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abstract

The phase relation and structural evolution of Holl-I and Holl-II in the composition KAlSi3O8 at 
0 K have been investigated by the first-principles method up to 130 GPa. Holl-I and Holl-II are poly-
morphs of KAlSi3O8 stable at low pressures and high pressures, respectively. The transition pressure 
is determined at ∼23(5) GPa, in agreement with recent experimental observations. All experimentally 
observed major changes associated with this phase transition such as the deviation of the γ-angle 
from 90°, splitting of the a- and b-axes, as well as its P-V evolution, are successfully simulated. By 
evaluating the effect of different Al/Si substitution mechanisms on the computing cell of Holl-I, we 
have found: (1) different Al/Si substitution mechanisms do not result in apparent difference in the 
minimized cohesive energies, suggesting a possible random distribution of Al and Si; (2) different Al/
Si substitution mechanisms lead to different powder X-ray diffraction features, which, compared to 
the experimentally observed powder X-ray diffraction data, implies that local non-random distribution 
of Al and Si exists to some extent in the Holl-I structure; and (3) the phase transition from Holl-I to 
Holl-II might be associated with a change in the distribution pattern of Al and Si in the structure. From 
the simulated compression data, we have derived K0 = 174 GPa and V0 = 244.82 Å3 for Holl-I, and K0 
= 168 GPa and V0 = 244.8 Å3 for Holl-II (K0′ fixed at 4). The larger K0 of Holl-I is probably related to 
the more stable squared open tunnel delimited by the rigid tetragonal octahedral framework, which 
is gradually deformed by compression in Holl-II after the phase transition from Holl-I to Holl-II.

Keywords: Equation of state, first-principles simulation, Holl-I, Holl-II, phase transition

introDuction

Feldspar is one of the dominant phases in the Earth’s upper 
continental crust and may be carried from the Earth’s surface 
down to the Earth’s interior via the subduction process (Dupre 
and Allegre 1983; Hofmann 1997; Bozhilov et al. 1999; Hirose 
et al. 1999; Liu et al. 2007; Wu et al. 2009). As demonstrated by 
some high-P experiments up to about 24 GPa (Irifune et al. 1994), 
the proportion of its high-P form, mainly KAlSi3O8-hollandite, 
could volumetrically account for one third of the phase assem-
blages of the subducted upper continental crust composition, so 
that its importance in the geodynamic process in the deep interior 
of the Earth cannot be overestimated. Orthoclase (Or; KAlSi3O8) 
is one of the major end-members in the feldspar family, and its 
high-P behavior is of great interest to many investigators (e.g., 
Yamada et al. 1984; Zhang et al. 1993; Urakawa et al. 1994; 
Yagi et al. 1994; Tutti et al. 2001; Akaogi et al. 2004; Sueda et 
al. 2004; Nishiyama et al. 2005; Liu 2006; Ferroir et al. 2006; 
Yong et al. 2006; Liu and El Goresy 2007; Hirao et al. 2008; 
Liu et al. 2009).

Previous studies have generally reached good agreements on 
the phase relations of the composition KAlSi3O8 up to the pres-
sure of 128 GPa (Urakawa et al. 1994; Yagi et al. 1994; Tutti et 
al. 2001; Akaogi et al. 2004; Sueda et al. 2004; Nishiyama et al. 
2005; Liu 2006; Ferroir et al. 2006; Yong et al. 2006; Liu and 
El Goresy 2007; Hirao et al. 2008; Liu et al. 2010). First, Or 
(KAlSi3O8) breaks down to a three-phase assemblage (wadeite-
type K2Si4O9 + kyanite-type Al2SiO5 + SiO2) at around 6 GPa 
and 600–1400 °C. Second, these three phases recombine to form 
a hollandite-type phase with the composition KAlSi3O8 (Holl-I 
hereafter) at about 9–10 GPa and 1000–1500 °C. Third, Holl-I 
transforms to a structurally modified hollandite-like phase (Holl-
II; KAlSi3O8) at about 23–25 GPa and 500–1500 °C. Finally, 
Holl-II possibly remains thermodynamically stable up to 128 
GPa. Mainly due to its unquenchable nature during decompres-
sion, Holl-II was difficult to detect within experimental products 
generated by traditional high-P quench methods, so that some 
discrepancy in the phase transition from Holl-I to Holl-II was 
reported (Tutti et al. 2001; Sueda et al. 2004; Nishiyama et al. 
2005; Ferroir et al. 2006).

