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Key Points:
●  The thermal conductivities of akimotoite and perovskite of MgSiO3 were estimated, up to 25 GPa and 2500 K, using first-principles

calculations; we find that the phase transition of akimotoite → perovskite of MgSiO3 reduces the thermal conductivity.
●  The thermal conductivity of MgSiO3 akimotoite exhibits an apparent anisotropy; the azimuthal anisotropy decreases as pressure

increases.
●  The replacement of 17 mol% Fe for Mg in MgSiO3 akimotoite results in reduction of its thermal conductivity and increase its azimuthal

anisotropy.
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Abstract: The lattice thermal conductivity ( ) of mantle minerals plays a crucial role in the heat flow and temperature distribution
within the Earth. MgSiO3 akimotoite is stable at the bottom of the mantle transition zone; it transitions to MgSiO3 perovskite (MgPv). In
this work, we carry out a study of the  of MgSiO3 akimotoite for pressures up to 25 GPa and temperatures up to 2500 K, based on
first-principles calculations combined with lattice dynamics theory. At 300 K and 25 GPa, the  of MgSiO3 akimotoite is 37.66 W m–1 K–1,
larger than that of MgPv (13.46 W m–1 K–1), which implies that the phase transition explains the reduction in . At 300 K, the pressure
dependence of  is 0.68 W m–1 K–1 GPa-1, stronger than that of MgPv (0.48 W m–1 K–1 GPa-1). The azimuthal anisotropy in of MgSiO3

akimotoite decreases from 45.5% at 0 GPa to 28.94% at 25 GPa, while the variation trend is opposite to that of MgPv. In MgSiO3

akimotoite, Fe incorporating in the mineral leads to a decrease in  and an increase in azimuthal anisotropy. Along the geotherm, the
 of MgSiO3 akimotoite is lower than that of ringwoodite, which would suggest that MgSiO3 akimotoite slows down heat conduction at

the bottom of mantle transition zone. These findings are useful for determining the thermal structure of, and understanding heat transfer
in, the interior of the Earth.
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1.  Introduction
Lattice  thermal  conductivity,  which  dictates  the  heat  transfer

properties  of  materials,  is  a  fundamental  physical  quantity  and is

essential  for  understanding  the  dynamics  and  thermal  evolution

of the Earth’s  interior  (Gubbins et  al.,  2007; Lay et  al.,  2008; Chao

KH and Hsieh, 2019). The mantle transition zone (MTZ) is a part of

the  mantle  located  at  depths  of  410–660  km.  It  forms  a  link

between the upper  and lower  mantle,  and is  an  important  place

to study mantle  convection and thermal  cycling.  Complex  phase

transitions  are  known  to  exist  in  the  MTZ.  Some  of  them  are

known to change the physical properties of mantle minerals to a

large  extent,  such  as  their  elasticity  (Liu  M  and  Yund,  1995;

Carpenter  and  Zhang  ZY,  2011; Núñez-Valdez  et  al.,  2011, 2012,

2013),  thermodynamic  properties  (Suzuki  et  al.,  1979a, 1980b;
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Meng  Y  et  al.,  1993; Li  L  et  al.,  2007),  thermal  conductivity
(Hofmeister,  2001; Xu  YS  et  al.,  2004),  and  seismic  wave  velocity
(Ringwood,  1975; Jackson,  1983; Tauzin  et  al.,  2008; Kawai  and
Tsuchiya,  2009; Weidner  and  Li  L,  2010; Yu  YG  et  al.,  2011;
Hernández et al., 2015; Cottaar and Deuss, 2016; He J et al., 2022).
The  phase  transition  of  olivine  → wadsleyite  and  wadsleyite  →
ringwoodite have been shown to account for the seismic disconti-
nuities observed at 410 km and 520 km; meanwhile,  increases
contemporaneously  with  these  phase  transitions  (Yang  S  et  al.,
2023).  At  a  depth  of  660  km,  which  marks  the  beginning  of  the
lower mantle,  ringwoodite is  expected to decompose into bridg-
manite and ferropericlase (Ito and Takahashi, 1989).

