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Anisotropic thermal expansion of layered MoQ; crystals
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A structural study of orthorhombic molybdenum trioxide Mp®@ith a layered structure has been performed
using synchrotron-radiation powder diffraction from 110 to 1000 K. Ma@Rhibits an anisotropic thermal
expansion. With increasing temperature, the lattice expands remarkably aloregatkis of the stacking
direction, while it expands a little along the axis but contracts slightly along the axis. Based on the
guasiharmonic 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 @r Mo
bonds, 1000, 820, and 670 ¢l as well as two low frequencies, 250 and 100 ¢niThe large thermal
expansion along tha axis is attributed to the coexistence of high frequency vibration due to the covalent
Mo—O bond and high compressibility due to the van der Waals gaps ingMoO
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[. INTRODUCTION On the other hand, CDW molybdenum oxides, one-
dimensional(1D) conductor K ;MoO; (Ref. 14 and 2D
Molybdenum trioxide MoQ@ is well known as a layered conductor 7-Mo,0O,; (Ref. 15, show noticeable CDW-
material having a variety of potentials in many fields, such asnduced changes in the lattice parameters. However, to our
catalyses, photoluminescencephotochromismé batteries, ~ knowledge, there is no report about the temperature depen-
and a starting material of charge-density-w&@®W) mate- ~ dence of lattice parameters in MgQOexcept for the pioneer-
rials of Mo,O;; and Ky sgMoO5.%~7 Furthermore, nanobelts N9 work by Klerkegaard_ in 1964 \_/v_h|ch gives simply the
and nanotubes of MoPhave been obtained recently, and linear thermal expansion coefficients averaged over

o16 H
they are expected to extend their capabilities to varioug>—200 °C.” Here we report the structural studies of MO
applications® Temperature variations of the lattice constants confirm an

Most recently, the electron densitD) distribution of anisotropic thermal expansion. Such a behavior is analyzed

MoO; has been obtained at 300 K by analyzing the precisgased on the phonon modes, using anisotropic positive and

powder diffraction data using the maximum entropy methoqnegative Graneisen pgrgme_ters. They are discussed in terms
(MEM)/Rietveld method? MoO; has an orthorhombic unit of the bond characteristics in MO

cell with the space group &nma(Pbnm in which the ori-

entation is nonstandard, was used by Kihl3drgnd it con- Il EXPERIMENT

tains four formula units of Mo@in the unit cell. There are Single crystals of Mo@were grown by a chemical vapor
one Mo atom and three nonequivalent O atdirederred to  {ransport techniqu¥. High-resolution powder-diffraction ex-
as 01, 02, and O3 in Fig.)1The crystal is built up by the  periments were performed using synchrotron radiation with a
stacking of the distorted MoOpyramid layers along tha  \avelength ofA=0.65338 A and a large Debye-Scherrer
axis, as shown in Fig. 1. The MEM ED study confirms thatcamera with an imaging plate as a detector installed at
the Mo—O3 bond with the shortest bond length 1.635 A BL02B2 in SPring-8:%°Data were collected at 110 and 300
along thea axis is strongly covalent, and the covalentK to obtain the crystal structure parameters for a pulverized
Mo—O2 bonds with 1.744 A (Me-02a) and 2.241 A sample by the Rietveld refinements. Those for another pul-
(Mo—02b) along thec axis and the Me-0O1 bonds with  verized sample were collected from 300 to 1000 K in steps
1.956 A (Mo—O1a and Me—01c) along thep axis forma  of 100 K to obtain the lattice constangs b, andc. The
two-dimensional(2D) bonding network. The value of the sublimation and recrystallization of the pulverized sample
minimum ED of the Me—O3 bond is 1.92A 3, much occurred at 1000 K, which made it difficult to determine the
larger than others of 1.78, 0.79, and 0e8 2 for the  structural parameters above 1000 K.

