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A B S T R A C T

The lattice thermal expansion of mullite-type PbFeBO4 is presented in this study. The thermal expansion
coefficients of the metric parameters were obtained from composite data collected from temperature-
dependent neutron and X-ray powder diffraction between 10 K and 700 K. The volume thermal expansion
was modeled using extended Grüneisen first-order approximation to the zero-pressure equation of state.
The additive frame of the model includes harmonic, quasi-harmonic and intrinsic anharmonic potentials
to describe the change of the internal energy as a function of temperature. The unit-cell volume at zero-
pressure and 0 K was optimized during the DFT simulations. Harmonic frequencies of the optical Raman
modes at the G -point of the Brillouin zone at 0 K were also calculated by DFT, which help to assign and
crosscheck the experimental frequencies. The low-temperature Raman spectra showed significant
anomaly in the antiferromagnetic regions, leading to softening or hardening of some phonons. Selected
modes were analyzed using a modified Klemens model. The shift of the frequencies and the broadening of
the line-widths helped to understand the anharmonic vibrational behaviors of the PbO4, FeO6 and BO3

polyhedra as a function of temperature.
ã 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The crystal structure of mullite-type PbFeBO4 has been known
since Park et al. [1], described in space group Pnma. A series of
isotypic PbMBO4 compounds have been recently reported [2–5]
setting the space group as Pnam to better understand the physical
properties with a conformity to the mullite family members [6,7].
Fig. 1 shows the crystal structure of PbFeBO4 where the infinite
chains of edge-sharing FeO6 octahedra run parallel to the c-axis.
The FeO6 octahedra chains are bridged by boron forming a trigonal
planar BO3 group. Between two BO3 groups a Pb2+ cation locates at
the apex of a distorted PbO4 square pyramid, where the 6s2 lone
* Corresponding author. Tel.: +49 421 218 63144; fax: +49 421 218 63145.
E-mail addresses: murshed@uni-bremen.de, mmurshed2001@gmail.com
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electron pair (LEP) of Pb2+ cations is stereochemically active. The
compound PbFeBO4 has been drawn attention due to its diverse
crystal chemical aspects. To describe the magnetic properties of
PbFeBO4, where the dominant spin exchange interaction is
antiferromagnetic, the edge-sharing FeO6 octahedra have been
considered as a Heisenberg one-dimensional uniform chain model
[8]. The nonlinear optical (NLO) properties of PbFeBO4 seem to be
promising from two points of view. First, according to the anionic
group theory of NLO [9], the planar ionic groups with p-conjugated
systems such as trigonal planar BO3 are responsible for large
second harmonic generation (SHG) effects. Second, distortion from
the stereochemically active LEP effect on the Pb2+ cation can give
rise to non-centrosymmetric building units such as PbO4 leading to
SHG. These two non-centrosymmetric local factors in PbFeBO4

may overcome the centrosymmetric constraint for NLO properties.
The thermal expansion behavior ultimately determines the

usefulness of many mullite ceramics and mullite refractory
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Fig. 1. Crystal structure of mullite-type PbFeBO4 showing edge-sharing FeO6 octahedra running parallel to the c-axis (left), distorted pyramidal PbO4E (E = lone electron pair)
and planar BO3 and their connectivity.
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materials [7]. The thermal behavior of borates mainly stems
from their unique B��O bonding strength as either isolated
BOx-polyhedra or bridging BOx-polyhedral unit. In this report, we
study the thermal behavior of PbFeBO4 using temperature-
dependent X-ray and neutron diffractions as well as Raman
spectroscopy. The combined approach using low-temperature
neutron and high-temperature X-ray powder diffraction helps to
accurately determine the cell parameters [5] and follow the
thermal expansion for a wide temperature range.

2. Experimental methods

2.1. Synthesis

The 11B-enriched polycrystalline PbFe11BO4 was prepared by
the glycerin method [10]. Stoichiometric amounts of Pb(NO3)2,
Fe(NO3)2�6H2O with 5% excess of 11B(OH)3 were mixed with 10 wt.
% of glycerin. The mixture was stirred at 353 K till it solidified upon
release of NOx. It was dried at 473 K for 2 h followed by mixing in an
agate mortar and then heated at 973 K in a corundum crucible
for 24 h.

