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Polarized optical reflectance and electronic structure of the charge-density-wave materials
h- and g-Mo4O11
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We report the polarized optical reflectance spectra ofh- and g-Mo4O11 as a function of temperature and
magnetic field. Excitations are assigned and analyzed based upon electronic band-structure calculations. The
300 K spectra ofh- andg-Mo4O11 show charge transfer transitions (O 2p→Mo 4d) near 4 eV, intraband
(d→d) transitions at;1.5 eV, and a free carrier response at lower energy. The intraband (d→d) transition
shows strong and unusual anisotropy in theb andc directions, which is directly attributable to the dispersion
relations of the lower-lyingd-block bands. The effect of charge density wave formation on the optical prop-
erties ofh- andg-Mo4O11 is discussed and compared with related materials. The magnetic field dependence of
the optical constants is determined forh-Mo4O11 and discussed in terms of field effects on the nesting vector
and Fermi surface.
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I. INTRODUCTION

Low-dimensional metallic oxides have been the subjec
sustained interest during the past decade.1–4 Many of these
solids display electronic instabilities, which lead to a sup
structure modulation and a charge-density-wave~CDW!
ground state. The general mechanism of CDW formation
these materials is well known.5 Strong electron-phonon in
teractions leading to a CDW may remove the free carr
completely~or reduce their number! and open an energy ga
at the Fermi level, thus causing a metal→ insulator ~or
metal→ metal! phase transition.

h- andg-Mo4O11, along with other low-dimensional mo
lybdenum and tungsten oxides, have been studied ex
sively as model CDW materials.1–3,6 Both compounds ex-
hibit quasi-two-dimensional~Q2D! metallic properties at
high temperature. Theh and g phase compounds hav
monoclinic and orthorhombic structures, respectively,7,8 as
shown in the insets of Fig. 1. Both consist of infinite slabs
distorted MoO6 octahedra, parallel to thebc plane, fused
together by MoO4 tetrahedra. The conduction electrons a
confined in the octahedral slabs, which leads to a parti
filled conduction band in thebc plane and a Q2D electroni
structure. The difference in theh and g phase compound
lies in the arrangement of successive MoO6 slabs; the adja-
cent slabs have the same orientation inh-Mo4O11, but are
mirror images with respect to thebc plane ing-Mo4O11.
PRB 610163-1829/2000/61~15!/10057~9!/$15.00
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h-Mo4O11 undergoes two separate incommensurate CD
transitions at 109 and 35 K, which have been confirmed
dc resistivity, thermopower, and magnetic susceptibi
measurements.9,10 The x-ray and electron diffraction studie
show that the first CDW transition (Tc15109 K) is accom-
panied by a structural modulation with the nesting vec
q15(0, 0.23b* , 0!; the second CDW transition (Tc2

535 K) is accompanied byq25~?, 0.42b* , 0.28c* ).10 In
this material, holes as well as electrons contribute to cond
tion processes,11,12and the Fermi surfaces have a Q2D sha
~cylindrical along thea* axis!, as determined by magneto
resistivity and Hall effect studies.13,14 The CDW transitions
in h-Mo4O11 are essentially due to nesting of the ‘‘hidden
one-dimensional bands,6 which originate from the conduct
ing chains alongb, b6c directions. Furthermore, de Haa
van Alphen oscillations indicate that small, highly two
dimensional electron and hole Fermi surfaces persis
low-temperature.15 These Fermi surfaces lead to unusu
physical properties at high magnetic fields, including a La
dau transition near 19 T,13 the recently reported bulk quan
tum Hall effect,16,17 and a plastic deformation under an a
plied field.18 The well-defined quantum Hall signature
below 10 T in h-Mo4O11 are thought to originate in ex
change between the mobile carriers and the localized C
condensate.16 At high field, a magnetic-field-induced sem
metal→ semiconductor transition inh-Mo4O11 is attributed
to a quantum limit effect, where the conduction and valen
10 057 ©2000 The American Physical Society
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10 058 PRB 61Z. ZHU et al.
bands uncross and a gap opens near Fermi level.13

Theg-phase material has an incommensurate transitio
Tc5100 K accompanied by a structural modulation simi
to that of theh-phase compound (q50.23b* ).9,10 Transport
and specific heat properties show thatg-Mo4O11 is also a
Q2D metal below 100 K.19 To our knowledge, there has bee
no report of high-magnetic field effects ing-Mo4O11.