Holl-I has tetragonal symmetry I4/m (Ringwood et al. 1967; 
Yamada et al. 1984), whereas Holl-II has monoclinic symmetry * E-mail: xi.liu@pku.edu.cn
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I2/m (Sueda et al. 2004; Nishiyama et al. 2005; Ferroir et al. 
2006). Paired edge-sharing (Si,Al)O6 octahedra form double 
chains running parallel to the c-axis, and four of the double chains 
are linked to delimit a large squared open tunnel to host the K 
cation. High-pressure experiments have demonstrated that many 
geochemically important large radius cations such as Na, Ca, Sr, 
and Rb can be hosted by the Holl-I structure (Rapp et al. 2008). 
Since the structure of Holl-II is different to the one of Holl-I, its 
capability in hosting the large radius cations might be very dif-
ferent as well. Consequently, it is geochemically very important 
to investigate this phase transition down to the atomic level.

Yet, Holl-II is unquenchable and quickly converts to Holl-I 
during pressure release (Sueda et al. 2004; Nishiyama et al. 
2005; Ferroir et al. 2006), so that traditional high accuracy 
single-crystal X-ray diffraction on quenched synthesized single 
crystal cannot be used to explore its structural details. Ab initio 
simulation has unparalleled advantages in exploring information 
associated with unquenchable high-pressure phase transitions, 
and this technique has been widely applied to phase transitions 
of different types (e.g., Waghmare and Rabe 1997; Meng et al. 
2004; Iitaka et al. 2004; Martinez and Durandurdua 2006; Du-
randurdua 2009a, 2009b). For the composition KAlSi3O8, three 
theoretical calculations have been carried out so far (Winkler et 
al. 2002; Mookherjee and Steinle-Neumann 2009a; Caracas and 
Boffa Ballaran 2010). Winkler et al. (2002) mainly developed 
a new method to investigate the Al/Si disorder in silicates and 
briefly reported their simulated Holl-I structure at zero pressure 
only. To the contrary, Mookherjee and Steinle-Neumann (2009a) 
carried out a detailed investigation for a large range of pressure 
on the elasticity and phase stability of Holl-I and Holl-II. The 
third study aimed at the elasticity and seismic property of Holl-
I (Caracas and Boffa Ballaran 2010). On the other hand, some 
theoretical calculations have also been made to explore the effect 
of Na (Boffa Ballaran et al. 2009; Caracas and Boffa Ballaran 
2010) that suggested the replacement of K by Na decreases the 
phase-transition pressure between Holl-I and Holl-II. Here we 
used a constant pressure ab initio technique to further explore 
the structural evolution with pressure of Holl-I and Holl-II and 
the features of the phase transition associated with them.

DetaiLs of simuLation

Our first-principles simulations were performed by the 
CASTEP code using density functional theory (DFT) and 
planewave pseudopotential technique (Payne et al. 1992). We 
adopted the generalized gradient approximation (GGA) incor-
porated with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional (Perdew et al. 1996). The same theoretical 
techniques have been used in our previous studies and found to be 
very powerful in studying the structure and thermodynamics of 
silicate minerals at high pressures (Deng et al. 2006, 2009, 2010).

More specifically to this study, a planewave basis set with a 
cutoff of 380 eV was used to expand the electronic wave func-
tions and ultrasoft pseudopotentials were employed to model 
the ion-electron interaction (Vanderbilt 1990). The irreducible 
Brillouin zone was sampled by a 3 × 3 × 5 Monkhorst-Pack grid 
(Monkhorst and Pack 1976). We applied both symmetry con-
straint and non-symmetry constraint to the simulated cell during 
the structure relaxation, and reached almost identical results. The 

neglection of symmetry constraints did not lead to any increase 
of the computing cycles, but did increase the computing time by 
∼60%. Equilibrium lattice parameters and internal coordinates 
were optimized by minimizing the Hellmann-Feynman force 
on the atoms and simultaneously matching the stress on the unit 
cell to the target stress. After the final self-consistency cycle, the 
remaining Hellmann-Feynman forces on the atoms were typically 
<0.001 eV/Å and the remaining stress was <0.004 GPa. The 
geometry optimizing was conducted from 0 to 130 GPa at 0 K.

