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a b s t r a c t

Pressure-induced phase transformation and fluorescent properties of ErF3 were investigated here using
in-situ synchrotron X-ray diffraction and photoluminescence up to 32.1 GPa at room temperature. Results
showed that ErF3 underwent a reversible pressure-induced phase transition from the β-YF3–type to the
fluocerite LaF3-type at 9.8 GPa. The bulk moduli B0 for low- and high-pressure phases were determined
to be 130 and 208 GPa, respectively. Photoluminescencent studies showed that new emission lines be-
longing to the transition of 2H11/2-

4I15/2, 4S3/2-4I15/2, and 4F9/2-4I15/2 appeared during phase transition,
suggesting pressure-induced electronic band splitting. Remarkably, significant pressure-induced en-
hancement of photoluminescence was observed, which was attributed to lattice distortion of the ma-
terial under high pressure.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The rare-earth trifluorides (REF3) are important functional
materials that have been widely used in laser sources, detectors,
optoelectronics, and biological applications [1, 2–4] because of
their unique physical and chemical properties, such as low phonon
energy, high ionicity, high resistivity, and high anionic con-
ductivity [5]. The phase stability and transformations of this family
have received considerable attention because their properties are
heavily dependent on their structures. It is known that REF3 family
has two crystal structures depending on the atomic size of the
rare-earth element at ambient pressure and room temperature.
For low-Z rare-earth elements from La to Nd, REF3 crystallizes in
the trigonal structure (tysonite-type, No. 165) with space group P-
3c1. For other elements in the family, REF3 has the orthorhombic
structure (β-YF3-type, No. 62) with space group Pnma [6,7]. Pres-
sure, one of the most significant thermodynamic parameters, can
change the interatomic distance directly, and therefore effectively
ure Science and Technology
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tune the interactions among atoms, the structures and properties
of materials. Pressure-induced phase transformations of the ty-
sonite-type REF3 has been focused on LaF3 [9–13] and CeF3 [14].
Using high pressure diffraction, Dyuzheva et al. observed the
transition from tysonite-structure to C-centered orthorhombic
(Cmma No. 67) structure in LaF3 [8] and CeF3 [14] at 19 and
20.6 GPa, respectively. Winkler et al. [10] calculated the high
pressure phase of LaF3, but proposed a tetragonal structure with
I4/mmm symmetry which is different from that observed by
Dyuzheva et al. Crichton et al. [9] examined the behavior of LaF3 at
high pressure by XRD and Raman spectroscopy and atomistic
model calculations. They identified that the high pressure phase of
LaF3 is the anti-Cu3Ti-type (Pmmm, No. 59), which is evidently
similar to the Cmma symmetry reported by Dyuzheva et al., has
been well accepted. For the β-YF3-type REF3, YF3 [15] and EuF3 [16]
have been reported to have similar phase transformation from
original orthorhombic phase to trigonal hexagonal phase. In
summary, the phase transition sequence of REF3 would be
α-UO3-β-YF3-tysonite-anti-Cu3Ti-type with increasing pres-
sure, as observed experimentally up to date.

ErF3 is one of the most important rare-earth trifluorides due to
its sharp luminescence of Er3þ from the transitions among the
intra-4f shell, the first excited state and the ground state of the ion.
It has tremendous applications ranging from optoelectronics to
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Fig. 1. The XRD pattern of ErF3 under ambient conditions. The inset is the sche-
matic crystal structure of ErF3.
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fiber communications [17,18]. The phase stability of ErF3 directly
affects its applications but no results on the structural stability of
ErF3 have been reported. Furthermore, exploring the phase eva-
luation in ErF3 can provide insights into the relationship between
their crystal structures and properties, and may also discover new
properties.

In this work, the structural phase transition of ErF3 was in-
vestigated using AD-XRD and photoluminescence (PL) measure-
ment under high pressure up to 32.1 GPa. The XRD and PL studies
showed that ErF3 experiences a phase transition from the or-
thorhombic phase to trigonal phase at 9.8 GPa. Significant pres-
sure-induced enhancement of fluorescence was observed before
the phase transition. This might be due to the lattice distortion of
the material at high pressure.
2. Experimental details

ErF3 powder with a purity of 99.99% was purchased from
Aladdin Industrial Corporation and used without further pur-
ification. A symmetrical type diamond anvil cell (DAC) with
300 μm diameter culet was used to generate high pressure. The
sample was loaded into a 120 μm diameter hole drilled in a T301
stainless steel gasket, which was pre-indented to a thickness of
45 μm. Methanol-ethanol (4:1 by volume) was used as the pres-
sure-transmitting medium and the pressure was determined from
the ruby R1-luminescence line shift [19].

