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Abstract
Mixed single PbFBr1−x Ix crystals have been prepared. X-ray powder diffraction
structure determinations show that all samples crystallize with the matlockite
structure. However, the single crystal structure of PbFBr0.5I0.5 involves not
only fractional occupation of one site corresponding to the stoichiometry, but
also split positions of the Pb2+ ion. Raman spectra reveal the presence of
new additional bands with respect to PbFBr and PbFI. DFT calculations of
lattice vibrations for PbFI show good agreement with experimental spectra.
The calculated phonon dispersion curve suggests that for the mixed crystals
the centre of inversion is conserved locally. These combined results suggest
the presence of domains with ordered F–Pb–Br–Br–Pb–F and F–Pb–I–I–Pb–
F layers in the mixed crystals. Calculations on PbFBr0.5I0.5 show that this
suggested structure is more stable than the structure consisting of the F–Pb–
Br–I–Pb–F arrangement.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Crystals of the matlockite (PbFCl) family have been the subject of numerous investigations
with respect to a variety of potential applications such as room temperature hole burning [1],
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radiation detection [2] and pressure sensors [3]. More recently, the compound PbFCl has been
studied as scintillator material [4].

In the course of our investigations on mixed PbFCl-type crystals, we have studied crystals
of BaFBr1−x Ix [5]. In contrast to other mixed crystals of this family, e.g. SrFBr1−x Clx [6],
the crystal structure of BaFBr1−x Ix can only be satisfactorily modelled by introducing a split
position of the Ba ion in addition to the fractional occupation of the heavy halogen site. In this
investigation, it was shown that there is a ‘local’ lowering of crystal symmetry (ferrielectric
domains) which is seen by vibrational spectroscopy and ESR on Eu-doped samples, but not by
single crystal x-ray diffraction.

In this work we address the crystal structure of the analogous lead compounds PbFBr1−x Ix .
In addition to the crystallographic study, the Raman spectra of the starting compounds PbFI
and PbFBr are compared with those of the mixed crystals. The experimental data are further
compared with theoretical calculations of lattice vibrations in PbFI and terahertz transmission
spectra.

2. Experimental details

2.1. Sample preparation

Powder samples and single crystals were prepared from stoichiometric amounts of Pro
Analytical PbF2, PbBr2 and PbI2 (Merck) by hydrothermal synthesis. The samples were
annealed with demineralized water in Teflon crucibles placed in steel autoclaves at 250 ◦C
for up to 87 days. Polycrystalline material was obtained after 20 days, single crystals suitable
for measurements with a size of around 100 μm after 60 days. Platelike single crystals were
found; the crystals were used for single crystal diffraction after optical examination under a
high precision optical microscope. Powders of different stoichiometries with a nominal Br/I
ratio of 25/75, 50/50 and 75/25 were prepared and analysed by powder diffraction methods.
Samples for single crystal growth were prepared using a 50/50 Br/I ratio.

2.2. Powder diffraction

X-ray measurements on polycrystalline samples were made on a Philips X-PERT Bragg–
Brentano diffractometer. Rietveld refinement using the fundamental parameter approach with
TOPAS 2.06 allowed us to calculate the lattice parameters and the phase composition. As
matlockite tends to show texture effects due to its platelike habitus, a calculation of texture
effects along [001] was included in the refinement.

2.3. Single crystal diffraction

Single crystal measurements were made on a Nonius CAD4 diffractometer. Collected
intensities were refined with the program package XTAL 3.2. [7]. Experimental conditions
for the single crystal structure determination are summarized in table 1. Atomic positions and
isotropic (anisotropic) and atomic displacement factors are listed in table 2.

2.4. Raman measurements

For observations at very low Raman shifts, measurements were made on powdered samples
using either a Spex 1403 or 1404 double monochromator with excitation wavelengths of 488
and 568 nm. This last one provided the best S/N data for the yellow powdered samples.

6 Topas Software for Rietveld Refinement by Bruker AXS.
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Table 1. Single crystal diffraction data of PbFBr0.5I0.5 at 300 K.

