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BaMgF, single crystals doped with Nd3* are of great interest as possible active media for VUV-UV and
mid-IR all solid-state lasers. The luminescence spectroscopy and the excited state dynamics of these
crystals are investigated for the first time upon VUV excitation using synchrotron radiation. The material
shows fast Nd*>* 5d-4f emission upon direct VUV excitation into Nd** 5d levels. The decay kinetics of
the Nd>* 5d-4f emission in this host lattice upon direct VUV excitation of 5d levels is characterized by a
lifetime of about 14 ns with no significant rise after the excitation pulse. No significant temperature
dependence of the lifetime is observed within the range 8-300 K.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

BaMgF, (BMF), one of the few ferroelectric fluorides reported
up to now, is a nonlinear crystal which exhibits an extraordinary
transparency range extended from the deep UV (~ 125 nm) to the
mid-infrared (~13 pm) [1]. This constitutes an exceptional win-
dow for the observation of optical processes or transitions not
possible in other systems, and offers a unique chance to fabricate
optical devices operating in the UV and mid-IR, where other
nonlinear materials cannot be used. Regarding its photonic appli-
cations, frequency conversion processes in both visible and UV
spectral region have been recently reported by using different
schemes. Namely, a collinear second harmonic generation (SHG) as
well as conical Cerenkov SHG processes have been recently
achieved by using 1D and 2D ferroelectric domain structures,
respectively. Further, a very efficient UV third harmonic generation
(THG) at 385 nm has been also demonstrated by means of a 4
process [2,3]. In this context, the use of this BMF ferroelectric
crystal as a host matrix for optically active ions appears as a very
interesting subject [4-6]. In the last years there has been an
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increasing interest in the study of the parity-allowed 5d-4f
transitions of various trivalent rare earth ions (RE**) incorporated
in wide band-gap host lattices for potential applications in the
field of scintillators, UV and VUV phosphors and lasers [7-9]. The
VUV-UV broad band emission resulting from the interconfigura-
tional 5d-4f transitions of appropriately chosen RE>* ions, com-
bined with the use of the compact pumping sources, may provide
the possibility to realize coherent and tunable VUV-UV radiation
sources. Among these dopant ions, Nd®>* ion seems a particularly
promising candidate in the development of potential self-
frequency converted all solid-state lasers operating in the UV
and VUV and mid-IR spectral region. The potential use of Nd>*-
doped BMF single crystals for self-frequency-doubling lasers has
already been documented in a recent paper [10], where the
spectroscopy properties of this material have been thoroughly
investigated under excitation in the near IR region. However, to
the best of our knowledge the spectroscopic characteristics of the
interconfigurational 5d-4f transitions of Nd®>* ion in BMF have not
been reported in literature so far, although the Nd3* laser action
in VUV-UV spectral region based on the 5d-4f transitions has
already been demonstrated in other similar fluoride single crystals
such as LaF; and LiYF4 [11,12].

In this contribution we investigate the 5d—4f transitions of Nd>*
ions in BMF crystals upon selective excitation with synchrotron
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radiation in the VUV-UV region in order to understand the basic
spectroscopic and dynamical properties of the higher excited Nd**
dopant states, therefore exploring the possibility of obtaining tunable
VUV-UV solid state optical devices.

2. Experimental and structural details

Luminescence measurements were carried out at the SUPER-
LUMI station of HASYLAB (Hamburg, Germany) using the synchro-
tron radiation (SR) from the DORIS III storage ring as excitation
source. For the selective excitation and measurements of excita-
tion spectra in the range of 3.7-19 eV a 2 m monochromator in
McPherson mounting with a resolution of 3.2 was used. The
detection of the luminescence was performed with a 0.3 m ARC
SpectraPro-308i monochromator equipped with a high-speed
R3809U-50S (Hamamatsu) microchannel plate detector. The mea-
surements were performed at the reduced (two) bunch mode of
the storage ring that allowed better time separation for time-
resolved spectroscopic measurements that was performed
employing time-correlated single photon counting (TCSPC) tech-
nique. The time-resolved spectra were recorded within two time
windows (TWs): 3-35ns (fast TW) and 248-430 ns (slow TW)
relative to the beginning of the SR pulse. The time-integrated
spectra were recorded detecting emission signal within the whole
time period of 480 ns available between SR pulses. The measure-
ments were performed in the ultra-high-vacuum chamber
(~10~°mbar) in the temperature range 8-300 K. The excitation
spectra were corrected for the wavelength-dependent variation of
the SR intensity using a sodium salicylate signal. The samples were
mounted on a sample holder regardless to the orientation of
crystallographic axes relative to the polarization of SR beam.

BMF crystallizes in the orthorhombic system, with space group
Cmc2, [13]. The room temperature structure is non-centrosym-
metric, with 4 molecules per unit cell. The Ba?* ion has a
coordination number of 9, while Mg?* is octahedrally coordi-
nated. The ionic radius of Nd*>* is much closer to the one of Ba®*,
and therefore the dopant ion was proposed to enter into the Ba®*
sites [10]. The charge compensation required by Nd*>* doping
could be achieved by cation vacancies or by interstitial F~ ions
[14].