2.2. X-ray diffraction

The temperature-dependent X-ray powder diffraction data
were collected on a Panalytical MPD powder diffractometer using
Bragg–Brentano geometry. The instrument was equipped with a
secondary Ni filter, CuKa radiation, a X'Celerator multi strip
detector and an Anton Paar HTK1200N heating chamber. The
sample was placed on a flat corundum holder having a small
evaporation channel that served for optimum space during
thermal expansion of PbFeBO4. Diffraction was carried out
between 300 K and 700 K with a ramping slice of 10 K. Each
diffraction pattern was recorded from 10� to 135� 2u with a step
size of 0.0167� and a 50 s/step total data collection time. The
fluorescence radiation of the iron bearing sample could be seen in
the powder pattern with a slightly increased background, however,
it did not pose any inconveniences for Rietveld calculations. The
fundamental parameter approach, where the fundamental param-
eters were fitted against a LaB6 standard material, was applied for
the Rietveld refinement using “DiffracPlus Topas 4.2” software
(Bruker AXS GmbH, Karlsruhe). For this purpose the starting
atomic coordinates were taken from the neutron diffraction quality
data.

2.3. Neutron diffraction

Low-temperature neutron time-of-flight (TOF) data were
collected on the Powgen high resolution diffractometer at Oak
Ridge National Laboratory, USA. Approximately 5 g of 11B enriched
PbFe11BO4 powder sample was loaded in a vanadium container of
8 mm diameter. Temperature-dependent data were collected from
10 K to 90 K in 5 K steps followed by 10 K steps up to 300 K using a
close cycle refrigeration system. Longer datasets (1.5 h) were
collected at 10, 100, 200 and 300 K which covered a d-spacing
range from 30 pm to 620 pm, while the rest of the data were
collected for 10 min spanning a d-spacing between 40 pm and
360 pm. The Rietveld refinement on the powder data were
performed using GSAS [11]. It is worth noting that Powgen uses
a TOF profile function that varies from the standard profile function
originally derived for GSAS [12]. The variation in peak shape and
peak position with the Powgen diffractometer is calculated using a
function related to thermal and epithermal components of the
neutron spectrum and implemented in GSAS to accurately
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determine the metric parameters. During the Rietveld refinement
the scale factor, absorption coefficient, two profile shape param-
eters, lattice parameters, fractional coordinates of the atoms and
their displacement parameters were optimized. The thermal
expansion behavior of PbFeBO4 has been studied using the
composite dataset of the low temperature neutron (10 K–300 K)
and high temperature (300 K–700 K) X-ray powder diffractions; a
linear correction was made by an optimization between the X-ray
and neutron data at 300 K.

2.4. Raman spectroscopy

The temperature-dependent Raman spectra were recorded on a
Horiba Jobin Yvon (LabRam ARAMIS) micro-Raman spectrometer
equipped with a laser working at 785 nm. The use of a 50� long
working distance objective (Olympus) with a numerical aperture
of 0.55 provides a focus spot of about 2 mm diameter when closing
the confocal hole to 200 mm. Raman spectra were collected in the
range between 80 cm�1 and 1500 cm�1 with a spectral resolution
of approximately 1.0 cm�1 using a grating of 1800 grooves/mm and
a thermoelectrically cooled CCD detector (Synapse, 1024 � 256
pixels). The spectral positions were calibrated against the Raman
mode of Si before and after the sample measurements. The
position of the Si peak was repeatedly measured against the
Rayleigh line (0.0 cm�1) yielding a value of 520.7 � 0.1 cm�1. The
linearity of the spectrometer was calibrated against the emission
lines of a neon lamp. For the low-temperature measurements a
pressed pellet of the powder sample was placed in the Linkam
cooling stage (THMS600) attached with a LNP95 cooling pump that
provides continuous flow of liquid nitrogen. The measurements
were carried out between 78 K and 300 K with temperature steps
of 5 K and holding time of 5 min. The high-temperature spectra
were performed on a heating stage (Linkam L-TS1500) between
300 K and 713 K in steps of 10 K and holding time of 10 min. Each
spectrum was baseline corrected and fitted with pseudo-Voigt
line-shape with the ‘LAMP’ software suite [13]. The pseudo-Voigt
line-shape is a convolution of the natural Lorentzian lineshape of
the phonon with the instrumental Gaussian broadening. The
instrumental broadening was checked using different slit config-
urations and measured for l = 585.249 nm emission line of a neon
lamp, which was fitted with a pure Gaussian line-shape providing
the line-width, G G = 1.88(1) cm�1. Then the intrinsic phonon line-
widths were calculated using the Voigt profile approximation:
G v� 0.5346 G + (0.2166 G 2 + G G

2)0.5, where G and G L refer to the
observed and Lorentzian intrinsic phonon line-width, respectively.

