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The optical properties and structure of gadolinium iron borate GdFe3(BO3)4 crystals are studied at high pres-
sures produced in diamond-anvil cells. X-ray diffraction data obtained at a pressure of 25.6 GPa reveal a first-
order phase transition retaining the trigonal symmetry and increasing the unit cell volume by 8%. The equation
of state is obtained and the compressibility of the crystal is estimated before and after the phase transition. The
optical spectra reveal two electronic transitions at pressures ~26 GPa and ~43 GPa. Upon the first transition,
the optical gap decreases jumpwise from 3.1 to ~2.25 eV. Upon the second transition at P = 43 GPa, the optical
gap deceases down to ~0.7 eV, demonstrating a dielectric–semiconductor transition. By using the theoretical
model developed for a FeBO3 crystal and taking into account some structural analogs of these materials, the
anomalies of the high-pressure optical spectra are explained. © 2004 MAIK “Nauka/Interperiodica”.

PACS numbers: 61.50.Ks; 71.27.+a; 71.30.+h; 81.40.Tv
1. INTRODUCTION

A GdFe3(BO3)4 crystal belongs to the family of rare-
earth borates RM3(BO3)4 (R is a rare-earth element,
M = Al, Ga, Fe, Sc), which are isostructural to a natural
mineral huntite CaMg3(CO3)4 [1] and have trigonal

symmetry with the space group R32 ( ) [2, 3].
Recently, the nonlinear optical and laser properties of
these materials were found [4–6], which attracted great
attention from researchers.

The structure of rare-earth iron borates RFe3(BO3)4
can be represented in the form of layers perpendicular
to the c-axis (C3) and consisting of trigonal RO6 prisms
and lower-size FeO6 octahedra [2, 3]. The FeO6 octahe-
dra are connected by their faces and form helical one-
dimensional weakly coupled chains elongated along
the c-axis. Boron atoms form isolated triangles with

oxygen atoms, producing  groups of two types.
Triangles of the type B(1)O3 are connected by their ver-
tices only with the FeO6 polyhedra, while triangles of
the type B(2)O3 are connected by two vertices with dif-
ferent chains of the FeO6 octahedra and by the third
vortex with the RO6 prism.

The physical properties of rare-earth iron borates
are poorly studied, which is mainly explained by the
difficulty of growing high-quality crystals, especially
for optical studies. The recent measurements [7, 8] of

D3h
7

BO3
3–
0021-3640/04/8006- $26.00 © 20426
the magnetic susceptibility, magnetization, and heat
capacity showed that a GdFe3(BO3)4 borate crystal is a
compensated antiferromagnetic with the Néel tempera-
ture TN = 38 K, and the spin-flop transition occurs in the
crystal at a temperature about 10 K. It is assumed that
magnetic ordering below TN concerns only iron ions,
whereas the Gd3+ ions remain paramagnetic at least
down to liquid helium temperature [7]. In addition,
quite recently the structural phase transition was also
discovered in this crystal at T = 156 K [9].

In this paper, we studied the optical properties and
change in the structure of a GdFe3(BO3)4 crystal at high
pressures produced in diamond-anvil cells. We found
two phase transitions at pressures ~26 and ~43 GPa
accompanied by the jumpwise narrowing of the optical
gap and the dielectric–semiconductor transition.

2. EXPERIMENTAL

High-quality transparent, dark green GdFe3(BO3)4
crystals were grown from solution in a melt [10]. The
crystal lattice parameters at normal pressure are a =
9.5491(6) and c = 7.5741(5) Å.

X-ray diffraction studies at pressures up to 40 GPa
were performed with a polycrystalline sample obtained
by single-crystal crushing. The sample was studied at
room temperature in a diamond-anvil cell in a special-
ized laboratory setup at the Max-Planck Institut für
004 MAIK “Nauka/Interperiodica”
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Chemie (Mainz, Germany). X-rays were generated by
a rotating Mo anode (0.7093 Å) with a special focusing
system. Spectra were recorded in the transmission
geometry using an Image Plate detector. The high-pres-
sure cell allowed the recording of the spectra in the 30°
range of angles 2Θ. The diameter of the diamond anvils
was 300 µm, and the diameter of a hole in a tungsten
gasket, where a sample was placed, was about 100 µm.
Pressure was transmitted to a sample through a PES-5
polyethylsilaxane liquid. To provide quasi-hydrostatic
conditions, the working volume of the cell was filled by
1/3 with a sample and by 2/3 with the PES-5 liquid.
Pressure was measured by a standard method by the
shift of the fluorescence line of ruby.

