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We report the polarized optical reflectance spectrayofind y-Mo,0,, as a function of temperature and
magnetic field. Excitations are assigned and analyzed based upon electronic band-structure calculations. The
300 K spectra ofp- and y-Mo,0;; show charge transfer transitions (Qp-2Mo 4d) near 4 eV, intraband
(d—d) transitions at~1.5 eV, and a free carrier response at lower energy. The intralzthadl) transition
shows strong and unusual anisotropy in khendc directions, which is directly attributable to the dispersion
relations of the lower-lyingl-block bands. The effect of charge density wave formation on the optical prop-
erties ofy- andy-Mo,0;, is discussed and compared with related materials. The magnetic field dependence of
the optical constants is determined f#¢Mo,0,; and discussed in terms of field effects on the nesting vector
and Fermi surface.

. INTRODUCTION 7-Mo,0;; undergoes two separate incommensurate CDW
transitions at 109 and 35 K, which have been confirmed by
Low-dimensional metallic oxides have been the subject ofic resistivity, thermopower, and magnetic susceptibility
sustained interest during the past decadeviany of these  measurements® The x-ray and electron diffraction studies
solids display electronic instabilities, which lead to a supershow that the first CDW transitioriT¢; =109 K) is accom-
structure modulation and a charge-density-wa@DW)  panied by a structural modulation with the nesting vector
ground state. The general mechanism of CDW formation iy, =(0, 0.2%*, 0); the second CDW transition T(,
these materials is well knowhStrong electron-phonon in- =35 K) is accompanied by,=(?, 0.4d*, 0.2&*).%° In
teractions leading to a CDW may remove the free carriershis material, holes as well as electrons contribute to conduc-
completely(or reduce their numbgand open an energy gap tion processes:*?and the Fermi surfaces have a Q2D shape
at the Fermi level, thus causing a metal insulator (or  (cylindrical along thea* axis), as determined by magneto-
metal — meta) phase transition. resistivity and Hall effect studieS:** The CDW transitions
7- andy-Mo40;, along with other low-dimensional mo- jn 7-Mo,0,; are essentially due to nesting of the “hidden”
lypdenum and tungsten oxides, have been studied exte@ne-dimensional bandswhich originate from the conduct-
sively as model CDW materials*® Both compounds ex- ing chains along, b+ c directions. Furthermore, de Haas-
hibit quasi-two-dimensionalQ2D) metallic properties at van Alphen oscillations indicate that small, highly two-
high temperature. The; and y phase compounds have dimensional electron and hole Fermi surfaces persist at
monoclinic and orthorhombic structures, respectivéhas  |ow-temperaturd® These Fermi surfaces lead to unusual
shown in the insets of Fig. 1. Both consist of infinite slabs ofphysical properties at high magnetic fields, including a Lan-
distorted MoQ octahedra, parallel to thbc plane, fused dau transition near 19 ¥ the recently reported bulk quan-
together by MoQ tetrahedra. The conduction electrons aretum Hall effect'®!” and a plastic deformation under an ap-
confined in the octahedral slabs, which leads to a partiallylied field!® The well-defined guantum Hall signatures
filled conduction band in thbc plane and a Q2D electronic below 10 T in »-Mo,O,,; are thought to originate in ex-
structure. The difference in the and y phase compounds change between the mobile carriers and the localized CDW
lies in the arrangement of successive Magabs; the adja- condensaté® At high field, a magnetic-field-induced semi-
cent slabs have the same orientationptMo,O,,, but are  metal— semiconductor transition if-Mo,O; is attributed
mirror images with respect to thec plane iny-Mo,04;. to a quantum limit effect, where the conduction and valence
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three directiong? Photoemission spectra have also been re-
ported for - and y-Mo,0;;.2%?% Inverse photoemission
measurements show peaks at 2.0 and 4.9 eV forythhase
material, attributed te, andt,y symmetries, respectively,
within a simple band model.

