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Anisotropic thermal expansion of layered MoO3 crystals

Hiroshi Negishi,1,* Saiko Negishi,1 Yoshihiro Kuroiwa,2 Nobufumi Sato,2 and Shinobu Aoyagi3

1Graduate School of Advanced Sciences of Matter, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima 739-8530, Ja
2Department of Physics, Faculty of Science, Okayama University, 3-1-1 Tsushima, Okayama 700-8530, Japan

3Japan Synchrotron Radiation Research Institute (JASRI), 1-1-1 Kouto, Mikazuki, Sayo, Hyogo 679-5198, Japan
~Received 4 October 2003; revised manuscript received 19 November 2003; published 24 February 2004;

publisher error corrected 2 March 2004!

A structural study of orthorhombic molybdenum trioxide MoO3 with a layered structure has been performed
using synchrotron-radiation powder diffraction from 110 to 1000 K. MoO3 exhibits an anisotropic thermal
expansion. With increasing temperature, the lattice expands remarkably along thea axis of the stacking
direction, while it expands a little along thec axis but contracts slightly along theb axis. Based on the
quasiharmonic approximation, the temperature variations in the lattice constants and thermal expansion coef-
ficient are analyzed and they are reproduced quantitatively using three stretching mode frequencies for MouO
bonds, 1000, 820, and 670 cm21, as well as two low frequencies, 250 and 100 cm21. The large thermal
expansion along thea axis is attributed to the coexistence of high frequency vibration due to the covalent
MouO bond and high compressibility due to the van der Waals gaps in MoO3 .
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I. INTRODUCTION

Molybdenum trioxide MoO3 is well known as a layered
material having a variety of potentials in many fields, such
catalyses,1 photoluminescence,2 photochromisms,3 batteries,4

and a starting material of charge-density-wave~CDW! mate-
rials of Mo4O11 and K0.30MoO3.5–7 Furthermore, nanobelt
and nanotubes of MoO3 have been obtained recently, an
they are expected to extend their capabilities to vari
applications.8,9

Most recently, the electron density~ED! distribution of
MoO3 has been obtained at 300 K by analyzing the prec
powder diffraction data using the maximum entropy meth
~MEM!/Rietveld method.10 MoO3 has an orthorhombic uni
cell with the space group ofPnma~Pbnm, in which the ori-
entation is nonstandard, was used by Kihlborg11! and it con-
tains four formula units of MoO3 in the unit cell. There are
one Mo atom and three nonequivalent O atoms~referred to
as O1, O2, and O3 in Fig. 1!. The crystal is built up by the
stacking of the distorted MoO5 pyramid layers along thea
axis, as shown in Fig. 1. The MEM ED study confirms th
the MouO3 bond with the shortest bond length 1.635
along the a axis is strongly covalent, and the covale
MouO2 bonds with 1.744 Å (MouO2a) and 2.241 Å
(MouO2b) along thec axis and the MouO1 bonds with
1.956 Å (MouO1a and MouO1c) along theb axis form a
two-dimensional~2D! bonding network. The value of th
minimum ED of the MouO3 bond is 1.99eÅ 23, much
larger than others of 1.78, 0.79, and 0.63eÅ 23 for the
MouO2a, MouO1a ~1c!, and MouO2b bonds, respec
tively. Moreover, the ionic states of Mo and O1, O2, and
atoms are evaluated to be in13.0~1!, 21.6~1!, 20.7~1!, and
20.8~1!, respectively, in good agreement with the valu
predicted by the recent calculations,12 but much different
from the values for the fully ionic states,16 and22 for Mo
and O, respectively, used frequently to discuss a b
strength and ionic state from interatomic distance betw
Mo and O atoms.13
0163-1829/2004/69~6!/064111~8!/$22.50 69 0641
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On the other hand, CDW molybdenum oxides, on
dimensional~1D! conductor K0.30MoO3 ~Ref. 14! and 2D
conductor h-Mo4O11 ~Ref. 15!, show noticeable CDW-
induced changes in the lattice parameters. However, to
knowledge, there is no report about the temperature dep
dence of lattice parameters in MoO3, except for the pioneer-
ing work by Kierkegaard in 1964 which gives simply th
linear thermal expansion coefficients averaged o
25–500 °C.16 Here we report the structural studies of MoO3.
Temperature variations of the lattice constants confirm
anisotropic thermal expansion. Such a behavior is analy
based on the phonon modes, using anisotropic positive
negative Gru¨nneisen parameters. They are discussed in te
of the bond characteristics in MoO3.