There have been several previous spectroscopic inves
tions of h- andg-Mo4O11. Initial infrared studies by Guyo
et al. confirmed the Q2D character of both compounds
room temperature.20 More recently, high quality polarized
far-infrared reflectance spectra ofh- and g-phase materials
have been measured by McConnellet al.21 In the h-phase
material, a strong suppression of conductivity along thc
axis below the 109 K CDW transition is observed, wherea
weak suppression is found along theb axis. Such anisotropy
of the conductingbc plane in the far-infrared regime is mor
notable inh-Mo4O11 than ing-Mo4O11. Transmission mea
surements on both materials have complemented the a
mentioned reflectance studies by focusing on changes in
brational behavior through the CDW transitions.22 Pump-
probe experiments show that several vibrational mo
couple strongly to the CDW belowTc1.23 The only optical
study of either material was a set of room temperature po
ized reflectance measurements ong-Mo4O11, which showed
that the compound exhibits anisotropic color properties in

FIG. 1. Top panel: polarized room temperature reflectance s
tra of h-Mo4O11. The double arrow line indicates the energy ran
of the optical experiments in magnetic field. Bottom panel: pol
ized room temperature reflectance ofg-Mo4O11. Solid lines:b axis;
dashed lines:c axis. Corresponding crystal structures are shown
the insets.
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three directions.24 Photoemission spectra have also been
ported for h- and g-Mo4O11.25,26 Inverse photoemission
measurements show peaks at 2.0 and 4.9 eV for theg-phase
material, attributed toeg and t2g symmetries, respectively
within a simple band model.

In the present work, we measured polarized reflecta
spectra of bothh- andg-Mo4O11 single crystals in the opti-
cal region as a function of temperature and examined
effect of the CDW transitions on the optical constants.
assign the nature of the observed electronic transitions
explain the effect of polarization, we carried out electron
band-structure calculations forg-Mo4O11 using the extended
Hückel tight binding~EHTB! method.27 We also explore the
reflectance ofh-Mo4O11 in high-magnetic field in order to
probe the effect of the applied field on the remaining elect
and hole pockets in the CDW2 state.

II. EXPERIMENT

High-quality single crystals of bothh- and g-phase
Mo4O11 were prepared by standard vapor-transp
techniques.28,13 The samples used for these experiments h
dimensions of'3.032.530.5 mm3, with the large face de-
fined by thebc ~100! plane. The surfaces were very smoo
and shiny, well suited for reflectance measurements. Sev
single crystals were studied.

Near-normal polarized optical reflectance spectra of
samples were measured in thebc metallic plane with a modi-
fied Perkin-Elmer l-900 spectrometer in the
4000–32 000 cm21 energy range. Unpolarized data we
also collected between 30 000 and 52 000 cm21 to provide a
wider range of reliable reflectance for the Kramers-Kron
extrapolation. An aluminum mirror was used as the refere
for these measurements. The optical axes of the crystal w
determined as those which displayed the greatest anisot
at 300 K, and analysis of the structure showed good co
spondence with theb andc directions. For each polarization
reflectance measurements were made at several tempera
above and below the CDW transitions. Temperature con
was achieved using an open-flow cryostat.

The ‘‘in-field’’ single-beam reflectance (RSB) spectra of
h-Mo4O11 in the bc plane were measured at 4.2 K at th
National High Magnetic Field Laboratory~NHMFL! in Tal-
lahassee, FL, using a grating spectrometer equipped wi
charge coupled device~CCD! camera or Ge detector. Th
measurements covered the energy ran
6000–26 000 cm21. The overall resolution of the spectra
'25 cm21. A resistive magnet was employed for magne
field magnitudes up to 30 T, with the applied field alwa
perpendicular to the conductingbc plane. A series of Po-
laroid film polarizers covered the experimental energy ran
along b and c polarization directions. Relative ‘‘reflectanc
ratio’’ ~RR! spectra were obtained by taking the ratio of t
single beam spectrum at a given magnetic field to the sp
trum at zero field, i.e.,RR(H)5RSB(H)/RSB(H50). Abso-
lute reflectance spectra in the magnetic field~‘‘in-field’’ re-
flectance! were obtained by renormalizing the reflectan
ratio with the zero field power reflectance spectrum at 10
i.e., R(H)5RR(H)3R(H50).