In the present work, we measured polarized reflectance
spectra of bothy- and y-Mo,0,; single crystals in the opti-
cal region as a function of temperature and examined the
effect of the CDW transitions on the optical constants. To
assign the nature of the observed electronic transitions and
explain the effect of polarization, we carried out electronic
" band-structure calculations ferMo,0,, using the extended

o (cm) Huckel tight binding(EHTB) method?’ We also explore the
reflectance ofp-Mo,0;4 in high-magnetic field in order to
10 e probe the effect of the applied field on the remaining electron
Y—Mo O g E and hole pockets in the CDW2 state.
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Il. EXPERIMENT

High-quality single crystals of bothp- and y-phase
Mo,O,; were prepared by standard vapor-transport
technique$®® The samples used for these experiments had
dimensions of=3.0x 2.5X 0.5 mn?, with the large face de-
fined by thebc (100) plane. The surfaces were very smooth
0.0 Lo . M- and shiny, well suited for reflectance measurements. Several

5000 10000 15000 20000 25000 30000 single crystals were studied.
a)(cm'l) Near-normal polarized optical reflectance spectra of the
samples were measured in the metallic plane with a modi-

FIG. 1. Top panel: polarized room temperature reflectance spedied  Perkin-EImer A-900  spectrometer in  the
tra of 7-Mo,0,;. The double arrow line indicates the energy range4000—32 000 cm® energy range. Unpolarized data were
of the optical experiments in magnetic field. Bottom panel: polar-also collected between 30 000 and 52 000 éro provide a
ized room temperature reflectanceyeMo,0,; . Solid lines:b axis;  wider range of reliable reflectance for the Kramers-Kronig
dashed linesc axis. Corresponding crystal structures are shown inextrapolation. An aluminum mirror was used as the reference

Reflectance
ﬂ
)
5

02}

the insets. for these measurements. The optical axes of the crystal were
determined as those which displayed the greatest anisotropy
bands uncross and a gap opens near Fermi fével. at 300 K, and analysis of the structure showed good corre-

The y-phase material has an incommensurate transition atpondence with thb andc directions. For each polarization,
T.=100 K accompanied by a structural modulation similarreflectance measurements were made at several temperatures
to that of thez-phase compoundy=0.2%*).%° Transport  above and below the CDW transitions. Temperature control
and specific heat properties show thatMo,0;; is also a was achieved using an open-flow cryostat.

Q2D metal below 100 K® To our knowledge, there has been  The “in-field” single-beam reflectanceRsg) spectra of
no report of high-magnetic field effects yMo,0;;. 1n-M0,0,4 in the bc plane were measured at 4.2 K at the

There have been several previous spectroscopic investigitational High Magnetic Field LaboratofNHMFL) in Tal-
tions of - and y-Mo,0;;. Initial infrared studies by Guyot lahassee, FL, using a grating spectrometer equipped with a
et al. confirmed the Q2D character of both compounds atharge coupled devic€CCD) camera or Ge detector. The
room temperaturé? More recently, high quality polarized measurements covered the energy range
far-infrared reflectance spectra gt and y-phase materials 6000—26 000 cm®. The overall resolution of the spectra is
have been measured by McConnetlal?! In the »-phase ~25 cm 1. A resistive magnet was employed for magnetic
material, a strong suppression of conductivity along ¢the field magnitudes up to 30 T, with the applied field always
axis below the 109 K CDW transition is observed, whereas gerpendicular to the conductingc plane. A series of Po-
weak suppression is found along thexis. Such anisotropy laroid film polarizers covered the experimental energy range
of the conductingc plane in the far-infrared regime is more alongb and c polarization directions. Relative “reflectance
notable iny-Mo,O,, than iny-Mo,0;;. Transmission mea- ratio” (RR) spectra were obtained by taking the ratio of the
surements on both materials have complemented the aforsingle beam spectrum at a given magnetic field to the spec-
mentioned reflectance studies by focusing on changes in virum at zero field, i.e RR(H) = Rgg(H)/Rsg(H=0). Abso-
brational behavior through the CDW transitidisPump-  lute reflectance spectra in the magnetic fiéfoh-field” re-
probe experiments show that several vibrational modeflectance were obtained by renormalizing the reflectance
couple strongly to the CDW below,;.?% The only optical ratio with the zero field power reflectance spectrum at 10 K,
study of either material was a set of room temperature polar-e., R(H)=RR(H) XR(H=0).
ized reflectance measurementsywio,O,,, which showed A Kramers-Kronig analysis of the reflectance spectra was
that the compound exhibits anisotropic color properties in alused to obtain the optical constants gfand y-M0,0,;.
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the high-frequency data were extrapolatedvas >, to simu-
late the approach to free-electron response. After merging
our low frequency data with the far-infrared data of McCo-
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nnell et al,** we extrapolated it to zero frequency with me- 1600
tallic Hagen-Ruben$R(w)=1—Aw*? behavior.
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The 300 K polarized optical reflectance spectra of é [ / ]
7n-Mo0,0;, are shown in the upper panel of Fig. 1. The spec- B’_ 400 ]
tra are characteristic of an anisotropic conducting material, Mo O ]
with a mobile carrier response in the near infrared and two I 4711
electronic transitions at higher energy. The transition cen- 3000 ’16(;0'0. ‘1'5(')0'0 : Izb(l)olo : '2'5(;0'0 : I3£)000
tered near 12000 cnt is superimposed on the edge of the "
free carrier response, and the intensity of this excitation o (cm )