Mo—0O2a, Me—O0Ola(1c), and Me—O2b bonds, respec-

tively. Moreover, the ionic states of Mo and O1, O2, and O3

atoms are evaluated to be #3.0(1), —1.6(1), —0.7(1), and Il RESULTS AND DISCUSSION

—0.8(1), respectively, in good agreement with the values The structure of Mo@ has been determined using the
predicted by the recent calculatiolfspbut much different Rietveld method with a space group Bhma The refine-
from the values for the fully ionic states;6 and—2 for Mo  ment was done for the data ind272° (d=0.584 A). At
and O, respectively, used frequently to discuss a bonfirst, we shall concern ourselves with the structures at 110
strength and ionic state from interatomic distance betweeand 300 K. The powder diffraction pattern observed at 110 K
Mo and O atomg? was well reproduced by the refined diffraction pattern, as
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FIG. 1. (a) Crystal structure of Mo@in perspective. Projections dh) the bc plane,(c) theab plane, andd) the ca plane, where the,
b, andc axes are taken in the crystal symmetryRofma instead ofPnmbused by Kihlborg(Ref. 11). Crystallographically nonequivalent
O atoms are distinguished by 01, 02, and O3. The distorted JMiy€amids form two-dimensional layers and they are stacked along the
axis. The values of the interatomic distance between Mo and surrounding O atoms denoted by 1a, 1b, 1c, 2a, 2b, and 3 are listed in Table
1.

shown in Fig. 2. The reliability factors are excellent as—0.0014 A from 110 to 300 K. Bond lengtlisbetween Mo
Rwp=5.04%, R,=2.96%), andRr=1.84% for 110 K, and and Q atoms {(=1,2,3) are evaluated from the atomic po-
Rwp=4.47%, R=2.80%), andRy=1.48% for 300 K. The sitions in Table I; the results are listed in Table II. The short-
obtained structural parameters are listed in Table |. The E®@st bond length between the MaO3 atoms decreases from
map obtained from the MEM/Rietveld analysis for the pow-1.6820 A at 110 K to 1.6352 A at 300 K by 0.0468 A, but
der data at 300 K has been already repotfe@ihe lattice  other bond lengths increase with increasing temperature, at
parametera expands remarkably by 0.10 A, amdexpands most by 0.0054 A, except for 0.014 A for the bondless
slightly by 0.0065 A, whileb oppositely shrinks slightly by Mo—O1b with the low ED of 0.32A 2 (Ref. 10. This
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,_\:IJ T 10 Ty TABLE Il. Interatomic distance between Mo and O atoms in
E 5l " v oobsl] | MoO; at 110 and 300 K, and its differended (=dzqox— d110x)
= ’ e evaluated from the values in Table I. For the notation of the O atom
g e 6y 1 surrounding Mo atom, see Fig. 1.
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FIG. 2. Observed powder diffraction pattern and fitting result of
the Rietveld refinement of MoQat 110 K; the inset is magnifica-
tion of the high-angle region.

refinements at 300 K2 moreover, the thermal motions of O1

shortening of the Me-03 length, at first glance, seems to and O3 atoms are nearly isotropic=0.03(2) and 0.084)
be inconsistent with the remarkable increase aof(Aa A, respectively, but those of O2 and Mo atoms are weakly
=0.10 A). The increase of the MeO1b distance, 0.014 A, and seriously anisotropic, respectively. For Mo atom, espe-
is not enough to explain the variation & Here, we should cially, thermal displacements are large alongalandc axes
recall the existence of the van der Waals gaps perpendiculati=0.0775(6) and 0.0728) A, respectively comparable to
to thea axis. The lattice parameteris given roughly by the that of O3 atom, but small along thé axis [u
sum of the Me—0O3 bond length, the Me-O1b distance, =0.039(1) A] nearly equal to that of the O1 atom. Thus,
and the van der Waals gap distantg,, between O3 layers. Mo atom moves mainly in thac plane. Such variations in
From the atomic position of O3 atorfTable ), d 4y is  the thermal displacements can be understood in terms of
evaluated to be 0.744 A at 110 K and 0.865 A at 300 K,bond nature of Mo@ As confirmed by the MEM ED
indicating an increase of 0.121 A, which is much larger thanstudy:® the O1e—Mo—O1a bond along the axis is sym-
the variations of the Me-O3 bond length and Me-Olb  metrical and strong with the minimum ED of 0.8 3,
distance. Thus, the observed increase @ mainly due to  while the Mo—0O3 and O2a-Mo—O2b bonds are asym-
the expansion of the van der Waals gap with temperature. metric along thea and c axes, respectively. The MeO3