In-situ high pressure AD-XRD measurements were performed
at the 4W2 beamline of Beijing Synchrotron Radiation Facility
(BSRF, China) at room temperature with a wavelength of
0.6199 Å. A Si (111) monochromator was used to produce the
X-ray beam. The incident X-ray beam was focused down to
21�8 μm using a pair of Kirkpatrick-Baez mirrors. The image-
plate area detector (Mar345) was used to collect diffraction data
and high-purity CeO2 powder was used to calibrate the geometric
parameters. FIT2D software was used to integrate the diffraction
rings into one-dimensional patterns [20]. In-situ high-pressure
fluorescence spectroscopic experiments of ErF3 were measured
using a He/Ne-mixed ion laser with wavelength of 532 nm to
cover a wavelength range of 533–680 nm.
3. Results and discussion

Fig. 1 shows the AD-XRD of ErF3 at ambient pressure. It can be
indexed into the orthorhombic structure with space group Pnma,
which is consistent with previous reports [21]. The inset schematic
of crystal structure clearly shows that Er atoms are surrounded by
nine F atoms. The selected pressure evolution of the AD-XRD
patterns of ErF3 for compression and decompression procedures
are shown in Fig. 2a. With increasing pressure no change was
observed up to 8.1 GPa, indicating that the sample remained in the
orthorhombic phase. Upon further compression, a new peak ap-
peared at around 12° as the pressure reached 9.8 GPa. New peaks
appeared more intense while the peaks belonging to the orthor-
hombic structure started to disappear, indicating the onset of a
phase transition. At 18.2 GPa all the diffraction peaks from the
orthorhombic phase disappeared, and the only signal detected was
that of the high-pressure phase, suggesting that the phase tran-
sition had been completed. This structure of the high-pressure
phase of ErF3 was new for ErF3. By using the XRD analytical soft-
ware MDI Jade, we found that the indexing of P-3c1 space group
matches our AD-XRD the best. The high-pressure phase of ErF3 is
isostrucutral with the fluocerite-type LaF3. The determination of
high-pressure phase of ErF3 in this work is consistent with the
above mentioned isocompounds under high pressure reported in
the literature [16]. In the light of the structural evolution of iso-
compouds under high pressure, we successfully refined the dif-
fraction pattern of ErF3 at 19.6 GPa using General Structure Ana-
lysis System (GSAS) [22,23]. The fitting result and refined para-
meters are shown in Fig. 2b and Table 1. The phase transition route
was similar to that observed in EuF3 [16]. As compression con-
tinued, no phase transition was found for the new phase up to
30 GPa, the highest pressure in the study. Upon decompression to
ambient pressure, results showed that the trigonal structure had
returned to an orthorhombic state, showing that the pressure-in-
duced phase transition of ErF3 is reversible.

Previous theoretical and experimental investigations suggested
that short F–F distance leads to the pressure-induced structural
phase transition in low-Z rare-earth trifluorides such as LaF3, CeF3
[12]. We have also investigated the F–F and Er–F bondings from
our Rietveld analyses, as shown in Figs. 2d and 5c. It is clear that F–
F and Er–F bondings both showed strong anisotropic compression
behavior. Therefore, we speculated that the pressure-induced
structural phase transition of ErF3 was due to the remarkable an-
isotropic compression behavior in F–F and Er–F bondings.

The pressure dependence of the unit cell volume is shown in
Fig. 2c. The pressure-volume data has been fitted to the third-or-
der Birch–Murnaghan equation of state, as follows [24,25]:
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here B0 and V0 are bulk modulus and the volume under ambient
conditions, respectively, and ′B0 is the pressure derivative of B0. The
bulk modulus of the orthorhombic and trigonal phases was found
to be at 130 (6) GPa and 208 (21) GPa, respectively, when ′B0 was
fixed at 4 in these two fittings. In previous work, the bulk modulus
of LaF3 CeF3 and GdF3 is 160.5 (2.7) GPa [9], 147 (10) GPa [14]and
132 (12) GPa [26]. It is interesting to note that the bulk moduli of
REF3 decrease as the ionic radii decrease.



Fig. 2. (a) The selected AD-XRD of ErF3 under high pressure during compression and decompression; (b) GSAS refinement of the diffraction pattern of ErF3 at 19.6 GPa, insert
is the schematic crystal structure of a high pressure phase of ErF3; (c) Equation of state of the phases of ErF3 and (d) Pressure dependences of the length of F–F bonding of
ErF3.

Table 1
Final refined parameters and values obtained at 19.6 GPa.

