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a b s t r a c t

The high-pressure behavior of Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9 was investigated by in situ powder

synchrotron X-ray diffraction. Pressures up to 35 GPa were generated using the diamond anvil cell

technique. Complementary data of the pressure dependence of Bi2Ga4O9 were obtained by density

functional theory-based model calculations. Bi2Al4O9 and Bi2Mn4O10 are structurally stable to the

highest pressures obtained. In contrast, a reversible phase transition is observed in Bi2Ga4O9 at

approximately 16 GPa. A fit of a 3rd-order Birch–Murnaghan equation of state to the p2V data results in

V0 ¼ 356:93ð9Þ Å
3
, B0 ¼ 122ð2ÞGPa and B0 ¼ 4:9ð3Þ for Bi2Al4O9; V0 ¼ 372:27ð1Þ Å

3
, B0 ¼ 138ð2ÞGPa and

B0 ¼ 4:2ð2Þ for Bi2Mn4O10; and V0 ¼ 388:63ð3Þ Å
3
, B0 ¼ 102ð8ÞGPa and B0 ¼ 3:8ð2Þ for Bi2Ga4O9. The

most compressible axis is the a axis for all the compounds. This behavior can be rationalized in terms of

the inflexible polyhedra connections parallel to the b and c axes.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Compounds of the composition Bi2M4O9 (M ¼ Al3þ, Ga3þ,
Fe3þ), Bi2Z2M2O10 (Z ¼Mn4þ, M ¼Mn3þ), and the respective
solid solutions, belong to the family of sillimanite- and mullite-
type crystal structures [1,2]. These materials exhibit interesting
properties, for instance photoluminescence [3–5] or oxygen ionic
conductivity [6], especially if part of the Bi3þ is replaced by
twofold charged cations, like Sr2þ, Ca2þ, and Ba2þ [7]. Hence, they
are potential candidates for applications such as electrolytes of
solid oxide fuel cells, oxygen sensors, and gas separation
membranes [7,8]. On the other hand, the Bi2Mn4O10 compound
has interesting magnetic properties [1].

This structural family is characterized by chains of edge-
sharing octahedra extending parallel to the c axis. Alternating
along ½110�, half of the octahedral chains are rotated clockwise,
the other half counterclockwise. In sillimanite (Al2SiO5, space
group Pbnm, Fig. 1) and mullites sensu stricto (Al4þ2xSi2�2xO10�x,
normally 0:2pxp0:5, space group Pbam), the octahedra are
occupied by aluminum. In sillimanite, the octahedral chains are
cross-linked via double chains of corner-sharing tetrahedral
groups extending parallel to the c axis, with the tetrahedra
ll rights reserved.

(A. Friedrich).
alternately occupied by silicon and aluminum (Fig. 1) [9]. The
crystal structures of mullites can be derived from that of
sillimanite with part of the oxygen atoms, which bridge the
tetrahedral double chains in sillimanite, missing. The number of
oxygen vacancies refers to the index of the general formula
Al4þ2xSi2�2xO10�x. It is accompanied by substitution of Al3þ for
Si4þ and formation of tetrahedral triclusters [1].

The crystal structure of the Bi2M4O9 compounds, shown in
Fig. 1, is orthorhombic with space group Pbam [8]. The unit cell
contains two formula units. Half of the M3þ ions are tetrahedrally
coordinated, the other half is octahedrally coordinated. The
bonding environment of the Bi3þ ion is strongly anisotropic with
three strong and one weaker Bi2O bonds on one side, and the lone
electron pair on the other [8]. Similar to the sillimanite and
mullite structures, chains of edge-sharing MO6 octahedra run
parallel to the c-axis (Fig. 1). The octahedral chains are linked via
pairs of corner-sharing MO4 tetrahedra, forming M2O7 dimers,
and via highly asymmetric BiO4 groups [2]. The M2O7 dimers are
arranged in ab planes and alternate with planes of BiO4 groups
along the c axis. Hence, the central oxygen atoms of the M2O7

dimers alternate with vacant sites, which are created by the
orientation of the lone electron pairs of two facing Bi3þ ions
pointing towards these sites (Fig. 2) [8].

The structure of Bi2Z2M2O10 (Z ¼Mn4þ, M ¼Mn3þ), shown in
Fig. 1, is closely related to the Bi2M4O9 structure, also crystallizing
in space group Pbam [11], and with chains of edge-sharing ZO6

www.sciencedirect.com/science/journal/yjssc
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Fig. 1. (Color online) Crystal structures of sillimanite, Al2SiO5 [10] (top), Bi2Al4O9

[8] (middle), and Bi2Mn4O10 [11] (bottom) at ambient conditions. Dark gray

(violet) octahedra represent AlO6 groups (top and center) or MnO6 groups

(magenta, bottom). Medium gray (orange) tetrahedra represent AlO4 groups (top

and center), light gray (blue) tetrahedra SiO4 groups (top), while light gray (green)

square pyramids represent MnO5 groups (bottom). Bismuth atoms are drawn as

black balls. The unit cell of sillimanite is shifted by �0:5, 0, 0 for comparison.

Fig. 2. (Color online) Left: localization of the lone electron pair in the crystal structure o

dimers of the Bi2M4O9 structure alternate with vacant sites, which are created by the o

sites. MO4 tetrahedra are drawn in light gray (orange), MO6 octahedra in dark gray (viol

lines and show the connectivity along the b axis. Additional weak Bi–O bonds exist alo
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octahedra running parallel to the c axis. Groups of edge-sharing
MO5 square pyramids in ab planes alternate with ab planes of
distorted BiO6 polyhedra. While in Bi2M4O9 the bridging oxygen
ion of the M2O7 dimers is located at 0;0; 1

2, in Bi2Z2M2O10 two MO5

square pyramids share an edge along the c axis via two oxygen
atoms situated at 0;0;�0:281 (Fig. 3). The main difference
between the Bi2Mn4O10 structure and the Bi2M4O9 structure is
due to the ‘addition of’ oxygen, which participates in the fivefold
square-pyramidal coordination of the Mn3þ [11,12]. The coordina-
tion of bismuth by oxygen consists of three short Bi2O bonds,
mutually orthogonal, and three longer Bi2O bonds [11].