The pressure-dependent Raman spectra were measured in a
backscattering configuration with a Horiba Jobin-Yvon
T64000 triple-grating confocal Raman spectrometer using mi-
cro-mode. The 514.532 nm line of a Spectra Physics Stabilite 2018
Ar–Kr laser was used for sample excitation less than 10 mW power
at the sample to avoid burning. A liquid nitrogen cooled CCD
detector (Symphony, 2048 � 512 pixels) was used for recording the
spectra. The incoming and scattered light was focused and
collected with an Olympus microscope objective (20� LWD),
leading to a theoretical 1.7 mm diameter focal spot and a length of
the focal region of a few micrometer. Raman spectra were collected
in the range between 10 cm�1 and 1300 cm�1 with a spectral
resolution of approximately 1 cm�1, using three gratings of
1800 grooves/mm working in subtractive mode. Signal integration
times were 100–600 s, with multiple acquisitions per pressure
point, and with longer acquisition times for increasing pressure
measurements. Band positions, determined from peak fitting are
accurate to �4 cm�1 for broad/overlapped bands and �1 cm�1 for
the sharper bands.

Micro grains of the sample were compressed in a symmetric
type diamond anvil cell (DAC), from ambient pressure up to
20.4 GPa in several pressure steps at ambient temperature. A
Rhenium gasket was pre-indented to a thickness of �50 mm using
diamonds with 250 mm diameter culets. The sample chamber
consisted of a 90 mm diameter hole, drilled in the pre-indented
rhenium gasket. To ensure quasi-hydrostatic pressure conditions,
compression was carried out with a 4:1 methanol–ethanol mixture
for pressure 	10 GPa, and with a modified 16:3:1 methanol–
ethanol–water mixture for >10 GPa. For accurate pressure readings
during compression ruby microspheres were placed in the sample
chamber and used to measure pressure using the Mao pressure
scale [14]. A second method for pressure determination was based
on the shift of the high-frequency edge of the Raman band of
diamond, which corresponds to the Raman shift of the anvil culet
due to the normal stress [15]. The interval between a pressure
increase and the measurement of spectra was kept at several
minutes allowing for the pressure inside the sample chamber to
equilibrate. Spectra were decomposed into individual Lorentzian
or mixed Gaussian–Lorentzian bands using LabSpec 5.78.24 soft-
ware (Jobin-Yvon Horiba).

2.5. DFT calculations

Periodic calculations were performed with the crystalline
orbital program CRYSTAL09 [16,17], employing the PW1PW hybrid
Hartree Fock–Density Functional Theory (HF–DFT) method [18].
All structures were optimized starting from the experimental
crystallographic data. The basis sets were taken from the CRYSTAL
website database [19]. The Monkhorst–Pack shrinking factor was
set to 4 after checking energy convergence of the structures, that is,
27 independent k-points in the irreducible Brillouin zone were
taken. A high spin ferromagnetic configuration was used for Fe3+

cation in PbFeBO4.
Geometry optimizations were done under a hydrostatic

constant pressure as implemented in CRYSTAL09 [17]. By changing
the pressure to the desired value, the different pressure-dependent
unit-cell volumes were obtained. The constant pressure con-
strained geometry optimizations were performed at 0, 5, 10, 15,
20 and 30 GPa. By varying the lattice parameters (as implemented
in CRYSTAL09) and fitting the energy we calculated the bulk
modulus (KT = 62.05(1) GPa) and the zero-pressure volume at 0 K
(V0 = 351.23(1) � 106 pm3). It is important to note here that both the
experimental values of V0 and KT differ slightly from the
corresponding DFT values within standard deviation.

Harmonic frequencies of the optical Raman modes at the
G -point of the Brillouin zone at 0 K were calculated by computing
numerically the second derivatives of the energy with respect to
the atomic positions, and diagonalizing the mass-weighted
Hessian matrix in Cartesian coordinates, as implemented in
CRYSTAL09 [17,20]. The Raman phonon modes were given as an
output of the calculations. The mode-Grüneisen parameters were
calculated from the linear fit of the pressure dependent
experimental and DFT Raman data.

3. Results and discussion

3.1. Lattice thermal expansion

The thermal expansion of the metric parameters is shown in
Fig. 2; respective fit models and energy contributions are given as
insets. A detail of the modeling is described later in this section.
Although measurable antiferromagnetic reflections appear else-
where at low temperatures [1], there is no significant thermal
expansion anomaly. Therefore, the applied model does not take
magnetostriction into account due to smooth (within the
uncertainly) change of the metric parameter between 10 K and
700 K. Both the b- and c-cell parameters show positive thermal



Fig. 2. Thermal expansion of the PbFeBO4 metric parameters (3s e.s.d.’s) together with the DEA model simulations (solid line). Temperature-dependent thermal expansion
coefficients (TEC) of the corresponding metric parameters and the model calculation (solid line) are given inset. Calculated energy contributions multiplied with their
respective expansion (+1) or contraction (�1) effect from different additive terms (Eq. (3)) are also given inset.
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expansion, while the a-cell parameter negative thermal expansion
with a total positive non-linear cell volume expansion. Below 300 K
the a-cell parameter contracts only slightly, and the nonlinear
shape of the volume thermal expansion is mainly due to the
expansion of the b- and c-cell parameters. Both b- and c-cell
parameters show low-temperature saturations below 50 K and
that of a-cell parameter at about 100 K. As a consequence, the
cell-volume plot shows slight sigmoid behavior with respect to
temperature.