The thermal paramet@, which is obtained assuming iso- bond is remarkably strong covalent but the-©33 bond is
tropic thermal motions of atoms, increases from O1, O2, andlistinguishably weak by the vdw force, and Md2a is
Mo to O3 atoms in order. Atomic mean square thermal disstrongly covalent but Me-O2b is rather weakly covalent.
placement (u?))?, hereafter referred asin short, is evalu- The Mo—O3 bond is very rigid and moves thermally easily
ated using the relatioB=872(u?); for 01, 02, Mo, and O3 along thea axis but hard in thebc plane due to the 2D
atoms, respectivelyu=0.022), 0.0456), 0.061@0), and bonding network, leading that the values wfland B) are
0.0724) A at 110 K, and 0.03@®), 0.0634), 0.06462), and large for O3 and Mo atoms, but small for O1 and O2 atoms
0.0834) A at 300 K. The temperature variation inis larger  at 110 K. Since at 300 K the stretching modes for the
for O1 and O2 atoms than Mo and O3 atoms. From theMo—O bonds are rarely excited and the bending phonon
anisotropic thermal parameters obtained from the detailechodes with low frequencies are excited, the-ORlo—O3

TABLE I. Lattice constnats, b, andc, atomic positionx, y, andz, and thermal factoB of Mo and O
atoms(0O1, 02, 03 in orthorhombic MoQ at 110 and 300 K. Space groupnma

a(A) b (R) cA)
110 K 13.76441) 3.698943) 3.9564@3)
300 K 13.86491) 3.697562) 3.9629@3)
Atom X y z B(A?
110 K Mo 0.101683) 0.25 0.0846(8) 0.29433)
01 0.43681) 0.25 0.49574) 0.024)
02 0.08671) 0.25 0.5209%) 0.164)
03 0.22301) 0.25 0.03515) 0.41(5)
300 K Mo 0.101683) 0.25 0.0846(8) 0.3292)
01 0.43701) 0.25 0.496%) 0.094)
02 0.08691) 0.25 0.52164) 0.31(4)
03 0.21881) 0.25 0.03765) 0.555)
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block rotates, accompanying the displacement of O2 atom in T ®
the ac plane and the displacement of O1 atom in tie
plane, leading to increases afof O1 and O2 atoms with FIG. 4. Temperature variation in the lattice constdats, (b) b,

temperature, as well as an expansiordgfy on an increase  and(c) c of MoOj. The solid line is the calculated result by E)
of the effective van der Waals radius of the O3 atom. Thepased on the quasiharmonic approximation using five phonon fre-

shortening of the Me-O3 bond length with temperature quencies. The values employed are listed in Tabléskle the text
evaluated above does not mean a shortening of the re&r more details

Mo—O3 bond length but means a shift of the averaged ther-

mal position of the O3 atom to the averaged position of Mo

atom along thea axis, which occurs as a result of the rota- jhq some contributions of phonon modes with high frequen-
tional thermal motions of the G2Mo—O3 block with an  ¢jes to the thermal expansion. The linear expansion coeffi-
almost unchanggd I\AeOB_Iength. Furthermore, the de- gjent ay is remarkably anisotropic, a,>a.>0>a,.
crease ofb in spite of the increase of the MeO1 bond  Therefore, the main component af, is that of thea axis
length is attributable to the decrease of the angle of th ay=a,+ ap+ a.~ ay), along which the layers are stacked
O1—Mo—O1 bond from 142.09° at 110 K to 141.82° at py the van der Waals force. Such an anisotropyrinwas
300 K. o also reported by Kierkegaarf;a,=18(2)x10 ° K1, a,
Next, we shall show temperature variation in the structure_ 9 10-5 K1, and «@,=0.9(1)x10 ® K~!. Quantita-
above 300 K. Figure 3 shows the powder diffraction pattern%vew, however, the reported value af, is significantly
of another MoQ sample observed at different temperatures.|arger by 3—4 times than the present resultagf=(4—6)
It can be seen that some peaks shift drastically to the loweg 145 -1 (Fig. 5).
angle side, but other peaks remain almost unchanged. The Here, we shall compare the thermal expansion of MoO
obtained lattice parameters are plotted in Fig.(sblid  \ith those of K sM0O; and 7-M0,0y;. In Kg sgMioO5, 4
circles, together with those for the sample at 110 and 300 Kthe thermal exp‘ansion coefficient is X505 K~ L arOLjnd
mentioned abovéopen circleg The difference in the lattice 300 K, about two times that of 4210 ° KL in MoOs;.