Formula PbFBr0.5I0.5

Space group/system Tetragonal P4/nmm (129)
a = b (Å) 4.2087(6)
c (Å) 8.1491(22)

V (Å
3
) 144.35(5)

Calc. density (g cm−1) 7.583
Z 1
Diffractometer type Nonius CAD 4
Wavelength (Å) Mo Kα 0.710 73
Monochromator Graphite
Method ω-scan
Temperature (K) 293
Crystal size in mm ×100 1.2 × 0.9 × 0.3
θ range (deg.) 5–30
nref measured 1046
hmax/hmin 5/−5
kmax/kmin 5/−5
lmax/ lmin 11/−8
nref independent 155
Program used XTAL 3.2 [7]
nref with I > 3σ(I ) 112
Rint (%) 5.7
R (Rw) 5.4 (5.4)
Goodness of fit 2.46
Number of parameters 10
e−

Min/ max −2.42/5.41

ICSD number 417 019

Table 2. Atomic positions and isotropic (anisotropic) and atomic displacement factors of
PbFBr0.5I0.5.

x/a y/b z/c U(eq) PP (fixed)

Pb(1) 1/4 1/4 0.141 7(2) 0.0240(3) 0.5
Pb(2) 1/4 1/4 0.215 3(2) 0.0295(3) 0.5
F(1) 3/4 1/4 0.037 8(13) 0.030(3) 0.5
Br(1) 1/4 1/4 0.659 85(17)a 0.0424(4)a 0.5
I(1) 1/4 1/4 0.659 85(17)a 0.0424(4)a 0.5

U11 (F: U(iso)) U22 U33

Pb(1) 0.194(3)a U11 0.0628(15)a

Pb(2) 0.194(3)a U11 0.0628(15)a

F (isotropic) 0.030(3) — —
Br(1) 0.0206(4)a U11 0.0853(11)a

I(1) 0.0206(4)a U11 0.0853(11)a

a Constrained value.

Additional experiments were performed at room temperature using a Labram Raman
microscope with an excitation wavelength of 532 nm in the backscattering geometry. As
the crystals grow as platelets perpendicular to the c-axis, one observes in this geometry
combinations of (a, a), (b, b) and (a, b) polarizations, allowing one thus to observe the weak
single B1g mode around 210 cm−1 (polarization (a, b)).
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2.5. Terahertz transmission

Terahertz transmission experiments were performed between 1.5 and 90 cm−1 with a resolution
of 1 cm−1 at 300 K on powdered samples dispersed in polyethylene pellets using a Teraview
TPI Spectra 1000 time-domain spectrometer.

2.6. Theoretical calculations

The calculations on the PbFI and PbFBr0.5I0.5 compounds were done with the WIEN2k code [8]
which is based on the full-potential (linearized) augmented plane-wave plus local orbitals (FP-
(L)APW + lo) method to solve the Kohn–Sham [9] equations of density functional theory
(DFT) [10] in solids. The PBE [11] functional, of the generalized gradient approximation
(GGA) form, was chosen for the exchange–correlation energy. For PbFI, the geometry
optimization and phonon calculations at the � point were done with a 13 × 13 × 5 special
point grid for the Brillouin zone integrations and Rmin

MT Kmax = 8 was used for the expansion
of the basis set. The phonons were calculated using a real space force constant fitting based
on forces calculated for symmetry adapted atomic displacements [12]. The LO/TO splitting of
the infrared-active mode was not included. A 2 × 2 × 2-supercell was used for the calculation
of the phonons of PbFI in the full Brillouin zone, and reduced parameters were used for this
calculation (5×5×2 for the special point grid and Rmin

MT Kmax = 7). For PbFBr0.5I0.5, a 9×9×2
special point grid for the Brillouin zone integrations was used. The sphere radii were chosen
as 2.32 au for F and Pb atoms and 2.5 au for Br and I atoms. Scalar relativistic effects were
considered in the calculations, but spin–orbit coupling was not included, as the calculation of
the forces with spin–orbit coupling (needed for the optimization of the internal parameters) is
not implemented in the code.