II. EXPERIMENT

Single crystals of MoO3 were grown by a chemical vapo
transport technique.17 High-resolution powder-diffraction ex
periments were performed using synchrotron radiation wit
wavelength ofl50.65338 Å and a large Debye-Scherr
camera with an imaging plate as a detector installed
BL02B2 in SPring-8.18,19Data were collected at 110 and 30
K to obtain the crystal structure parameters for a pulveriz
sample by the Rietveld refinements. Those for another p
verized sample were collected from 300 to 1000 K in ste
of 100 K to obtain the lattice constantsa, b, and c. The
sublimation and recrystallization of the pulverized sam
occurred at 1000 K, which made it difficult to determine t
structural parameters above 1000 K.

III. RESULTS AND DISCUSSION

The structure of MoO3 has been determined using th
Rietveld method with a space group ofPnma. The refine-
ment was done for the data in 2u,72° (d50.584 Å). At
first, we shall concern ourselves with the structures at
and 300 K. The powder diffraction pattern observed at 110
was well reproduced by the refined diffraction pattern,
©2004 The American Physical Society11-1
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FIG. 1. ~a! Crystal structure of MoO3 in perspective. Projections on~b! thebc plane,~c! theab plane, and~d! theca plane, where thea,
b, andc axes are taken in the crystal symmetry ofPnma, instead ofPnmbused by Kihlborg~Ref. 11!. Crystallographically nonequivalen
O atoms are distinguished by O1, O2, and O3. The distorted MoO5 pyramids form two-dimensional layers and they are stacked along ta
axis. The values of the interatomic distance between Mo and surrounding O atoms denoted by 1a, 1b, 1c, 2a, 2b, and 3 are liste
II.
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shown in Fig. 2. The reliability factors are excellent
RWP55.04%, RI52.96%, andRF51.84% for 110 K, and
RWP54.47%, RI52.80%, andRF51.48% for 300 K. The
obtained structural parameters are listed in Table I. The
map obtained from the MEM/Rietveld analysis for the po
der data at 300 K has been already reported.10 The lattice
parametera expands remarkably by 0.10 Å, andc expands
slightly by 0.0065 Å, whileb oppositely shrinks slightly by
06411
D
-

20.0014 Å from 110 to 300 K. Bond lengthsd between Mo
and Oi atoms (i 51,2,3) are evaluated from the atomic p
sitions in Table I; the results are listed in Table II. The sho
est bond length between the MouO3 atoms decreases from
1.6820 Å at 110 K to 1.6352 Å at 300 K by 0.0468 Å, b
other bond lengths increase with increasing temperature
most by 0.0054 Å, except for 0.014 Å for the bondle
Mo—O1b with the low ED of 0.37eÅ 23 ~Ref. 10!. This
1-2
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ANISOTROPIC THERMAL EXPANSION OF LAYERED . . . PHYSICAL REVIEW B69, 064111 ~2004!
shortening of the MouO3 length, at first glance, seems
be inconsistent with the remarkable increase ofa (Da
50.10 Å). The increase of the Mo—O1b distance, 0.014 Å
is not enough to explain the variation ina. Here, we should
recall the existence of the van der Waals gaps perpendic
to thea axis. The lattice parametera is given roughly by the
sum of the MouO3 bond length, the Mo—O1b distance,
and the van der Waals gap distancedvdW between O3 layers
From the atomic position of O3 atom~Table I!, dvdW is
evaluated to be 0.744 Å at 110 K and 0.865 Å at 300
indicating an increase of 0.121 Å, which is much larger th
the variations of the MouO3 bond length and Mo—O1b
distance. Thus, the observed increase ofa is mainly due to
the expansion of the van der Waals gap with temperatur