The thermal expansion of solids can be adequately modeled
using both Einstein harmonic and Debye quasi-harmonic models.
In the Einstein harmonic model the atoms in a solid are
independent oscillators and free from other sources of dynamical
entropy. The Debye quasi-harmonic model also assumes indepen-
dent oscillators, however, with altered frequencies. None of the
thermal expansion coefficient (TEC) of the metric parameters
saturate at a temperature-independent region for the observed
range (Fig. 2, inset), which is assumed to be associated with
intrinsic anharmonicity leading to anisotropic and anomalous
thermal expansion of PbFeBO4. The volume thermal expansion
clearly departs from the model fitted either with Debye or Einstein
models with single characteristic temperature in particular at high
temperature as anharmonicity becomes increasingly significant.
Trials with a mixture of single-Debye and single-Einstein model
did not improve the fitting. However, inclusion of an anharmo-
nicity term sufficiently restores the agreement between the model
and the observed data. We recently applied a model taking both
the Debye and Einstein approximations along with an intrinsic
anharmonicity term [21] in the additive frame of the model to
describe the change of the internal energy of the crystal as a
function of temperature [4,22]. The volume thermal expansion can
be expressed using Grüneisen thermoelastic parameters [23]:

g ¼ aVVKT

CV
(1)

where g is the thermodynamic Grüneisen parameter, CV is the
isochoric specific heat capacity. Assuming that the g and KT are
temperature independent integration of Eq. (1) with respect to
temperature leads to the following expression for the tempera-
ture-dependent volume thermal expansion in terms of the internal
energy of the crystal:

VðTÞ ¼ V0 þ UðTÞ
Q

(2)

This expression holds the first-order Grüneisen approximation to
the zero pressure equation of state, where adjustable constant
Q = KT/g and U(T) is the internal energy due to thermal lattice
vibration. We further extend the energy term and generalized
Eq. (2) taking harmonic, quasi-harmonic and anharmonic
vibrational contributions to U(T) as:

MðTÞ ¼ M0 þ
Xd
i¼1

kDiUDiðTÞ þ
Xe
i¼1

kEiUEiðTÞ þ kAUAðTÞ (3)

where M(T) refers to any of the temperature dependent metric
parameters (V(T), a(T), b(T) and c(T)), kDi, kEi and kA are adjustable
fitting parameters given in Table 1, contributing to Debye (UDi),
Einstein (UEi) and anharmonic (UA) internal energies, respectively,
where



Table 1
Median values (3s e.s.d.’s) resulting from the fitting of the temperature-dependent
metric parameters of PbFeBO4.

M V a b c

Modela DEA DEA DEA DEA
M0

b 347.8(3) 698.2(7) 834.4(5) 597.0(2)
kD1/10�12 2.7(2) �15.9(15) 13.6(9) 3.1(1)
uD1/K 235(19) 1962(184) 791(50) 406(13)
kE1/10�12 4.6(4) �44.0(41) 43.7(28) 2.78(9)
uE1/K 683(54) 2648(249) 2259(143) 1108(34)
kA/10�12 479(38) 0.28(3) 178(11) 2.98(9)
aA/10�5 K�1 1 1 1 1
uA/K uD1 uD1 uD1 uD1

a DEA = Debye–Einstein-anharmonic model as given in Eq. (3) for d = 1 and e = 1.
b Metric parameters a, b, c and V at 0 K are given in pm and 106 pm3, respectively.

Estimated uncertainty is given in the parentheses.
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UDiðTÞ ¼ 9NkBT
T
uDi

� �3 Z uDi=T

0

x3

ex � 1
dx

" #
(4)

UEiðTÞ ¼ 3NkBuEi
e uEi=Tð Þ � 1

� �
(5)

UAðTÞ ¼ aA
3NkBu

2
A

24T
Te 3uA=Tð Þ þ 9Te 2uA=Tð Þ � 12uAe 2uA=Tð Þ
h"

�9Te uA=Tð Þ � 12uAe uA=Tð Þ � T
i

e uA=Tð Þ � 1
� �3

� ��1�
(6)