along theb andc directions is quite different. A higher fre-
quency transition is centered near 33000 énand not
shown completely in Fig. 1; the leading edge of this structur

FIG. 2. Top panel: polarized room temperature conductivity of
er;-Mo4Ou. Bottom panel: polarized room temperature conductivity

- S ) of y-Mo,0;;. Left inset: sum rule results; right inset: frequenc
seems o be isofropic In.tﬂec plane.' Itis not.able' that the depyendéntléielectric constant. Solid Iin@saxig']s; dashed Iinqesc ’
overall reflectance level in the near infrared is within 1% Ofaxis
the far and middle infrared data of McConnetlal?! '

The upper panel of Fig. 2 displays the polarized . ) ) )
frequency-dependent conductivity,(w), of 7-Mo,Oy; at qf m* for the n-phase compound. The dielectric funqtlon
300 K. Here,o(w) increases faster alonig than alongc ~ (Inset to lower panel of Fig.)2 €,(w), becomes negative
towards low frequency, in agreement with the previous poP€low the SCfe?PEd plasma frequency (14 045 taiongb
larized far-infrared resul® The anisotropy of the low- &nd 14524 cm™alongc), consistent with its reported me-
frequency excitation is also very apparent, with bands cent@llic character.
tered at 10000 cm* and 8500 cm! in b and ¢
polarizations. The insets to Fig. 2 shows the partial sum rule B. Temperature dependence
data, calculated from the area undef( ), which provides . . , L
information about the number of carriers participating in the Figure 3 shows the polarized optical conductivity of
optical transitions, and allows a calculation of the optical 7-Mo,Oy; at 300, 200, 150, 120T>T,), 80 (Tc2<T
effective massm*. We estimatem* ~2.2m, (wherem, is ~ ~ 'c1), and 10 K '<Tcp). As the temperature is lowed
the free electron magsfrom the leveling off of the sum rule  Within the normal state(>Tc,), the residual conductivity
curve in the near infrared region. Note that the optical effec!S SuPPressed along both th@ndc directions. The shape of
tive mass is heavier than the free carrier mass, which sugl® low-frequency excitation also becomes more asymmetric,
gests the involvement of “flat bands” in the optical transi- €SPecially along thec axis. Despite these changes, the
tion. The dielectric function,e;(w), also shows that the screened plasma frequencias, (inset to Fig. 3, extracted
n-phase compound is metallic in the plane, with 300 K from the zero-crossing oé;, are nearly constant with de-
screened plasma frequenciésstimated from the zero- creasing temperature in this range, suggesting a limited tem-
crossing of €; in the optical regimg of 13720 and perature dependence of the carrier concentration or effective
15200 cm ! along b and c, respectively(inset to upper Mass in the normal state. However, on approachto the
panel of Fig. 2. low-frequency excitation ana)p change noticeably, antici-