Although many studies have been performed on these
materials (e.g. [2–5,7,8,11–14]) their high-pressure behavior has
not yet been investigated. The existence of a Bi3þ lone electron
pair, which is assumed to be highly compressible, makes these
structures especially interesting for high-pressure investigations.
Compressing the structure and hence the localized lone electron
pair might lead to a symmetrization of the distorted Bi3þ

environment and hence to a phase transition [15]. In this study,
we have performed quantum-mechanical calculations based on
density functional theory (DFT) on the high-pressure behavior of
Bi2Ga4O9. As the DFT-results indicated changes of the structural
compression mechanism of Bi2Ga4O9 at high pressure, we have
subsequentially investigated Bi2Ga4O9 and the structurally related
Bi2Al4O9 and Bi2Mn4O10 by in situ powder synchrotron X-ray
diffraction using the diamond anvil cell technique to generate
pressures up to 29 GPa for Bi2Al4O9, and up to 35 GPa for
Bi2Mn4O10 and Bi2Ga4O9. Here, we present a comparative analysis
of the compressibilities and high-pressure phase stabilities of
these compounds.
f Bi2M4O9, M ¼ Al;Ga. Right: along the c axis the central oxygen atoms of the M2O7

rientation of the lone electron pairs of two facing Bi3þ ions pointing towards these

et). Black balls represent bismuth atoms. The strong Bi–O bonds are drawn as black

ng the gray (red) dotted lines nearly parallel to the a axis.

Fig. 3. (Color online) Comparison of the M2O7 (M ¼ Al;Ga) dimers (corner-sharing

tetrahedra, orange) with the Mn2O8 dimers (edge-sharing square pyramids,

magenta) in (left) Bi2M4O9 (M ¼ Al;Ga) and (right) Bi2Mn4O10.
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Fig. 4. X-ray powder diffraction patterns for Bi2Al4O9 at 0.0001 and 28.73 GPa.

Symbols ðþÞ represent experimental values. The result of the Le Bail fit is shown by

the continuous line through the data points. The difference between the Le Bail fit

and the experimental values is represented by the line at the bottom of the plots,

which has been shifted by �200 units. Vertical bars show the positions of the

allowed Bragg reflections of Bi2Al4O9.
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2. Experimental methods

2.1. Syntheses

Single crystals of the compositions Bi2M4O9 (M ¼ Al3þ, Ga3þ)
and Bi2Z2M2O10 (Z ¼Mn4þ, M ¼Mn3þ) with mullite-type crystal
structure have been melt-grown by means of the top-seeded
solution growth (TSSG) technique. The crystal growth of these
phases is difficult as it is controlled by incongruent melting with
steep liquidus curves in the growth range between 1343 and
1123 K, depending on the phase composition. Furthermore,
according to the conditions constrained by the phase diagram,
the volume ratio between as-grown crystals and starting melts is
much less than unity (Bi2Ga4O9: 26%, Bi2Al4O9: 6%, Bi2Mn4O10:
4%). High purity Bi2O3, Al2O3, and Mn2O3 were used for single
crystal syntheses. Experiments were carried out in Pt crucibles
(volume: 60–100 ml) in resistance-heated tube furnaces with
KANTHAL A1 heating elements and were monitored by constantly
weighing the crucibles. To avoid melt supercooling and sponta-
neous nucleation, cooling rates were kept very low in each case
ð3 K=dÞ. Well-shaped, homogeneous and nearly inclusion-free
crystals have been obtained: Bi2Ga4O9 (35� 35� 10 mm3, pale-
yellow and transparent), Bi2Al4O9 (5� 3� 2 mm3, brown and
transparent) and Bi2Mn4O10 (10� 10� 5 mm3, black and opa-
que).

Powder samples were obtained from grinding small pieces of
single crystals. In the case of Bi2Ga4O9 the same single crystal was
used as for the resonant ultrasound spectroscopic study [2].

2.2. Powder X-ray diffraction measurements

The Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9 powder samples were
studied using synchrotron X-ray radiation at the ESRF. To reach
pressures up to 35 GPa, a Le Toullec diamond anvil cell with a gas-
driven membrane for pressure generation was used [16]. The
pressure-transmitting medium was neon for Bi2Mn4O10 and
helium for Bi2Al4O9 and Bi2Ga4O9. Both gases were loaded using
an autoclave. Holes of about 150mm in diameter, serving as
sample chambers, were drilled through steel gaskets (pre-
indented to a thickness of 45mm) with a spark-eroding drilling
machine. Before and after each exposure, pressure was deter-
mined by the laser-induced ruby-fluorescence technique [17]. In

situ high-pressure synchrotron X-ray powder diffraction data were
collected at the ID09A high-pressure station with a wavelength of
0.3729 Å using a MAR345 online image-plate scanner. The sample-
to-detector distance of 365 mm allowed data collection up to 2y ¼
24� giving a maximum sin y=l of 0:558 Å

�1
.