N refers to the number of atoms per unit cell (N = 28), kB is
Boltzmann constant, uDi and uEi are the characteristic Debye
(uDi = hcvDi/kBT) and Einstein (uEi = hcvEi/kBT) temperatures.
Setting

uA ¼

Xd
i¼1

kDiuDi

Xd
i¼1

kDi

(7)

we transformed the harmonic oscillator frequency into Debye
arbitrary phonon spectrum (quasi-harmonic) [21]. aA is the
Fig. 3. Temperature-dependent anisotropy of the metric parameters (3s e
anharmonicity parameter which is fixed to 10�5K�1 for all the
models we present in this report using d = 1 and e = 1 (DEA-model).
The integral term of the Debye function is evaluated numerically.
For modeling the a-cell parameter both the fitting constants kD1
and kE1 were refined to negative values caused by the observed
negative thermal expansion. The second and the third terms of
Eq. (3) consist of isothermal anharmonicity taking isothermal
Grüneisen parameters whereas the fourth term contains isochoric
anharmonicity with temperature-dependent Grüneisen parame-
ter. Therefore, although Eq. (3) is an extension of the Eq. (2) it
breaks down the Grüneisen first approximation. Consequently, the
zero pressure 0 K metric parameter (M0) must contain the
respective quantum mechanical zero-point energy, respectively,
9NkBuD/8, 3NkBuE/2 and NkBaA(uA)2/8 for Debye, Einstein and the
anharmonicity term.The thermal expansion coefficients aa, ab, ac

and aV for, respectively, a, b, c and cell volume are numerically
calculated and compared with the corresponding models (Fig. 2,
insets). The thermal expansion coefficients (TEC) also showed no
definite saturation at any given temperature, indicating either non-
Debye or non-Einstein solid. This also supports the use of an
anharmonicity term in the model, since it gives excellent
descriptions of the temperature-dependent metric parameters,
in particular in the mid-range of the cell-volume thermal
expansion, where both the Debye and Einstein model suffers
from temperature limitation. The lattice anisotropy factor (Alatt)
was calculated using the following correlation and given in Fig. 3,

AlattðTÞ ¼ jaðTÞ � bðTÞj þ jbðTÞ � cðTÞj þ jcðTÞ � aðTÞj (8)

which increases with increasing temperature with a steep change
at high temperature. This indicates that the change of the
microscopic properties (e.g., axis-directional asymmetry of the
oscillator frequency) in the PbFeBO4 crystal leads to enhanced
anharmonicity at high temperature.

3.2. Raman spectroscopy

Factor group analysis predicts 36 Raman active modes for the
selective site symmetries in the space group Pnam. Fitting of the
spectrum at ambient condition required 24 bands between
80 cm�1 and 1400 cm�1. The technical limitation of the instrument
.s.d.’s). The magnified low temperature region was shown in the inset.



Table 2
Calculated and experimental Raman phonon frequencies of PbFeBO4 together with their corresponding mode-Grüneisen parameters.

(vi)DFT (vi)T
T = 78 K

(vi)T
T = 298 K

(vi)P
P = 0.0001 GPa
T = 298 K

Pressure for (g i)p/GPa (g i)P (g i)DFT Irr. Rep. Assignment

56.8 – – 54.63 0–5.6 �0.88 �0.68(0) AG Pb��O stretch
– – 54.63 6.7–17.5 0.28 1.61(27) AG Pb��O stretch

67.6 – – 67.9 0–17.5 �0.13 �0.03(24) B1G O��Pb��O wagg
70.5 – – 66.9 0–5.6 �2.22 �1.57(0) B2G O��Pb��O wagg

– – 66.9 6.7–11.4 2.3 1.43(35) B2G O��Pb��O wagg
95.9 94.2 92.2 92.5 – – 0.80(14) B3G Pb��O stretch

– – 98.8 0–17.5 2.36 – AG Pb��O stretch
97.4 101.8 100.0 100.7 0–17.5 2.43 2.16(3) AG Pb��O stretch
112.8 111.9 109.3 – – – 0.41(3) B3G Pb��O stretch
162.4 156.8 148.8 – – – �2.72(36) AG O��Pb��O scissor
194.9 193.7 191.0 191.1 0–7.8 �0.91 0.26(0) B3G O��Pb��O scissor
202.9 196.7 193.3 193.4 0–7.8 �0.25 �0.55(8) B2G O��Pb��O scissor
203.7 201.9 – – – – 0.01(5) B1G O��Pb��O rock
269.7 267.0 259.6 261.8 0–6.7 �0.45 �0.39(6) B1G O��Fe��O symm + O��Pb��O assym
269.7 – – 261.8 7.8–17.5 0.86 – B1G O��Fe��O symm + O��Pb��O assym
270.3 270.8 264.4 269 0.5–7.8 0.14 0.36(5) B3G O��Fe��O scissor + O��Pb��O scissor
274.5 – – 266 0.5–5.6 �0.21 �0.26(0) B2G O��Pb��O assym stretch