Other  researches  have  revealed  that  MgSiO3 akimotoite  remains
stable  at  pressures  of  18–25  GPa,  implying  the  existence  of
MgSiO3 akimotoite with an ilmenite structure at the bottom of the
MTZ  (Wang  YB  et  al.,  2004; Zhang  YG  et  al.,  2005).  The  elasticity
and  wave  velocity  of  MgSiO3 akimotoite  have  been  subject  to
comprehensive studies (Li L et al.,  2009; Siersch et al.,  2021; Zhao
YJ  et  al.,  2022). Zhao  YJ  et  al.  (2022) derived  the  seismic  velocity
and density of pyrolite using a model that takes into account the
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distribution  of  lateral  temperature  heterogeneities  (i.e.,  lateral,
low-temperature  anomalies  that  can  lead  to  the  presence  of
MgSiO3 akimotoite). Their results match well with 1D seismological
models  such  as  PREM  (Dziewonski  and  Anderson,  1981)  and
AK135  (Kennett  et  al.,  1995).  The  space-group  structure  of
MgSiO3 akimotoite has strong elastic anisotropy resulting from its
lattice preferred orientation (LPO), a feature that can be utilized to
unveil  seismic  anisotropies  that  occur  in  the  vicinity  of  the
subducted  plate  region  in  the  lower  part  of  the  MTZ  (Li  L  et  al.,
2009; Hao SQ et al., 2019; Siersch et al., 2021; Guan LL et al., 2022;
Zhao YJ et al., 2022). In turn,  is related to structural and elastic
properties,  and it  has  been hypothesized that  the  of  MgSiO3

akimotoite is also anisotropic. Such anisotropy will affect the heat
flow  and  temperature  distribution  in  the  Earth’s  interior;  thus,
determining it precisely will further assist us in exploring the ther-
mal evolution of the mantle while simultaneously enhancing our
comprehension of the thermal structure of the Earth’s interior.
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MgSiO3 akimotoite transitions into MgPv at relatively low temper-
atures  in  subducted  slabs  at  mantle  depths  of  700–750  km.
Chanyshev  et  al.  (2022) reported  that  the  MgSiO3 akimotoite  →
MgPv transition boundary has an extremely steep negative slope,
especially  at  low temperatures,  which can explain  the  significant
collapse of the upper and lower mantle boundaries in subducted
plate regions. Meanwhile, this phase transition, together with the
post-spinel transition, accounts for the double seismic discontinu-
ities  at  660  km  and  740  km.  Evidence  of  seismic  discontinuities
and  the  anisotropy  of  MgSiO3 akimotoite  also  have  a  close
connection  with .  However,  attempts  at  experimental
measurements  of  the  mineral’s  at  high  temperatures  and
pressures have remained elusive. So far, knowledge of  values
of  MgSiO3 akimotoite  is  unclear,  limiting  our  knowledge  of  the
thermal structure of the transition zone.
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In  this  study,  we  focus  on  obtaining  values  by  solving  the
Boltzmann transport equation (BTE), which has been confirmed to
be  reliable  (Dekura  and  Tsuchiya,  2017, 2019; Ouyang  YL  et  al.,
2022; Wang D et al., 2023). First, the  of MgSiO3 akimotoite and
MgPv are calculated based on first principles (Section 2). Then, the
differences between MgSiO3 akimotoite and MgPv, as well as their
pressure and temperature dependence and the anisotropy of ,
are discussed (Section 3). We conclude our paper in Section 4. 

2.  Calculational Details
Both  the  structural  optimization  and  physical  properties  calcula-
tions of  MgSiO3 akimotoite  were completed with the Vienna Ab-
initio  Simulation  Package  (VASP)  based  on  density  functional
theory  (DFT)  (Kresse  and  Furthmüller,  1996; Kresse  and  Joubert,
1999; Lu  C  and  Chen  CF,  2021).  The  exchange  potential  is
described  using  the  generalized  gradient  approximation,  in  the
framework of DFT, with projection augmented waves (Hohenberg
and Kohn, 1964; Kohn and Sham, 1965; Blöchl, 1994). Convergence
tests  were performed to determine the cutoff  energy,  which was
set to 700 eV (Figure S1),  and K-points were generated using the
Monkhorst–Pack  approach  (Monkhorst  and  Pack,  1976)  with  a
6  ×  6  ×  2  grid.  The  convergence  threshold  was  set  to  1  ×
10–8 eV  cell–1 for  the total  energy and 10–3 eV  Å–1 for  the atomic
force.