constants at 300 K for the Sa”.‘p'es is so _smalll, at MOSfhig material shows less expansion along Ithaxis, but a
0.04%, that it can be neglected in the following d|sc:us,3|on]arge expansion both along tfig02] and[?Ol] directions in

With increasing temperature, the lattice paramatekpands o
remarkably ancc expands slightly up to 1000 K, whilb the (010 plane, indicating thgt the Mofoctahedra are con-
cted strongly along the axis, but rather weakly along the

decreases oppositely. Such behaviors are consistent with t 02 directi f he slab d1th ked al
changes between the lattice parameters at 110 and 300 K: | direction to form the slabs, and they are stacked along

Thus, MoQ shows a strongly anisotropic thermal expansion.the[201] direction via K atoms. The linear expansion coef-
Figure 5 show the temperature dependence of the unit celicient along theg201] direction in Ky 3dMoO; is large and
volume V (=abc) and the bulk thermal expansion coeffi- comparable to that by van der Waals gaps alongathris in
cientay, [=(1NV)(dV/dT)], as well as the linear expansion MoO;. In 7-Mo,0;;,® on the other hand, the value of,
coefficienta,, which is given bya,=(1/x)(dx/dT) for x =~ =0.85x10"° K1 at 300 K is much smaller than that in
=a, b, and c. The values ofa, change fromay=4.2 Mo0O;, indicating that the 2D covalent bonding network
X107 % K ' at 300 K to 7.5¢10 ° K~ ! at 1000 K, indicat- with the edge-sharing structure of the Mp®Octahedra are
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216 T T T T
pVo=—[(V=Vo)lkol+ 2 yeho
212
= x{1/2+ 1 expfws/kgT)— 1]}, 3
= 208 with the compressibility xo=[Vo(d*®e/V?)y 17"
- =—(dVIdP)y, Vo and the Groneisen constant y,
204 =dInws/dInV for each phonon mode witwg. Thus, by
replacing p=0, we obtain thermal expansior=(V
200 —V)/Vo,
- e=(ko/Vo) Y, yshwgli2+1[exphws/kgT)—1]}.
- S
: (4)
2 Furthermore, a linear thermal expansignfor x=a, b, and
~ ¢ in an orthorhombic system, defined by=(x—Xxg)/Xq, is
5 given by
g
ex=(rox/V0) D, Yexiws{ 12+ 1 explfiws/kgT)— 17},
S

(5
with a linear compressibilityg,= —(ax/ap)xolxo, a lattice

FIG. 5. Temperature variation i@ the unit cell volumeV and  constantx, at T=0 with no quantum effect of zero-point
(b) the thermal expansion coefficient, of MoOj;, together with  vibrations, and an anisotropic linear ®neisen constant

the linear expansion coefficients,, a,, anda.. Solid lines are along thex axis, ys,= —(J1In wsldx)xo- Then the lattice con-
the calculated results based on the quasiharmonic approximatiogtant is given by

using five phonon frequencies.

bridged strongly by Mo@ tetrahedra along the stacking di- X=Xo+ kox(Xo/ Vo) 2 Vexhiws
rection. In both materials, due to a CDW-induced lattice in- s
stability, the remarkable variation in lattice constants occurs x{1/24+ U exp(hws kg T)— 11} (6)

below the transition temperatures, as reported. Thus, we can _ )
control the thermal expansion by inserting the guest atomsiere, it should be noted that the lattice constant a0,
into the van der Waals gaps of Mg@ keep a large expan- which is referred a_ls<(0)_, is _Iargerthan Xg by a quantum
sion along the stacking direction, or by a structural modifi-€fféct of zero-point vibrations, xox(Xo/Vo) Zsysyh ws/2.
cation induced from the poor oxygen stoichiometry to beSimilarly, V(0) at T=0 with quantum effect of zero-point
more rigid along the stacking direction. vibrations is larger thaV, by «oZsyshws/2. Bulk thermal
Now we shall discuss the thermal expansion of MoO €Xxpansion parameters are related to linear onegys
based on the lattice dynamics. Within a quasiharmonic= — (1N ws/dp)=Zs—(dIn ws/dInX)(dInx/dp), and
approximatiorf’ the free energy is given by the sum of a
static elastic energ$, and the vibrational free enerdy;;, ,
F=d,+F,i, and the equation of state is derived py
—(dF/9V)+. For phonon system with vibrational frequency
ws, F,ip IS given by