– – 266 6.7–20.4 0.63 0.46(0) B2G O��Pb��O assym stretch
298.5 293.0 289.8 287.9 0–20.4 0.28a 0.35(4) AG O��Fe��O scissor
325.4 319.4 316.1 – – – 0.71(0) AG O��Fe��O symm + O��Pb��O wagg
330.1 – – – – – 0.68(2) B2G O��Fe��O symm + O��Pb��O twist
350.2 358.3 356.7 – – – 0.76(1) AG Pb��O stre + O��Fe��O sci
367.2 – – – – – 0.54(6) B3G O��Fe��O symm
373.8 – – 359.9 0–20.4 0.81a 0.59(3) B1G O��Fe��O rock
433.7 437.5 434.1 432.3 0–20.4 0.50 0.48(0) B3G O��Fe��O rock
505.0 496.4 484.6 491.7 0–20.4 0.29 0.28(7) B2G O��Pb��O twist
507.9 506.1 494.9 505 1.5–14.6 0.26 0.27(7) AG O��Fe��O symm
538.9 – – – – – 0.52(3) B3G O��Pb��O sci + O��Fe��O symm
574.4 – – 556.5 0–17.5 0.30 0.29(7) B1G O��Pb��O wagg
625.1 614.1 609.9 634.0 0–20.4 0.17a 0.24(1) B1G O��B��O scissor
628.4 – – – – – 0.01(2) B3G O��B��O scissor
636.1 633.5 632.2 – – – 0.24(3) AG O��B��O scissor
682.8 668.7 667.1 665.1 0–20.4 0.20 0.24(3) B2G O��B��O scissor
695.6 697.4 695.9 676 12.1–20.4 0.06 �0.08(1) AG O��B��O wagg
725.8 – – 687 9.7–20.4 0.45 0.14(0) BG3 O��B��O wagg
942.1 929.5 925.9 925.5 0–20.4 0.35 0.15(1) BG3 B��O symm stretch
957.1 942.8 942.1 – – – 0.18(2) AG B��O symm stretch
1221.0 1180.1 1177.3 1176.0 0–20.4 0.30a 0.13(1) AG B��O assym stretch
1238.4 1183.8 – 1184.3 0–11.4 0.39 0.32(3) B2G B��O assym stretch
1240.2 1193.3 1191.3 1195.7 3.7–11.4 0.39 0.31(4) B1G B��O asymm stretch
1319.9 – – – – – 0.08(1) B3G B��O asymm stretch

(vi)DFT, (vi)T and (vi)P refer to Raman phonon frequency calculated by DFT at 0 K and 0 GPa, obtained from temperature-dependent and pressure-dependent experiments,
respectively. (g i)DFT and (g i)P are mode-Grüneisen parameters obtained from DFT and pressure-dependent experiments, respectively.

a Corresponding mode-Grüneisen parameter were obtained from experimental data exhibiting small non-linearity but fitted with a straight line.
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and the low intense bands reduce the number of experimentally
observed modes compared to the theoretical ones (Table 2). The
number of experimentally observed modes is further reduced due
to thermal emission at high temperature followed by increasing
background contribution to the spectra. The observed modes at
ambient conditions associated with the FeO6 and PbO4 polyhedra
conform closely to the corresponding predicted frequencies,
however, most of the BO3 modes showed reasonable deviations.
These deviations can be explained by the fact that the theoretical
calculations were carried out on natural boron and the experi-
mental observation on the 11B-enriched samples. The pressure
derivatives (@vi/@P) were used to calculate the mode-Grüneisen
parameters, g i = B0(1/vi0)(@vi/@P), where B0 = isochoric bulk mod-
ulus, vi0 = mode frequency at zero pressure (Table 2). The
disagreements of some g i both in values and signs (positive/
negative) might arise from several sources: (i) different values of
the bulk modulus ((B0)DFT = 62.04(1) GPa, (B0)EXP = 70.5(7) GPa); (ii)
non-linear behavior of the frequency shifts with respect to
pressure and (iii) high-spin configuration of the FM phase
considered for DFT. To minimize the discrepancies into an
acceptable comparison we checked g i at different pressure limits
(PDFT = 0–20 GPa, PEXP� 0–20 GPa). At least 25% of the total
observed modes showed non-linear response to pressure. Thus
modes with non-linear pressure-derivative and negative mode-
Grüneisen parameters (Table 2) were not used for anharmonic
analyses. The temperature-dependent Raman shift of the most
frequencies exhibit normal behavior as usual in ionic crystals, that
is, frequency decreases and line-widths increases with increasing
temperature. For anharmonic analyses six phonons vi were
chosen, where i = 94, 194, 293, 437, 634 and 1183 at 0 K
(corresponding to the Raman shift in cm�1), respectively, assigned
to Pb��O stretching, O��Pb��O scissoring, O��Fe��O rocking,
O��Fe��O scissoring, O��B��O scissoring and B��O asymmetric
stretching of the corresponding PbO4, FeO6 and BO3 polyhedra
(Table 2). Such selection in particular for temperature-dependent
anharmonic analyses of the modes seems to be difficult due to
some inherent complications. Beside the temperature effects, most
of the modes are not well separated and they are characteristically
prone to merge and overlap due to non-linearity of g i. Moreover,
the spin-phonon interaction at the respective antiferromagnetic
regions further complicates the scenario. For example, Fig. 4 shows
anomalous hardening/softening of two modes in a broad range at
low temperature. That is, sharp features corresponding to two
TN points at 120 K and 280 K, respectively, for long range and short
range antiferromagnetic (AFM) ordering [1] were not observed
so far. vi0 has been obtained from the extrapolation of the