The phonon dispersion, second-order interatomic force constants
(IFCs),  and thermodynamic parameters were calculated based on
the  quasi-harmonic  approximation  (QHA)  using  the  finite
displacement  method  in  the  PHONOPY  software  (Togo  and
Tanaka, 2015). We computed the thermal expansion (Figure S2) to
verify the applicability of the QHA. A 2 × 2 × 1 supercell containing
120  atoms  was  chosen  and  3  ×  3  ×  2  K-points  were  used.  The
other  parameters  were  set  up  in  exactly  the  same  way  as  they
were for the structural optimization.
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The  BTE  was  solved  after  the  third-order  force  constants  were
obtained  with  the  ShengBTE  package  (Li  W  et  al.,  2014).  To
compute the third-order IFCs, the cut-off range for atomic interac-
tions  was  set  at  4.0  Å;  the  corresponding  convergence  test  is
shown in Figure S3. The trial displacements of atoms were chosen
to  be  0.01  Å for  the  calculations  of  third -order  IFCs.  The  details
and  parameters  used  in  the  calculations  were  the  same  as  those
for calculating the second-order IFCs. Due to the sensitivity of 
to the value of the q-point, we experimented with different values
and  eventually  found  that  a  13  ×  13  ×  7  grid  provided  good
convergence (Table S1).  In  general,  the  at  different tempera-
tures  can  be  expressed  as  the  sum  of  the  contributions  of  all
phonon modes, λ, under the branching index, p, and wave vector,
q (Liang T et al., 2018):

κij
latt

= 1
3NΩ

∑
λ

Cλνλiνλjτλ, (1)

where N is  the  atomic  number, Ω is  the  volume, C is  the  heat
capacity,  and ν and τ represent  the  group  velocity  and  the
phonon  lifetime,  respectively,  which  are  calculated  via  DFT.  In
order to discuss the relation between elastic constants and thermal
conductivity,  the  elastic  constants  were  also  calculated  by  local-
density approximation (LDA). For considering the effect of Fe, one
Fe  atom  substitutes  the  Mg  atom  in  a  2  ×  2  ×  1  (120  atoms)
MgSiO3 akimotoite supercell, as well as for MgPv, a 2 × 2 × 2 (160
atoms) supercell is used. Under the condition of the mantle transi-
tion zone, the high spin state of ferrous iron was selected. 

3.  Result and Discussion 

κlatt3.1    of MgSiO3 Akimotoite
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Figure 1 shows how  varies under high temperature and high
pressure  for  Fe-free  and  Fe-bearing  akimotoite;  results  for  MgPv
are also shown. Under ambient conditions,  of MgSiO3 akimo-
toite  and  of  MgPv  are  20.67  and  12.9  W  m–1 K–1,  respectively,
which  implies  that  the  phase  transition  of  MgSiO3 akimotoite  →
MgPv leads to a reduction in .  For MgPv, the calculated value
of 12.9 W m–1 K–1 agrees well with the previous reports of Ghaderi
et al. (2017) and Zhang Z and Wentzcovitch (2021), but it is nearly
twice as large as that measured by Ohta et al. (2012), who used a
diamond anvil  cell  with a newly developed technique.  Two main
reasons for the apparent discrepancy have been proposed: (1) the
calculations  are  mainly  based  on  ideal  crystals  and  do  not  take
into account the presence of defects in the experimental samples,
which impacts the scattering rate (Haigis et al., 2012; Imada et al.,
2014);  and  (2)  the  experimental  measurements  of  are  based
on polycrystalline samples,  which leads to an underestimation of
the single-crystal  due to the effects of polycrystalline scattering
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(Ohta et al., 2017).
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At  300  K,  the  of  MgSiO3 akimotoite  increases  from  20.67  to
37.66 W m–1 K–1 as  the pressure increases  from 0 GPa to 25 GPa,
and it decreases to 3.76 W m–1 K–1 as the temperature increases to
2500 K. The temperature dependence of  can be expressed as
T –1.04 and T –1.02 for  MgSiO3 akimotoite  and  MgPv,  respectively,
both  of  which  are  close  to  the  typical  semiconductor  relation  of
T –1.
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 increases  almost  linearly  under  the  effects  of  pressure;  the
slope of MgSiO3 akimotoite is 0.68 W m–1 K–1 GPa–1, which is larger
than that of  MgPv (0.48 W m–1 K–1 GPa–1).  In the next paragraph,
we attempt to explore the factors influencing the reduction in 
that  result  from  the  phase  transition  of  MgSiO3 akimotoite  →
MgPv.
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The  cumulative  of  MgSiO3 akimotoite  and  MgPv  at  25  GPa
and  300  K  is  shown  in Figure  2.  It  can  be  seen  that  the 
increases rapidly in the low-frequency range and gradually stabi-
lizes,  which implies that the  of MgSiO3 akimotoite and MgPv
are  mainly  determined  by  phonons  with  frequencies  below
145  rad  ps–1 and  125  rad  ps–1,  respectively.  The  volumes  of
MgSiO3 akimotoite and MgPv (20 atoms) are 170.95 and 146.39 Å3,
respectively. MgSiO3 akimotoite has a larger volume, reducing its