KoYs= 2 KoxYsx= KoaYsat Kob¥Ysbt KocYsc- (7)

Thus, we can evaluate temperature variation of lattice con-
stants and volume, using valuag, by, Cg, and gy ysy for
each phonon mode with frequeney, as parameters.

Fin=(1/2> fwtksTY, IN[1—exp —fws/kgT)]. According to Pyetal,?* orthorhombic MoQ has 48

s s vibrational modes, the representation of which is given
D by Ty 8Ag+ 8By o+ 4Byt 4Byt AA -+ 4By + 8By,

Expanding®,, andF;, by (V—V,) around the equilibrium +8Bj3,. Phonon frequencies in MaCare determined from
volumeV,, many Raman and infrared spectroscopic stutfies which
are interpreted in terms of the valence-force-field model us-
ing stretching and bending force constafttémong them,
there are 12 stretching modes and they are divided into three
groups with high frequencies of about 1000, 820, and 670

1 2 2 2
Pe=Pei(Vo) + 5 (9°Per/VT)y (V=V0o)*,

Fuin="Fio(Vo) + (IF in/V)y (V—V), 2 cm™ ! consisting of four nearly degenerate modes which are
0 assigned to the stretching modes of -M®3 along thea
the equation of the state can be written as axis, Mo—0O2 along thec axis, Mo—O1 along theb axis,
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TABLE Ill. Values used for the reproduction of the experimental lattice cons@rts andc in Fig. 4
using Eq.(8) and the unit cell volum¥ in Fig. 5. Lattice parametet, andn; ko vix for theith phonon mode
frequencyf w; (in units of cm' 1) along thex axis (x=a, b, andc), and the unit cell volum&/, andn;x,7;
(in units of 102 GPa %).

Axis a b c Bulk
Xo (A) 13.350(4) 3.7031) 3.9181) 193.699) A®

i fiw; NiKopaYia Ni Kob Yib NiKocYic NiKgYi
1 1000 48020) 0 0 48420)
2 820 0 0 22710 23010
3 670 0 —26.7127) 0 —28(3)
4 250 28010) —-13.313) 22(2) 29011
5 100 28010 —-13.3193 22(2) 290(11)

respectively. Corresponding stretching force constants anesponding to the construction bfwith increasing tempera-
791.5, 466, and 177 N/m, indicating that the shorter bond hagure. The ratio is 4qpYap:18xopYap :18kopYsp=2:1:1.
the stronger force constant. The other 36 modes, includinghose along the axis, 4xocY2c, 18x0c¥ac, and 18ocysc,
three acoustic modes, are below 500’&r_n are 222, 22, and 2210 2 GPa !, respectively, and the
We have .evallugted the va}lues of Igttlce con_stants G ratio is 4kgc¥ac:18kgeYac:18kocysc=10:1:1. Thus the
andV. For simplicity, neglecting the difference in frequency contribution from three stretching modes is about two times
of less than 10 Cr_”l' we may reduce the number of param- |5rger than those from the two lower phonon modes along
eters used. For thh phonon frequency; with the degen- a2 andb axes, and ten times along tleeaxis. Bulk pa-

erate numben; , Eq. (6) is rewritten as rameters are also obtained using EQ); nixyy; is 484, 230,
—28, 290, and 29810 3 GPa'! for i =1-5, respectively.
X=Xo+ Kox(Xo/Vo) 2 M Yixht o; This indicates that phonon modes with 1000__&ngi.ve the
i largest contribution to the thermal expansion in MoO
which is nearly two times that of those with 820, 250, and
100 cm L,

