transition.
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owing to a large number of microcracks and broad-
band absorption in the region of the ESR spectra in
the polarization E1 ⊥ c disappeared. However, at the
same time, the ESR spectra transformed. First, the
ESR lines narrowed and their structure disappeared
and, second, the ESR signal intensity decreased,
which prevented extending the range of angles for the
orientation dependence. Figure 1 shows the ESR
spectra before and after dehydration for comparison.

3.2. Optical Spectroscopy

Figure 4 shows the absorption spectra of three dif-
ferent beryl samples. As far as their configuration and
position of absorption lines are concerned, they are
identical to the spectra described in a number of earlier
works on the investigation of the optical properties of
undoped and iron or vanadium-doped beryls [21–23].

As is seen in Fig. 4, all presented spectra exhibit
absorption in the ultraviolet (UV) range of wave-
lengths of 250–350 nm, which is caused by the ligand-
to-metal charge transfer in the FeOn polyhenda
(where n = 6 or 4). Despite some debate in the litera-
ture concerning interpretation of these or those
absorption bands in the UV range, all researchers
agree that the short-wavelength absorption in the
spectra of beryls is largely determined by the O2– →

 charge transfer. A lesser contribution to the UV
absorption comes from the charge transfer bands
O2‒ → ,  (at the isomorphic inclusion of tri-
valent and bivalent iron ions in the beryllium tetrahe-
dra of the structure). Thus, the presence of a more
intense shortwave absorption in the optical spectra of
synthetic samples 1 and 2 compared to the natural
sample implies that a major fraction of the iron impu-
rity in these samples occurs in the trivalent state and
isomorphically substitutes aluminum or beryllium cat-
ions.

The optical response of non-Kramers Fe2+ ions is
of particular interest. It is commonly accepted that
bivalent iron ions are manifested in the beryl spectrum
by a wide band in the near infrared wavelength range
with an absorption peak at 820 nm. The emergence of
this band is associated with the electronic transitions
5T2 → 5E in the energy spectrum of the  ion iso-
morphically substituting aluminum in the octahedral
positions of the structure [22]. It is worth mentioning
that this absorption band, whose edge extends to the
long-wavelength “red” region of the visible range,
causes blue tints in the color gamma of beryl. As fol-
lows from Fig. 4, this band appears in the spectra of
both bluish synthetic sample 2 and natural beryl,
which indicates the presence of bivalent iron ions in
these samples. This band is completely absent in the

+3
VIFe

+3
IVFe +2

IVFe

+2
VIFe

Fig. 3. (a) The ESR spectra of Fe2+ ions in a beryl crystal
(sample 2, rotation in the ac plane with a step of 20°). The
spectra in the lowest magnetic field correspond to the ori-
entation close to B0 || c. (b) The angular dependence of the
singlet–doublet resonance transition of Fe2+ ions in beryl
(sample 4). The frequency is 395.5 GHz.

(a)

(b)

Fig. 4. Optical absorption spectra of various beryl samples.
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spectrum of green sample 1. The optical spectrum of
this sample is, in contrast, characterized by the pres-
ence of two other pronounced absorption bands. The
first of them, the shortwave one, is situated at about
420–425 nm, whereas the intensity maximum of the
second absorption band falls to the wavelength interval
of 560–580 nm. According to the literature data [23],
the presence of absorption bands at 425 and 580 nm in
the optical spectrum of green beryl indicates the pres-
ence of trivalent vanadium ions in this sample, which
occupy the octahedral positions of aluminum in the
crystal structure; namely, the band in question are
explained by the electronic transitions of 3T1g(3F) →
3T1g(3P) and 3T1g(3F) → 3T2g(3F), respectively, in 
ions [23].

In addition to the absorption bands described
above, the spectral dependences shown in the figure
feature three more absorption bands lying in the near
infrared wavelength range and typical for natural beryl
crystals and the crystals grown by the hydrothermal
method. The two first of them seen as narrow struc-
tured absorption bands at 1400 and 1898 nm, respec-
tively, are caused by higher overtones in the vibrational
spectrum water molecules embedded in the structural
channels of beryl [24]. The additional absorption
bands situated at wavelength of 1836 and 1960 nm
belong to absorption by type I water (the electric
dipole moments of type I and type II water molecules
are situated perpendicular and parallel to sixth order
axis, respectively) in the structural channels of beryl.
The third (most intense and broad) absorption band in
the wavelength range from 2500 to 3000 nm is induced
by structureless oscillations of water situated in various
gas-liquid inclusions in beryl. High-temperature
annealing results in dehydration of the beryl crystal
and its partial destruction at a microscopic level. The
absorption lines due to the structural water in the
channel in annealed sample 4 completely disappear,
whereas the broad IR abruption line due to the gas
inclusions is red-shifted owing to their growth and
microscopic destructions up to a maximum wave-
length of 3200 nm achievable in our optical measure-
ments. In this case, a large number of microcracks lead
to a considerable increase in the optical density of the
crystal in the entire wavelength range under investiga-
tion. It is important to mention here that the absorp-
tion band at 820 nm due to bivalent iron ions, which is
most interesting for our ESR measurements, also con-
siderably broaden as a result of annealing. Broadening
of the absorption band at 820 nm implies that distor-
tion of the octahedral position of beryl and its entire
structure occurred under heating of the sample owing
to thermal expansion under the thermal impact.