For this research two Nd>* doped BaMgF, single crystals were
grown using the Czochralski technique under CF, atmosphere [1].
One of the samples contained 0.02 mol% of Nd>* ions relative to
Ba®". Another sample contained 0.02 mol% of Nd** ions and
0.15 mol% of Na™. The latter was used for charge compensation.
The Nd®>* and Na* concentrations in the crystals were measured
by inductively coupled plasma (ICP).

3. Results and discussion

The time-integrated emission spectrum of BMF:Nd>, recorded
in the UV spectral region (200-430 nm) at room temperature (RT)
upon VUV intra-centre excitation (1=164 nm), is dominated by a
strong double band extending from 210 to 300 nm and a weaker
and unresolved band centered at about 370 nm (Fig. 1). These
emission features, which were found to be characterized by a fast
decaying emission signal, are identified as parity-allowed inter-
configurational transitions from the lowest 4f25d! state to the
multiplets belonging to the ground 4f electronic configuration of
Nd®>* dopant ions. In particular, the band peaking at 226 nm is
assigned to the transition to the “F; (4f%) states, whilst the one
peaking at 257 nm is assigned to the transition to the %G, (4f)
states [15]; finally, the weak and unresolved band located at 370 is
attributed to the transitions to the Dy (4f%) states [15]. We point
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Fig. 1. RT time-resolved and time-integrated emission spectra of BMF:Nd>* crystal
upon excitation at 164 nm. Inset shows the decay curve recorded monitoring Nd>*
emission upon intra-centre excitation at 300 K.

out that we were unable to record emission features related to the
transition to the ground multiplet “I; (4f%), which are expected to
be located at about 175-185 nm for Nd>~ ion in a fluoride host.
The reason for this were technical issues during our beamtime.
Nevertheless, it is reasonable to state that the VUV emission
features related to transitions to 4IJ (4f%) terminating states are
the strongest ones in the 5d-4f emission spectrum of BMF:Nd>™.
This was observed in many different oxide and fluoride hosts and
it is well proven by calculation of oscillator strengths for Nd>* 5d-
4f transitions (see [15-20] and references therein). The measure-
ments were also carried out at low temperature (8 K) under the
same experimental conditions. The low temperature spectrum did
not reveal any noticeable difference compared to the spectrum
recorded at RT (Fig. 2).

Fig. 3 represents time-integrated and time-resolved excitation
spectra recorded monitoring Nd®>* 5d-4f emission at RT
(lem=258 nm). The time-integrated spectrum is characterized by
a strong structured feature spread in the range 135-175 nm with
the lowest energy maximum at 165 nm. The feature is predomi-
nantly formed by a signal detected in the fast TW and is assigned
to the transitions from the ground state 4[9/2 to the levels
belonging to the 4f>5d' configuration of Nd®>*. On the basis of
experimentally observed spectral position of the first excitation
maximum for Ce®>* in BMF when substituting the Ba®* sites
(~260 nm, 38,460 cm~!) [6,22,23], which agrees with the theo-
retical calculation [24], and the energy difference between the first
4f-5d transition of Nd3>* and Ce®** (22,700cm~! [26]), we
estimate a first 4f-5d excitation maximum to be at about
164 nm (61,160 cm~!). This is in excellent agreement with our
experimental data. On the other hand, the spectroscopic data
documented in Refs. [6,22,23] allow estimating a Stokes shift for
Ce3+ 5d-4f emission in BMF that is about 4400 cm~!. Assuming
that the Stokes shift for the rare earth ions having very close ionic
radius should be pretty much the same, we can approximately
locate the first emission maximum related to the ground 419,2 (4f3)
terminating state as ~176 nm (56,760 cm™1).

The excitation peak at 125 nm (9.93 eV) is well pronounced in
the spectrum recorded within slow TW. In fact, excitation of BMF:
Nd3+ crystal at about 125 nm or at shorter wavelengths gives rise
to an emission spectrum which is virtually lacking any features
related to Nd®>* 5d-4f transitions and it is composed of a nearly
symmetrical broad band extending from about 210 to 475 nm and
centered near 310 nm (Fig. 4). This emission band is dominated by
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Fig. 2. Time-resolved and time-integrated emission spectra of BMF:Nd>* crystal
upon excitation at 164 nm at 8 K. Inset shows the decay curve recorded monitoring
Nd®* emission upon intra-centre excitation at 8 K.
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Fig. 3. RT time-resolved and time-integrated excitation spectra of BMIF:Nd*>* and
Na* co-doped BMF:Nd>* crystals recorded monitoring Nd*>* 5d-4f emission at
258 nm.

a signal detected within slow TW. A nature of this emission band
as well as the excitation feature at 125 nm is most likely connected
with intrinsic electronic excitations in BMF.