We used the tetragonal hollandite structure (space group I4/m) 
as the starting structure in our simulation (Ringwood et al. 1967; 
Yamada et al. 1984; Zhang et al. 1993). Our computational cell 
contains 26 atoms. With two of the eight Si atoms in the compu-
tational cell replaced by two Al atoms, the tetragonal symmetry 
degenerates to a monoclinic symmetry. This phenomenon is well 
known to the scientists in the simulation research field. Different 
Al/Si substitution mechanisms have been thoroughly examined 
for zero pressure, and the resulting structures suggest an aver-
aged tetragonal symmetry. In addition, we arbitrarily selected 
one of the Al/Si substitution mechanisms to probe the structure 
evolution of Holl-I and Holl-II as pressure increases.

resuLts anD Discussions

Effect of different Al/Si substitution mechanisms on the 
structure of Holl-I at zero pressure

There are eight possible sites for Al and Si in the comput-
ing cell (Fig. 1). With the first Al atom (Al-1) taking one of the 
sites (e.g., site A), the second Al atom (Al-2) can take any of the 
remaining sites, leading to seven different Al/Si distributions. 
These seven different configurations have been labeled as A-B, 
A-C, A-D, A-E, A-F, A-G, and A-H in this study, their respective 
structural features are listed in Table 1, and their corresponding 
powder X-ray diffraction patterns are shown in Figure 2.

With the replacement of two Si atoms by two Al atoms, the 
tetragonal symmetry of Holl-I is lowered to the monoclinic 
symmetry (Table 1), as illustrated by the various space groups 
derived from our simulation. Only a very small difference of the 
unit-cell parameters a and b (less than about 1%) and a devia-
tion of the γ-angle from 90° (less than about 1°) are responsible 
for the monoclinic distortion. The fluctuation of the unit-cell 
parameters caused by the different Al/Si configurations is very 
small, as suggested by the averaged values of the unit-cell pa-
rameters (Table 1). Since the arithmetical averages of the unit-
cell parameters show that a is essentially equal to b and γ close 
to 90°, we can reasonably assume that the averaged calculated 
crystal structure is tetragonal, so that the structure of Holl-I has 
been well simulated in our investigation.

Different Al/Si substitution mechanisms also cause some 
fluctuation of the cohesive energies (Table 1): the A-B Al/Si 
configuration leads to the highest value, the A-E and A-F Al/Si 
distributions result in the lowest values, and all the other four Al/
Si configurations attain their cohesive energy values in-between. 
Nevertheless, the difference between the highest value and the 
lowest value of the cohesive energy is obviously very small 
(about 0.9 eV for 26 atoms). Additionally, the small deviation 
(about 0.1 eV for 26 atoms) of the cohesive energies caused by 
the different Al/Si distributions indicates that no individual Al/Si 
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distribution is dominant, which is in good agreement with Post 
and Burnham (1986) and Caracas and Boffa Ballaran (2010).

The calculated powder X-ray diffraction patterns for the dif-
ferent Al/Si distributions are shown in Figure 2 and compared to 
experimentally obtained powder X-ray patterns for Holl-I and 
Holl-II (Zhang et al. 1993; Sueda et al. 2004). In general, the 
powder X-ray patterns for the A-H and A-D Al/Si configurations 
are very similar and approximate that of Holl-I. All other powder 
X-ray patterns, on the other hand, have not been observed experi-
mentally for Holl-I. In particular, the powder X-ray patterns for 
the A-B, A-E, and A-F Al/Si distributions show some features, 
as denoted by the asterisks, that actually belong to Holl-II only. 
Consequently, the arithmetic average of the calculated powder 
X-ray diffraction patterns should not be expected to resemble 
the experimentally observed powder X-ray diffraction pattern 
of Holl-I (Zhang et al. 1993), which is the case indeed (Fig. 3). 

Table 1. Simulated lattice parameters and minimized cohesive energy 
(E) for different Al-Si configurations (symmetry constraint-
free; 0 K and 0 GPa)

1-2* a (Å) b (Å) c (Å) α (o) β (o) γ (o) E (eV) Derived SG†

A-B 9.50 9.44 2.74 90 90 89.0 –9337.5‡ P21/m
A-C 9.48 9.43 2.75 90 90 89.9 –9338.1‡ Pm
A-D 9.47 9.48 2.74 90 90 90.2 –9337.9‡ Pm
A-E 9.51 9.41 2.74 90 90 88.9 –9338.5‡ P2/m
A-F 9.50 9.41 2.75 90 90 88.8 –9338.4‡ Cm
A-G 9.43 9.48 2.75 90 90 90.1 –9338.1‡ Pm
A-H 9.47 9.48 2.74 90 90 90.2 –9337.9‡ Pm
Mean  9.48(3) 9.45(3) 2.74(1) 90(0) 90(0) 89.6(6) –9338.1(1)‡ I4/m?