3. Results and discussion

3.1. Crystal structure

The powder diffraction data show that PbFBr1−x Ix crystallizes in the matlockite (PbFCl)
structure. In a first approach, it was assumed that the bromide and iodide ions occupy the
same site (Wyckoff site 2c) in a statistic arrangement. The powder diffraction data of the mixed
samples indicate a rather homogeneous composition, i.e. there is no significant distribution
of lattice parameters. The lattice constants and bond distances show a linear behaviour over
different Br/I ratios, in agreement with Vegard’s law. Figure 1 shows the unit cell volume
and the Pb–Br/I bond distances as a function of iodine concentration, including the single
crystal data reported for PbFBr [13] and PbFI [14]. This behaviour was expected from our
previous studies of mixed (Sr, Ba)F(Cl, Br) crystals [6, 15]. In PbFI or PbFBr, a simple stacking
order along the c-axis of –X–Pb–F–Pb–X–X–Pb–F–Pb–X– (with X = Br, I) is observed; in the
mixed Br/I samples the layer arrangement is more complex, as will be shown below.

Experimentally, it can be seen from figure 1 that the sample with a nominal iodide content
of 25% may tend to a higher bromide content (confirmed also by Raman measurements).
The deviation from the linear behaviour suggests a real Br:I ratio content of approximately
85%:15%. X-ray refinement on this sample showed a iodide-rich secondary-phase PbFI
(1.8(2) wt%) confirming this trend.

In the first structure refinement from the single crystal diffraction data based on the
matlockite structure, the lead ion had an inconsiderably high anisotropy in vibrational
parameters, which suggested a split position of the lead ion (U11 = 0.0193(3), U33 =
0.1820(12) Å

2
). Refining the structure with a split lead position along the c-axis (Pb(1) z/c =

0.1417(2) and Pb(2) z/c = 0.2154(2)) gives reasonable anisotropy of U33(Pb) = 0.063(2)
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Figure 1. Unit cell volume and metal–heavy halide bond distance drawn versus iodide content. The
data for PbFBr and PbFI are taken from [13, 14].

and a better R value. The high anisotropy of the fluoride ion along the c-axis agrees well
with this model: the average value of the Pb–F distance (2.56 Å) is in the same range as
the corresponding value in PbFBr and PbFI [13, 14]. The Pb–Br/I distances vary between
3.1449(8) and 3.3870(11) Å in the lead coordination sphere (figure 3). In the final refinement,
the fluoride was split in two positions with nominal occupation of 50%. The corresponding
structural parameters are collected in table 2.

With this model, the statistical occupation of the bromide/iodide position within one layer
appears unlikely, as it would lead to significant strains in the structure.

Figure 2 shows schematically three different possible substitution models. At the top,
a mixed order statistically occupying the same site is assumed. This has been observed for
instance in BaFCl0.57Br0.43 [15]. A stacking order along the c-axis with halogen layers filled by
only one halide ion (either Br or I) can be arranged either in double layers or single layers (see
figure 2). In these latter models, the layers are filled by one sort of ion but arranged statistically
along the c-axis (no hint of super-structure reflexes could be found in the powder pattern or
single crystal measurements). If the structure were arranged in a fixed order (e.g. · · ·–I–I–· · ·–
Br–Br–· · ·–I–I–· · ·) additional signals should be seen in the diffraction patterns.
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Figure 2. Schematic drawing of possible arrangements of bromide and iodide layers in the mixed
crystal in the case of 50% substitution. The upper part shows a statistical distribution, the two
lower parts different models with uniformly occupied layers of one heavy halogen (either bromide
or iodide).

The lead ion in the matlockite shows 8 + 1- (PbFBr) and 8 + 2- (PbFI) fold coordination
to the neighbouring halides (see figure 3) with a weak coordination to the next layers of halide
ions.

3.2. Raman spectra

Group theory predicts for PbFBr and PbFI six Raman active modes (three Eg, two A1g and
B1g). The symmetry coordinate analysis shows that the single B1g mode corresponds to a
motion involving only fluoride ions.