The thermal parameterB, which is obtained assuming iso
tropic thermal motions of atoms, increases from O1, O2,
Mo to O3 atoms in order. Atomic mean square thermal d
placement (̂u2&)1/2, hereafter referred asu in short, is evalu-
ated using the relationB58p2^u2&; for O1, O2, Mo, and O3
atoms, respectively,u50.02(2), 0.045~6!, 0.0610~0!, and
0.072~4! Å at 110 K, and 0.034~8!, 0.063~4!, 0.0646~2!, and
0.083~4! Å at 300 K. The temperature variation inu is larger
for O1 and O2 atoms than Mo and O3 atoms. From
anisotropic thermal parameters obtained from the deta

FIG. 2. Observed powder diffraction pattern and fitting result
the Rietveld refinement of MoO3 at 110 K; the inset is magnifica
tion of the high-angle region.
06411
lar

,
n

d
-

e
d

refinements at 300 K,10 moreover, the thermal motions of O
and O3 atoms are nearly isotropic@u50.03(2) and 0.084~6!
Å, respectively#, but those of O2 and Mo atoms are weak
and seriously anisotropic, respectively. For Mo atom, es
cially, thermal displacements are large along thea andc axes
@u50.0775(6) and 0.0721~6! Å, respectively# comparable to
that of O3 atom, but small along theb axis @u
50.039(1) Å# nearly equal to that of the O1 atom. Thu
Mo atom moves mainly in theac plane. Such variations in
the thermal displacements can be understood in term
bond nature of MoO3. As confirmed by the MEM ED
study,10 the O1cuMouO1a bond along theb axis is sym-
metrical and strong with the minimum ED of 0.79eÅ 23,
while the MouO3 and O2auMouO2b bonds are asym
metric along thea and c axes, respectively. The MouO3
bond is remarkably strong covalent but the O3—O3 bond is
distinguishably weak by the vdW force, and MouO2a is
strongly covalent but MouO2b is rather weakly covalent
The MouO3 bond is very rigid and moves thermally eas
along thea axis but hard in thebc plane due to the 2D
bonding network, leading that the values ofu ~and B! are
large for O3 and Mo atoms, but small for O1 and O2 ato
at 110 K. Since at 300 K the stretching modes for t
MouO bonds are rarely excited and the bending phon
modes with low frequencies are excited, the O2uMouO3

f

TABLE II. Interatomic distance between Mo and O atoms
MoO3 at 110 and 300 K, and its differenceDd (5d300K2d110K)
evaluated from the values in Table I. For the notation of the O at
surrounding Mo atom, see Fig. 1.

MouO d110K ~Å! d300K ~Å! Dd ~Å!

O3 1.682~1! 1.635~1! 20.047~2!

O2a 1.738~1! 1.744~1! 0.005~2!

O1a 1.956~1! 1.956~1! 0.001~2!

O1c 1.956~1! 1.956~1! 0.001~2!

O2b 2.240~1! 2.241~1! 0.001~2!

O1b 2.291~1! 2.305~1! 0.014~2!
TABLE I. Lattice constnatsa, b, andc, atomic positionx, y, andz, and thermal factorB of Mo and O
atoms~O1, O2, O3! in orthorhombic MoO3 at 110 and 300 K. Space group:Pnma.

a ~Å! b ~Å! c ~Å!

110 K 13.7644~1! 3.69894~3! 3.95640~3!

300 K 13.8649~1! 3.69756~2! 3.96290~3!

Atom x y z B~Å2!

110 K Mo 0.10163~3! 0.25 0.08461~8! 0.2943~3!

O1 0.4368~1! 0.25 0.4957~4! 0.02~4!

O2 0.0867~1! 0.25 0.5209~4! 0.16~4!

O3 0.2230~1! 0.25 0.0352~5! 0.41~5!