The processing and integration of the diffraction images were
performed using the program FIT2D [18], manually masking
single diffraction spots from the sample and pressure medium and
excluding them from the integration. The DATLAB [19] program
was used to extract the background from the integrated powder
diffraction patterns. Cell parameters were refined using the Le Bail
method by means of the program general structure analysis
system (GSAS) [20]. The starting values of the lattice parameters
used for the refinements were taken from Abrahams et al. for
Bi2Al4O9 [8], from Niizeki et al. for Bi2Mn4O10 [11], and from
Mueller-Buschbaum et al. for Bi2Ga4O9 [21]. Representative
examples of the Le Bail fits for low and high pressures and their
respective difference plots are shown in Figs. 4, 5 and 6 for
Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9, respectively. The resolution of
the Bi2Mn4O9 data, and hence the quality of the refinements,
decreases above � 16 GPa as can be inferred from the peak
broadening (Fig. 5). This seems to be due to the use of neon as the
pressure medium, which behaves less hydrostatically than helium
at very high pressures.
3. Data analysis

Equation-of-state (EOS) parameters V0 (unit cell volume at
ambient pressure), K0 (isothermal bulk modulus) and K 0 (pressure
derivative of K) of Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9 were
determined by a least-squares fit to a Birch–Murnaghan EOS or
to a Vinet EOS using the program EOS-FIT [22]. The pressure–
volume (p2V) data were weighted with the experimental errors of
the pressures and volumes. Furthermore, the pressure–volume
data were transformed into the Eulerian strain f (f ¼ 0:5½ðV0=

VÞ2=3
� 1�) as a function of the normalized pressure F (F ¼

p=½3f ð1þ 2f Þ5=2
�), in order to visualize complex trends which are

not directly apparent from the p2V plots. If Fðf Þ ¼ constant then
K 0 ¼ 4. An inclined straight line with positive or negative slope
implies K 044 or K 0o4, respectively. In all cases, the intercept on
the F axis is the value of K0 [23]. A curvature of the plot either
suggests an EOS of higher order, a change of the compression
mechanism or a structural phase transition.

As the EOS fits to the lattice parameters partly resulted in very
high or negative values for K 0, which represents unphysical
behavior, the Eulerian finite-strain analysis was extended to
obtain the compression behavior of the unit cell axes. In an
orthogonal system the calculation of the Eulerian strain f is
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Fig. 5. X-ray powder diffraction patterns for Bi2Mn4O10 at 0.0001 and 34.38 GPa.

Symbols ðþÞ represent experimental values. The result of the Le Bail fit is shown by

the continuous line through the data points. The difference between the Le Bail fit

and the experimental values is represented by the line at the bottom of the plots,

which has been shifted by �200 (top) and �300 units (bottom). Vertical bars show

the positions of the allowed Bragg reflections of Bi2Mn4O10 and of neon (top row at

34.38 GPa).

Fig. 6. X-ray powder diffraction patterns for Bi2Ga4O9 at 0.0001 and 34.89 GPa.

Symbols ðþÞ represent experimental values. The result of the Le Bail fit is shown by

the continuous line through the data points. The difference between the Le Bail fit

and the experimental values is represented by the line at the bottom of the plots,

which has been shifted by �300 units. Vertical bars show the positions of the

allowed Bragg reflections of Bi2Ga4O9.
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similar for the cell parameters as for the p2V data, while F has to
be divided by a factor of three.

4. Computational details

The quantum mechanical calculations performed here were
based on DFT. While DFT itself is exact, practical calculations
employing the Kohn Sham formalism require an approximation
for the treatment of the exchange and correlation effects. The
most widely used schemes are the generalized gradient approx-
imation, GGA, or the local density approximation, LDA. All
calculations reported here were performed with the GGA func-
tional of Perdew, Becke and Ernzerhof (PBE) [24], as implemented
in the academic version of the CASTEP program [25].

For the calculations ultrasoft pseudopotentials from the
CASTEP database were employed. The cut-off for the kinetic
energy was 380 eV. The spacing of the Monkhorst–Pack k-point
grid was chosen to be smaller than 0:04 Å

�1
, which had been

shown to give converged results. We defined that self-consistency
had been achieved when the residual stress was o0:02 GPa, the
maximal force o0:01 eV=Å and the energy change less than
5� 10�6 eV=atom. All structural parameters not constrained by
the space group symmetry were relaxed simultaneously.
Such full geometry relaxations were performed for the
Bi2Ga4O9 crystal structure at 14 pressures in the interval between
0 and 25 GPa and at 30, 40, 50 and 100 GPa. Additionally, the
crystal structure was optimized at 0 and at 21 GPa after reduction
of the symmetry to P1, in order to check for a possible phase
transition towards an energetically more favorable high-pressure
phase.
5. Results

Experimentally determined unit cell parameters of Bi2Al4O9,
Bi2Mn4O10 and Bi2Ga4O9 as a function of pressure are summar-
ized in Tables 1, 2 and 3, respectively, while those obtained from
DFT calculations on Bi2Ga4O9 are shown in Table 4. The respective
plots of the calculated and experimentally determined pressure
dependencies of the normalized unit cell volumes and cell
parameters of Bi2Ga4O9, Bi2Al4O9 and Bi2Mn4O10 are shown in
Fig. 7.

The DFT calculations were performed first during the current
study initiating the high-pressure experiments. Hence, we first
describe the results of the DFT calculations, followed by the
experimental results.
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Table 1

Pressure dependencies of the unit cell parameters and volume for Bi2Al4O9.

P (GPa) V (Å3) a (Å) b (Å) c (Å)

0.0001 356.91(1) 7.7253(1) 8.1128(2) 5.6947(1)

0.0001a 356.2 7.7134(1) 8.1139(2) 5.6914(1)

2.74(1) 349.69(1) 7.6625(1) 8.0610(2) 5.6614(1)

3.89(2) 346.53(1) 7.6348(1) 8.0383(2) 5.6466(1)

5.34(2) 342.85(2) 7.6009(2) 8.0107(2) 5.6307(2)

7.10(7) 339.24(1) 7.5667(1) 7.9879(2) 5.6126(1)

8.61(7) 335.83(1) 7.5352(1) 7.9647(1) 5.5958(1)

9.95(5) 333.24(1) 7.5103(2) 7.9475(2) 5.5830(1)

11.71(1) 329.68(1) 7.4763(2) 7.9238(2) 5.5651(1)

13.83(2) 325.81(1) 7.4373(2) 7.9003(2) 5.5450(1)

15.7(1) 322.65(1) 7.4048(2) 7.8803(2) 5.5293(1)

17.63(4) 319.45(1) 7.3700(2) 7.8619(2) 5.5132(1)

19.10(1) 317.29(1) 7.3467(2) 7.8490(2) 5.5024(1)

20.20(1) 316.53(2) 7.3375(3) 7.8447(3) 5.499(2)

22.13(1) 313.22(2) 7.3012(2) 7.8288(3) 5.4797(2)

23.86(9) 310.55(3) 7.2708(4) 7.8128(4) 5.4669(3)

25.19(6) 309.03(2) 7.2517(3) 7.8056(3) 5.4594(2)

27.17(8) 306.44(3) 7.2169(4) 7.7929(5) 5.4487(3)

28.73(6) 303.43(2) 7.1792(4) 7.7816(4) 5.4314(2)

a Values at room conditions from Abrahams et al. [8].