The optical absorption spectra were measured for a
GdFe3(BO3)4 crystal at pressures up to 60 GPa at room
temperature in the diamond-anvil cell. Diamond anvils
of diameter ~400 µm were used. The hole at the center
of a rhenium gasket had a diameter of ~120 µm. Mea-
surements were performed for a thin plate of size ~50 ×
40 × 15 µm punctured from a massive GdFe3(BO3)4

crystal. The light beam was directed perpendicular to
the basis plane of the crystal. Pressure was imparted to
a sample through a PES-5 liquid providing quasi-
hydrostatic compression. A single crystal remained
undamaged after the pressure removal. The optical
setup for the study of absorption spectra allows one to
perform measurements in the visible and near-IR
ranges from 0.3 to 5 µm. An FEU-100 photomultiplier
was used as a detector in the visible region, while in the
near-IR region a germanium diode cooled in liquid
nitrogen was used. The light-spot diameter on a sample
was ~20 µ. The absorption spectrum was calculated
from the expression I = I0exp(–αd), where d is the sam-
ple thickness, I0 is the reference signal intensity outside
the sample, and α is the absorption coefficient.

Fig. 1. X-ray diffraction patterns of the GdFe3(BO3)4 poly-
crystal at room temperature at some pressures below and
above the phase transition. W denotes the position of a
reflection from a tungsten gasket.
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3. EXPERIMENTAL RESULTS

3.1. High-pressure X-Ray Studies

The dependence of the X-ray diffraction pattern of a
GdFe3(BO3)4 crystal on pressure is shown in Fig. 1. As
pressure increases, peaks in the diffraction pattern shift
in the direction of larger angles, and new peaks appear
at P > 25 GPa, indicating the transformation of the crys-
tal structure. For P = 25.6 GPa, reflections from two
coexisting low- and high-pressure phases are observed.
This can be caused by incompletely hydrostatic condi-
tions and the presence of a pressure gradient in the cell
or by a peculiarity of the first-order phase transition.
One can see from Fig. 1 that the main peaks for a new
high-pressure phase are identical to those for the low-
pressure phase. Therefore, the high-pressure phase was
indexed assuming that the crystal symmetry is pre-
served after the structural phase transition (see Fig. 1).
Figure 2 shows the pressure dependence of the unit cell
volume for the GdFe3(BO3)4 crystal at room tempera-
ture calculated using the data presented in Fig. 1.
Experimental points for the low-pressure phase were
approximated by the Berch–Murnagan equation,

(1)

The approximation gave the bulk modulus B0 =
159.5 ± 6.3 GPa, its derivative B' = 4 (fixed), and unit
cell volume at the normal pressure V0 = 594.69 Å3.
After the structural transition at P = 25.6 GPa, experi-
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Fig. 2. Baric dependence of the unit cell volume of the
GdFe3(BO3)4 crystal at room temperature. 



428 GAVRILIUK et al.
mental points for the high-pressure phase were approx-
imated by the modified Birch-Murnagan equation,

(2)

and we obtained B26 = 219.5 ± 6.5 GPa,  = 4 (fixed),
and V26 = 486.022 Å3.

Therefore, the structural transition in the
GdFe3(BO3)4 crystal at P = 25.6 GPa is the first-order
symmetry-retaining transition accompanied by the
~8% jump in the unit cell volume. Note that the crystal
compressibility in the high-pressure phase is higher
than that in the low-pressure phase.

Figure 3a shows the pressure dependence of the
crystal-lattice parameters. One can see that the struc-
tural transition is accompanied by a jumpwise decrease
in the parameter c, whereas the parameter a decreases
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Fig. 3. Baric dependences of the unit cell parameters a and
c in the GdFe3(BO3)4 crystal at room temperature (a) and of
the a/c ratio (b).
gradually. Figure 3b shows the pressure dependence of
the ratio a/c of the lattice parameters.

3.2. Optical Absorption Spectra

For measurements at normal pressure, the
GdFe3(BO3)4 crystals were prepared in the form of thin
plates of area ~2 mm2 and thickness from 42 to 53 µm.
The plate plane was oriented parallel or perpendicular
to the threefold crystallographic axis C3, and a light
beam was directed perpendicular to the plate. Optical
spectra were recorded in the spectral range from 10000
to 40000 cm–1 (1.24–4.96 eV) at 300 K. The spectral
width of the slit of a grating monochromator was
10 cm–1. The accuracy of measurement of the absorp-
tion coefficient was 3%. We found that the absorption
spectra were virtually identical for both orientations.