300 K Mo 0.10163~3! 0.25 0.08461~8! 0.329~2!

O1 0.4370~1! 0.25 0.4963~5! 0.09~4!

O2 0.0869~1! 0.25 0.5216~4! 0.31~4!

O3 0.2188~1! 0.25 0.0376~5! 0.55~5!
1-3
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NEGISHI, NEGISHI, KUROIWA, SATO, AND AOYAGI PHYSICAL REVIEW B69, 064111 ~2004!
block rotates, accompanying the displacement of O2 atom
the ac plane and the displacement of O1 atom in theab
plane, leading to increases ofu of O1 and O2 atoms with
temperature, as well as an expansion ofdvdW on an increase
of the effective van der Waals radius of the O3 atom. T
shortening of the MouO3 bond length with temperatur
evaluated above does not mean a shortening of the
MouO3 bond length but means a shift of the averaged th
mal position of the O3 atom to the averaged position of M
atom along thea axis, which occurs as a result of the rot
tional thermal motions of the O2uMouO3 block with an
almost unchanged MouO3 length. Furthermore, the de
crease ofb in spite of the increase of the MouO1 bond
length is attributable to the decrease of the angle of
O1uMouO1 bond from 142.09° at 110 K to 141.82°
300 K.

Next, we shall show temperature variation in the struct
above 300 K. Figure 3 shows the powder diffraction patte
of another MoO3 sample observed at different temperatur
It can be seen that some peaks shift drastically to the lo
angle side, but other peaks remain almost unchanged.
obtained lattice parameters are plotted in Fig. 4~solid
circles!, together with those for the sample at 110 and 300
mentioned above~open circles!. The difference in the lattice
constants at 300 K for the samples is so small, at m
0.04%, that it can be neglected in the following discussi
With increasing temperature, the lattice parametera expands
remarkably andc expands slightly up to 1000 K, whileb
decreases oppositely. Such behaviors are consistent with
changes between the lattice parameters at 110 and 30
Thus, MoO3 shows a strongly anisotropic thermal expansio
Figure 5 show the temperature dependence of the unit
volume V (5abc) and the bulk thermal expansion coef
cient aV @5(1/V)(dV/dT)#, as well as the linear expansio
coefficientax , which is given byax5(1/x)(dx/dT) for x
5a, b, and c. The values ofaV change fromaV54.2
31025 K21 at 300 K to 7.531025 K21 at 1000 K, indicat-

FIG. 3. Powder diffraction patterns of MoO3 at 400, 600, 800,
and 1000 K.
06411
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ing some contributions of phonon modes with high freque
cies to the thermal expansion. The linear expansion coe
cient ax is remarkably anisotropic, asaa@ac.0.ab .
Therefore, the main component ofaV is that of thea axis
(aV>aa1ab1ac;aa), along which the layers are stacke
by the van der Waals force. Such an anisotropy inax was
also reported by Kierkegaard;16 aa518(2)31025 K21, ab
5031025 K21, and ac50.9(1)31025 K21. Quantita-
tively, however, the reported value ofaa is significantly
larger by 3–4 times than the present result ofaa5(4 – 6)
31025 K21 ~Fig. 5!.

Here, we shall compare the thermal expansion of Mo3
with those of K0.30MoO3 and h-Mo4O11. In K0.30MoO3,14

the thermal expansion coefficient is 7.531025 K21 around
300 K, about two times that of 4.231025 K21 in MoO3.
This material shows less expansion along theb axis, but a
large expansion both along the@102# and@ 2̄01# directions in
the ~010! plane, indicating that the MoO6 octahedra are con
nected strongly along theb axis, but rather weakly along th
@102# direction to form the slabs, and they are stacked alo
the @ 2̄01# direction via K atoms. The linear expansion coe
ficient along the@ 2̄01# direction in K0.30MoO3 is large and
comparable to that by van der Waals gaps along thea axis in
MoO3. In h-Mo4O11,15 on the other hand, the value ofaV
50.8531025 K21 at 300 K is much smaller than that i
MoO3, indicating that the 2D covalent bonding netwo
with the edge-sharing structure of the MoO6 octahedra are