Cell

a 6.5635(2) Å
b 6.5635(2) Å
c 6.6959(2) Å
Space group P-3c1
Atom x y z
Er 0.6662(1) 0 1/4
F(1) 0.3634(6) 0.0414(8) 0.0739(9)
F(2) 1/3 2/3 0.1730(5)
F(3) 0 0 1/4
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Fig. 3. (a) Photoluminescence spectra of ErF3 with the 532 nm excitation laser
under ambient pressure; (b) Simplified energy-level diagram of Er3þ and
(c) Fluorescence spectrum of ErF3 recorded with the 532 nm excitation laser under
different pressures.
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To investigate the influences of structural transition on the
fluorescence properties of ErF3, fluorescence was measured from
ambient pressure up to 32.1 GPa. The fluorescence spectrum of
ErF3 at ambient pressure is shown in Fig. 3a. The green spectra
(which ranged from 535 to 538 nm and from 540 to 552 nm) and
the red spectrum (which ranged from 645 to 672 nm) were at-
tributed to the transitions from Er3þ ion excited state levels 2H11/2,
4S3/2, and 4F9/2, to the ground state level 4I15/2 respectively
[27, 28,29], as shown in the schematic in Fig. 3b.

Representative fluorescence spectra measured from 0.1 to
32.1 GPa are shown in Fig. 3c. Initially, the spectrum is the fluor-
escence signals of an orthorhombic phase. With increasing pres-
sure, the spectra have no obvious changes except peak shifts up to
7.2 GPa, indicating that the structure remained stable up to this
pressure, which was consistent with XRD results. As the pressure
reached 9.4 GPa, a new peak appeared near 536 nm which can be
assigned to the transition of 2H11/2-

4I15/2. Upon further com-
pression, two more groups of new peaks gradually appeared
around 539–555 nm and 647–659 nm. These were attributed to
the transitions of 4S3/2-4I15/2 and 4F9/2-4I15/2, respectively.
However, as the pressure continued to increase above 18.9 GPa the
fluorescence spectra of ErF3 showed no obvious transformation.
The pressure dependence of emission peaks is shown in Fig. 4.
Results showed that the emission lines of 2H11/2-

4I15/2 transition
shifted to high energy monotonically as pressure increased. The
emission lines of 4S3/2-4I15/2 and 4F9/2-4I15/2 responded to
pressure very differently, but all showed discontinuity at the same
pressure range. All of the above mentioned behaviors of lumi-
nescence spectra under increasing pressure suggested that the
material may undergo a phase transitionwithin the pressure range
of 9.4–16.1 GPa, which corresponds to the results of XRD.

Interestingly, a remarkable enhancement of fluorescence from
ErF3 was observed at low pressures as shown in Fig. 5a. With in-
creasing pressure the fluorescence intensity reached an experi-
mental maximum at a pressure of 5.3 GPa. The maximum lumi-
nescence intensity was about 2 times of that at ambient pressure,
as shown in Fig. 5b. According to the works of pioneering con-
tributors [30-32] fluorescence intensity is determined by the ra-
diative rates of the involved electronic transitions, reduction of the
intermolecular distance, and localization of the density of Er3þ

ions; which renders fluorescence more efficient with increasing
pressure. Intermolecular distance was analyzed under a low-
pressure regime as shown in Fig. 5c. Results showed that the
pressure dependences in the interatomic distances of ErF3 all
showed anomalies under the same pressure regime, according to
the intensity of luminescence. This suggests that the observed
increase in fluorescence is attributable to changes in inter-
molecular interaction, caused by pressure-induced distortion. As
reported by Wisser et al. [30], lattice distortion can cause bene-
ficial Laporte selection rule relaxation, and the subsequent en-
hancement of fluorescence. Further compression produces a sharp
reduction in fluorescence efficiency, which is probably caused by
defect formation and phase transformation at higher pressures.
4. Conclusions

In summary, this study of the pressure-induced phase transi-
tion and PL properties of ErF3 demonstrates that ErF3 transformed
from the β-YF3–type to the fluocerite LaF3-type structure at
9.8 GPa and remained stable up to 30 GPa. Upon decompression,
the trigonal phase transformed back to the ambient pressure
phase, suggesting that the transition is reversible. The bulk moduli
of ErF3 for both phases were determined as 130 (6) GPa and 208
(21) GPa. The in-situ high-pressure fluorescence was also mea-
sured at room temperature up to 32.1 GPa. New emission lines
started to appear at 9.4 GPa, which indicates the occurrence of a
pressure-induced structure transition of ErF3, which corresponds
with the high-pressure XRD results closely. Significant enhance-
ment of fluorescence was observed under low pressure due to
lattice distortion.



Fig. 4. Pressure-induced shifts of the luminescence peaks of ErF3. The remarkable variation of emission lines under high pressure was marked with gray rectangular region.
These results were consistent with the present XRD data.

Fig. 5. (a) Comparison of fluorescence intensity at 0.1 GPa and 1.5 GPa.
(b) Fluorescence intensity as a function of applied pressure and (c) Pressure de-
pendences of the length of Er–F bonding of ErF3.
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