A Kramers-Kronig analysis of the reflectance spectra w
used to obtain the optical constants ofh and g-Mo4O11.
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This analysis calculates the complex dielectric function

ẽ~v!5e1~v!1 i e2~v!5e1~v!1
4p i

v
s1~v! ~1!

from the measured reflectance and the phase shift integr29

Here, e1(v) is the real part of the dielectric function, an
s1(v) is the optical conductivity. Thus,e1(v) tells us how a
material disperses energy, whereass1(v) provides informa-
tion on the lossy response. In the Kramers-Kronig analy
the high-frequency data were extrapolated asv21.5, to simu-
late the approach to free-electron response. After merg
our low frequency data with the far-infrared data of McC
nnell et al.,21 we extrapolated it to zero frequency with m
tallic Hagen-Rubens„R(v)512Av1/2

… behavior.

III. RESULTS

A. Room temperature spectra

The 300 K polarized optical reflectance spectra
h-Mo4O11 are shown in the upper panel of Fig. 1. The sp
tra are characteristic of an anisotropic conducting mate
with a mobile carrier response in the near infrared and
electronic transitions at higher energy. The transition c
tered near 12 000 cm21 is superimposed on the edge of th
free carrier response, and the intensity of this excitat
along theb andc directions is quite different. A higher fre
quency transition is centered near 33 000 cm21 and not
shown completely in Fig. 1; the leading edge of this struct
seems to be isotropic in thebc plane. It is notable that the
overall reflectance level in the near infrared is within 1%
the far and middle infrared data of McConnellet al.21

The upper panel of Fig. 2 displays the polariz
frequency-dependent conductivity,s1(v), of h-Mo4O11 at
300 K. Here,s1(v) increases faster alongb than alongc
towards low frequency, in agreement with the previous
larized far-infrared results.21 The anisotropy of the low-
frequency excitation is also very apparent, with bands c
tered at 10 000 cm21 and 8500 cm21 in b and c
polarizations. The insets to Fig. 2 shows the partial sum
data, calculated from the area unders1(v), which provides
information about the number of carriers participating in t
optical transitions, and allows a calculation of the optic
effective mass,m* . We estimatem* '2.2me ~whereme is
the free electron mass!, from the leveling off of the sum rule
curve in the near infrared region. Note that the optical eff
tive mass is heavier than the free carrier mass, which s
gests the involvement of ‘‘flat bands’’ in the optical trans
tion. The dielectric function,e1(v), also shows that the
h-phase compound is metallic in thebc plane, with 300 K
screened plasma frequencies~estimated from the zero
crossing of e1 in the optical regime! of 13 720 and
15 200 cm21 along b and c, respectively~inset to upper
panel of Fig. 2!.

The 300 K polarized reflectance and optical constants
g-Mo4O11 are shown in the lower panels of Figs. 1 and
respectively. In essence, the results ofg-Mo4O11 are similar
to those of theh-phase material, which is understandab
since the crystal and electronic structures are only slig
different. From the sum rule plot~inset to lower panel of Fig.
2!, the effective massm* '3.2me , larger than our estimate
l.
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of m* for the h-phase compound. The dielectric functio
~inset to lower panel of Fig. 2!, e1(v), becomes negative
below the screened plasma frequency (14 045 cm21 alongb
and 14 524 cm21 alongc), consistent with its reported me
tallic character.

B. Temperature dependence

Figure 3 shows the polarized optical conductivity
h-Mo4O11 at 300, 200, 150, 120 (T.Tc1), 80 (Tc2,T
,Tc1), and 10 K (T,Tc2). As the temperature is lowed
within the normal state (T.Tc1), the residual conductivity
is suppressed along both theb andc directions. The shape o
the low-frequency excitation also becomes more asymme
especially along thec axis. Despite these changes, t
screened plasma frequencies,ṽp ~inset to Fig. 3!, extracted
from the zero-crossing ofe1, are nearly constant with de
creasing temperature in this range, suggesting a limited t
perature dependence of the carrier concentration or effec
mass in the normal state. However, on approach toTc1, the
low-frequency excitation andṽp change noticeably, antici
pating the effects of the upcoming CDW transition at 109
After passing from the normal state into the CDW1 sta
(Tc2,T,Tc1), the low-frequency excitation becomes mo
pronounced and slightly blueshifted. The asymmetry of t
feature continues to increase in the CDW states as wel
shown in the 80 and 10 K spectra. Doublet character on
crest of the 12 000 cm21 transition, only slightly visible