Table 2

Pressure dependencies of the unit cell parameters and volume for Bi2Mn4O10.

P (GPa) V (Å3) a (Å) b (Å) c (Å)

0.0001 372.27(1) 7.5608(1) 8.5402(2) 5.7652(1)

0.0001a 371.02 7.540(5) 8.534(5) 5.766(5)

2.14(1) 367.24(2) 7.4953(3) 8.5233(3) 5.7485(2) *

3.88(3) 362.23(1) 7.4318(2) 8.5029(2) 5.7316(2)

4.789(2) 360.12(1) 7.4046(2) 8.4940(2) 5.7258(2)

6.32(3) 356.67(1) 7.3581(2) 8.4806(2) 5.7157(1)

7.98(3) 353.69(1) 7.3197(2) 8.4655(2) 5.7079(1)

9.73(7) 349.84(1) 7.2674(2) 8.4502(2) 5.6966(1)

11.34(4) 346.88(3) 7.2266(5) 8.4359(5) 5.6901(3)

12.6(1) 344.77(1) 7.1948(3) 8.4281(2) 5.6857(2)

14.23(8) 342.03(1) 7.1556(3) 8.4133(3) 5.6814(2)

15.33(5) 340.02(3) 7.1204(5) 8.4064(4) 5.6806(3)

16.815(5) 337.62(2) 7.0844(3) 8.3957(3) 5.6763(2)

18.00(4) 336.08(2) 7.0530(3) 8.3915(3) 5.6785(2)

19.05(5) 334.16(2) 7.0245(3) 8.3798(3) 5.6768(3)

20.29(2) 332.13(2) 6.9915(4) 8.3686(4) 5.6765(3)

21.49(4) 330.16(3) 6.9565(5) 8.3653(4) 5.6735(4)

23.14(3) 327.18(7) 6.8783(1) 8.3532(9) 5.6945(6) *

24.594(4) 325.59(6) 6.862(1) 8.3410(9) 5.6887(6)

25.28(6) 325.01(4) 6.850(1) 8.3368(8) 5.6925(6)

25.65(1) 324.06(6) 6.8166(9) 8.3370(8) 5.7024(6) *

26.25(7) 323.96(5) 6.8347(8) 8.3314(7) 5.6893(5)

27.31(3) 321.96(5) 6.8024(8) 8.3200(6) 5.6893(5)

28.57(9) 319.77(4) 6.7730(8) 8.3001(6) 5.6883(5)

29.8(1) 317.91(4) 6.7376(7) 8.2974(7) 5.6866(4)

30.97(8) 315.87(5) 6.7095(8) 8.2875(8) 5.6805(4)

31.97(6) 314.19(6) 6.678(1) 8.280(1) 5.6818(6)

33.00(9) 313.40(7) 6.645(1) 8.286(1) 5.6913(8)

34.38(9) 311.84(5) 6.604(1) 8.278(1) 5.7037(8)

Values from decompression measurements are marked with asterisks.
a Values at room conditions from Niizeki and Wachi [11].

Table 3

Pressure dependencies of the unit cell parameters and volume for Bi2Ga4O9.

P (GPa) V (Å3) V/2 (Å3)a a (Å) b (Å) c (Å) c=2 (Å)a

0.0001 388.625(8) 7.9360(1) 8.3021(1) 5.8985(1)

0.0001b 388.77 7.934 8.301 5.903

0c 409.4 8.011 8.474 6.030

2.40(1) 379.91(1) 7.8537(2) 8.2438(2) 5.8678(1) *

4.27(1) 374.13(2) 7.7951(3) 8.2069(2) 5.8483(2) *

5.34(1) 364.44(2) 7.7158(3) 8.1387(3) 5.8034(2) *

6.6(1) 367.62(1) 7.7253(2) 8.1680(2) 5.8260(2) *

7.61(4) 363.686(8) 7.6866(2) 8.1412(1) 5.8117(1)

7.64(1) 363.88(1) 7.6882(2) 8.1427(1) 5.8125(1)

8.25(5) 362.17(1) 7.6688(2) 8.1336(2) 5.8064(1)

9.30(1) 359.07(1) 7.6313(1) 8.1178(1) 5.7962(1)

10.69(9) 355.80(1) 7.5919(2) 8.1006(2) 5.7855(1)

11.50(2) 353.917(8) 7.5676(1) 8.0926(2) 5.7790(1)

12.3(2) 351.18(1) 7.5325(1) 8.0802(2) 5.7699(1)

12.41(8) 352.20(2) 7.5365(3) 8.0906(3) 5.7761(2) *

13.8(4) 349.10(2) 7.4917(1) 8.0797(1) 5.7673(1) *

15.18(6) 345.05(2) 7.4440(3) 8.0567(3) 5.7532(2)

15.73(2) 343.89(2) 7.4250(2) 8.0549(2) 5.7500(2)

16.07(4) 340.94(7) 7.2436(6) 8.1378(4) 5.7838(9) *

16.88(3) 337.65(4) 7.1862(4) 8.1403(3) 5.7720(5)