The 300 K polarized reflectance and optical constants opating the effects of the upcoming CDW transition at 109 K.
v-Mo0,40,, are shown in the lower panels of Figs. 1 and 2,After passing from the normal state into the CDW1 state
respectively. In essence, the resultsyeMo,O,, are similar  (T.,<T<T,;), the low-frequency excitation becomes more
to those of then-phase material, which is understandablepronounced and slightly blueshifted. The asymmetry of this
since the crystal and electronic structures are only slightlyfeature continues to increase in the CDW states as well, as
different. From the sum rule pldinset to lower panel of Fig. shown in the 80 and 10 K spectra. Doublet character on the
2), the effective massn* ~3.2m,, larger than our estimate crest of the 12000 cm' transition, only slightly visible
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FIG. 3. Frequency dependent conductivity #Mo,O; in the FIG. 4. Frequency dependent conductivity pMo,O; in the

intraband regime. Top pandd:axis data; bottom panet;axis data. ~ intraband regime. Top panel-axis; bottom panelc-axis. Solid
The legend is for 10 K data, and the spectra at other temperaturdi§e for 10 K; dashed line for 300 K; Inset: the temperature depen-
are offset 200 Q cm)~?! to each other. Inset: temperature depen-dence of the screened plasma frequeﬁx;ly Triangle forb-axis;
dence of the screened plasma frequeaw Triangle forb-axis,  circle for c-axis, dashed line is the 100 K transition temperature.
circle for c-axis. Dashed line are the 109 and 35 K transition tem-
peratures. calculations fory-Mo,0O,, based on the crystal structures of
Ghediraet al® and Kihlborg’ and for -Mo,0;; based on
alongb, is well resolved along. Z,p is higher in magnitude the crystal structure of Kihlbor§.Fun et al. recently con-
in the CDW1 statdinset to Fig 3 than in the normal state firmed theP2;/a space group foy-Mo,0y;,% as reported
for both polarizations. Within our resolution, the optical con- by Ghediraet al.? in contrast to initialP nmaidentification
stants ofy-M0,0y; [o1(w), €(w), etc] are not sensitive to by Kihlborg.” The CDW vectorg = 0.23b*, observed for
the CDW transition aff .,=35 K and the conductivity re- - andy-Mo,O;;, is reproduced only by the Fermi surfaces
mains high even after a second CDW transition. of y-Mo,0,; obtained from the crystal structures of Ghedira
The temperature dependence of the optical spectra it al. Therefore, we present results of our calculations only
much weaker iny-Mo,0;; than that in thep-phase material. for y-Mo,0;;. The atomic parameters used for our EHTB
Thus, only the 300 and 10 I&;(w) of y-Mo,O,, are dis-  calculations were taken from previous wdfk.
played in Fig. 4. Overall, the optical conductivity of  The total density of stated®OS) calculated fory-Mo,0;;
v-Mo,0;; at 10 K is lower than that at room temperature, inis shown in Fig. 5. The O @2 block bands(below —14 eV)
agreement with the trend in the dc resistivity measurementdie about 4 eV below the bottom of the Mad4lock bands.
The transition near 12000 cm sharpens and becomes The latter can be conveniently divided into two energy re-
somewhat asymmetric with decreasing temperature. We alggions: the lower-lyingd-block bands betweer-10.2 and
observe a slight blueshift of this excitation with decreasing—7.7 eV and the higher-lyingd-block bands between
temperature in both directions, along with the development-5.7 and—2.2 eV. The Fermi level lies near the bottom of
of a very weak doublet structure. As shown in the inset tathe lowerd-block bands. The inset to Fig. 5 shows the partial
Fig. 4, Z,p displays a gradual change through the 100 KDOS (PDOS plots calculated for the four different Mo at-
CDW transition and an overall blue shift going from high ©ms[Mo(1) of the MoQ, tetrahedra, and M@&), Mo(3) and

temperature to low temperature. This trend is different fromMo(4) of the MoQ; octahedrain the energy region of the
the more abrupt jump iﬁ;p found in 7-M0,O4;. lower-lying d-block bands. The sharp DOS peak around

eV is dominated by the M@) atoms, and all four different
Mo atoms contribute to the DOS below8.5 eV. Below the
Fermi level, the Mo atom contributions vary as Mo(4)
To interpret the optical properties oj- and y-Mo,0;; >Mo(3)>Mo(2), andthere is no M¢l) contribution. Al-
presented above, we carried out EHTB electronic structuréhough not shown, the uppel-block bands do not have