,  which  is  the  opposite  of  the  actual  trend  of .  As  seen  in
Equation  (1),  is  determined  primarily  by  heat  capacity,
phonon  lifetime,  and  group  velocity.  The  heat  capacity  remains
constant at  higher temperature and does not change,  so it  has a
negligible effect on .  Therefore, we have concentrated on the
effects of phonon lifetime and group velocity.

Figure 3 illustrates how the anharmonic scattering rate (the recip-
rocal of the phonon lifetime) and group velocity vary at different
temperatures and pressures. Obviously, the anharmonic scattering
rate  of  MgPv  is  stronger  than  that  of  MgSiO3 akimotoite,  which
implies that MgSiO3 akimotoite has a longer phonon lifetime. The
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group velocity of MgSiO3 akimotoite is higher than that of MgPv.
Therefore,  the  variations  in  phonon  lifetime  and  group  velocity
support the conclusion that the reduction in  results from the
phase  transition  of  MgSiO3 akimotoite  → MgPv.  Furthermore,  it
can be seen that the anharmonic scattering rate of MgSiO3 akimo-
toite  and  MgPv  increases  as  the  temperature  increases,  which
leads to a  decrease in .  In  general,  the anharmonic scattering
rate is determined by the third-order IFCs and the weighted phase
space.  At  25  GPa,  the  maximum  third-order  IFC  elements  for
MgSiO3 akimotoite  and  MgPv  are  63.8  eV  Å–3 and  63  eV  Å–3,
respectively.  The  small  difference  in  the  third-order  IFCs  has  a
negligible effect on .

Furthermore,  we  introduced  the  weighted  phase  space  to  verify
the three-phonon scattering process (Li W and Mingo, 2014). The
total phase space of the three-phonon scattering process consists
of  two  separate  scattering  channels:  an  absorption  process  (ω+)
and  an  emission  process  (ω–).  It  can  be  observed  that  the
weighted phase space increases with temperature increase, which
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is consistent with the variation of the scattering rate with temper-
ature.  Therefore,  the  variations  of  the  weighted  phase  space
determine  the  change  of  scattering  rates,  which  in  turn  affects

. 

κlatt3.2  The Anisotropy of  for MgSiO3 Akimotoite
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κa = κb > κc
C11 =

C22 > C33
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κlatt = (κa + κb + κc)/3 κlatt

κa κb

κc
κa κb κc

κa/κb = 1.13

κc/κb = 1.36 κlatt

The elastic constants of MgSiO3 akimotoite and ringwoodite were
estimated  using  the  Voigt–Reuss–Hill  scheme;  we  find  that
MgSiO3 akimotoite  shows  stronger  anisotropy  than  that  of  ring-
woodite.  This  property  can  be  reasonably  extrapolated  to  deter-
mine the seismic characteristics at the bottom of the MTZ (Zhang
YG  et  al.,  2005). Figure  4a presents  the  variation  of  at  0  GPa
along  different  directions  for  Fe-free  and  Fe-bearing  akimotoite
and for MgPv. The  of MgSiO3 akimotoite along different direc-
tions  exhibits  the  relationship  of ,  which  is  in  accor-
dance  with  the  relationship  of  the  elastic  constants, 

 (Table  1)  (Weidner  and  Ito,  1985; Zhao  YJ  et  al.,  2022).
The amplitude of the  in this study is represented by the arith-
metic  mean  of  the  principal  components ,  and ,  given  by