18.01(3) 335.22(3) 7.1313(3) 8.1461(2) 5.7705(4)

18.74(3) 333.47(4) 7.0982(3) 8.1469(3) 5.7666(5)

19.32(2) 332.26(4) 7.0729(3) 8.1469(3) 5.7662(4)

19.91(4) 330.78(5) 7.0398(3) 8.1494(3) 5.7658(5)

20.35(2) 329.76(5) 7.0199(3) 8.1492(3) 5.7644(5)

20.49(4) 329.67(5) 7.0119(3) 8.1582(3) 5.7630(5) *

20.91(3) 328.46(4) 6.9945(3) 8.1491(3) 5.7625(5)

21.13(2) 328.05(5) 6.9882(3) 8.1482(3) 5.7612(5)

21.78(8) 326.96(5) 6.9701(4) 8.1485(3) 5.7568(6)

22.70(6) 325.42(5) 6.9506(4) 8.1457(3) 5.7476(6)

23.98(2) 322.72(5) 6.9061(3) 8.1446(4) 5.7375(7)

25.37(3) 320.42(6) 6.8642(4) 8.1405(5) 5.7342(7)

27.01(3) 317.87(6) 6.8243(4) 8.1325(6) 5.7276(4)

28.68(3) 315.41(8) 6.7871(4) 8.1245(4) 5.7199(6)

30.30(3) 312.82(5) 6.7506(3) 8.1195(3) 5.7072(6)

32.55(9) 310.07(6) 6.7097(4) 8.1097(4) 5.6983(7)

34.89(7) 306.28(6) 6.6581(5) 8.0966(4) 5.6815(7)

Values from decompression measurements are marked with asterisks. The c-axis

and unit cell volume are doubled at the phase transition. Here, normalized values

are given for better comparison with the low-pressure phase.
a High pressure phase.
b Values at room conditions from Mueller-Buschbaum and de Beaulieu [21].
c DFT, this study.

Table 4

Pressure dependencies of the unit cell parameters and volume for Bi2Ga4O9 from

DFT calculations.

P (GPa) V (Å3) a (Å) b (Å) c (Å)

0 409.4 8.011 8.474 6.030

2 400.8 7.928 8.432 5.996

5 387.7 7.787 8.360 5.955

10 369.8 7.550 8.297 5.904

12 364.0 7.473 8.274 5.888

14 357.7 7.353 8.271 5.881

15 355.0 7.307 8.266 5.877

17 348.5 7.148 8.279 5.884

18 345.4 7.068 8.285 5.898

20 339.0 6.883 8.300 5.934

21 336.8 6.838 8.298 5.936

21 337.0 6.843 8.297 5.935

22 334.4 6.777 8.301 5.944

25 328.0 6.628 8.318 5.952

30 319.8 6.496 8.308 5.926

40 307.3 6.340 8.278 5.855

50 296.6 6.217 8.255 5.779

100 261.0 5.857 8.162 5.459
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5.1. DFT calculations

The predicted unit cell parameters of Bi2Ga4O9 at ambient
conditions are slightly overestimated (up to 2% for the cell
parameters and about 5% for the unit-cell volume) compared to
the experimental results (Tables 3 and 4). This is typical for DFT-
GGA calculations such as those performed here. The pressure
evolution of the calculated cell parameters of Bi2Ga4O9 (Table 4,
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Fig. 7) shows the same trends as the experimental data up to
about 15 GPa, with the a axis being the most compressible and the
b and c axes showing about the same compressibility. In the
pressure range between 15 and 25 GPa, an unusual change in the
structural compression is observed, with the a axis becoming even
more compressible and the b and c axes expanding as pressure
increases (Fig. 7). Above 25 GPa the cell parameters compress
continuously again (Table 4). The unit cell volume does not show
an observable discontinuity on compression within the precision
of our calculations. Geometry optimizations of the low-pressure
crystal structure in space group Pbam were stable up to a pressure
of 100 GPa. Relaxations in space group P1 (at 0 and 21 GPa) did not
give any indication of a symmetry change or a high-pressure
phase transition. This procedure is generally indicative of the
absence of a displacive G-point structural phase transition. Due to
the imposition of periodic boundary conditions, structural phase
transitions involving an enlargement of the unit cell (such as zone
boundary transitions) cannot be discovered. Such transitions
require alternative, computationally much more expensive ap-
proaches such as mode-following for soft mode transitions or
searches of the energy landscape. However, already in an earlier
study, such an unusual behavior had later led to the experimental
detection of a structural phase transition [26]. Hence, the
prediction of the unusual compression between 15 and 25 GPa
in Bi2Ga4O9 was the driving force for the subsequent experiments
on this and the related compounds by powder and single-crystal
X-ray diffraction in the pressure range up to 35 GPa.

5.2. Phase transition

For Bi2Ga4O9 a phase transition was observed experimentally
at about 16 GPa, which causes significant changes of the
diffraction pattern and the appearance of additional reflections
(Fig. 8). At the phase transition the symmetry is reduced from
space group Pbam to the maximal non-isomorphic subgroup of
class IIb Pbnm (with c0 ¼ 2c), and hence it is associated with a
doubling of the c axis and of the unit-cell volume (a ¼ 7:1862ð4Þ Å,
b ¼ 8:1403ð3Þ Å, c ¼ 11:5440ð5Þ Å, V ¼ 675:3ð4Þ Å

3
at 16.88(3) GPa,

Table 3). This explains the failure of the DFT-model to predict the
correct high-pressure phase, as the imposition of periodic
boundary conditions prevents the doubling of a cell-parameter
during the geometry optimization. The crystal structure of the
high-pressure phase of Bi2Ga4O9 was solved from single-crystal
high-pressure data and will be described in a future publication.
The phase transition is fully reversible and no hysteresis was
observed upon decompression within the precision of our data
(Table 3, Fig. 7). At the phase transition the a cell parameter is
strongly reduced, while the b and c parameters are slightly
increased, resulting in an overall slight decrease of the unit cell
volume. This behavior is similar to the unusual changes of
structural compression obtained from the DFT model. In contrast
to the behavior of Bi2Ga4O9, no phase transition was observed in
either Bi2Al4O9 or Bi2Mn4O10 up to 29 and 35 GPa, respectively.