Figure 4 shows the absorption spectrum of the
GdFe3(BO3)4 crystal at normal pressure at room tem-
perature. For comparison, the absorption spectrum of
the well-studied iron borate FeBO3 obtained by us ear-
lier [11] is also presented. We found that the energies of
absorption bands of the GdFe3(BO3)4 and FeBO3 crys-
tals coincide with an accuracy to tenths of electron-
volts. Three groups of absorption bands at 1.4, 2.0, and
2.8 eV were observed. The energy gap determining the

Fig. 4. Absorption spectra of (a) GdFe3(BO3)4 and
(b) FeBO3 single crystals at normal pressure and room tem-
perature.
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fundamental absorption edge in the GdFe3(BO3)4 crys-
tal is Eg = 3.1 eV, which is somewhat greater than in
FeBO3 (2.9 eV).

The similarity of the absorption bands suggests that
the optical properties of FeBO3 and GdFe3(BO3)4 coin-
cide in the energy range 1–3 eV, and the three groups of
bands A, B, and C (Fig. 4) are caused by the
6A1g(6S)  4T1g(4G), 6A1g(6S)  4T2g(4G), and
6A1g(6S)  (4G) d–d transitions, respectively

[11].

To determine the possible contributions from rare-
earth ions, we recorded the transmission spectra of the
GdFe3(BO3)4 crystal of thickness 1.58 mm at 300 K
using the InSb and Si detectors [12]. We found that the
Gd3+ ion has no absorption bands in a broad spectral
region up to 32500 cm–1 (4 eV). Therefore, the A, B,
and C bands in the spectra of GdFe3(BO3)4 (Fig. 4)
should be assigned to the d–d transitions in Fe3+, i.e., to
the transition from the 5/2 ground state to the 3/2
excited state.

The pressure dependence of the absorption spec-
trum of the GdFe3(BO3)4 crystal is shown in Fig. 5.
Before the phase transition at P ≈ 26 GPa, the position
of the C band can be distinctly observed. One can see
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Fig. 5. Absorption spectra of the GdFe3(BO3)4 crystal at
different pressures at room temperature.
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that the energy of this band is virtually independent of
pressure in this pressure range, being equal to ~2.8 eV
(Fig. 6).

In the critical region near Pc1 = 26 GPa, the spectrum
changes noticeably due to the phase transition
described above. In this case, the optical gap decreases
jumpwise from ~3 to ~2.25 eV (Fig. 6). In a new phase,
the optical gap strongly decreases down to ~1.7 eV with
increasing pressure from 26 to 43 GPa (Fig. 6) and then
sharply decreases down to ~0.7 eV at the pressure Pc2 =
(43 ± 2) GPa. Therefore, at Pc2 ≈ 43 GPa, the second
phase transition occurs in the GdFe3(BO3)4 crystal with
changing electronic structure, and, according to the
optical-gap value, this transition can be interpreted as
the dielectric–semiconductor transition.

To estimate the pressure Pmet at which the optical
gap vanishes and complete metallization occurs, we
approximated the baric dependence of the optical gap
after the phase transition at Pc2 = 43 GPa by the linear
function

(3)E E0 1 P
Pmet
---------– 

  .=

Fig. 6. Baric dependences of the absorption edge in (a)
FeBO3 and (b) GdFe3(BO3)4 single crystals at room temper-
ature. The triangles and circles for GdFe3(BO3)4 correspond
to different measurement series; C is the absorption band.
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In the absence of additional transitions, the approxima-
tion gives E0 = (1.31 ± 0.05) eV (E0 is the effective opti-
cal gap in a new phase extrapolated to zero pressure)
and Pmet = 135 ± 11 GPa.

Therefore, we observed two phase transitions
accompanied by an optical-gap jump in the
GdFe3(BO3)4 crystal at Pc1 ≈ 26 GPa and Pc2 ≈ 43 GPa.
The electronic transition at the point Pc1 ≈ 26 GPa coin-
cides with the structural transition. It is quite probable
that the second electronic transition at Pc2 ≈ 43 GPa is
also accompanied by the structural transition. However,
we could increase pressure only up to 40 GPa in our
study and, therefore, could not achieve the second
phase transition. Note that after pressure was decreased
to the normal value, the single crystal remained undam-
aged; however, its color changed from dark green to
light brown.