To our data, BMF is lacking a systematic spectroscopic study of
the host absorption characteristics. However, some publications
report transmission and excitation spectra of undoped BMF which
suggest that fundamental absorption edge of the host should start
at about 9.5 eV [1,21,22]. As long as BMF represents a BaF,-MgF,
system, it should keep carrying some electronic properties of the
binary components (although the crystal structure of BMF is
different from BaF, and MgF,) including a large band gap which
is about 11 eV for BaF, [27] and 12.8 eV for MgF, [28]. This is
consistent with theoretical calculation [25] which proposes the
beginning of interband transitions in BMF to begin at about
10.3 eV. The optically recorded beginning of fundamental absorp-
tion can be connected with excitonic absorption. In the case of
binary fluorides characterised by a strong exciton-phonon inter-
action this implies an observation of broad (up to 1.5-2eV)
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Fig. 4. RT time-resolved and time-integrated emission spectra of BMF:Nd>* crystal
upon excitation at 125 nm.

excitonic features in excitation or absorption spectra [29]. On this
basis, the observed feature in the excitation spectrum at 125 nm
(Fig. 3) can be connected with excitonic absorption of BMF. In turn,
the 310 nm emission band observed upon excitation into this
feature (Fig. 4) can be tentatively assigned to self-trapped exciton
(STE). This is worth comparing with position of a STE emission
band in BaF, (~307 nm) and MgF, (~387 nm) (see [29] and
references therein). Nonetheless, based on our experimental
results, a defect nature for the 310 nm emission band cannot be
ruled out. The unambiguous assignment of this emission requires
further investigation in undoped BMF crystals being beyond the
scope of this work.

Nevertheless, it is clear that energy transfer from the host
electronic excitations to Nd>* 5d states is not observed in BMF:
Nd3* crystal. This can be due to the fact that energy of relaxed
(self-trapped) exciton in BMF is too low to excite 4f-5d transitions
in Nd®* that requires energy higher than 7.1 eV. An efficiency of
recombination energy transfer depends on absolute location of
ground state of the dopant ion [30]. Unfortunately, to the best of
our knowledge an information on absolute location of rare earth
energy levels in BMF is not available in literature. It is known,
however, that the energy difference from the top of the valence
band to the Nd>* 4f ground state is about 3 eV in CaF, [31], 2.5 eV
in BaF, [32], 3.5 eV in K5YFg [33], 2.7 eV in NaLaF, [34] that allows
supposition that the Nd>* ground state in BMF is likely located at
quite high energy too. The latter prevents more-or-less effective
capture of (self-trapped) holes from the valence band and makes
the recombination energy transfer mechanism hardly possible.
Thus, we deal with a system where intrinsic electronic excitations
predominantly relax via exciton or defects without transferring
energy to Nd>* ions.

The time profile of the Nd3>* 5d-4f emission at RT, monitored
at 257 nm and excited at 164 nm, demonstrates a single exponen-
tial behaviour with an approximate lifetime of 14 ns (see the inset
in Fig. 1), that agrees well with Nd®>* 5d-4f emission lifetime
observed in other single crystal fluorides (14 ns in BaYsFg [35],
15.3 ns in SrF,, 12.3 ns in BaF, and 17.7 ns in CaF, [36]). We note
that the time profile in Fig. 1 is shown just within 200 ns (not in a
whole time scale of 480 ns) for better representation. The lifetime
remains nearly the same when the sample is cooled down to 8 K
(see the inset in Fig. 2), suggesting no thermal quenching for the
Nd3* 5d-4f emission within the temperature range of 8-300 K. In
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addition, it is worth noting that the Nd>* 5d-4f emission decay
curves do not reveal any significant rise time within the time
resolution capabilities of the synchrotron setup (better than 1 ns),
indicating that excited Nd>* 4f25d! states do not experience any
thermally assisted population of the emitting level.

Finally, it should be pointed out that no significant influence of
codoping with Na* (added as a charge compensator to eliminate
defect-distorted Ndg, sites) in BMF:Nd>* was observed neither in
the emission spectra nor in the decay curves. A small difference
was observed in a time-integrated excitation spectrum of the Na*
co-doped crystal. The difference, however, is just in a relative
intensity of the spectral features not in their spectral positions
(Fig. 3). The different relative intensity of the spectral features
probably originates from a saturation effect that depends on
thickness, orientation and surface quality of the crystal.

4. Conclusions

In this study we have shown that BaMgF, is an excellent host
for fast and efficient 5d-4f luminescence of Nd>* ions. The Nd>*
5d-4f emission has been shown to decay with a lifetime of 14 ns
while experiencing no thermal quenching of the luminescence
within the temperature range 8-300 K. The host-to-dopant energy
transfer has been found to be inefficient. Nevertheless, an overall
spectroscopic and dynamic characteristics recorded for BMF:Nd>*+
single crystal in combination with its nonlinear optical properties
suggest this system can be a good candidate for the development
of optical devices active in the VUV-UV regions, including tunable
VUV-UV solid state lasers.
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