Fig. 4. Temperature-dependent phonon anomaly shown by two phonon modes at
the antiferromagnetic region (vertical dashed lines).
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low-temperature data excluding the possible AFM region
(120–280 K). Thus for the anharmonic model analysis the spin-
phonon interaction region was not considered. Anharmonicity of
the phonon modes involve phenomena beyond those of the
independent phonons. The higher-order phonon-phonon inter-
actions are the main source of the anharmonic behavior, which
causes the frequency (energy) of the harmonic oscillators in a
crystalline solid to be temperature dependent. This temperature
dependence arises in two different ways: (i) a pure-volume effect
associated with the thermal expansion and (ii) a pure-temperature
effect that is present even at a constant volume. To reveal the
temperature-dependent Raman mode behavior, we follow the
proposed models [24–26] which has been recently applied to
mullite-type Bi2Ga4O9 system [22]. The frequency of a Raman
phonon can be modeled according to the following expression:

viðTÞ ¼ vi0 þ DviðTÞ (9)

Dvi(T) refers to total shift and is an additive term of two
contributions as given in Eq. (10):

DviðTÞ ¼ Dvlatt
i ðTÞ þ Dvanh

i ðTÞ (10)

Dvi
anh(T) refers to the frequency shift due to phonon-phonon

interactions; the term is also known as the pure temperature
contribution. Dvi

latt(T) is the frequency shift due to volume
thermal expansion. Assuming that both B0 and g i (the reason for
selecting the modes with positive g i for analysis) are temperature
independent, the term Dvi

latt(T) can be expressed as:

Dvlatt
i ðTÞ ¼ vi0 exp �

Z T

0
g iaVðTÞdt

" #
� 1

( )
(11)

The observed Dvi
anh(T) is modeled using the Balkanski model

[24], considering the phonon decay into two channels namely, the
3-phonon and 4-phonon interactions:
Table 3
Selective temperature-dependent Raman phonon modes of PbFeBO4 with the fitting p

vi0/cm�1 (g i)T A/cm�1 B/cm�1

94.3 0.80 �0.2193(1) �0.0021
194 0.26a �0.6710(1) �0.0315
293.2 0.35a �1.152(1) �0.0066
437.1 0.50 �0.4337(1) �0.3043
633.7 0.25 �0.8826(3) �0.0540
1183 0.30 �7.7619(5) �3.156(7

a Mode-Grüneisen parameter was found to be negative from the pressure-dependen
fitting.
Dvanh
i ðTÞ ¼ A 1 þ 2= ehcvi0=2kBT � 1

� �� �
þ B 1 þ 3= ehcvi0=3kBT � 1

� �
þ 3= ehcvi0=3kBT � 1

� �2
� �

(12)

A and B are damping factors given in Table 3, representing the
relative probability of the occurrence of the 3-phonon (cubic
decay) and 4-phonon (quartic decay) processes contributing to the
frequency shift, respectively. The model convincingly describes our
observed data for the anharmonic phonon contribution to the
frequency shift (Fig. 5). All modes smoothly soften, where Dvi

anh

(T) dominates over Dvi
latt(T) for the whole temperature range. The

observed low temperature spectral data appear above and below
the model line, which demonstrates hardening and softening of
those modes, respectively. Modes v94, v194 and v634 slightly
harden while v293 and v437 moderately soften along with a
significant softening of v1183 in the AFM region; a definite
softening/hardening for v634 cannot be ascertained due to
scattering. In other words, softening occurred in FeO6 and BO3,
and hardening in PbO4 polyhedra. This behavior is not associated
with the lattice anomalies, but with a possible spin-phonon
coupling caused by phonon modulation of the super-exchange
integral. Because the term Dvi