FIG. 2. Top panel: polarized room temperature conductivity
h-Mo4O11. Bottom panel: polarized room temperature conductiv
of g-Mo4O11. Left inset: sum rule results; right inset: frequenc
dependent dielectric constant. Solid lines:b axis; dashed lines:c
axis.



n-

a

f
in
n
s
al
in
en
t
K
h

om

tu

of

s
ira
nly
B

re-

of
ial
-

)

tu
n

m

en-

.

10 060 PRB 61Z. ZHU et al.
alongb, is well resolved alongc. ṽp is higher in magnitude
in the CDW1 state~inset to Fig 3! than in the normal state
for both polarizations. Within our resolution, the optical co
stants ofh-Mo4O11 @s1(v), e1(v), etc.# are not sensitive to
the CDW transition atTc2535 K and the conductivity re-
mains high even after a second CDW transition.

The temperature dependence of the optical spectr
much weaker ing-Mo4O11 than that in theh-phase material.
Thus, only the 300 and 10 Ks1(v) of g-Mo4O11 are dis-
played in Fig. 4. Overall, the optical conductivity o
g-Mo4O11 at 10 K is lower than that at room temperature,
agreement with the trend in the dc resistivity measureme
The transition near 12 000 cm21 sharpens and become
somewhat asymmetric with decreasing temperature. We
observe a slight blueshift of this excitation with decreas
temperature in both directions, along with the developm
of a very weak doublet structure. As shown in the inset
Fig. 4, ṽp displays a gradual change through the 100
CDW transition and an overall blue shift going from hig
temperature to low temperature. This trend is different fr
the more abrupt jump inṽp found in h-Mo4O11.

C. Electronic band structure

To interpret the optical properties ofh- and g-Mo4O11
presented above, we carried out EHTB electronic struc

FIG. 3. Frequency dependent conductivity ofh-Mo4O11 in the
intraband regime. Top panel:b axis data; bottom panel:c axis data.
The legend is for 10 K data, and the spectra at other tempera
are offset 200 (V cm)21 to each other. Inset: temperature depe

dence of the screened plasma frequencyṽp . Triangle for b-axis,
circle for c-axis. Dashed line are the 109 and 35 K transition te
peratures.
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calculations forg-Mo4O11 based on the crystal structures
Ghediraet al.8 and Kihlborg,7 and for h-Mo4O11 based on
the crystal structure of Kihlborg.7 Fun et al. recently con-
firmed theP21 /a space group forg-Mo4O11,30 as reported
by Ghediraet al.,8 in contrast to initialPnma identification
by Kihlborg.7 The CDW vectorq 5 0.23 b* , observed for
h- andg-Mo4O11, is reproduced only by the Fermi surface
of g-Mo4O11 obtained from the crystal structures of Ghed
et al. Therefore, we present results of our calculations o
for g-Mo4O11. The atomic parameters used for our EHT
calculations were taken from previous work.12

The total density of states~DOS! calculated forg-Mo4O11
is shown in Fig. 5. The O 2p block bands~below 214 eV!
lie about 4 eV below the bottom of the Mo 4d block bands.
The latter can be conveniently divided into two energy
gions: the lower-lyingd-block bands between210.2 and
27.7 eV and the higher-lyingd-block bands between
25.7 and22.2 eV. The Fermi level lies near the bottom
the lowerd-block bands. The inset to Fig. 5 shows the part
DOS ~PDOS! plots calculated for the four different Mo at
oms @Mo~1! of the MoO4 tetrahedra, and Mo~2!, Mo~3! and
Mo~4! of the MoO6 octahedra# in the energy region of the
lower-lying d-block bands. The sharp DOS peak around28
eV is dominated by the Mo~1! atoms, and all four different
Mo atoms contribute to the DOS below28.5 eV. Below the
Fermi level, the Mo atom contributions vary as Mo(4
.Mo(3)@Mo(2), andthere is no Mo~1! contribution. Al-
though not shown, the upperd-block bands do not have