FIG. 4. Temperature variation in the lattice constants~a! a, ~b! b,
and~c! c of MoO3 . The solid line is the calculated result by Eq.~8!
based on the quasiharmonic approximation using five phonon
quencies. The values employed are listed in Table III~see the text
for more details!.
1-4
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ANISOTROPIC THERMAL EXPANSION OF LAYERED . . . PHYSICAL REVIEW B69, 064111 ~2004!
bridged strongly by MoO4 tetrahedra along the stacking d
rection. In both materials, due to a CDW-induced lattice
stability, the remarkable variation in lattice constants occ
below the transition temperatures, as reported. Thus, we
control the thermal expansion by inserting the guest ato
into the van der Waals gaps of MoO3 to keep a large expan
sion along the stacking direction, or by a structural mod
cation induced from the poor oxygen stoichiometry to
more rigid along the stacking direction.

Now we shall discuss the thermal expansion of Mo3
based on the lattice dynamics. Within a quasiharmo
approximation,20 the free energyF is given by the sum of a
static elastic energyFel and the vibrational free energyFv ib ,
F>Fel1Fv ib , and the equation of state is derived byp5
2(]F/]V)T . For phonon system with vibrational frequenc
vs , Fv ib is given by

Fv ib5~1/2!(
s

\vs1kBT(
s

ln@12exp~2\vs /kBT!#.

~1!

ExpandingFel andFv ib by (V2V0) around the equilibrium
volumeV0 ,

Fel>Fel~V0!1
1

2
~]2Fel /]V2!V0

~V2V0!2,

Fv ib>Fv ib~V0!1~]Fv ib /]V!V0
~V2V0!, ~2!

the equation of the state can be written as

FIG. 5. Temperature variation in~a! the unit cell volumeV and
~b! the thermal expansion coefficientaV of MoO3 , together with
the linear expansion coefficientsaa , ab , andac . Solid lines are
the calculated results based on the quasiharmonic approxim
using five phonon frequencies.
06411
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pV052@~V2V0!/k0#1(
s

gs\vs

3$1/211/@exp~\vs /kBT!21#%, ~3!

with the compressibility k05@V0(]2Fel /]V2)V0
#21

52(]V/]P)V0
/V0 and the Gru¨nneisen constantgs

5] ln vs/] ln V for each phonon mode withvs . Thus, by
replacing p50, we obtain thermal expansion«[(V
2V0)/V0 ,

«5~k0 /V0!(
s

gs\vs$1/211/@exp~\vs /kBT!21#%.

~4!

Furthermore, a linear thermal expansion«x for x5a, b, and
c in an orthorhombic system, defined by«x[(x2x0)/x0 , is
given by

«x5~k0x /V0!(
s

gsx\vs$1/211/@exp~\vs /kBT!21#%,

~5!

with a linear compressibilityk0x52(]x/]p)x0
/x0 , a lattice

constantx0 at T50 with no quantum effect of zero-poin
vibrations, and an anisotropic linear Gru¨nneisen constan
along thex axis, gsx52(] ln vs/]x)x0

. Then the lattice con-
stant is given by

x5x01k0x~x0 /V0!(
s

gsx\vs

3$1/211/@exp~\vs /kBT!21#%. ~6!

Here, it should be noted that the lattice constant atT50,
which is referred asx(0), is largerthan x0 by a quantum
effect of zero-point vibrations,k0x(x0 /V0)(sgsx\vs/2.
Similarly, V(0) at T50 with quantum effect of zero-poin
vibrations is larger thanV0 by k0(sgs\vs/2. Bulk thermal
expansion parameters are related to linear ones,k0gs
52(] ln vs/]p)5(s2(] ln vs/] ln x)(] ln x/]p), and

k0gs5(
x

k0xgsx5k0agsa1k0bgsb1k0cgsc . ~7!