* Position of Al-1 vs. that of Al-2, as shown in Figure 1.
† Derived space group.
‡ Value for 26 atoms.

figure 1. Stereoscopic view of Holl-I. Atoms K and O are labeled 
by their element symbols, while atoms Si and Al, residing in the (Si,Al)
O6 octahedra, are alphabetically labeled from A to H. Octahedra A and 
C are arbitrarily designated as the AlO6 octahedra. Numbers shown are 
for the volume of the (Si,Al)O6 octahedron (Å3) or for the bond length 
of the Si(Al)-K bond (Å). The average volume of the AlO6 octahedra is 
generally larger than that of the SiO6 octahedra by about 15%, whereas 
the average bond length of Al-K is generally shorter than that of Si-K 
by about 5% (Z = 1/2; bonds in orange). 

figure 2. Computed powder X-ray diffraction patterns of Holl-I 
with different Al/Si distributions (0 K and 0 GPa; λ = 0.4258 Å). For 
the purpose of comparison, the experimentally obtained powder X-ray 
diffraction pattern of Holl-I [room T and 0 GPa; Zhang et al. (1993)], 
simulated powder X-ray diffraction pattern of Holl-II (0 K and 30 GPa; 
this study), and experimentally determined peak positions of Holl-II 
[room T and 27.5 GPa; Sueda et al. (2004)] are also plotted.
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It follows that in the real Holl-I crystal structure some Al/Si dis-
tributions such as A-H and A-D should be more important than 
others, suggesting that some local Al-Si ordering does exist to 
some extent. This argument should be further strengthened by any 
potential effect of temperature, which in general promotes Al-Si 
disordering. Since the different Al/Si substitution mechanisms 
do not result in much difference in the cohesive energy, other 
factors like charge neutralization and spatial requirement must be 
taken into consideration to account for the potential non-random 
distribution of Al and Si.

Structural evolution and phase transition of Holl-I and 
Holl-II

The A-C Al/Si distribution was arbitrarily selected to probe 
the structural evolution of the hollandites at high pressures. As 
shown in Figures 4, 5, and 6, intensive simulation points were 
arranged, with a step size of 2 GPa between 0 and 50 GPa and a 
step size of 5 or 10 GPa between 50 and 130 GPa.

As shown in Figure 4, the small difference between the 
unit-cell parameters a and b (∼0.5%; a result of the special Al/Si 
substitution mechanism) maintains at least up to about 18 GPa 
(symmetry-unconstrained cell) or 28 GPa (symmetry-constrained 
cell), from where it starts to increase quickly. Within a pressure 
interval of about 4 GPa (22 GPa for the case without symmetry 
constraint or 32 GPa for the case with symmetry constraint), 
the difference between a and b sharply increases to about 5%, 
a value, which cannot be accounted for by any other factor 

figure 3. Comparison of arithmetically averaged powder X-ray 
diffraction pattern to experimentally obtained powder X-ray diffraction 
pattern of Holl-I. Note the peak splitting in the averaged powder X-ray 
diffraction pattern.

figure 4. Variation of unit-cell parameters a, b, and c with pressure 
(A-C Al/Si configuration). Discontinuities in the a- and b-axes associated 
with the phase transition from Holl-I to Holl-II are indicated by the 
broken line at around 23 GPa. On the other hand, no discontinuity is 
observed for the c-axis.

figure 5. Variation of unit-cell parameter γ with pressure (A-C Al/
Si substitution mechanism). The phase transition from Holl-I to Holl-II 
is indicated by the broken line at around 23 GPa.

figure 6. Variation of unit-cell volume with pressure (A-C Al/Si 
substitution mechanism). No apparent volume discontinuity has been 
observed at around 23 GPa.
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but a phase transition. As mentioned above, the different Al/
Si configurations result in differences in a and b of maximal 
1% (Table 1; 0 GPa). Furthermore, Figure 4 shows no abrupt 
change for the c-axis.

Figure 5 shows that with the symmetry-unconstrained cell, 
the deviation of the γ-angle from 90° is limited to about 0.3° as 
pressure increases from 0 to 18 GPa, but quickly increases to 
about 0.8° at 22 GPa. For the symmetry-constrained cell, the 
deviation is about 0.04° at 28 GPa, but about 1.5° at 32 GPa. 
This phenomenon strongly suggests a phase transition as well.

On the other hand, Figure 6 shows that the evolution of the 
unit-cell volume with pressure does not show any apparent 
discontinuity.