At first, we have employed only stretching modes. We take A linear Grunneisen constant can be obtained from the
three phonon frequencies, = 1000, 820, and 670 cri for valugs ofn; kox Vix an_dp_i , as well as the .reported values of
i=1, 2, and 3, and they are degenerate with 4. Further- j[he linear compressibility oy - _From the hlgh—pressure stud-
more, we assume that these stretching modes contribute d&S of MoQ; (Ref. 24, Asbrink et al. confirmed that the
fectively on the thermal expansion only along the stretchingcompressibility in thea axis, normal to the stacking layers,
directions, and take only;,, s, v2c to be nonzero, and Shows a nonlinear behavior, and that in thaxis, the direc-
the others zero %a=7v3a=0; Y1b="2=0; y1c=7v3.  tion of 01—Mo—O1 chains, is very small. The values of
=0). In that case, the experimental results are reproduceifie mean linear compressibility are reported todgg=3.5
well at temperatures higher than 400 K, and poor below 300<10 2 GPa ! over the low pressure range from 0 to 0.49
K, and not shown here. This is due to the disregard for th&5Pa, 1.2<10 2 GPa ! over the high pressure range 1.54—
low frequency phonon modes. Next, we consider two addi7.41 GPa, kq,=3.35x10 * GPa'!, and ko.=3.2x10 3
tional phonon modes with low frequencies of 100 and 250GPa * over the whole pressure range 0—7.41 GPa. The bulk
cm ! (n;=18) fori=4 and 5, to be representative of many compressibility isx,=3.86<x10 2 GPa ! at low pressure
modes with lower frequencies below 500 cmThese modi- and 1.46<10 2 GPa ! at high pressure. Using the low-
fications lead to the excellent reproduction of experimentapressure values, the linear ®neisen constant for the
data over whole temperature range measured, as indicated biretching frequency is evaluated to bg,=3.4, vygp

the solid lines in Figs. 4 and 5, where the parameters used are — 20, y,.= 18 along thea, b, andc axes, respectively. The
only three along each direction with assumipg,= vs, for  values fori=4 and 5 arey;;=0.44, y;,=—2.2, andy;

X {1/2+ 1 exp(f w; IkgT) — 1]} (8)

simplicity (Table IIl). The evaluated values of0), V(0), =0.38, which are one order of magnitude smaller than those
linear and bulk Graneisen constants are also listed in Tableof the stretching modes. Bulk parametgr is 3.1, 1.5,
V. —0.18, 0.42, and 0.42 for=1-5, respectivelysee Table

The magnitude of the contribution of tih phonon mode V). This indicates that 1000 ¢ mode shows the largest
on the lattice parametex is expressed by the parameter pressure variation in phonon frequency, and 670 tne
NikoaYia- Along the a axis, 4xgay1a, 18kpaYsa,» and  very slightly change. From the obtained values and the rela-
18k, ys, are 0.480, 0.280, and 0.280 GParespectively, tion KoYs=— (dIn ws/dp), we can predict that the frequency
and its ratio is 1.74:1:1. Along the axis, on the other hand, variation per 1 GPa must be 120, 47, and.7 cm ! for
AkopYap, 18KonYan, and 18o,ys, are negative to be 1000, 820, and 670 cri, respectively. Thus, the remarkably
—26.7,—13.3, and—13.3x 10 3 GPa !, respectively, cor- large absolute values of the linear @neisen constant in the
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TABLE IV. Calculated values ok(0) andV(0) including the zero-point vibrations, and evaluated linear
and bulk Gruneisen constants;, andy;, using the reported values of linear and bulk compressibitigy,
and «, (in units of 1073 GPa 1).2* See the text for more details.

AXis a b c Bulk

x(0) (A) 13.7444) 3.6991) 3.9571) 201.179) A3
Kox» Ko 35 0.335 3.2 38.6

i n; Yia Yib Yic Yi

1 4 3.42) 0 0 3.12)

2 4 0 0 141) 1.51)

3 4 0 —20(2) 0 -0.142)

4 18 0.442) -2.22) 0.394) 0.4202)

5 18 0.442) -2.2(2) 0.394) 0.4202)