C. Electronic band structure
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FIG. 5. DOS plots calculated foy-Mo0,0,,, where the solid
line refers to the total DOS, and the dashed line to the Elorbital
contributions to the total DOS. The inset shows the PDOS plots
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d-orbital contributions from M@L). Thus, as far as the MgO
octahedra are concerned, the lower- and higher-lgibpck
bands correspond to thg, andey-block bands, respectively.
With the light polarized along a certain direction, the op-
tical absorption involves only the occupied and unoccupied
energy levels having the same wave vector aligned along the
light polarization directiori* Therefore, to discuss the opti-
cal transitions observed with polarization along thaxis (c
axi9), it is necessary to find the energy levels of the lower-
lying d-block bands along the wave vector lines parallel to
the b* direction (* direction, as shown in Fig. @) [Fig. (b)
7(a)]. The band dispersion relations calculated for the afore-
mentioned wave vector lines are presented in Figs). &nd FIG. 6. (a) Six wave vector lines of the first Brillouin zone
7(b), respectively. The results indicate there are more “flat” parallel to theb* direction. (b) Dispersion relations of the lower-
bands in lower-lyingd-block bands along* than alongb™. lying d-block bands along the six wave-vector line(af.
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D. Magnetic field dependence . . . . .
9 P and c axis polarizations, respectlveﬁ.The main magnetic

Figure 8 displays the “in-field” polarized RR spectra of field effects onoy(w) are in the free carrier response and
7-M040y; in different applied fields at 4.2 K. The absolute intraband Mod—d transition range. Alond, o;(®) drops
reflectance spectrum is superposed on the RR spectra flow 9000 cm?, whereas alongc, oi(w) increases
clarify which electronic transitions are changing with field. sjightly. The effect of the magnetic field oo (w) is
Note that our experiments in magnetic field cover a portiongradual, with no sharp change through the 20 T phase tran-
of the near infraredfree carriey response, the whole intra- sijtion. Although RR exhibits changes above 14 000~ ¢m
band transition regime, and the leading edge of the chargghe absolute reflectance is so small that the effect is mini-
transfer band, as shown by the double arrow line in Fig. 1mized and the optical constants show no change in that re-
The general trend is that the applled field increases the Optg“"ne Comparing the upper and lower pane| of F|g 9, we
cal anisotropy. In the reflectance ratio spectra, a deviatiofind that the anisotropy in the conductibg plane becomes
from unity in the free carrier response is observed along bottronger in high magnetic field. Within our resolution, the

b andc polarizations, which apparently saturates above 10 Tmagnetic field affects mainly,(®), not the dispersive re-
as shown in the upper and lower panels of Fig. 8. In additiongponse.

the RR spectra above 14 000 cthdrops along thé axis,

but increases along theaxis as the field is ramped through

the 20 T transition. The ratio spectrum of Q&fter ramping IV. DISCUSSION

down the field to O T (before ramping up the fieldshows a

flat line at unity for both polarization$Fig. 8), and thus

confirms that the effect of field on the RR is a real property The PDOS datéFig. 5 show that excitations below 2 eV

of the material. Although the overall changes in the ratioare intraband ¢—d) transitions involving the lower-lying

spectra are fairly small, on the order of 2—3%, they are abové-block bands, and that the excitations above 4 eV are domi-

our experimental noise and sensitivity level. nated by the(O 2p—Mo4d) charge-transfer transitions.
The optical conductivity of;-Mo,O;; in magnetic field at  Thus, the prominent low-frequency featuredq(w) should

4.2 K is shown in the upper and lower panels of Fig. 9for be assigned to the intraband-{d) excitation within the

A. Temperature dependence ofp- and y-Mo,04;
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FIG. 8. Top panel: reflectance ratio spectra »Mo,0,; in
high-magnetic field along thie axis at 4.2 K. bottom panel: reflec-
b) tance ratio spectra of-Mo,0;; in high-magnetic field along the

axis at 4.2 K. The ratio spectra are superimposed with the absolute

reflectance spectra. The fields shown here(fioen bottom to top:
5T/OT,10T/OT,15T/0T,20T/OT,25T/0T,30T/0OTand0 T
(after ramping down the fie}tD T (before ramping up the fieJd
The spectra are offset for clarity. The double arrow indicates 4%
deviation from unity.