Existing in situ high-P experiments demonstrated that the 
phase transition from Holl-I to Holl-II at about 23 GPa was a 
second-order phase transition characterized by the splitting of 
the a-axes into a long a- and a short b-axis, rapid deviation of 
the γ-angle from 90°, and unobservable volume discontinuity 
(Nishiyama et al. 2005; Ferroir et al. 2006; Hirao et al. 2008). 
The theoretical calculations reported here have successfully re-
produced all major features associated with this phase transition 
(Figs. 4, 5, and 6). Considering the strong similarity between 
the simulated results and experimental observations, we tend to 
believe that the phase transition captured by our simulation is 
indeed the phase transition from Holl-I to Holl-II, and the phase 
transition takes place at about 23(5) GPa.

The structural evolution of Holl-I with pressure was evaluated 
both by high-P compression experimentation and theoretical 
simulation (Nishiyama et al. 2005; Ferroir et al. 2006; Mookher-
jee and Steinle-Neumann 2009a). Our simulated unit-cell param-
eters at P ≤ 16 GPa (symmetry-unconstrained cell) generates the 
following empirical equations:

a = 9.470(5) – 0.0165(5)P (R2 = 0.9933)
b = 9.407(2) – 0.0185(3)P (R2 = 0.9987)
c = 2.74353(3) – 0.00340(1)P + 0.0000192(6)P2 (R2 = 1.0000)
γ = 89.99(1) + 0.004(2)P + 0.0005(1)P2 (R2 = 0.9886)
V = 244.81(3) – 1.382(9)P + 0.0144(5)P2 (R2 = 1.0000)
c/a = 0.28938(2) + 0.00029(1)P – 0.0000069(3)P2 (R2 = 0.9996)
c/b = 0.29149(4) + 0.00028(1) – 0.0000017(8)P2 (R2 = 0.9988)

where a, b, and c are in angstroms, P is in GPa, V is in cubic 
angstroms, and γ is in degrees. Since the a/b ratios at different 
pressures are close to 1 and very constant [1.008(1)], it is rea-
sonable to use the average (a) of a and b to derive an empirical 
equation to simultaneously describe the evolution of both a and 
b at high pressures: a = 9.446(1) – 0.0209(2)P + 0.00022(1)P2 
(R2 = 1.0000). In turn, the c/a ratio at different pressures can 
be empirically described by c/a = 0.29043(2) + 0.000286(5)
P – 0.0000043(3)P2 (R2 = 1.0000).

For the Holl-I structure, apparently, the elastic anisotropy 
along the a-axis and c-axis increases with pressure increase, 
confirming previous experimental observations (Zhang et al. 
1993; Nishiyama et al. 2005).

In comparison, high-P experiments were previously carried 
out with the Holl-II phase at pressures either below 30 GPa or 
above 70 GPa only (Nishiyama et al. 2005; Ferroir et al. 2006; 
Hirao et al. 2008), so that a full description of the structure evo-

lution of Holl-II with pressure was not possible. Our theoretical 
work has filled the pressure gap of 30–70 GPa and provided a 
good opportunity to probe the evolution with pressure of the 
lattice parameters of Holl-II. With the data from our simulations 
at P ≥ 30 GPa (symmetry-unconstrained cell), we have reached 
some empirical equations as following:

a = 9.377(2) – 0.00477(4)P (R2 = 0.9990)
b = 9.247(23) – 0.0200(7)P + 0.000073(5)P2 (R2 = 0.9979)
c = 2.736(1) – 0.00295(4)P + 0.0000071(3)P2 (R2 = 0.9999)
γ = 90.12(9) + 0.058(3)P – 0.00025(2)P2 (R2 = 0.9943)
V = 236.21(54) – 0.837(18)P + 0.00256(12)P2 (R2 = 0.9995)
a/b = 1.009(3) + 0.0019(1)P – 0.0000088(8)P2 (R2 = 0.9912)
c/a = 0.2919(4) – 0.00017(1)P + 0.0000008(1)P2 (R2 = 0.9891)
c/b = 0.2949(6) + 0.00037(2)P – 0.0000017(1)P2 (R2 = 0.9914)

where a, b, and c are in angstroms, P is in GPa, V is in cubic 
angstroms, and γ is in degrees. For Holl-II, the correlation 
between the c/a ratio and P is negative, whereas that of the c/b 
ratio and P is positive; for Holl-I, in contrast, both correlations 
are positive. This confirms the experimental observations made 
by Hirao et al. (2008).