5.3. Bulk compressibility

The parameters obtained from the EOS fits, as well as earlier
experimental and theoretical values for Bi2Ga4O9 [2], are
summarized in Table 5. The f 2F plots for Bi2Al4O9, Bi2Mn4O10

and Bi2Ga4O9 are shown in Fig. 9. The positive slope in the f 2F

evolution of Bi2Al4O9 indicates that the pressure derivative of the
bulk modulus, K 0, is larger than 4. This implies that the use of a
3rd order BM-EOS is appropriate. The f 2F plots for Bi2Mn4O10 and
the low- and high-pressure phases of Bi2Ga4O9 show a nearly
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Fig. 9. Pressure-volume data as a plot of the dependence of Eulerian strain f on the

normalized pressure F of Bi2Al4O9 (circles), Bi2Mn4O10 (triangles) and Bi2Ga4O9

(squares). The unit-cell volume of the high-pressure phase of Bi2Ga4O9 was

divided by two for a better visualization. Third-order BM-EOS fits to data are

represented by solid lines. The fit to the high-pressure phase of Bi2Ga4O9, also

using a 3rd-order BM-EOS, is represented by the dashed line. The offset of the fit of

the high-pressure phase from the experimental data is due to the use of different

values for V0 in the calculation of the f 2F values. The experimental data were

calculated using the unit cell volume of the low-pressure phase at ambient

conditions for V0, while the extrapolated unit-cell volume of the high-pressure

phase to ambient conditions was used in the fit.

Table 5

Volume, V0, bulk modulus, K0, and the first derivative of the bulk modulus, K 0 , for

Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9 obtained from a fit with a 3rd-order

Birch–Murnaghan equation of state.

Compound V0 (Å3) K0 (GPa) K 0 pmax (GPa)

Bi2Al4O9 356.93(9) 122(2) 4.9(3) 28.73(6)

Bi2Mn4O10 372.27(1) 138(1) 4.2(2) 34.38(9)

Bi2Ga4O9 low-p phase 388.63(3) 102(8) 3.8(2) 16.07(4)

Bi2Ga4O9 X-ray and RUSa 388.78 101.9 – –

Bi2Ga4O9 DFTb 409.35 109 – –

Bi2Ga4O9 DFTc 409.4(1) 85(2) 3.0(3) 15

Bi2Ga4O9 high-p phase 768(2) 102(7) 3.6(3) 34.89(7)

a X-ray and RUS-experiment from Schreuer et al. [2].
b DFT-GGA calculation of the elastic constants from Schreuer et al. [2].
c Pressure-dependent DFT-GGA calculations from this study.
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horizontal behavior which indicates a K 0 close to 4. The
compressibilities of the low- and high-pressure phases of
Bi2Ga4O9 are very similar and result in only small differences
between the BM-EOS fits (Fig. 9) and in the values for the bulk
moduli of K0 ¼ 102ð8Þ and 102(7) GPa, for the low- and the high-
pressure phase, respectively. The low-pressure value of K0 ¼
102ð8ÞGPa obtained here, is in good agreement with the value of
K0 ¼ 101:9 GPa obtained experimentally from a single crystal
using resonant ultrasound spectroscopy (RUS) [2]. The bulk
modulus obtained from a BM-EOS fit to the pressure-dependent
DFT data of this study is significantly lower with 85(2) GPa than
obtained by experiment (this study, [2]) or from the calculation of
the elastic constants using the same model parameters and the
stress–strain method ([2], Table 5).
5.4. Linear compressibility

For all the compounds, the lattice parameter a is the most
compressible (Fig. 7). At pressures up to 16 GPa, the compressi-
bilities of the b and c parameters behave similarly for Bi2Al4O9

and Bi2Mn4O10. In the case of Bi2Ga4O9, the b axis is more
compressible than the c axis in the low-pressure phase. Above the
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phase transition, the c lattice parameter of the high-pressure
phase is slightly more compressible than the b parameter.

Slight differences in the compressibilities of the b and c axes of
Bi2Al4O9 and Bi2Mn4O10, which are not obvious in the p2V plots
(Fig. 7), are apparent in the f 2F plots. The f 2F plots calculated
from the pressure dependencies of the cell parameters of
Bi2Al4O9, Bi2Mn4O10 and the low-pressure phase of Bi2Ga4O9

are shown in Fig. 10. The values for the linear modulus of the cell
axes can be obtained from the intercepts of the linear regressions
on the F axis and are summarized in Table 6. An estimate is given
for the corresponding values of K 0 from the slopes of the lines. It is
obvious that the slopes of the linear f 2F data of the b and c cell
parameters are strongly positive in all compounds. However, the
f 2F data of the a axis show a negative (Bi2Mn4O10 and Bi2Ga4O9)
or slightly positive slope (Bi2Al4O9).