4. DISCUSSION

According to the data of the chemical analysis (see
the table), there was an iron impurity in both synthetic

+3
VIV

beryl samples (samples 1 and 2); therefore, the reason
of the absence of the signal in sample 1 should be
understood. In our opinion, it is associated with a
lower (by a factor of 7) impurity density. In addition,
sample 1 was grown at a higher oxidation potential
and, as a result, the fraction of Fe3+ in this sample can
be much higher than in sample 2, which further
decreases the fraction of Fe2+. Taking into account a
fairly low signal-to-noise ratio for sample 2, the
absence of the ESR signal in sample 1 is quite reason-
able. On the other hand, the ESR signal observed in
goshenite indicates that, if the impurity occurs pre-
dominantly in the bivalent state, its detection is possi-
ble even at a low iron density.

Since the ESR spectra of trivalent iron and Fe3+–
Fe3+ exchange pairs are known and cannot explain the
signals observed in the submillimeter range, it can be
concluded that the observed spectra belong to isolated
Fe2+ ions (the electronic configuration d6, the main
term 5D). To determine the type of the crystallo-
graphic position, in which the bivalent iron ions occur,
we take into account the presence of splitting between
the levels of the doublet. This manifests a rhombic
component of the local symmetry; i.e., the octahedral
coordination with the symmetry D3 can be excluded
with a high probability. The tetrahedral positions per-
mit the splitting of the doublet, but the substitution
Si4+ → Fe2+ requires a charge compensation for the
silicon-oxygen tetrahedral, which should lead to the
emergence of conjugate spectra with the magnetic axes
directed at oblique angles to the compensators. In the
case of beryllium tetrahedron, magnetically nonequiv-
alent centers should also exist, but the magnetic axes
of the centers should be directed along 〈 〉, 〈 〉,
and [0001] for isovalent substitution. In this case,
since the ESR spectra cannot be detected in the exper-
iment at the direction of the magnetic field perpendic-
ular to the C axis of the crystal, the observed isolated
spectrum can be explained under the condition that
the Z axes of the observed centers are directed along
the sixth-order axis. Further discussion is based on the
assumption that the Fe2+ ion substitutes beryllium in
the tetrahedron. If it is the case, the ground orbital
state in the cubic field is the doublet Γ3. Under the
action of the low-symmetry components of the crystal
field, the doublet splits and the five-fold spin-degen-
erate singlet should become the ground orbital state.
The spin–orbital interaction lifts the spin degeneracy
in the second order and leads to a system of spin sub-
levels characterized by spin S = 2 [25]. This approach
allows describing, e.g., the experimental results on the
far infrared spectroscopy of the Fe(SPh  compound
[26]. On the other hand, position of low-lying energy
levels of Fe2+ centers in undistorted tetrahedra with
the symmetry Td (ZnS, CdTe, MgAl2O4), where the
main contribution to the splitting of the orbital dou-
blet comes from the second-order spin–orbit interac-

2110 10 10
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tion, was previously studied experimentally and theo-
retically [4, 27]. Five equidistant energy levels with the
symmetry Γ1, Γ4, Γ3, Γ5, and Γ2 were discovered in
these compounds and the ground-state singlet Γ1 was
separated from the excited-state triplet Γ4 by energy
interval of (ZnS : Fe2+) 15, (CdTe) 10, and (MgAl2O4)
13 cm–1. Recent measurements of the ESR spectra in
ZnSe : Fe2+ allowed us to supplement this set and
measure the splitting between the singlet and triplet,
which turned out to be approximately 15.5 cm–1 [28].
Comparing these values with the zero-field splitting in
beryl (12.7 cm–1) one can notice the closeness of the
measured values. In addition, an extra weak broad line
detected in this work with the zero-field splitting
greater than the one of the doublet can be associated
with splitting of the triplet into a doublet and a singlet
in the rhombic field. It is worth mentioning that the
splitting between the levels of the doublet in our case is
small and the presence of the singlet–singlet transition
with the zero-field splitting close to the respective
value of the singlet–doublet transition cannot be
described by the level scheme with the spin S = 2. It
can be suggested that the level system of Fe2+ in beryl
is nearly the same as in cubic crystals and the action of
the low-symmetry components of the crystal field is a
perturbation. Such a level scheme takes place, e.g., in
hexagonal GaN : Fe2+ [29], where the excited triplet
Γ4 is split by the trigonal field into the doublet Γ3 and
the singlet Γ2.