Equation of state (EoS) of Holl-I and Holl-II
The isothermal bulk modulus K0 and its first derivative K0′ can 

be derived by fitting the calculated P-V data to the third-order 
Birch-Murnaghan equation of state (BM-EoS; Birch 1978)

P K
V
V

V
V
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V
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= − − − −3
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0 2 3[( ) ( ) ]{ ( )[( )/ / ' / 11]}

in which K0 is the isothermal bulk modulus at zero pressure, K0′ 
is the first derivative of K0, V0 is the volume at zero pressure, and 
V is the volume at high pressure. To derive the EoS of Holl-I and 
Holl-II, we used the P-V data from 0 to 20 GPa for Holl-I and 
those from 30 to 130 GPa for Holl-II (A-C Al/Si configuration; 
symmetry-unconstrained cell; 0 K). The final EoS parameters are 
listed and compared with the literature data in Table 2.

The experimentally determined K0 for Holl-I varies between 
180 and 201 GPa, with similar values of V0 derived (K0′ = 4; 
Zhang et al. 1993; Nishiyama et al. 2005; Ferroir et al. 2006). 
Our theoretical work (GGA) suggested a V0 about 3% larger than 
the experimentally determined values and a slightly smaller K0 
of 174 GPa, which is close to the low value determined in the 
high-P experiments. In comparison, the theoretical work (LDA) 
done by Mookherjee and Steinle-Neumann (2009a) generated a 
V0 about 4% smaller than the experimentally determined values 
and a slightly larger K0 of 225 GPa, which is close to the high 
value determined in the high-P experiments. Clearly, this discrep-
ancy in K0 is mainly caused by the difference in the investigation 
methods: GGA leads to slightly overestimated unit-cell volume, 
whereas LDA leads to slightly underestimated unit-cell volume; 
this phenomenon is especially pronounced at low pressures.

There has not been reliable experimental determination of the 
K0 of Holl-II. Hirao et al. (2008) did the pioneering work and 
provided the first number, which was unfortunately affected by 
the unavailability of the P-V data between 30 and 70 GPa. On 
the other hand, the theoretical work in this study (GGA) and that 
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in Mookherjee and Steinle-Neumann (2009a; LDA) can provide 
some constraints on the K0 of Holl-II: the low boundary should 
be close to 168 GPa, whereas the high value should be close to 
221 GPa (Table 2). It follows that the K0 value of Holl-II from 
Hirao et al. [2008; 232(14) GPa] appears too large. Combining 
the high-P experimental data from Ferroir et al. (2006) and those 
from Hirao et al. (2008), Mookherjee and Steinle-Neumann 
(2009a) tentatively suggested a value of 181 GPa, which seems 
much compatible to the theoretical results.

The EoS of Holl-I and Holl-II can be affected by the replace-
ment of K with Na (Boffa Ballaran et al. 2009; Caracas and Boffa 
Ballaran 2010). The high-P experiments of Boffa Ballaran et al. 
(2009) constrained the K0 of Holl-I and Holl-II in the composition 
of K0.8Na0.2AlSi3O8 to 198(3) and 174(7) GPa, respectively. The 
theoretical investigation of Caracas and Boffa Ballaran (2010) 
obtained the K0 of Holl-I of the same composition as 220 GPa. A 
comparison of these values to those for the composition KAlSi3O8 
listed in Table 2 reveals a potentially small effect of replacing K 
by Na on the K0 of Holl-I and Holl-II. Interestingly, the differ-
ence in the K0 values of the phase-X with the compositions of 
K2Mg2Si2O7 and Na2Mg2Si2O7 is also very small (132 and 128 
GPa, respectively; Mookherjee and Steinle-Neumann 2009b). 
Pressure, however, tends to substantially enhance the effect of 
composition on the bulk moduli both in the case of Holl-I and 
Holl-II (Caracas and Boffa Ballaran 2010), and in the case of the 
phase-X (Mookherjee and Steinle-Neumann 2009b).

Microscopic structural deformation and phase transition 
mechanism

In the structures of Holl-I and Holl-II, the (Si,Al)O6 octahedra 
share edges to form double chains parallel to the c-axis, which 
in turn share corners with neighboring double chains to form a 
framework structure (Ringwood et al. 1967; Yamada et al. 1984; 
Zhang et al. 1993; Ferroir et al. 2006; Hirao et al. 2008). Under 
hydrostatic compression, intuitively, the (Si,Al)O6 octahedra 
should generally behave as rigid blocks, and so should the double 
chains of the (Si,Al)O6 octahedra due to their edge-sharing 
characteristic. The weakest part of the framework is expected 
to be the shared corners of the double chains, which define the 