The Raman spectra of PbFBr and PbFI as well as those of samples with nominal Br:I
ratios of 25:75, 50:50 and 75:25 are shown in figure 4. The corresponding band positions are
collected in table 3.
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Figure 3. Lead coordination sphere. Bond distances between Pb and I vary depending on the
substitution ratio, Pb–F distances are nearly the same for all ratios. Values given are Br−/I−–Pb2+
distance in mixed crystals assuming a split position for lead. Values calculated with the WIEN2k
code for PbFI are in parentheses.

Table 3. Raman data for matlockite crystals at room temperature. Literature data for BaFX [23] are
included for comparison (w = weak, br = broad, sh = shoulder). Peak positions are given within
±0.5 cm−1.

Compound Eg Eg A1g A1g B1g Eg

BaFCl [23] 82 143 132 165 216 251
BaFBr [23] 76 109 103 123 211 238
BaFI [23] 67 111 78 102 203 219
PbFCl [16] 43.5 134 105.5 164.5 226.5 241
PbFBr [16] 39 94.5 ∼89 116.5 224.5
(This work) 39 93.5 ∼87sh 116 221
PbFBr0.75I0.25 37.7 65w, br ∼87sh 91.2 114 219.5
PbFBr0.5I0.5 30 + 37.2 60 80 ∼85sh 113 + 104sh 216.5
PbFBr0.25I0.75 36.1 + 27.5 67.5 ∼77sh 106.5 211.5
PbFI [16] 36 60 67 102
(This work) 36 61.4 67 105.5 206

All spectra show a relatively strong band close to 38 cm−1, which has been assigned by
Rulmont [16] to the lowest frequency Eg mode. This assignment is further confirmed by the
periodic DFT calculation (see below).

Our data for PbFBr and PbFI are in agreement with those reported by Rulmont [16], and in
the case of PbFI the previously unobserved B1g mode could be clearly identified at 206 cm−1.
In the case of PbFBr, we do observe a weak and broad band around 180 cm−1, the origin of
which is not clear.

It is interesting to note the strong decrease in relative intensity of the B1g mode (around
210 cm−1) when going from the bromide to the iodide. As this band should be the least affected
by the solid solution (being a purely fluoride motion), one could expect that the frequency of
this bands varies linearly with composition. This behaviour has been observed in the similar

7
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Figure 4. Room temperature Raman spectra of powdered PbFX (568 nm excitation, full line) and
partially polarized micro-Raman spectra of individual crystal platelets (532 nm excitation, dotted
line) to reveal the B1g mode for all samples. Bands below 180 cm−1 could not be observed with the
micro-Raman experiment. Weak bands labelled ∗ are from impurities in the powder samples.

systems SrFCl–SrFBr [17], BaFCl–BaFBr and SrFCl–BaFCl [18]. The data collected in table 3
suggest that the samples with nominal Br:I compositions 75:25 and 50:50 appear to be richer in
bromide with respect to their nominal compositions. This trend is in agreement with the x-ray
diffraction data shown above.

8
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Figure 5. Comparison of low frequency Raman spectra of PbFBr (upper trace) and PbFBr0.5I0.5

(nominal composition). The arrows show the splitting of the single band at 116 cm−1 and the new
band at 60 cm−1 as well as the band at 30 cm−1 discussed in the text.

Table 4. Calculated and experimental [14] lattice (a and c, in Å) and internal (zI/c and zPb/c)
parameters of the PbFI compound. The values of zI/c and zPb/c in parenthesis were determined at
the experimental lattice parameters.

a c c/a zI/c zPb/c

Calc. 4.227 10.02 2.371 0.690 (0.659) 0.149 (0.167)
Expt 4.2374 8.800 2.077 0.663 0.164

Figure 5 amplifies the low frequency Raman spectra of PbFBr and PbFBr0.5I0.5. In this
spectral region, four Raman active bands are expected for PbFBr. In the mixed compound,
however, the highest and lowest bands appear to split into two components, as shown by the
arrows for one component, and a new feature emerges at 60 cm−1.