Thus, we can evaluate temperature variation of lattice c
stants and volume, using valuesa0 , b0 , c0 , andk0xgsx for
each phonon mode with frequencyvs , as parameters.

According to Py et al.,21 orthorhombic MoO3 has 48
vibrational modes, the representation of which is giv
by Gcrystal58Ag18B1g14B2g14B3g14Au14B1u18B2u
18B3u. Phonon frequencies in MoO3 are determined from
many Raman and infrared spectroscopic studies,21–23 which
are interpreted in terms of the valence-force-field model
ing stretching and bending force constants.21 Among them,
there are 12 stretching modes and they are divided into th
groups with high frequencies of about 1000, 820, and 6
cm21 consisting of four nearly degenerate modes which
assigned to the stretching modes of MouO3 along thea
axis, MouO2 along thec axis, MouO1 along theb axis,

on
1-5
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TABLE III. Values used for the reproduction of the experimental lattice constantsa, b, andc in Fig. 4
using Eq.~8! and the unit cell volumeV in Fig. 5. Lattice parameterx0 andnik0xg ix for the i th phonon mode
frequency\v i ~in units of cm21! along thex axis (x5a, b, andc!, and the unit cell volumeV0 andnik0g i

~in units of 1023 GPa21).

Axis a b c Bulk
x0 ~Å! 13.350~4! 3.703~1! 3.918~1! 193.69~9! Å3

i \v i nik0ag ia nik0bg ib nik0cg ic nik0g i

1 1000 480~20! 0 0 484~20!

2 820 0 0 222~10! 230~10!

3 670 0 226.7~27! 0 228~3!

4 250 280~10! 213.3~13! 22~2! 290~11!

5 100 280~10! 213.3~13! 22~2! 290~11!
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respectively. Corresponding stretching force constants
791.5, 466, and 177 N/m, indicating that the shorter bond
the stronger force constant. The other 36 modes, includ
three acoustic modes, are below 500 cm21.

We have evaluated the values of lattice constantsa, b, c,
andV. For simplicity, neglecting the difference in frequen
of less than 10 cm21, we may reduce the number of param
eters used. For thei th phonon frequencyv i with the degen-
erate numberni , Eq. ~6! is rewritten as

x5x01k0x~x0 /V0!(
i

nig ix\v i

3$1/211/@exp~\v i /kBT!21#%. ~8!

At first, we have employed only stretching modes. We ta
three phonon frequenciesv i51000, 820, and 670 cm21 for
i 51, 2, and 3, and they are degenerate withni54. Further-
more, we assume that these stretching modes contribut
fectively on the thermal expansion only along the stretch
directions, and take onlyg1a , g3b , g2c to be nonzero, and
the others zero (g2a5g3a50; g1b5g2b50; g1c5g3c
50). In that case, the experimental results are reprodu
well at temperatures higher than 400 K, and poor below 3
K, and not shown here. This is due to the disregard for
low frequency phonon modes. Next, we consider two ad
tional phonon modes with low frequencies of 100 and 2
cm21 (ni518) for i 54 and 5, to be representative of man
modes with lower frequencies below 500 cm21. These modi-
fications lead to the excellent reproduction of experimen
data over whole temperature range measured, as indicate
the solid lines in Figs. 4 and 5, where the parameters used
only three along each direction with assumingg4x5g5x for
simplicity ~Table III!. The evaluated values ofx(0), V(0),
linear and bulk Gru¨nneisen constants are also listed in Ta
IV.