2D bonding network §3,= — 20, y,.=18) are proper to the increasing temperature, the vibration of the M®3 bond
strongly anisotropic Mo@ crystals, but the pressure varia- increases, and the effective van der Waals gap between the
tion in the phonon frequencies of 670 and 820 Crare very O3 atoms is expanded, which induces a remarkable increase
small due to the extremely small values of the linear comn the lattice paramete. Thus, the large thermal expansion
pressibility in the network. Raman and infrared spectro-of MoO; along thea axis is the resultant from the combina-
scopic studies under high pressure will be needed to confirriion of the high frequency phonon vibrati¢h000 cm?) due
this prediction. In order to make an analysis taking accounto the strong Me—0O3 bond and the large compressibility of
of many low frequency phonons, which are oversimplified inthe van der Waals gaps between the O3---O3 atf¥i.
the present study, very accurate and exact thermal expansi@{b)]. Such a result may be realized commonly in the layered
experiments down to low temperatures will be required.  materials which have some strong bonds along the stacking
Finally, we shall discuss these results from the ionic statejirection, but it may be not valid in those having rather weak
of each atom and nature of the MeO bond. The ionic state bonds, such as transition-metal dichalcogenides, with a
of each atom ist+3.0, —1.6, —0.7, and—0.8 for Mo, O1,  stretching phonon mode frequency lower than 350 tfA
02, and O3 atoms, respectively, as mentioned alré4@lge  Their thermal expansion coefficients may saturate and be
bonds for Me—0O3 and Me—O2a are very strong, where constant above 400 K within the quasiharmonic approxima-
the minimum EDs for the Me-O3 and Me—0O2a bonds are tion. Furthermore, if the expansion along thaxis in MoQ,
very high (1.99 and 1.7&@A"3 respectively. The issuppressed by applying a pressure, then a pressure-induced
0O1—Mo—O1 chain is arranged compactly with the mini- phase transition may occur in MgQo relax some large
mum ED of 0.7%A 3 for the Mo—O1la and Me-Olc  thermal vibrational motion of the O3 atoms. In fact, the
bonds. On the other hand, the van der Waals force betweanonoclinic high-pressure phase of MgOthe so-called
03---03 atoms along the axis is weak and the van der MoOj;-1I phase, has been synthesized under 973 K and 6
Waals radius for the O3 atom can be estimated at about 1.48Pa, and its structural study at room temperature has con-
A, half of the distance between 03---O3 atoms at 300 Kfirmed that the individual layers themselves remain virtually
Thus, O3 is a unique atom having both a strong covalentinchanged, but the stacking sequence of the layers Vries.
bond with the Mo atom and weak van der Waals bond withA high pressure study at high temperature using a diamond
other O3 atoms, as shown in Figah where a schematic anvil cell is required to obsenve situ the conversion to the
projection of the MoQ@ structure on theb plane is depicted monoclinic phase. First principles calculations of the crystal
to emphasize the van der Waals radius for O3 atoms. Witltructure and electronic structure at zero and high pressure
for various layered materials will give us more quantitative
information beyond the quasiharmonic approximation, as
done for diamond!

IV. CONCLUSION

We have found that two-dimensional insulator Mp€x-
hibits an anisotropic thermal expansion from 110 to 1000 K.
MoO; expands remarkably along tlkeeaxis of the stacking

FIG. 6. Schematic projections of the structure of Mo the  direction of the layered sheets but remains almost unchanged
ab plane using an effective van der Waals radius for O3 atorg at  IN plane. The temperature variation in the thermal expansion
low temperature andb) high temperature. The shaded circle cen- Of MOO; can be understood quantitatively based on the pho-
tered at the O3 atom indicates the effective van der Waals radiuglon modes, considering three stretching frequencies of the
which expands with increasing temperature by the stretching phdMo—O bonds and two low frequencies. These results indi-
non mode. cate the important role of the high compressibility due to the

(a) Low temperature (b) High temperature

064111-7



NEGISHI, NEGISHI, KUROIWA, SATO, AND AOYAGI PHYSICAL REVIEW B69, 064111 (2004

van der Waals gap in the thermal expansion in Mp@- ACKNOWLEDGMENTS

gether with high vibrational frequencies due to the strong The authors thank Dr. E. Nishibori, Professor M. Takata,