The strongest anisotropy in the linear compressibilities is
observed for Bi2Mn4O10, where nearly all compression seems to
occur along the a axis (Table 6). At ambient conditions the unit
cell of Bi2Mn4O10 is more strongly distorted with respect to
Bi2Al4O9 and Bi2Ga4O9, with the b axis being the largest of all the
three compounds and the a axis the smallest. This is due to tilting
of the MnO5 pyramids as compared to the GaO4 tetrahedra.
Nevertheless, this distortion does not reduce the strong compres-
sibility along the a axis.
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Fig. 10. The pressure dependencies of the cell parameters [a (circles), b (triangles),

and c (diamonds)] of Bi2Al4O9 (top), Bi2Mn4O10 (middle) and Bi2Ga4O9 (bottom)

are plotted as a normalized pressure F against the Eulerian strain f . For Bi2Mn4O10

the maximal pressure is limited to 16 GPa in this plot. In this pressure range the

pressure-transmitting medium, neon, behaves quasi-hydrostatic. For Bi2Ga4O9

only data of the low-pressure phase are included in the plot. Lines are plotted as

guides to the eye.
6. Discussion

6.1. Bulk compressibility

A comparison of the bulk modulus and unit cell volumes of
isotypic Bi2Al4O9 (V0 ¼ 356:93ð9Þ Å

3
, K0 ¼ 122ð2ÞGPa) and

Bi2Ga4O9 (V0 ¼ 388:63ð3Þ Å
3
, K0 ¼ 102ð8ÞGPa) agrees with the

expected tendency that the higher compressibility is observed for
the compound with the larger unit-cell volume [27], namely
Bi2Ga4O9 (Table 5). The difference in unit-cell volumes can be
explained by the Al/Ga substitution, taking into account the
different ionic radii of Al3þ and Ga3þ. In Bi2M4O9 (M ¼ Al;Ga) the
M ions are in equal amounts in fourfold coordination (MIV) and
sixfold coordination (MVI). The ionic radii of Al3þ in fourfold and
sixfold coordination are AlIV ¼ 0:39 Å and AlVI ¼ 0:535 Å, respec-
tively, while for Ga3þ they are GaIV ¼ 0:47 Å and GaVI ¼ 0:62 Å
[28].

Bi2Mn4O10 (V0 ¼ 372:27ð1Þ Å
3
, K0 ¼ 138ð1ÞGPa, Table 5) can-

not be compared directly to Bi2Al4O9 and Bi2Ga4O9, as it has a
slightly different stoichiometry. In a unit cell of Bi2Mn4O10 there is
the same quantity of Mn3þ ions in fivefold coordination as Mn4þ

ions in sixfold coordination [12]. The cation radii (Mn3þ
V ¼ 0:58 Å,

Mn4þ
VI ¼ 0:53 Å [28]) indicate that the volumes of the metal

polyhedra will be similar to Bi2Al4O9 and Bi2Ga4O9, and in fact
the unit cell volume of Bi2Mn4O10 is in between those of Bi2Al4O9

and Bi2Ga4O9. Due to the ‘additional’ oxygen, the space filling of
Bi2Mn4O10 is higher than that of the two other compounds, and
hence the larger bulk modulus with respect to Bi2Al4O9 and
Bi2Ga4O9 is explained (Table 5).

A comparison with the aluminum oxides and aluminum
silicates from the family of sillimanite- and mullite-type crystal
structures shows that the compounds investigated here are much
more compressible than sillimanite and mullite sensu stricto,
where experimental values for K0 range from 164 to 176 GPa for
sillimanite [29–33,10] and from 166.5 to 174 GPa for different
mullites [34–38]. This discrepancy can be attributed to the
existence of the large Bi3þ cations and the very compressible
stereochemically active Bi6s2 lone electron pairs, and to a number
of structural voids [2]. The same phenomenon is present in other
systems such as BiB3O6 [39].
6.2. Linear compressibility

The b and c axes are quite incompressible due to the orientation
of the chains of edge-sharing MO6- and ZO6-octahedra, in Bi2M4O9
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Table 6

Bulk modulus of the unit cell parameters for Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9

obtained from an intercept of the linear regressions to the experimental f 2F data

at f ¼ 0.

Compound Ka0

(GPa)
K 0a0

Bi2Al4O9 108 � 4

Bi2Mn4O10 79 o4

Bi2Ga4O9 78 o4

Kb0

(GPa)
K 0b0

Bi2Al4O9 120 44

Bi2Mn4O10 281 44

Bi2Ga4O9 91 44

Kc0

(GPa)
K 0c0

Bi2Al4O9 148 44

Bi2Mn4O10 179 44

Bi2Ga4O9 141 44

L. López-de-la-Torre et al. / Journal of Solid State Chemistry 182 (2009) 767–777 775
and Bi2Z2M2O10 respectively, running parallel to the c axis, and
due to a strong interconnection via corrugated chains of type
� � �2Bi2O2Bi2O2 � � � parallel to the b axis (Fig. 2). In contrast to
the strong Bi–O bonding scheme parallel to the b axis, strong Bi–O
bonds are alternating with very weak Bi–O bonds parallel to the a

axis. These are indicated by dotted lines in Fig. 2. The direction of
largest compression is along the a axis. The long and presumably
weak Bi–O bonds are oriented along this direction, and hence it
seems reasonable to conclude that the greatest changes of these
structure types on compression occur in the strongly distorted
Bi3þ coordination. This agrees with the expected large flexibility
and compressibility of the lone electron pairs, which are
alternating in channels with the oxygen atoms joining two
tetrahedra in the Bi2M4O9 structure or two pyramids in
Bi2Mn4O10 (Fig. 2).

A comparison of the linear compressibilities of Bi2Ga4O9

obtained in this study with the elastic constants measured by
RUS [2] is coherent with respect to the behavior of the a and c cell
parameters. The c11 elastic constant is the softest, which agrees
with the strongest compressibility observed along the a axis, and
c33 is the stiffest, which again agrees with the high incompres-
sibility of the octahedral chains oriented parallel to the c axis. The
behavior of the b axis is not so obvious from our data. While the b

axis seems to be nearly as incompressible as the c axis in Fig. 7, the
extrapolation of a fit to the linear f 2F data indicates a pronounced
softness of the b axis with respect to the c axis (Fig. 10). This
would agree with the anisotropy of the elastic constants measured
with RUS, in which the value of c22 was much closer to c11 than to
c33.