The magnitude of the contribution of thei th phonon mode
on the lattice parameterx is expressed by the paramet
nik0ag ia . Along the a axis, 4k0ag1a , 18k0ag4a , and
18k0ag5a are 0.480, 0.280, and 0.280 GPa21, respectively,
and its ratio is 1.74:1:1. Along theb axis, on the other hand
4k0bg3b , 18k0bg4b , and 18k0bg5b are negative to be
226.7, 213.3, and213.331023 GPa21, respectively, cor-
06411
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responding to the construction ofb with increasing tempera
ture. The ratio is 4k0bg3b :18k0bg4b :18k0bg5b52:1:1.
Those along thec axis, 4k0cg2c , 18k0cg4c , and 18k0cg5c ,
are 222, 22, and 2231023 GPa21, respectively, and the
ratio is 4k0cg2c :18k0cg4c :18k0cg5c510:1:1. Thus the
contribution from three stretching modes is about two tim
larger than those from the two lower phonon modes alo
the a and b axes, and ten times along thec axis. Bulk pa-
rameters are also obtained using Eq.~7!; nik0g i is 484, 230,
228, 290, and 29031023 GPa21 for i 51 – 5, respectively.
This indicates that phonon modes with 1000 cm21 give the
largest contribution to the thermal expansion in MoO3,
which is nearly two times that of those with 820, 250, a
100 cm21.

A linear Grünneisen constant can be obtained from t
values ofnik0xg ix andni , as well as the reported values o
the linear compressibilityk0x . From the high-pressure stud
ies of MoO3 ~Ref. 24!, Åsbrink et al. confirmed that the
compressibility in thea axis, normal to the stacking layers
shows a nonlinear behavior, and that in theb axis, the direc-
tion of O1uMouO1 chains, is very small. The values o
the mean linear compressibility are reported to bek0a53.5
31022 GPa21 over the low pressure range from 0 to 0.4
GPa, 1.131022 GPa21 over the high pressure range 1.54
7.41 GPa,k0b53.3531024 GPa21, and k0c53.231023

GPa21 over the whole pressure range 0–7.41 GPa. The b
compressibility isk053.8631022 GPa21 at low pressure
and 1.4631022 GPa21 at high pressure. Using the low
pressure values, the linear Gru¨nneisen constant for the
stretching frequency is evaluated to beg1a53.4, g3b
5220,g2c518 along thea, b, andc axes, respectively. The
values for i 54 and 5 areg ia50.44, g ib522.2, andg ic
50.38, which are one order of magnitude smaller than th
of the stretching modes. Bulk parameterg i is 3.1, 1.5,
20.18, 0.42, and 0.42 fori 51 – 5, respectively~see Table
IV !. This indicates that 1000 cm21 mode shows the larges
pressure variation in phonon frequency, and 670 cm21 one
very slightly change. From the obtained values and the r
tion k0gs52(] ln vs/]p), we can predict that the frequenc
variation per 1 GPa must be 120, 47, and24.7 cm21 for
1000, 820, and 670 cm21, respectively. Thus, the remarkab
large absolute values of the linear Gru¨nneisen constant in the
1-6
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TABLE IV. Calculated values ofx(0) andV(0) including the zero-point vibrations, and evaluated line
and bulk Gru¨nneisen constants,g ix andg i , using the reported values of linear and bulk compressibility,k0x

andk0 ~in units of 1023 GPa21).24 See the text for more details.

Axis a b c Bulk
x(0) ~Å! 13.744~4! 3.699~1! 3.957~1! 201.17~9! Å3

k0x , k0 35 0.335 3.2 38.6
i ni g ia g ib g ic g i

1 4 3.4~2! 0 0 3.1~2!

2 4 0 0 18~1! 1.5~1!

3 4 0 220~2! 0 20.18~2!

4 18 0.44~2! 22.2~2! 0.38~4! 0.42~2!

5 18 0.44~2! 22.2~2! 0.38~4! 0.42~2!
-

m
ro
fir
un
in
s

a

e

i-

e
r
1.
K

le
it

i

the
ase
n
-

f

red
king
ak

a

be
a-

uced

e

d 6
on-
lly
es.
ond

tal
sure
ve
as

K.

ged
ion
ho-
the
di-

the

t
n-
iu
h

2D bonding network (g3b5220,g2c518) are proper to the
strongly anisotropic MoO3 crystals, but the pressure varia
tion in the phonon frequencies of 670 and 820 cm21 are very
small due to the extremely small values of the linear co
pressibility in the network. Raman and infrared spect
scopic studies under high pressure will be needed to con
this prediction. In order to make an analysis taking acco
of many low frequency phonons, which are oversimplified
the present study, very accurate and exact thermal expan
experiments down to low temperatures will be required.