Since the position of the singlet–singlet lines was
determined with a large error and the number of mea-
sured points was insufficient for calculations, we used
for the theoretical only the resonance transitions of the
singlet–doublet type. The calculation was carried out
in the approximation of the effective spin S = 1. The
spin Hamiltonian had of the form

The parameters of the Hamiltonian were found in two
stages. First, we found g|| = gc = 2.0 ± 0.1, D =
379.5 GHz and E = 1.3 GHz from the experimental
frequency–field dependence (Fig. 2). To determine
the transverse g factor we used the angular dependence
measured at a frequency of 355.5 GHz and found g⊥ =
3.7 ± 0.5. The respective curves calculated with the
use of MATLAB software are shown by solid lines in
Figs. 2 and 3. Despite fair agreement, it is necessary to
mention that the accuracy of finding g⊥ is low owing to
the fact that the Zeeman energy makes only a small
contribution to the energy of the resonance transition
and the frequency error (±0.5 GHz) is quite large in
this case. This question is considered in detail in [30].
Observation of the ESR line belonging to the Fe2+ ions
in iron-containing samples grown by the f lux method
with a lack of BeO in the initial charge was reported
earlier in [9]. It is worth mentioning first of all that the

⊥= β + β +
+ − + + −

||
2 2 2

( )

[ ( 1)/3] ( ).
z z x x y y

z x y

H g B S g B S B S

D S S S E S S

very observation of the ESR spectra of Fe2+ at room
temperature is unusual. In [9], a line with gc = 3.773
was detected and attributed to the resonance transition
–1 → +1 of Fe2+ ions in the position of Be2+ in the
model describing the spin sublevels by the total spin
S = 2. Although they also failed to measure the com-
plete angular dependence, they discoverd the mag-
netic multiplicity (KM = 3) of the spectra, whereas we
did not observed magnetically nonequivalent centers.
Thus, it can be concluded that we deal with another
center in this case. Since our interpretation contradicts
with the results of [9], the question of identification of
the spectra of Fe2+ can be definitely solved after the
observation of other excited levels.

It is necessary to mention that, although the recal-
culated formula of sample 2 does not include iron in
the beryllium position, the accuracy of the chemical
analysis is insufficient to exclude it completely. Taking
into account that the ESR signals are very weak, this
contradiction can be disregarded.

The nature of the ESR line structure has not been
established. In the measurement of the frequency–
field dependence of the ESR spectra, it turned out that
the distance between the components does not change
and each component should possess its own zero-field
splitting. This implies that there are several crystallo-
graphic positions in the crystal occupied by bivalent
iron ions with tiny changes in the nearest neighbor-
hood. Since the line structure disappeared after dehy-
dration of the crystal, it can be concluded that water
molecules affect the crystal field of the ligands sur-
rounding Fe2+ ions; i.e., the water molecules in chan-
nels either slightly deform the crystal matrix or, owing
to their large dipole moment, introduce a distortion to
the crystal field potential acting on the Fe2+ ion. It is
worth mentioning that investigations of impurity ions
in beryl by ESR are carried out for a long time and
such an influence of water was not reported so far.
However, large zero-field splittings were not measured
in those works and the effects induced by the presence
of slightly different centers in the case of the use of
standard ESR spectrometers can be within the line
width. Although natural goshenite exhibits specific
lines of water in the channels (Fig. 4), the signal-to-
noise ratio of the ESR spectra of Fe2+ is too low to
analyze the line shape.

5. CONCLUSIONS
Fe2+ centers with a rhombic symmetry have been

identified in a synthetic Be3Al2Si6O18 : Fe crystal and
natural goshenite. It has been concluded that bivalent
iron ions isovalently substitutes beryllium in the posi-
tion of the oxygen tetrahedron. The set of spectrum
parameters has been determined, which provide
agreement of the theory and the experiment. A sepa-
rate investigation is required to establish the nature of
a change in the ESR line shape after dehydration.
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