res
-

-

FIG. 4. Frequency dependent conductivity ofg-Mo4O11 in the
intraband regime. Top panel:b-axis; bottom panel:c-axis. Solid
line for 10 K; dashed line for 300 K; Inset: the temperature dep

dence of the screened plasma frequencyṽp . Triangle for b-axis;
circle for c-axis, dashed line is the 100 K transition temperature
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PRB 61 10 061POLARIZED OPTICAL REFLECTANCE AND . . .
d-orbital contributions from Mo~1!. Thus, as far as the MoO6
octahedra are concerned, the lower- and higher-lyingd-block
bands correspond to thet2g andeg-block bands, respectively

With the light polarized along a certain direction, the o
tical absorption involves only the occupied and unoccup
energy levels having the same wave vector aligned along
light polarization direction.31 Therefore, to discuss the opt
cal transitions observed with polarization along theb axis (c
axis!, it is necessary to find the energy levels of the low
lying d-block bands along the wave vector lines parallel
the b* direction (c* direction!, as shown in Fig. 6~a! @Fig.
7~a!#. The band dispersion relations calculated for the afo
mentioned wave vector lines are presented in Figs. 6~b! and
7~b!, respectively. The results indicate there are more ‘‘fla
bands in lower-lyingd-block bands alongc* than alongb* .

D. Magnetic field dependence

Figure 8 displays the ‘‘in-field’’ polarized RR spectra o
h-Mo4O11 in different applied fields at 4.2 K. The absolu
reflectance spectrum is superposed on the RR spectr
clarify which electronic transitions are changing with fiel
Note that our experiments in magnetic field cover a port
of the near infrared~free carrier! response, the whole intra
band transition regime, and the leading edge of the cha
transfer band, as shown by the double arrow line in Fig
The general trend is that the applied field increases the o
cal anisotropy. In the reflectance ratio spectra, a devia
from unity in the free carrier response is observed along b
b andc polarizations, which apparently saturates above 10
as shown in the upper and lower panels of Fig. 8. In additi
the RR spectra above 14 000 cm21 drops along theb axis,
but increases along thec axis as the field is ramped throug
the 20 T transition. The ratio spectrum of 0 T~after ramping
down the field! to 0 T ~before ramping up the field! shows a
flat line at unity for both polarizations~Fig. 8!, and thus
confirms that the effect of field on the RR is a real prope
of the material. Although the overall changes in the ra
spectra are fairly small, on the order of 2–3%, they are ab
our experimental noise and sensitivity level.

The optical conductivity ofh-Mo4O11 in magnetic field at
4.2 K is shown in the upper and lower panels of Fig. 9 fob

FIG. 5. DOS plots calculated forg-Mo4O11, where the solid
line refers to the total DOS, and the dashed line to the Mo 4d orbital
contributions to the total DOS. The inset shows the PDOS p
calculated for the Mo~1!, Mo~2!, Mo~3! and Mo~4! atoms.
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and c axis polarizations, respectively.32 The main magnetic
field effects ons1(v) are in the free carrier response an
intraband Mod→d transition range. Alongb, s1(v) drops
below 9000 cm21, whereas alongc, s1(v) increases
slightly. The effect of the magnetic field ons1(v) is
gradual, with no sharp change through the 20 T phase t
sition. Although RR exhibits changes above 14 000 cm21,
the absolute reflectance is so small that the effect is m
mized and the optical constants show no change in that
gime. Comparing the upper and lower panel of Fig. 9,
find that the anisotropy in the conductingbc plane becomes
stronger in high magnetic field. Within our resolution, th
magnetic field affects mainlys1(v), not the dispersive re-
sponse.