FIG. 7. (a) Six wave-vector lines of the first Brillouin zone
parallel to thec* direction. (b) Dispersion relations of the lower-
lying d-block bands along the six wave vector line(af.

low-lying d-block bands. The band centered at 33000 ¢m
is most likely the O p— Mo 4d charge-transfer excitation. Figure 3 shows that, for temperatures abdye (109 K),
It is improbable that the excitation centered at 33000 tm the intensity of the intrabandi{-d) transition of;-Mo,0;;
is related to the excitations from the filled levels of theremains fairly constant, whereas the overall background of
lower-lying d-block bands to the empty levels of the higher- the spectrum decreases as the temperature is lowered. This
lying d-block bands because of the large oscillator strengtibehavior indicates a loss of mobile carriét$n addition, the
of the feature. spectra ofp-Mo,044 at 120 and 80 K are similar, suggesting
The dc conductivities ofy- and y-Mo,0;; show a Q2D  that there are strong CDW fluctuations above 10% Khis
character with only weak anisotropy in thec plane? In s consistent with the observation of CDW fluctuations by
contrast, the optical response of both materials in the intrax-ray diffraction experiments at temperatures abdvg
band @—d) transition regime is quite anisotropic. In par- (Ref. 10 and with far-infrared result€ The effect of the
ticular, the excitation in the 5000-12000 chregion is CDW transition on the intrabandi(-d) excitation is more
much stronger along the axis than along thé axis. This  noticeable alongc than alongb, and manifest in a more
unusual anisotropy can be understood by comparing the bamstonounced doublet structure alomg Far-infrared reflec-
dispersion relations in Figs(l) and 1b). Recall that, for the tance measurements confirm the enhanced sensitivity of the
excitation range of 5000-12 000 crh more “flat” bands  c-axis response to CDW formatiéh.The temperature de-
are found along the* direction[Fig. 7(b)] than along the pendence of th&l—d intraband transition and the plasma
b* direction [Fig. 6b)] in the low-lying d-block bands. frequency is likely related to the fine structure developing in
Since flat bands lead to high DOS, the excitation will bethe DOS through the CDW1 transition at 109 K. In a CDW
more intense for the-axis polarization. This also explains system, the instability due to interactions between conduc-
why the oscillator strength of the intrabandi-¢d) transition  tion electrons and phonons leads to opening of the CDW gap
is stronger along than alongb. The far-infrared spectra of around the Fermi level, which modifies the fine structure of
n-Mo,0O44 indicate that the optical anisotropy @#Mo,0;;  the conduction band and Fermi surface. In the case of
continues into the lower energy regiéhDiscrepancies be- Mo,0,;, the modified band structure and Fermi surface in
tween dc and optical conductivities such as mentioned abovihe CDW states affect the intraband transition because the
have been found in other bronzes as vi@ft* d—d transition involves electrons close to the Fermi energy.
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1000 preereerr g has smaller compressibility thany-Mo,O,; at room
[ - temperaturé® The softer lattice may also explain the occur-
~ 80 FE rence of two CDW transitions im-Mo,0,;, as opposed to
g - [ g 300 one transition iny-Mo,O;.
TC} [ 2030003“8000 S 1 In overall spectroscopic responsg, _and v-M0,0;, bear
S [ ] a notable resemblance to other oxide bronzes that show
3 0T ] CDW transitions. The quasi-one-dimension&1D) blue
B’— 200 - 1 bronze I%al\/_lc_)og and purple bronze kigMogO; l_Jnder_go a
L 30T CDW transition at low temperature, and their optical re-
Lo L sponses show a strong anisotropy reflecting the Q1D charac-

T TP P T P P PR TS T X .
600010000 14000 15000 22000 26000 ter of their electronic structurés* For the Q2D purple

® (™) bronzes, NggMogO;; and K, gMogO;7, the optical re-
(em sponses are isotropic in the conducting plane due to the fact
1000 that the metallic layers of these compounds have a trigonal

symmetry. Thus, the anisotropy of \M©;; reported here is
unexpected. All of these molybdenum bronzes, including
andy-Mo,0; 1, have an isotropic electronic transition at en-
ergies above 4 eV, which is attributed to tH® 2p
—Mo4d) charge-transfer excitation. Compared with
n-Mo,0;,, the aforementioned bronzes show a much
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weaker temperature dependence of the optical spectra and
" 200 hence are similar toy-Mo,O,;. In addition, as found for
v-M0,0;4, the plasma frequencies of the Q2D purple
ol L ‘ bronzes NggMogO;; and Ky gMogO;; decrease through
6000 10000 14000 18000 22000 26000 CDW transition. These purple bronzes exhibit a commensu-
o (cm™) rate CDW transition, at 88 K for NaMogO;; and 120 K for
Ko.gM0gO;7. . . _
FIG. 9. Top panel: Optical conductivity af-Mo,O;; in high- The Q2D material Bi-TaSe, like »-Mo,0O,;, also dis-