shape and size of the open channel of KO8. As shown in Figure 
7, the (Si,Al)O6 octahedron is indeed much less compressible 
than the KO8 polyhedron. Specifically, the K0 of the AlO6 is 
246 GPa, that of SiO6 is 302 GPa, and that of KO8 is 193 GPa 
(K0′ fixed at 4; BM-EoS). These values are well in line with the 
results of Mookherjee and Steinle-Neumann (2009a; 259, 342, 
and 157 GPa, respectively), taking into account the difference 
in the simulating techniques [GGA in this study while LDA in 
Mookherjee and Steinle-Neumann (2009a)]. Experimentally, 
Zhang et al. (1993) proposed that the KO8 polyhedron in the 
Holl-I phase is much less compressible than the (Si,Al)O6 octa-
hedron, whereas Hirao et al. (2008) claimed the opposite for the 
Holl-II phase. Since the K-O bond is generally regarded as one 
of the most compressible bonds among the metal-oxygen pairs in 
oxide minerals (Hazen and Prewitt 1977), the observation made 
in Zhang et al. (1993) appears unlikely. There were two major 
factors, which may explain this peculiarity: first, the maximum 
pressure in the experiments of Zhang et al. (1993) was limited 
to 4.47 GPa, which is apparently too low for a high-quality EoS 
investigation; second, the errors of the volume data for the rigid 
(Si,Al)O6 octahedron were claimed to be very large, but unfor-
tunately not reported and used in the BM-EoS fitting, leading 
to significant underestimation of the error of the bulk modulus.

Rigid as they may be, under hydrostatic compression, the 
(Si,Al)O6 octahedra not only reduce their volumes, but change 
their shapes as well (Fig. 8a). The evolution with pressure of 
the angle depicted in Figure 8a indicates that the octahedron 
becomes more shortened along the y-axis. Additionally, no ap-
parent discontinuity has been observed during the deformation 
of the (Si,Al)O6 octahedron, suggesting the phase transition of 
Holl-I and Holl-II must be trigged by other mechanisms.

As outlined above, the corners shared by the neighboring 
double chains are expected to be the weakest part of the frame-
work structure of Holl-I and Holl-II. The evolution with pressure 
of one of the hinge angles between the neighboring double chains 
is shown in Figure 8b: it decreases slowly from 0 to about 18 
GPa, drops quickly in the pressure interval of 18–28 GPa, and 

Table 2. EoS parameters of Holl-I and Holl-II for the composition of 
KAlSi3O8

V0 (Å3) K0 (GPa) K0’ Reference

Holl-I
244.82 174.02 3.99 This work*
227.65 225.0 4.3 Mookherjee and Steinle-Neumann (2009a)*
228.17 224 – Caracas and Boffa Ballaran (2010)*
236.26(36)† 180(3) 4‡ Zhang et al. (1993)
237.6(2) 183(3) 4‡ Nishiyama et al. (2005)
237.01(33)  201.4(7) 4‡ Ferroir et al. (2006)
241.06 – – Ringwood et al. (1967)
236.73 – – Yamada et al. (1984)

Holl-II
244.8 168.2 4‡ This work*
228.02 220.5 3.9 Mookherjee and Steinle-Neumann (2009a)*
232.3(22) 232(14) 4‡ Hirao et al. (2008)
237.01 181.0 4.9  Mookherjeeand Steinle-Neumann (2009a)§

* Simulated result at 0 K.
† Numbers in parentheses represent one standard deviation.
‡ Value fixed.
§ Experimental data from Ferroir et al. (2006) and Hirao et al. (2008) used to 
derive the EoS parameters.

figure 7. Evolution of KO8 polyhedra, SiO6 octahedra, and AlO6 
octahedra with increasing pressure (A-C Al/Si configuration; symmetry-
unconstrained cell). Averaged volume of SiO6 octahedra B, D, E, F, G, 
and H or that of AlO6 octahedra A and C is plotted (see Fig. 1 for more 
information).
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reduces slowly again at higher pressures. It is believed that this 
response of the hinge angles to the change of pressure is the most 
likely cause to the phase transition of Holl-I to Holl-II. Due to 
the change of the hinge angles at high pressures, the shape of 
the open channel changes accordingly: the L2/L1 ratio increases 
slowly from 0 to about 18 GPa, quickly in the pressure interval 
of 18–28 GPa, and slowly again at higher pressures (Fig. 8c).