latt(T) is smooth due to the
theoretical nature of aV(T) at the AFM region. Mode v293 hardly
requires 4-phonon contribution and the model poorly fits to v634

due to scattering of the data associated with low thermal response
to the O��B��O bending. Mode v1183 requires high damping factors
(A and B), which are about one order of magnitude higher than
those required by other modes considered. It demonstrates that
the intrinsic anharmonicity for the thermal expansion mainly
comes from the BO3 group. It is known that thermal expansion
anomaly in many metal borates as well as in glasses essentially
relates to the anharmonic vibrational properties of the associated
borate groups. This observation further justifies the anharmonic
term to be taken in the lattice thermal expansion model as also
considered in some lithium borates [27].

The intrinsic line-width of a Raman phonon mode in a defect-
free sample mainly comes from two terms: (i) electron-phonon
and (ii) anharmonic phonon-phonon interactions. The electron-
phonon interaction mainly appears at temperatures below 10 K
and was not considered to analyze the temperature-dependent
mode broadening as shown in Fig. 5. The temperature-dependent
line-widths of the modes have been modeled using the Balkanski
approach [25], however, with an extended form (e.g., [22,28]) as
expressed in Eq. (13):

GiðTÞ ¼ Gi0 þ C 1 þ 2= ehcwi0=2kBT � 1
� �� �

þ D 1 þ 3= ehcwi0=3kBT � 1
� �

þ 3= ehcwi0=3kBT � 1
� �2

� �
(13)

Factor G i0 refers to a damping contribution that commences from
the inherent defect or impurity scattering at 0 K. The second and
third term correspond to symmetric decay of 3-phonon and 4-
phonon decay with anharmonic constants C and D, respectively.
arameters used for Eqs. (12) and (13).

G 0/cm�1 C/cm�1 D/cm�1

(1) 1.20(1) 0.0658(1) –

(1) 1.28(1) 1.138(1) 0.0050(1)
(1) 2.679(2) 1.793(1) 0.0226(1)
(1) 2.02(1) 4.199(1) 0.3312(1)
(1) 4.653(1) 2.751(2) 0.2342(1)
) 1.183(1) 1.221(1) 4.43(1)

t experiments, the corresponding positive values calculated by DFT were taken for



Fig. 5. Temperature-dependent phonon frequencies and intrinsic line-widths changes of some representative PbFeBO4 Raman modes. The triangle (D), circle (
) and square
(&) refer to frequency shift due to volume contribution (Dvi

latt), anharmonic contributions (Dvi
anh) and observed line-width (G i), respectively. The solid lines represent

model calculations based on phonon-phonon interactions.
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Fig. 5 shows the temperature-dependent change of the line-widths
along with the model lines for different contributions; the fitting
constants are given in Table 3. Thermal emission particularly
hampers and limits the line-width analyses due to mode
disappearance, overlapping and increasing background. Table 3
shows the substantial contributions of both the 3-phonon and
4-phonon processes to frequency broadening of the modes. The
theoretical model satisfactorily fits most observed data. A smooth
non-linear change of the line-width followed by a high-tempera-
ture linear steep rise explains the usual symmetric decay of the
modes. G1183 requires higher anharmonic constants of 4-phonon
contributions than that of 3-phonon; the higher values justify the
higher anharmonicity of the BO3 group. At the AFM region G 293 lies
above the model fit, showing slight broadening with an overall
sigmoid behavior. Thus G 293 clearly departs from the symmetric
channels showing evidence of phonon renormalization between
3-phonons and 4-phonons at the AFM region.

4. Conclusion

The Raman phonon modes related to PbO4 cover an extensive
low energy range (<300 cm�1). Most of these modes are associated
with the asymmetry of the vibrational potential (anharmonic
phonon) since they clearly show non-linear pressure derivatives
together with negative mode-Grüneisen parameter (Table 2). The
BO3 group keeps its rigidity at any temperature and FeO6 octahedra
are distorted; both these two polyhedra locate close to stereo-
chemically active lone electron pair of Pb2+ cation. Therefore,
PbFeBO4 is anharmonic at the fundamental level like many solids
with hard and soft modes. From the energy plot (Fig. 2d, inset) it is
clear that the contribution of the anharmonicity started as early as
about 100 K and taking the perturbative anharmonic term [21] can
model the thermal expansion of the metric parameters for the
temperature range between 10 K and 700 K. Due to lack of phonon
dispersion information, the negative thermal expansion of a-cell
parameter cannot be straightforwardly explained in terms of the
corresponding phonons with negative Grüneisen parameters.
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