Figure 6 also shows the baric dependence of the
optical gap in iron borate FeBO3 [13]. The pressure at
which the electronic phase transition occurs with a
drastic change in the energy gap in FeBO3 is close to
the value of Pc2 for the GdFe3(BO3)4 crystal, which
again confirms the similarity of the electronic struc-
tures of these compounds.

4. DISCUSSION OF RESULTS. COMPARISON
OF THE ELECTRONIC STRUCTURE OF IRON 

BORATES GdFe3(BO3)4 AND FeBO3

The absorption spectra show that the electronic
structure of the GdFe3(BO3)4 crystal is close to that of
FeBO3 and is determined in the energy range to 4 eV in
the vicinity of the Fermi level by the Fe ion and its envi-
ronment. The interionic distances Fe–O and B–O in
FeBO3 and GdFe3(BO3)4 are also close to each other
(see table). This allows one to use some theoretical con-
cepts developed for FeBO3 [11, 13, 14] and
GdFe3(BO3)4.

The GdFe3(BO3)4 dielectric has in the ground state
the localized d electrons of Fe3+ in FeO6 octahedra and
the localized f electrons of Gd3+ in GdO6 prisms. Inside
the BO3 group, a strong sp hybridization of boron and
oxygen orbitals takes place. At the same time, the
hybridization of the d electrons in Fe with the sp elec-
trons in BO3 is extremely weak (as follows from the
calculations of the band structure of FeBO3 [15, 16]).

In the one-electron approach based on ab initio cal-
culations, the partially filled d5 terms of Fe3+ and f 7

The B–O and Fe–O interionic distances and the optical gap
Eg in GdFe3(BO3)4 and FeBO3 crystals

B–O, Å Fe–O, Å Eg, eV

FeBO3 1.3790 2.028 2.9

GdFe3(BO3)4 1.3676 2.029 3.1
terms of Gd3+ would lead to partially filled bands and,
hence, to the metallic state. However, due to strong
electron correlations, both the d and f electrons are in
the regime of the Mott-Hubbard dielectric. Therefore,
the many-electron approach taking strong electron cor-
relations into account is required to describe adequately
the electronic structure and optical properties of
GdFe3(BO3)4.

A strong boron-oxygen hybridization in the BO3 tri-
angle determines the splitting of bonding and antibond-
ing molecular orbitals that form the top Eν of the filled
valence band and the bottom Ec of the empty conduc-
tion band. The energy gap between them for
GdFe3(BO3)4 Ego = Ec – Eν = 3.1 eV is somewhat
greater than that in the FeBO3 crystal (2.9 eV) because
the smaller B–O distance in the first crystal leads to a
stronger hybridization (see table).

The one-electron scheme of the valence band and
the conduction band is overlapped by the single-parti-
cle d and f electron resonances with energies

where E(dn) and E(f n) are the energies of many-elec-
tron terms of iron and gadolinium. These energies are
calculated taking into account the effects of strong elec-
tron correlations [13]. Because the hybridization for
Fe–O and Gd–O is weak, the levels Ω virtually do not
interact with the sp bands of the BO3 group.

Because the Gd3+ ion does not absorb at energies hω
below 4 eV, the filled level Ωf ν = E( f 7) – E( f 6) lies
below this energy, while the empty level Ωf c = E( f 8) –
E( f 7) lies above this energy. Therefore, only the d
states of iron are located within the forbidden gap Eg,
and in this sense the electronic structures of FeBO3 and
GdFe3(BO3)4 are similar in this energy range. More-
over, because the Fe–O bond lengths in the FeO6 octa-
hedra in FeBO3 and GdFe3(BO3)4 crystals are close (see
table), one can expect a similarity of the Racah param-
eters A, B, C and the cubic component of the crystal
field ∆ = εd(eg) – εd(t2g) for the iron ion. The ground-
level energies of the dn configurations, taking strong
electronic configurations into account, are expressed in
terms of these parameters as [11, 17]

(4)

Here, εd is the one-electron energy of the d electron in
an atom. For the t2g and eg orbitals in a cubic crystal
field, this level splits into εd(t2g) = εd – 0.4∆ and εd(eg) =
εd + 0.6∆. The Racah parameters in a crystal field
depend on the number of the d electrons in the dn con-
figuration. However, this dependence is rather weak

Ωd E dn 1+( ) E dn( ), Ω f– E f n 1+( ) E f n( ),–= =

E E5
1 d4,( ) 4εd 6A 21B– 0.6∆,–+=

E A6
1 d5,( ) 5εd 10A 35B,–+=

E T5
2 d6,( ) 6εd 15A 21B– 0.4∆.–+=
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and therefore can be neglected for simplicity. As in
FeBO3, the absorption spectrum of the GdFe3(BO3)4
crystal at "ω < Eg is determined by the d–d transitions
in the Fe3+ ion (excitons) with the energies

(5)

A comparison of the absorption spectra of FeBO3 and
GdFe3(BO3)4 at normal pressure shows (Fig. 4) that the
energies of these excitons coincide, which confirms
that the Racah parameters and crystal-field parameters
are coincident for these two crystals. These parameters
are [11, 18]: A = 3.42 eV, B = 0.084 eV, C = 0.39 eV,
and ∆ = 1.57 eV.