Finally, we shall discuss these results from the ionic st
of each atom and nature of the MouO bond. The ionic state
of each atom is13.0, 21.6, 20.7, and20.8 for Mo, O1,
O2, and O3 atoms, respectively, as mentioned already.10 The
bonds for MouO3 and MouO2a are very strong, wher
the minimum EDs for the MouO3 and MouO2a bonds are
very high ~1.99 and 1.78eÅ 23, respectively!. The
O1uMouO1 chain is arranged compactly with the min
mum ED of 0.79eÅ 23 for the MouO1a and MouO1c
bonds. On the other hand, the van der Waals force betw
O3---O3 atoms along thea axis is weak and the van de
Waals radius for the O3 atom can be estimated at about
Å, half of the distance between O3---O3 atoms at 300
Thus, O3 is a unique atom having both a strong cova
bond with the Mo atom and weak van der Waals bond w
other O3 atoms, as shown in Fig. 6~a!, where a schematic
projection of the MoO3 structure on theab plane is depicted
to emphasize the van der Waals radius for O3 atoms. W

FIG. 6. Schematic projections of the structure of MoO3 on the
ab plane using an effective van der Waals radius for O3 atoms a~a!
low temperature and~b! high temperature. The shaded circle ce
tered at the O3 atom indicates the effective van der Waals rad
which expands with increasing temperature by the stretching p
non mode.
06411
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increasing temperature, the vibration of the MouO3 bond
increases, and the effective van der Waals gap between
O3 atoms is expanded, which induces a remarkable incre
in the lattice parametera. Thus, the large thermal expansio
of MoO3 along thea axis is the resultant from the combina
tion of the high frequency phonon vibration~1000 cm21! due
to the strong MouO3 bond and the large compressibility o
the van der Waals gaps between the O3---O3 atoms@Fig.
6~b!#. Such a result may be realized commonly in the laye
materials which have some strong bonds along the stac
direction, but it may be not valid in those having rather we
bonds, such as transition-metal dichalcogenides, with
stretching phonon mode frequency lower than 350 cm21.25

Their thermal expansion coefficients may saturate and
constant above 400 K within the quasiharmonic approxim
tion. Furthermore, if the expansion along thea axis in MoO3
is suppressed by applying a pressure, then a pressure-ind
phase transition may occur in MoO3 to relax some large
thermal vibrational motion of the O3 atoms. In fact, th
monoclinic high-pressure phase of MoO3, the so-called
MoO3-II phase, has been synthesized under 973 K an
GPa, and its structural study at room temperature has c
firmed that the individual layers themselves remain virtua
unchanged, but the stacking sequence of the layers vari26

A high pressure study at high temperature using a diam
anvil cell is required to observein situ the conversion to the
monoclinic phase. First principles calculations of the crys
structure and electronic structure at zero and high pres
for various layered materials will give us more quantitati
information beyond the quasiharmonic approximation,
done for diamond.27

IV. CONCLUSION

We have found that two-dimensional insulator MoO3 ex-
hibits an anisotropic thermal expansion from 110 to 1000
MoO3 expands remarkably along thea axis of the stacking
direction of the layered sheets but remains almost unchan
in plane. The temperature variation in the thermal expans
of MoO3 can be understood quantitatively based on the p
non modes, considering three stretching frequencies of
MouO bonds and two low frequencies. These results in
cate the important role of the high compressibility due to

s,
o-
1-7
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van der Waals gap in the thermal expansion in MoO3, to-
gether with high vibrational frequencies due to the stro
MouO bonds. When employing MoO3 as various devices
or catalytic materials above room temperature, we obtain
advantage to control their characteristics with tempera
through the anisotropic thermal expansion. Moreover, Mo3
can be a candidate for insulating substrates or thin films
quiring a small expansion of less than 1% in a tw
dimensional plane below 1000 K.
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