With the discussion above, we can start to pursue the phase 
transition mechanism from Holl-I to Holl-II. If Al-1 resides in 
the octahedron A, Al-2 accordingly resides in the octahedron 
H, D, C, or G as indicated by the similarity between the ex-
perimentally observed powder X-ray diffraction data and our 
simulated powder X-ray diffraction patterns for Holl-I (Fig. 2). 
Since the minimized cohesive energy for the A-C or A-G Al/Si 
configuration is slightly smaller than that for the A-D or A-H 
Al/Si distribution (Table 1), the most likely site for Al-2 is the 
octahedron C or G. Whichever octahedron Al-2 enters, the Al-1O6 
octahedron and Al-2O6 octahedron are on neighboring double 
chains and separated by only one SiO6 octahedron. Due to charge 
balance, the K cation is offset from the c-axis and closer to the 
two AlO6 octahedra (Fig. 1); indeed, the average K-Al bond 
is shorter than the average K-Si bond by about 5%. The most 
diagnostic direction of the displacement of the K cation from 
the c-axis, apparently, is from the octahedron B to octahedron F, 
with the K cation about 8% closer to the octahedron B (using the 
A-C Al/Si substitution mechanism as an example). Since the AlO6 
octahedra are more compressible than the SiO6 octahedra, the 
space where the K cation resides at low pressure will be slowly 
reduced by pressure increase, and the K cation will be slowly 
pushed toward the c-axis. Along with this process are the minor 
reduction of the hinge angle between those two AlO6-bearing 
double chains (Fig. 8b) and the dimensional change of the 
open channel (Fig. 8c). Due to charge neutralization and spatial 
requirement, the process might stop as the transition pressure 
from Holl-I to Holl-II approaches, and further pressure increase 
perhaps make Al-2 change its position to the octahedron E or F. 
When that takes place, the powder X-ray diffraction pattern then 
will have the diagnostic signals of Holl-II (Fig. 2). Although the 
powder X-ray diffraction pattern of the A-B Al/Si substitution 
mechanism also shows the features of Holl-II, the octahedron B 
is apparently a very bad candidate, which leads to an unbalanced 
structure. This phase transition mechanism is generally supported 
by the direct experimental observations using synchrotron X-ray 
radiation: at different temperatures, peak broadening and splitting 
were not observed at pressures far from the transition pressures 
from Holl-I to Holl-II but at pressures near the phase transition 
(Sueda et al. 2004; Nishiyama et al. 2005; Ferroir et al. 2006).

Geochemical implication
In general, hollandite-type compounds possess a common 

chemical formula AxB8O16, where A represents large mono- or 
divalent cations with x ≤ 2, and B represents smaller, two- to 
five-valent cations. Some previous investigations proposed that 
the cell volume of the hollandites is completely dependent on 
the Si(Al)O6 octahedron, since the AO8 polyhedron behaves as 
a rigid body (Post et al. 1982; Cheary 1986). Therefore, the size 
of the A cation is a relatively unimportant factor, and a large 
variety of chemical species (such as K, Ag, Ba, Rb, and Cs) can 
be readily accommodated by the hollandite structure. This might 
be true for the KAlSi3O8 Holl-I, which is stable at relatively 
low pressures, as indicated by the high-P experiments of Rapp 
et al. (2008). In the case of the KAlSi3O8 Holl-II, however, our 
simulation has demonstrated that its KO8 polyhedron is much 
more compressible than the Si(Al)O6 octahedron, which in turn 
means that the size of the A cation will become very important 

figure 8. Microscopic structural deformation as pressure increases 
(A-C Al/Si configuration; symmetry-unconstrained cell): (a) deformation 
of the SiO6 octahedron exampled by octahedron E; (b) evolution of one 
of the hinge angles; (c) dimensional evolution of the open channel.

a

b

c
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as pressure increases. Therefore, it will become much more dif-
ficult for those large-radius cations (like Rb and Cs) to occupy 
the tunnel site, especially under high pressures, where the tunnel 
might even be fully collapsed. When that happens, a new phase 
or phase assemblage will form for the composition KAlSi3O8.

It has been documented that, with or without Holl-I as part 
of the phase assemblage, the partitioning behaviors of trace 
elements between the solid phase assemblage and silicate melt 
are quite different in the partially molten subducted sediments 
(Rapp et al. 2008; Beck et al. 2005), which has been regarded 
as a geochemically distinct magma reservoir in the deep mantle 
(Zindler and Hart 1986). As demonstrated by the experimental 
studies in the literature and the first-principles simulation here, 
however, the phase transition from Holl-I to Holl-II taking place 
at ∼23(5) GPa results in some distinct crystal structural modifica-
tion, especially the shape and dimension of the open channel, 
which hosts the large radius cations. Consequently, the phase 
transition from Holl-I to Holl-II might have significant effects 
on the partitioning of the trace elements between the solid phase 
assemblage and the melt. So far no data about the partitioning of 
the trace element between Holl-II and silicate melt are available, 
and more high-P experiments are apparently needed.
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