. It can be seen that  decreases sharply as
the temperature increases in all three directions. The  and  of
MgSiO3 akimotoite is 23.81 W m–1 K–1 at 0 GPa and 300 K, which is
roughly  1.7  times  that  of  (14.39  W  m–1 K–1).  Moreover,  the
reduced  magnitudes  of  and  are  greater  than  for .  Under
the  same  conditions,  MgPv  presents  ratios  of  and

.  The  in  each  direction  tends  to  increase  almost

A = (κmax − κmin)/
κmean

linearly as the pressure increases;  the fitted equations are shown
in Figure 4b. MgSiO3 akimotoite has its strongest pressure depen-
dence along the a-axis,  whereas that of  MgPv is  along the c-axis.
The  azimuthal  anisotropy  is  described  by 

;  the  variation  with  temperature  at  0  GPa  is  illustrated  in
Figure  5.  The  azimuthal  anisotropy  of  MgSiO3 akimotoite  is
greater than that of MgPv, and has a slight decrease with increasing
temperature. Under ambient conditions, the azimuthal anisotropy
of MgSiO3 akimotoite is A = 45.5% at 0 GPa and 28.94% at 25 GPa;
this indicates that the mineral’s azimuthal anisotropy decreases as
the  pressure  increases.  This  extent  of  anisotropic  variation  is
comparable to that of the upper mantle mineral olivine (Osako et
al.,  2004).  However,  for  MgPv  we  find A =  30.79%  at  0  GPa  and
35.75% at 25 GPa, a variation that is in accordance with the calcu-
lations  of Ghaderi  et  al.  (2017).  The  azimuthal  anisotropy  of
MgSiO3 akimotoite exhibits a stronger pressure dependence than
that of MgPv, but a relatively weaker temperature response. 

κlatt3.3  Effect of Fe on 
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Pertermann  and  Hofmeister  (2006) demonstrated  that  minor
elements have a tremendous impact on the  of mantle miner-
als. In particular, the effect of Fe on the  of minerals has been
continuously  explored;  Fe  incorporation  has  been  found  to  lead
to a decrease in  (Hsieh et al., 2017; Okuda et al., 2019; Wang D
et al.,  2023).  Accordingly,  we research the effect  of  Fe doping on
the  of  MgSiO3 akimotoite.  At  ambient  temperature,  we  find
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Figure 3.   Anharmonic scattering rate (a, b), group velocity (d, e), and weighted phase space (g, h) of MgSiO3 akimotoite and MgPv at 25 GPa and

300 K, 2500 K. Comparison of the anharmonic scattering rate (c), group velocity (f) and weighted phase space (i) of Fe-free and Fe-bearing

akimotoite at 0 GPa and 300 K.
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that  the  of  MgSiO3 akimotoite  decreased  by  ~39%,  and  this

change  is  the  same  as  the  presence  of  Fe  in  the  lower  mantle

reduces  the  of  MgPv  and  MgSiO3 post-perovskite  (MgPPv)

(Wang D et al., 2023). As shown in the Figure 4, the higher anhar-

monic scattering rate and lower group velocity plausibly account

for  the  reduced  due  to  Fe  impurities.  Meanwhile,  we  notice

that  the  of  Fe-bearing  akimotoite  along  different  directions

are smaller  than those in  the corresponding directions of  Fe-free

akimotoite  (Figure  4).  For  the  azimuthal  anisotropy,  Fe-bearing

akimotoite  is  greater  than  that  of  Fe-free  akimotoite  (Figure  5),

which shows that the incorporation of Fe increases the azimuthal

anisotropy.  In  addition,  the  variation  of  anisotropy  is  consistent

with  the  observation  that  greater  inclusion  of  iron  increases  the

elastic anisotropy of MgSiO3 akimotoite (Zhao YJ et al., 2022). 

κlatt3.4    of MgSiO3 Akimotoite in Geothermal Conditions
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The temperature and pressure in the Earth’s interior increase with

depth. As demonstrated in Figure 6, we predicted the variation of

 along  the  geotherms  for  olivine,  wadsleyite,  ringwoodite,

MgSiO3 akimotoite, and MgPv. The phase transitions of olivine →
wadsleyite → ringwoodite are accompanied by an increase in ,

while  the  MgSiO3 akimotoite  → MgPv  transition  decreases  .