IV. DISCUSSION

A. Temperature dependence ofh- and g-Mo4O11

The PDOS data~Fig. 5! show that excitations below 2 eV
are intraband (d→d) transitions involving the lower-lying
d-block bands, and that the excitations above 4 eV are do
nated by the~O 2p→Mo 4d) charge-transfer transitions
Thus, the prominent low-frequency feature ins1(v) should
be assigned to the intraband (d→d) excitation within the

ts

FIG. 6. ~a! Six wave vector lines of the first Brillouin zone
parallel to theb* direction. ~b! Dispersion relations of the lower
lying d-block bands along the six wave-vector line of~a!.
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10 062 PRB 61Z. ZHU et al.
low-lying d-block bands. The band centered at 33 000 cm21

is most likely the O 2p→Mo 4d charge-transfer excitation
It is improbable that the excitation centered at 33 000 cm21

is related to the excitations from the filled levels of t
lower-lying d-block bands to the empty levels of the highe
lying d-block bands because of the large oscillator stren
of the feature.

The dc conductivities ofh- and g-Mo4O11 show a Q2D
character with only weak anisotropy in thebc plane.9 In
contrast, the optical response of both materials in the in
band (d→d) transition regime is quite anisotropic. In pa
ticular, the excitation in the 5000–12 000 cm21 region is
much stronger along thec axis than along theb axis. This
unusual anisotropy can be understood by comparing the b
dispersion relations in Figs. 6~b! and 7~b!. Recall that, for the
excitation range of 5000–12 000 cm21, more ‘‘flat’’ bands
are found along thec* direction @Fig. 7~b!# than along the
b* direction @Fig. 6~b!# in the low-lying d-block bands.
Since flat bands lead to high DOS, the excitation will
more intense for thec-axis polarization. This also explain
why the oscillator strength of the intraband (d→d) transition
is stronger alongc than alongb. The far-infrared spectra o
h-Mo4O11 indicate that the optical anisotropy ofh-Mo4O11
continues into the lower energy region.21 Discrepancies be
tween dc and optical conductivities such as mentioned ab
have been found in other bronzes as well.33,34

FIG. 7. ~a! Six wave-vector lines of the first Brillouin zon
parallel to thec* direction. ~b! Dispersion relations of the lower
lying d-block bands along the six wave vector line of~a!.
h

a-

nd

ve

Figure 3 shows that, for temperatures aboveTc1 ~109 K!,
the intensity of the intraband (d→d) transition ofh-Mo4O11
remains fairly constant, whereas the overall background
the spectrum decreases as the temperature is lowered.
behavior indicates a loss of mobile carriers.35 In addition, the
spectra ofh-Mo4O11 at 120 and 80 K are similar, suggestin
that there are strong CDW fluctuations above 109 K.36 This
is consistent with the observation of CDW fluctuations
x-ray diffraction experiments at temperatures aboveTc1
~Ref. 10! and with far-infrared results.22 The effect of the
CDW transition on the intraband (d→d) excitation is more
noticeable alongc than alongb, and manifest in a more
pronounced doublet structure alongc. Far-infrared reflec-
tance measurements confirm the enhanced sensitivity of
c-axis response to CDW formation.21 The temperature de
pendence of thed→d intraband transition and the plasm
frequency is likely related to the fine structure developing
the DOS through the CDW1 transition at 109 K. In a CD
system, the instability due to interactions between cond
tion electrons and phonons leads to opening of the CDW
around the Fermi level, which modifies the fine structure
the conduction band and Fermi surface. In the case
Mo4O11, the modified band structure and Fermi surface
the CDW states affect the intraband transition because
d→d transition involves electrons close to the Fermi ener

FIG. 8. Top panel: reflectance ratio spectra ofh-Mo4O11 in
high-magnetic field along theb axis at 4.2 K. bottom panel: reflec
tance ratio spectra ofh-Mo4O11 in high-magnetic field along thec
axis at 4.2 K. The ratio spectra are superimposed with the abso
reflectance spectra. The fields shown here are~from bottom to top!:
5 T/0 T, 10 T/0 T, 15 T/0 T, 20 T/0 T, 25 T/0 T, 30 T/0 T and 0
~after ramping down the field!/0 T ~before ramping up the field!.
The spectra are offset for clarity. The double arrow indicates
deviation from unity.
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We observe thatṽp of h-Mo4O11 displays a sharp in-
crease when the temperature is lowered throughTc1 at 109
K. Sinceṽp