Mo—O bonds. When employing MoQas various devices anq professor M. Sakata for their help in the Rietveld analy-
or catalytic materials above room temperature, we obtain agis, and H. Akamine for his experimental assistance. The
advantage to control their characteristics with temperatur@xperiments were performed at BLO2B2 in SPring-8 with the
through the anisotropic thermal expansion. Moreover, MoO approval of the Japan Synchrotron Radiation Research Insti-
can be a candidate for insulating substrates or thin films retute (JASR) (Proposal Nos. 2000A0131 and 2001BO®57
quiring a small expansion of less than 1% in a two-The authors also thank Professor K. Kisoda for valuable and
dimensional plane below 1000 K. useful discussion about the phonon modes in MoO

*Corresponding author. Email address: hnegishi@hiroshima- Shoubu, S. Negishi, and M. Sasaki, Solid State Commas,

u.ac.jp 45 (2003.
11 . J. Deiner, S. L. Wilcke, C. M. Friend, and F. C. Nart, Surf. Sci. ‘°P. Kierkegaard, Arkiv KemP3, 223 (1964.
477, L301 (2001). 17H. C. Zheng, J. Cryst. Growtth86, 393 (1998; H. Negishi, T.
2M. Itoh, K. Hayakawa, and S. Oishi, J. Phys.: Condens. MatterlsEMiKléhr?[)a, 'anlslll M_-FIEO'tJeibli(d- i44t1 32’3(18993-t Y Kubota. S
13, 6853(2001). - Nishibori, M. Takata, K. Kato, M. Sakata, Y. Kubota, S.
3J. N. Yao, K. Hashimoto, and A. Fujishima, Natitendor 355, /:/Iost/sg:j' Y-P'Euro"a’ar MA(;{?angTé‘A;‘(”zdoy;keda: Nucl. Instrum.
624(1992. e 0- S yS. es._ - . o .
4C. M. Julien, Mater. Sci. Eng., RI0, 47 (2002 19y, Kuroiwa, S. Aoyagi, A. Sawada, J. Harada, E. Nishibori, M.
5M. Greenblatt, Chem. ReyWashington, D.Q.88, 31(1988. ZOPTaBk?‘tahagg M. Sékﬁza’ Phys.dREev. LS&, 23760;(200\13' |
6C. Schlenker,Properties of Molybdenum Bronzes and Oxides éeazﬁslygggonon& eory and ExperimentéJpringer-Verlag,
(Kluwer, Dordrecht, 198p 21 ! ’ .
) M. A. Py and K. Maschke, Physice05B, 370 (198J).
7
Eéfzréan((ilég;d M. H. Whangbo, Chem. R@#tashington, D.Q. 2 Seguin, M. Figlarz, R. Cavagnat, and J.-C. Lassegues, Spec-

trochim. Acta, Part A1, 1323(1995, and references therein.
M. Dieterle, G. Weinberg, and G. Mestl, Phys. Chem. Chem.
Phys.4, 812(2002.
S. Asbrink, L. Kihlborg, and M. Malinkowski, J. Appl. Crystal-
logr. 21, 960(1988.
25E. M. McCarron Ill and J. C. Calabrese, J. Solid State Chgn.

8X. L. Li, J. F. Liu, and Y. D. Li, Appl. Phys. Lett81, 4832(2002.

%Y. Li and Y. Bando, Chem. Phys. Le864, 484 (2002.

10y, Kuroiwa, N. Sato, A. Sawada, S. Negishi, H. Negishi, and S.24
Aoyagi, J. Phys. Soc. Jpif2, 2811(2003.

1. Kihlborg, Arkiv Kemi 21, 357 (1963.

127, Papakondylis and P. Sautet, J. Phys. Chtd0, 10681(1996. 121 (1991).
13F Zocchi, Solid State Sc, 383(2000, and references therein. 26B. L. Evans, inOptical and Electrical Propertiesedited by P. A.
M. L. Tian, L. Chen, and Y. H. Zhang, Phys. Rev.&, 1504 Lee (Reidel, Dordrecht, 1976p. 1.

(2000. 273.J. Xie, S. P. Chen, J. S. Tse, S. Gironcoli, and S. Baroni, Phys.

15H. Negishi, Y. Kuroiwa, H. Akamine, S. Aoyagi, A. Sawada, T.  Rev. B60, 9444(1999.

064111-8