Heat  flow,  an  important  parameter  characterizing  the  thermal

state of the Earth’s interior,  is affected by the  of the minerals

at the corresponding depths, and its behavior can help us under-

stand  the  distribution  of  temperature  inhomogeneities  in  the

mantle.

κlatt

q = κlatt
ΔT
Δz

κ latt

ΔT/Δz = 0.43

Q660 = 4πr2q = 0.87

The  LPO  of  MgSiO3 akimotoite  also  impacts  heat  flux  due  to  the

crystallographic  orientation  dependence  of .  Combining

Fourier’s  law  for  heat  flux, ,  and  then  solving  for  the

heat flow value at a 660 km depth by substituting the  value of

4.94  W  m–1 K–1 for  MgSiO3 akimotoite  (calculated  at  660  km  and

r = 5711 km, ), (Yang DP et al., 2017; Liu J et al., 2019)

we  obtain  TW,  which  is  larger  than  the  heat

flow values at 410 km (0.43 TW) and 520 km (0.75 TW) (Yang S et
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κlattFigure 4.   Variation of  with temperature (a) and pressure (b) along different directions for Fe-free and Fe-bearing akimotoite and MgPv.

 

κlattTable 1.    and elastic constants of MgSiO3 akimotoite along different directions.

κlatt  (W m–1 K–1) Elastic constants (GPa)

MgSiO3 akimotoite

κa  = 23.81 C11  = 475.3 C11  = 472 (Zhao YJ et al., 2022)

κb  = 23.81 C22  = 475.3 C22  = 472 (Zhao YJ et al., 2022)

κc  = 14.39 C22  = 396.2 C33  = 382 (Zhao YJ et al., 2022)
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κlatt

Figure 5.   Temperature dependence of azimuthal anisotropy of the

 of Fe-free and Fe-bearing akimotoite and MgPv: at 0 GPa (solid

lines); at 25 GPa (dashed lines).
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al.,  2023). Meanwhile, we find that the heat flow at 660 km (Q660)
corresponds  to  ~15−29%  of  the  heat  flow  at  the  core–mantle
boundary  (3–6  TW)  (Weidner  and  Ito,  1985; Dekura  et  al.,  2013).
However,  this  estimate  is  based  on  the  current  model  and
assumptions; further data and analysis are needed to confirm the
result.  Understanding  these  heat  flow  variations  allows  us  to
develop  a  better  understanding  of  the  temperature  distribution,
and  provides  insights  for  characterizing  the  heat  flow,  in  the
Earth’s interior. 

4.  Conclusions
κlatt

κlatt

κlatt

κlatt

κlatt

κlatt

In summary, we determined the  of MgSiO3 akimotoite at high
temperature and pressure, up to 25 GPa and 2500 K, respectively,
using first-principles  calculations combined with the anharmonic
lattice  dynamics  approach.  has  a  negative  dependence  on
temperature and increases as the pressure increases. Under ambi-
ent  conditions,  the  calculated  of  MgSiO3 akimotoite  is
20.67  W  m–1 K–1,  which  is  larger  than  that  of  MgPv,  suggesting
that  the  transition  of  MgSiO3 akimotoite  → MgPv  results  in  a
reduction of  due to the lower anharmonic scattering rate and
higher  group  velocity  of  MgSiO3 akimotoite.  Moreover,  we
observe  ~39%  reduction  in  the  of  MgSiO3 akimotoite  under
ambient conditions, which we ascribe to the presence of 17 mol%
Fe.  Furthermore,  the  anisotropy  of  increases  with  increasing
pressure,  displaying  a  sharp  pressure  dependence  in  the a-axis
and b-axis; the azimuthal anisotropy decreases from 45.5% (0 GPa)
to  29.81%  (25  GPa).  Ultimately,  we  have  ascertained  the  lateral
variations of the heat flow and discovered that heat flow increases
with  depth.  These  findings  provide  a  robust  foundation  for
furthering  our  understanding  of  the  heat  flow  and  temperature
distribution in the Earth’s interior. 
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Table S1.   Calculated κlatt with different q-point meshes at 25 GPa
and 300 K.

q-point meshes κlatt (W m−1 K−1)

MgSiO3 akimotoite

11 × 11 × 5 37.61

13 × 13 × 7 37.66

15 × 15 × 9 38.09

MgPv

6 × 6 × 6 12.60

8 × 8 × 8 13.46

10 × 10 × 10 13.39
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