254pne2/m* , the screened plasma frequency
dependent on the carrier concentrationn and the effective
massm* . The carrier concentration decreases by about 7
~Ref. 11! while theṽp increases slightly after the first CDW
transition, suggesting that the optical effective mass
h-Mo4O11 must decrease dramatically. This is in line wi
the estimatedm* '10m0 in the normal phase11 compared to
m* '0.1m0 in the CDW2 state (T,Tc2).13 The second
CDW transition ofh-Mo4O11 at 35 K shows little effect on
the optical conductivity in agreement with x-ray diffraction10

and far-infrared reflectance measurements.21

In contrast to the behavior ofh-Mo4O11, the CDW for-
mation ing-Mo4O11 at 100 K has only a weak effect on th
optical conductivity, andṽp of g-Mo4O11 decreases slightly
as the temperature is lowered through the CDW transit
These observations imply that the 109 K CDW inh-Mo4O11
induces a stronger structural change than does the 10
CDW in g-Mo4O11. Strong electron-phonon coupling drive
a CDW transition, and thus a soft lattice is conducive
CDW formation.37 That the optical transition is mor
strongly affected by the 109 K CDW ofh-Mo4O11 than by
the 100 K CDW of g-Mo4O11 therefore implies that
h-Mo4O11 has a softer lattice than doesg-Mo4O11. Specific
heat measurements indicate that this is indeed the case.19 At
the same time,h-Mo4O11 shows negative thermal expansio
in the lattice spacingb andc belowTc1 ~Ref. 38! although it

FIG. 9. Top panel: Optical conductivity ofh-Mo4O11 in high-
magnetic field along theb axis at 4.2 K. bottom panel: optica
conductivity ofh-Mo4O11 in high-magnetic field along thec axis at
4.2 K.
%

f

n.

K

r

has smaller compressibility thang-Mo4O11 at room
temperature.39 The softer lattice may also explain the occu
rence of two CDW transitions inh-Mo4O11, as opposed to
one transition ing-Mo4O11.

In overall spectroscopic response,h- andg-Mo4O11 bear
a notable resemblance to other oxide bronzes that s
CDW transitions. The quasi-one-dimensional~Q1D! blue
bronze K0.3MoO3 and purple bronze Li0.9Mo6O17 undergo a
CDW transition at low temperature, and their optical r
sponses show a strong anisotropy reflecting the Q1D cha
ter of their electronic structures.33,34 For the Q2D purple
bronzes, Na0.9Mo6O17 and K0.9Mo6O17, the optical re-
sponses are isotropic in the conducting plane due to the
that the metallic layers of these compounds have a trigo
symmetry. Thus, the anisotropy of Mo4O11 reported here is
unexpected. All of these molybdenum bronzes, includingh-
andg-Mo4O11, have an isotropic electronic transition at e
ergies above 4 eV, which is attributed to the~O 2p
→Mo 4d) charge-transfer excitation. Compared wi
h-Mo4O11, the aforementioned bronzes show a mu
weaker temperature dependence of the optical spectra
hence are similar tog-Mo4O11. In addition, as found for
g-Mo4O11, the plasma frequencies of the Q2D purp
bronzes Na0.9Mo6O17 and K0.9Mo6O17 decrease through
CDW transition. These purple bronzes exhibit a commen
rate CDW transition, at 88 K for Na0.9Mo6O17 and 120 K for
K0.9Mo6O17.

The Q2D material 2H-TaSe2, like h-Mo4O11, also dis-
plays two CDW transitions at low temperature~122 and 90
K!. The first CDW transition at 122 K is incommensura
and the second transition is very weak. As for 2H-TaSe2 ,
although spectroscopic studies did not show any strong t
perature dependence in the optical regime, the far-infra
results40 seem to suggest that a CDW gap is partially op
However, the CDW transitions of 2H-TaSe2 are not caused
by Fermi surface nesting, but by a clustering of the me
atoms.41 Recently, the transport and thermopower studies
Q2D monophosphate tungsten bronze
(PO2)4(WO3)2m (m54,6), show that these materials e
hibit two incommensurate CDW transitions at lo
temperature,42 and have an anisotropic thermopower in t
conducting plane in the CDW states. Optical investigatio
on these tungsten bronzes will provide a more general
ture of the CDW transitions in Q2D transition metal oxide

B. Magnetic field dependence ofh-Mo4O11

A majority of the room temperature Q2D Fermi surface
h-Mo4O11 is nested through the CDW1 transition at 109 K43

According to recent photoemission data ong-Mo4O11 below
the density wave transition, the remaining pockets are fa
anisotropic.26 A similar result is anticipated for the CDW1
phase ofh-Mo4O11, but the CDW2 transition at 35 K leave
very small, highly two-dimensional electron and ho
pockets.44 The exact shape and size of these pockets~and
their field dependence! is not known.