magnetic field along thé axis at 4.2 K. bottom panel: optical plays two CDW transitions at low temperatufE2 and 90
conductivity of »-Mo,0; in high-magnetic field along theaxis at ~ K). The first CDW transition at 122 K is incommensurate
4.2 K. and the second transition is very weak. As fdi-ZaSe,
although spectroscopic studies did not show any strong tem-
We observe thag)p of 7-Mo,O,; displays a sharp in- perature dependence in the optical regime, the far-infrared
crease when the temperature is lowered throlighat 109 result§® seem to suggest that a CDW gap is partially open.
K. Since@2=4mne2/m*, the screened plasma frequency is However, the CDW tra_nsmons ofl2-TaSe are not caused
dependent on the carrier concentratiorand the effective by Feﬁn' surface nesting, but by a clustering of the _metal
massm* . The carrier concentration decreases by about 709 toms:™ Recently, the transport and thermopower studies on

: ~ . . , 2D monophosphate tungsten bronzes,
(Ref. 11 while the w, increases slightly after the first CDW _ . )
transition, suggesting that the optical effective mass O{IPOZ)“(WOQ‘)Z'“ (m=4.6), show that these materials ex

Mo..O td d tically. This is in i ith ibit two incommensurate CDW transitions at low
77-V104'J11 mus* ecrease dramatically. 10IS 1S In i€ WM 4o heratyrd? and have an anisotropic thermopower in the
the estimatedn* ~10mj, in the normal phasé compared to

x 0 in the CDW2 Ty Th d conducting plane in the CDW states. Optical investigations
m”~0.1m, in the state T<Tcy).™ The second 1, heqe tungsten bronzes will provide a more general pic-
CDW transition of»-Mo,0;; at 35 K shows little effect on

. o ) ) ture of the CDW transitions in Q2D transition metal oxides.
the optical conductivity in agreement with x-ray diffractin

and far-infrared reflectance measureméhts. o
In contrast to the behavior af-Mo,0;;, the CDW for- B. Magnetic field dependence ofp-M0,40,;

mation iny-Mo,Oy; at 100 K has only a weak effect on the A majority of the room temperature Q2D Fermi surface of
optical conductivity, ando, of y-Mo,O;; decreases slightly 7-Mo,O, is nested through the CDW1 transition at 106.

as the temperature is lowered through the CDW transitionAccording to recent photoemission data gMo,0O;; below
These observations imply that the 109 K CDWsrMo,0;;  the density wave transition, the remaining pockets are fairly
induces a stronger structural change than does the 100 ¥nisotropic?® A similar result is anticipated for the CDW1
CDW in y-Mo40;. Strong electron-phonon coupling drives phase ofp-Mo,0O,,, but the CDW?2 transition at 35 K leaves

a CDW transition, and thus a soft lattice is conducive forvery small, highly two-dimensional electron and hole
CDW formation®” That the optical transition is more pockets* The exact shape and size of these pockatsl
strongly affected by the 109 K CDW af-Mo,O;; than by  their field dependenges not known.

the 100 K CDW of y-Mo,0,; therefore implies that In general, the shape of 2D Fermi surface pockets is sen-
1n-Mo,044 has a softer lattice than dogsMo,O,,. Specific  sitive to an applied magnetic field. However, the pockets in
heat measurements indicate that this is indeed the'alste. the CDW2 state ofp-Mo,O,; are so small that the overall
the same timeyp-Mo,0;, shows negative thermal expansion field dependence should be weak. Theoretical calculations of
in the lattice spacingp andc below T, (Ref. 3§ although it  magnetic field effects on Q1D CDW systems indicate that
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the CDW is sensitive to both orbital and Pauli effects of thethe material. Electronic band and lattice effects provide other
field*® Here, the transverse magnetic field constrains theossible(higher energy mechanisms. Further investigation
electron motion and therefore improves the Fermi surfacds in progress.