This behaviour is in contrast with the regular evolution of the Raman spectra in the solid
solutions SrFClxBr1−x [17], where no breakdown of selection rules was observed.

3.3. Theoretical calculations

In order to obtain more insight into the origin of these spectral splittings, we have calculated the
lattice vibrations of PbFI using DFT methods. First, a full geometry optimization of the PbFI
compound was done. To this end, a scan of the potential energy surface was made by varying
the lattice parameters a and c, and for different values of a and c the internal parameters zI/c
and zPb/c were also optimized. The results of this procedure are shown in table 4 along with
the experimental results [14]. The results show that a very good agreement is found for the
lattice parameter a, which is underestimated by only 0.01 Å, while a large overestimation of
about 1.2 Å is found for c (8.80 Å for the experimental value versus 10.02 Å for the calculated
value). This overestimation of c is not surprising, since the GGA PBE exchange–correlation
functional is known to have the trend to overestimate the separation between weakly interacting
layers (see, e.g., [19]). As evident from figure 3, the large c is a direct consequence of the
largely overestimated I–I distance. Note that in [20] a lattice constant c = 9.152 Å was
found for PbFI with the same functional (PBE). An explanation of their different results could
be that they determined the equilibrium volume by keeping the internal parameters fixed, or
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Figure 6. Calculated phonon
dispersion curve for PbFI.

Table 5. Calculated and experimental Raman (R) and infrared (I) vibrational frequencies (in cm−1)
of PbFI. The second column indicates which atoms (and in which directions) are involved in the
vibrational mode (atoms whose contributions are small are not shown).

Symmetry Atoms Calc.a Calc.b Expt

Eg(R) Pb1(x, y), Pb2(−x,−y), I1(−x,−y), I2(x, y) 36 41 36
Eu(I ) Pb1(−x,−y), Pb2(−x,−y), F1(x, y), F2(x, y), I1(x, y), I2(x, y) 35 47 50, 62 [16]
Eg(R) Pb1(−x,−y), Pb2(x, y), F1(x,−y), F2(−x, y), I1(−x,−y), I2(x, y) 40 64 61
A2u(I ) Pb1(−z), Pb2(−z), I1(z), I2(z) 79 71
A1g(R) Pb1(z), Pb2(−z), I1(−z), I2(z) 61 73 67
A1g(R) Pb1(z), Pb2(−z), I1(z), I2(−z) 108 109 105
Eu(I ) F1(x, y), F2(x, y) 141 150 142, 154 [16]
B1g(R) F1(−z), F2(z) 194 207 206
Eg(R) F1(−x,−y), F2(x, y) 212 217
A2u(I ) F1(z), F2(z) 274 259 318, 332 [16]

a Calculated at the theoretical lattice parameters (see table 4).
b Calculated at the experimental lattice parameters.

that they used smaller convergence parameters (e.g. Rmin
MT Kmax = 7) for the calculations. It

should be mentioned that for the BaFCl compound recent calculations did not result in such
a large overestimation for c for any of the tested functionals [21]. The calculated internal
parameters zI/c and zPb/c also show discrepancies with respect to the experimental values.
This disagreement is a direct consequence of the too large theoretical value of c, since, with the
experimental lattice constants, the calculated zI/c and zPb/c (also shown in table 4) are in very
good agreement with the experimental values.

Raman and infrared vibrational frequencies were calculated both at the experimentally
and theoretically determined lattice parameters. The results, displayed in table 5, show that
overall a fairly good agreement between the theoretical and experimental sets of data is
obtained. The eigenvectors confirm that the modes calculated at frequencies above 150 cm−1

are mainly fluoride motions, in agreement with the results reported for BaFCl [21]. However,
in particular for the theoretical lattice parameters, the lowest Eu and second Eg modes are
underestimated by about 20 cm−1. The highest A2u mode is greatly underestimated at both sets
of lattice parameters because we neglected the long ranged LO/TO splitting due to effective
ionic charges. The strong overestimation of the lattice parameter c is probably at the origin of
the less satisfying agreement obtained with the frequencies at the theoretical lattice parameters.