In general, the shape of 2D Fermi surface pockets is s
sitive to an applied magnetic field. However, the pockets
the CDW2 state ofh-Mo4O11 are so small that the overa
field dependence should be weak. Theoretical calculation
magnetic field effects on Q1D CDW systems indicate t
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the CDW is sensitive to both orbital and Pauli effects of t
field.45 Here, the transverse magnetic field constrains
electron motion and therefore improves the Fermi surf
nesting.45 An extension of this sort of theoretical model
Q2D systems would be useful, although even without suc
model, the qualitative effects of the field can be discussed
Q2D systems, the magnetic field dependence of the nes
vector is likely more complicated, giving rise to some u
usual transport properties, such as a hysteresis effect13,46

The CDW nesting vector ofh-Mo4O11 is further compli-
cated by additional CDW periodicity above the 19 T Land
transition, since the quantum limit state of 2D electrons i
CDW state with a large gap at the Fermi level.47 Magnetic
breakdown effects may also play a role in shaping the Fe
surface, as observed by Shubnikov-de Haas experimen
other CDW systems, such as 2H-NbSe2 and purple bronze
(TlMo6O17).

48,49 In magnetic breakdown, the magnetic e
ergy is sufficient to overcome a small gap between differ
Fermi pockets and the carriers can move between diffe
orbits. In h-Mo4O11, the applied field may allow the strin
of 2D pockets, which lie on a line alongb* ~or c* ) ~Fig. 7 of
Ref. 44! to become ‘‘reconnected,’’ causing a on
dimensional-like Fermi surface to be restored. In this s
nario, the pockets need not be completely connected in o
to make the material more anisotropic. The anisotropic
ture of the pockets and the overall Fermi surface could a
give two energy scales~along b* and c* ) for magnetic
breakdown.

The aforementioned arguments all predict a more an
tropic Fermi surface in magnetic field, in general agreem
with the increased anisotropy ofh-Mo4O11 optical properties
at 4.2 K and 30 T~Fig. 9!. The stronger field-induced aniso
ropy in the optical conductivity alongb is consistent with the
preferential nesting direction as well. However, the CD
energy gaps are small inh-Mo4O11, so the associated mag
netic breakdown would be a fairly low-energy process. Th
the field-dependent near-infrared optical response
h-Mo4O11 is unexpected and not likely to be directly relat
to the magnetic breakdown. Indeed, the Fermi surface a
ments do not seem to apply to the energy scale probed in
measurements. Nevertheless, the intraband transition
h-Mo4O11 is sensitive to the band shape and joint density
states, which could be modified by field-induced merging
pockets at low field. As a result, the spectral properties m
be indirectly sensitive to a magnetic breakdown driven Fe
surface modification thereby increasing the 1D characte
e
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the material. Electronic band and lattice effects provide ot
possible~higher energy! mechanisms. Further investigatio
is in progress.

V. CONCLUSION

We have measured the polarized optical reflectance
two CDW materials,h- and g-Mo4O11, as a function of
temperature and magnetic field. A fairly strong anisotro
optical response in the conductingbc plane was observed fo
both materials in the electronic excitations below 2 eV. T
anisotropy arises from the intraband (d→d) transitions, and
is explained nicely by the band dispersion relations cal
lated for the wave vector directions parallel to theb* andc*
directions. The 109 K CDW transition inh-Mo4O11 has a
stronger effect on the optical properties than does the 10
CDW transition ing-Mo4O11. This must be related to the
fact that h-Mo4O11 has a less rigid lattice than doe
g-Mo4O11.

Our temperature-dependent optical studies provide a
damental ground work for optical investigations
h-Mo4O11 in high-magnetic field. Such measurements are
interest to correlate the dielectric response with recent m
netotransport data and probe the nature of the high-fi
state. We find the main effect of the applied field is to i
crease the anisotropy of the free carrier and intraband
sponse, thus giving the high-field state more lo
dimensional character. This may be related to magn
breakdown, although the energy scale is unexpected.
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