The great intensity of the absorption band C in the
spectrum of GdFe3(BO3)4, as in the case of FeBO3, can
be explained by the overlap of the charge-transfer
absorption due to the p6d5  p5d6 process. The cre-
ation of an additional electron in the Fe3+  Fe2+ tran-
sition requires the energy

(6)

while the annihilation of an electron (creation of a hole)
in the Fe3+  Fe4+ transition requires the energy

(7)

The Ωc and Ων levels have the meaning of the upper and
lower Hubbard subbands and can be expressed in terms
of the Racah parameters in the form

(8)

The difference between them (or splitting) is deter-
mined by the effective Hubbard parameter,

(9)

The analysis of behavior of the optical spectra of the
FeBO3 crystal at high pressures showed [13] that the
crystal field increases with pressure, whereas the Hub-
bard subbands broaden only slightly. As the crystal field
increases, the energy of high-spin terms of iron ions
almost does not change, while the energy of low-spin
states decreases. For P = 47 GPa, this leads to the cross-
over of the terms, which is accompanied by the mag-
netic collapse and a jumpwise change in electronic and
transport properties [13].

The similarity of the electronic structures of the
GdFe3(BO3)4 and FeBO3 crystals suggests that the elec-
tronic transition that we found in the GdFe3(BO3)4 crys-
tal at Pc2 = 43 GPa is also related to the spin crossover

εA E T4
1( ) E A6

1( ),–=

εB E T4
2( ) E A6

1( ),–=

εC E E4
1( ) E A6

1( ) or A4
1.–=

Ωc E T5
2 d6,( ) E A6

1 d5,( ),–=

Ων E A6
1 d5,( ) E E5

1 d4,( ).–=

Ωc εd 5A 14B 0.4∆,–+ +=

Ων εd 4A 14B 0.6∆.+–+=

Ueff Ωc Ωn– E0 d4( ) E0 d6( )+= =

– 2E0 d5( ) A 28B ∆–+ 4.2 eV.= =
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and the values of critical pressures for both crystals are
close (Fig. 6).

However, these crystals also reveal some differences
at high pressures. First, we found the structural and
optical transitions in GdFe3(BO3)4 at 26 GPa, which
were not observed in FeBO3. Because the crystal struc-
ture of GdFe3(BO3)4 is more complicated, the presence
of the additional transitions in this crystal is not surpris-
ing. The theory [11, 13, 14] considered the pressure-
induced variation in the electronic properties only for a
specific crystal lattice, and it cannot explain the transi-
tion at 26 GPa. To do this, the total energy of the crystal
should be calculated, as was done for FeBO3 [19].

The second difference is related to magnetic proper-
ties. It is also caused by the more complicated crystal
structure of GdFe3(BO3)4, where the chains of oxygen-
octahedral-containing iron are weakly coupled, and the
exchange interaction between neighboring iron atoms
involves a long chain of intermediate atoms, being
therefore much weaker than in FeBO3. Indeed, the Néel
temperature in GdFe3(BO3)4 TN = 38 K is an order of
magnitude lower than that in FeBO3 (TN = 350 K). The
Mössbauer spectra in the FeBO3 crystal at room tem-
perature reveal a magnetically ordered state at the low-
pressure phase [20], and the magnetic collapse at the
transition point Pc is manifested as the disappearance of
the magnetic order parameter owing to a drastic
decrease of TN at the high-pressure phase during the
spin crossover. Unlike FeBO3, the spin crossover in the
GdFe3(BO3)4 crystal, which is observed from optical
spectra at room temperature, occurs against the back-
ground of the paramagnetic state and is not a real (mag-
netic) phase transition. At the crossover point, the effec-
tive magnetic moment of the Fe3+ ion changes, which
can be observed by the jumpwise change in the slope of
the temperature dependence of the inverse magnetic
susceptibility and by Mössbauer spectra. We plan to
perform such studies in the near future.
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