The calculated phonon dispersion curve is shown in figure 6. The lowest frequency zone-
centre mode (calculated at 41 cm−1) is Raman active, followed by the IR active mode at
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Figure 7. Terahertz transmission spectra of powdered samples dispersed in polyethylene: full
line PbFI, dashed line PbFBr0.5I0.5. The oscillations which appear above about 80 cm−1 are not
reproducible and probably related to some artefact due to the fact that above about 80 cm−1 the
detector response is about five orders of magnitude smaller than around 30 cm−1.

47 cm−1 (see table 5). It is important to note that the frequency of this IR active mode always
remains larger than the one of the lowest frequency Raman active mode. If some kind of
superstructure (on the length scale probed by the Raman experiment) is present, the new zone-
centre modes can be evaluated by back-folding the dispersion curve.

3.4. Terahertz transmission

Recent FIR measurements on PbFBr show the presence of IR-active bands which are observed
between 56 and 79 cm−1 [22], but no additional IR bands are expected at lower frequencies.
Figure 7 shows the transmission spectra of PbFI and PbFBr0.5I0.5 which show indeed no band
below 50 cm−1. For PbFI, we observe a broad band centred at about 73 cm−1, which is
somewhat higher than the value of 62 cm−1 reported by Rulmont [16]. This band shifts to
about 84 cm−1 for PbFBr0.5I0.5, but it must be noted that in this spectral range the instrument
response is much weaker. Rulmont [16] reported a value of 78 cm−1 for PbFBr, which gives
a spectral shift of 78 − 62 = 16 cm−1 between the bromide and the iodide. The spectral shift
between PbFI and PbFBr0.5I0.5 seen in figure 7 falls in this range.

These observations, in conjunction with the calculated phonon dispersion curve, indicate
that the new band observed at 30 cm−1 in the Raman spectrum of PbFBr0.5I0.5 cannot be
explained by an IR active mode which also becomes Raman active by the suppression of the
inversion symmetry. A possible explanation for the presence of this band as well as the other
additional features observed is a lowering of the local symmetry (on the length scale probed by
Raman spectroscopy) from tetragonal to orthorhombic, resulting in the splitting of the doubly
degenerate Eg modes, or alternatively by a local (tetragonal) superstructure along the c-axis
which preserves the inversion symmetry by forming vertical layers of alternating F–Pb–Br–Br–
Pb–F–Pb–I–I–Pb–F sheets (see figure 2). Considering the fact that the lowest energy Raman
bands in PbFBr and PbFI are very close (39 and 36 cm−1), a splitting of this Eg band into two

11
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components at 30 and 37 cm−1 (as observed for PbFBr0.5I0.5) does not appear to be very likely,
but cannot be ruled out.

In order to verify the experimental suggestion about a local inversion centre with double
layers of Br and I (F–Pb–Br–Br–Pb–F–Pb–I–I–Pb–F), DFT calculations on PbFBr0.5I0.5 for
two of the structures of figure 2 (the suggested one and F–Pb–Br–I–Pb–F) with a doubled
unit cell were done. After relaxation of all atomic positions we found the suggested structure
more stable than the other one by 8.6 meV per formula unit, thus supporting the experimental
findings.

4. Conclusions

The single crystal x-ray structure of the mixed PbFBr0.5I0.5 crystals has been found to present
similar anomalies to the corresponding Ba compounds. These anomalies are further manifested
by a breakdown of Raman selection rules, which has not been observed in other mixed crystals
of the matlockite family such as SrFCl1−xBrx . Fundamentally, these observations appear to be
associated with some form of local order within an otherwise normally behaving mixed crystal.
The current results suggest the conservation of a local inversion centre (on the length scale of
the Raman spectroscopy) leading to double layers of bromide and iodide. Further experiments
are necessary to fully characterize the structure of these mixed compounds.
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