An extension of the comparative analysis to the structurally
related phases sillimanite and mullites shows, that in all of these
compounds the stiffest direction is along the c axis, which is the
direction of the octahedral chains (e.g. [30,35–38,10]). In sillima-
nite and mullites, the b axis was found to be the most
compressible direction. This was attributed to anisotropic com-
pression of the AlO6 octahedra and a rotation of the octahedral
chains, which form an angle of about 30� with the b axis (e.g.,
[10,30,36]). In contrast, by far the largest compression is observed
along the a axis in Bi2M4O9, M ¼ Al;Ga, and Bi2Mn4O10. This
points towards a main contribution of the asymmetric environ-
ment of Bi3þ on the structural compression mechanism.
6.3. Phase transition

Symmetry relations between the low- and the high-pressure
phase of Bi2Ga4O9 show that the phase transition is non-ferroic
[40]. Hence the strains will be second-order in the order
parameter. During the zone-boundary phase transition (c0 ¼ 2c)
the orthorhombic point group symmetry is retained and the strain
is non-symmetry breaking.

The pressure dependencies of the volume strain Vs, with
Vs ¼ ðV � V0Þ=V0, and of the strain components e11, e22 and e33,
with eii ¼ ai=ai;0 � 1, as well as the pressure dependencies of their
square roots, are plotted in Figs. 11 and 12, respectively. V and ai

are the unit cell volume and unit cell parameters of the low-
symmetry phase at given pressures, and V0 and ai;0 of the high-
symmetry phase extrapolated to the same pressure from the EOS
fits. An extrapolation to very high pressures is associated with an
increased uncertainty, and seems to be inappropriate for our data
as an increased curvature of the EOS would be expected at higher
pressures corresponding to a higher value of K 0. However, it seems
to be appropriate for the pressure range between 15 and 20 GPa,
which we will use for our discussion only. It appears that the
squared volume strain varies linearly with pressure (Fig. 11), such
that the volume strain varies as ðP � PcÞ

1=2, where Pc is the
pressure at which the phase transition occurs. Since the volume
strain is proportional to Q2, with Q being the order parameter, it
appears to be a tricritical phase transition with Q / ðP � PcÞ

1=4. In
contrast, the behavior of the strain components points towards a
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Fig. 12. (Color online) Pressure dependencies of (top) the strain components e11
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their square roots e2
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33. Top: error bars are smaller than the symbol size.
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phase transition which is weakly first order (Fig. 12). In
comparison with the huge number of temperature-induced phase
transitions only few examples of the application of Landau theory
on high-pressure phase transitions exist up to now. The pressure
evolution of the lattice parameters is generally measured in much
coarser intervals with respect to the temperature steps possible,
which can be applied with temperature-induced phase transi-
tions. Hence, much smaller steps in pressure would be required to
definitely distinguish the character of the phase transition to be
tricritical or first-order.

The occurrence of a phase transition in Bi2Ga4O9 at about
16 GPa opens up the question, of why no phase transition is
observed in the other two compounds, Bi2Al4O9 and Bi2Mn4O10, at
pressures up to even 29 and 35 GPa, respectively. Obviously, a
pressure-induced change of the asymmetric 6s2 lone electron pair
of Bi3þ towards a symmetric environment, as it was discussed for
CsGeCl3 [15], is not the reason for the phase transition of
Bi2Ga4O9. The higher stability of Bi2Mn4O10 at high pressure can
be explained by the additional oxygen atom and hence the higher
coordination of the Mn-polyhedra in this structure, Mn3þ showing
fivefold coordination. As a consequence, two Mn3þO5 pyramids
share a common edge which is oriented parallel to the c axis. This
makes the structure stiffer (see bulk modulus in Table 5) and more
resistant to phase changes. Instead, the M3þO4 tetrahedra in the
Bi2M4O9 structure are connected via a bridging oxygen atom,
forming an unfavorable straight M–O–M angle of 180� (Fig. 3),
which is more flexible and tends towards destabilization at high
pressure.

In contrast, Bi2Al4O9 is isotypic to Bi2Ga4O9 showing the same
unfavorable straight Al–O–Al angle between the Al2O7 groups of
tetrahedra. As the unit-cell volume of Bi2Al4O9 is smaller than
that of Bi2Ga4O9 and the bulk modulus is larger, a similar phase
transition would be expected at a higher pressure than 16 GPa
according to the pressure-homologue rule [41,42]. In Bi2Ga4O9 a
volume reduction of � 12:3% was achieved in advance of the
phase transition. Considering the same reduction of the unit cell
volume for Bi2Al4O9, a similar phase transition is assumed to
occur at � 23 GPa. As no phase transition is observed up to at least
29 GPa, Bi2Al4O9 is much more stable at increased pressure than
isotypic Bi2Ga4O9. This might be due to the smaller size of the
Al3þ cations in the tetrahedral coordination by four oxygen atoms
compared with the size of the Ga3þ cations. If this approach is
correct a similar phase transition should also occur in Bi2Fe4O9,
since Fe3þ has a slightly larger ionic radius (0.49 Å) than Ga3þ

(0.47 Å, ionic radii are for tetrahedral coordination of the cations)
[28]. This assumption is intended to be checked by studying the
high-pressure behavior of Bi2Fe4O9.
7. Conclusions

We have studied the high-pressure behavior of the compounds
Bi2Al4O9, Bi2Mn4O10 and Bi2Ga4O9 by in situ powder synchrotron
X-ray diffraction using the diamond anvil cell technique to
generate pressures up to 29 GPa for Bi2Al4O9, and up to 35 GPa
for Bi2Mn4O10 and Bi2Ga4O9. Bi2Al4O9 and Bi2Mn4O10 are
structurally stable to the highest pressure obtained. However, a
phase transition is observed in Bi2Ga4O9 at approximately 16 GPa.
This effect can be attributed to the larger size of the Ga3þ cation
tending towards a higher coordination than four at pressure
increase. The structure of the high-pressure phase of Bi2Ga4O9

was solved from single-crystal structure analysis in our group and
a detailed description of the structural compression before and at
the phase transition, derived from quantum mechanical DFT-
calculations and experiment, will be given in a subsequent
manuscript.
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