nesting® An extension of this sort of theoretical model to

Q2D systems would be useful, although even without such a V. CONCLUSION

model, the qualitative effects of the field can be discussed. In \ye have measured the polarized optical reflectance of
Q2D systems, the magnetic field dependence of the nesting,o cpw materials,7- and y-Mo,O;;, as a function of
vector is likely more complicated, giving rise to some un-temperature and magnetic field. A fairly strong anisotropic
usual transport properties, such as a hysteresis éffétt. optical response in the conductibg plane was observed for
The CDW nesting vector of-Mo,O; is further compli-  both materials in the electronic excitations below 2 eV. This
cated by additional CDW periodicity above the 19 T Landauanisotropy arises from the intraband-¢ d) transitions, and
transition, since the quantum limit state of 2D electrons is ds explained nicely by the band dispersion relations calcu-
CDW state with a large gap at the Fermi lefeMagnetic  lated for the wave vector directions parallel to titeandc*
breakdown effects may also play a role in shaping the Fermilirections. The 109 K CDW transition ip-Mo,0,, has a
surface, as observed by Shubnikov-de Haas experiments #ironger effect on the optical properties than does the 100 K
other CDW systems, such as 2H-NbSmd purple bronze CDW transition iny-Mo,O,;. This must be related to the
(TIM0gO;7).%34% In magnetic breakdown, the magnetic en-fact that 7»-Mo,O,; has a less rigid lattice than does
ergy is sufficient to overcome a small gap between different-M0401;. ) ] )

Fermi pockets and the carriers can move between different Our temperature-dependent optical studies provide a fun-

orbits. In 7-Mo,0y;, the applied field may allow the string damental ground work for optical investigations of
of 2D pockets, which lie on a line alorig (or c*) (Fig. 7 of _77—M04011 in h|gh—magnet|_c fleld_. Such measurements are of
Ref. 44 to become “reconnected,” causing a one- interest to correlate the dielectric response with recent mag-

dimensional-like Fermi surface to be restored. In this scel€totransport data and probe the nature of the high-field

nario, the pockets need not be completely connected in ordgfate. We fmd_the main effect of the a_pplled f|gld IS 10 In-
to make the material more anisotropic. The anisotropic nat'éase the anlsot.rc.)py of the f_ree carrier and intraband re-
ponse, thus giving the high-field state more low-

ture of the pockets and the overall Fermi surface could alsg' ! i .
give two energy scalegalong b* and c*) for magnetic dimensional character. This may be related to magnetic
breakdown breakdown, although the energy scale is unexpected.

The aforementioned arguments all predict a more aniso-
tropic Fermi surface in magnetic field, in general agreement
with the increased anisotropy gfMo,0;, optical properties Work at SUNY-Binghamton was supported by the Divi-
at 4.2 K and 30 TFig. 9. The stronger field-induced anisot- sion of Material Research, National Science Foundation un-
ropy in the optical conductivity alonlyis consistent with the der Grant No. 9623221, and by the Division of Materials
preferential nesting direction as well. However, the CDWScience, Basic Energy Science at the U.S. Department of
energy gaps are small in-Mo,O,, so the associated mag- Energy under Grant No. DE-FG02-99ER45741. Work at
netic breakdown would be a fairly low-energy process. ThusNorth Carolina State University was supported by the Divi-
the field-dependent near-infrared optical response o$ion of Materials Science, Basic Energy Sciences, U. S. De-
1n-Mo,4044 is unexpected and not likely to be directly related partment of Energy under Grant No. DE-FG05-86ER45259.
to the magnetic breakdown. Indeed, the Fermi surface arguFhe measurements at high magnetic field were performed at
ments do not seem to apply to the energy scale probed in otine National High Magnetic Field Laboratory, in Tallahas-
measurements. Nevertheless, the intraband transition akee, Florida, which is supported by NSF Cooperative Agree-
7-Mo0,0;, is sensitive to the band shape and joint density ofment No. DMR-9527035 and by the State of Florida. S.
states, which could be modified by field-induced merging ofChowdhary thanks the Dean’s Office of SUNY-Binghamton
pockets at low field. As a result, the spectral properties mayor financial support. We gratefully acknowledge C.C.
be indirectly sensitive to a magnetic breakdown driven FermHomes and A.W. McConnell for generous access to their
surface modification thereby increasing the 1D character ofar-infrared data and many useful discussions.
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