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Polarized reflectance measurements of the CDW transitions im-Mo0,04; and y-Mo0,04;
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Temperature-depende(800—-10 K reflectance measurements were madeyeo,O,, and y-Mo,0;; in
the conductingy-c plane in the frequency range 30—8000 cmfor light polarized both parallel and perpen-
dicular to the charge density way€DW) direction (b axis). The optical conductivity was determined from a
Kramers-Kronig analysis of the reflectance. The data clearly show strong suppression of the conductivity in the
c-axis direction below the CDW transition temperatures, leading to a partial optical gap in the spectrum. The
b-axis conductivity does not show as strong a suppression except at low frequencies. The CDW gap energies
for both crystals are evaluated, in agreement with those obtained from transport data. The data are considered
in light of recent work on stripes and charge ordering in the field of superconductivity.
[S0163-182608)05644-9

[. INTRODUCTION lished that thea axis is semiconducting, although no mea-
surements were made below 300 ¢hand no results for the
It has been known since 1983 that the two phases ofonducting b-c plane were shown. The resulting spectra
Mo,O;; exhibit incommensurate charge-density waveshowed very strong phonons that were fit using the factor-
(CDW) transitions: The monoclinic phase)-Mo,0,; has a  ized model of the dielectric function. The reflectance was not
transition atT¢; =105 K with a CDW wave vectogcpyw  compared to a well-known standard such as Al or Au; in-
=0.23* and another af-,=35 K with the in-plane nest- stead the overall level of reflectance was adjusted assuming
ing vector (0.4p*,0.2&*) (Ref. 2. The orthorhombic that a measurement of the reflectance alonghtlaeis was
phasey-Mo,0;; has a single transition &t-=100 K with  ~100%. This would lead to incorrect levels although the
dcpw=0.23*. Extensive transport measurements havephonon structure should remain the same. A single frequency
been performed on these two phases includingneasurement at 1100 crh showed a difference in reflec-
resistivity13~® transverse magnetoresistaft®e,and Hall  tance of almost 60% between theandc axes at room tem-
effect>® The conduction electrons are knofin be confined  perature.
in the b-c plane, resulting in quasi-two-dimensional elec- Some unpolarized diffuse-reflectance spectra of powder
tronic properties. The CDW transitions are metal-metal transamples have also been reportéth this study, a variety of
sitions, with the crystals remaining metallic down to the low- elementgW,V,Re) are partially doped into the Mo sites. The
est temperatures measured. From transport measuremernthanges in the spectrum both as functions of doping and
the CDW gap energies &tc; and T¢, for »-Mo,Oq; are  temperature are shown from about 200 ¢nto 50 000 cm 't
determined: A,~32 meV (260 cm?) and 24,~9.0-9.7  but no attempt was made to establish absolute levels of re-
meV (73-78 cm?), respectively’>® while the value for flectance. A metal-insulator transition is seen as the doping
v-M0,40;; is 2A~13 meV(105 cni ) (Refs. 5and 8 This  level is increased. Some reflectance measurements were done
last is much smaller than the maximum gap opening deterin the visible ony-Mo,0O;; to investigate the anisotropy of
mined from recent angle-resolved photoemission measurehe color properties, which are seen in both pha®é$.The
ments 2y ax=60+10 meV (=480 cnr 1).10 authors describe the color anisotropy of these materials—
Some optical measurements have been performed on thrirple along the axis, blue along thé axis, and gold along
Mo,0O,, phases, although surprisingly few considering thethe a axis—and discuss this effect within the context of a
extensive use made of optical and related techniques in irsimple band model. Very recent work has been done by Zhu
vestigating other one-dimensiondlD) CDW materials such et all” in measuring the temperature dependence of the re-
as Ky ;MoO; (Refs. 11 and 1R This could perhaps be due to flectance at infrared and higher frequencies, 5000 to
the difficulty in accurately measuring the very small ~35000 cm®. The reflectance and its functional form
temperature-dependent changes in the reflectance spectegree well with ours within the region of overlap.
The far-infrared FIR) region was measured by Guyettal*® Optical reflectance work on similar quasi-two-
for incident radiation polarized along tleeaxis for mosaics dimensional molybdenum bronzes, the “purple bronzes,”
of single crystals of both phases. This work clearly estabAygM0g0,7 (A=K or Na) has been reported by Degiorgi
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et all®
given, the reflectance remains high-80%) below 1000
cm L. A small dip in reflectance is observed at temperatures
below the proposed measured optical gap edge and there is
an accompanying increase in reflectance above the gap edge.
No phonon structure was seen in these materials at any of the
temperatures measured and no significant anisotropy in the =
conducting plane reflectance was observed. The mcreasedz
reflectance above the dip was proposed to be due to a peak alg
the optical gap edge as is seen in 1D systems. =
The purpose of this study was to compare the optical fea-
tures of a two-dimensiona2D) CDW system to features
predicted and seen in 1D systems. To this end, we have
measured the temperature-dependent reflectance of both
phases of MgO;4, polarized parallelb axis) and perpen-
dicular (c axis) to the CDW, in the far-infrared and the near-
infrared regiong30 to ~8000 cm ). The reflectance spec- ook
tra were taken for a variety of temperatures above and below B e e L e L D
the CDW transitions. FREQUENCY (cm-1)

Although no plots of optical conductivity;(w) are e 2200 4000 6000

MR 295 K— 0.9
~. 208

LE

Il. EXPERIMENT FIG. 1. Reflectance <y_f;-Mo4011 for a variety_of temperatures,
as labeled in the upper-right corner. Both thexis (dotted curve

The experiments were performed using a Bruker IFSand thec axis (solid curvg are shown for each temperature. The
113V Fourier-transform spectrometer with various combina-spectra labeled MIR are the 295 K spectra for the full range mea-
tions of sources and detectors. In the FIR regid—1000 sured.
cm 1) a Hg arc lamp was the source and a Si 4.2 K bolom-
eter was the detector; the resolution was 2 émin the large reductions seen in the reflectance levels of 1D materials
mid-infrared(MIR) region, a globar was used with a liquid- such K, s;M0oO; (Refs. 11 and 1Rof up to 40% or more in
nitrogen-cooled MCT semiconductor detector with resolu-this spectral range. This small change in the spectra as a
tion varying from 8 cm?® at low frequencieg1000-4000 function of temperature underlines the necessity for accuracy
cm 1) to 20 cmi ? at higher frequencie@500-8000 cm').  in the absolute reflectance levels.

Samples were mounted on a He flow cryofinger, which al- We see a suppression of reflectance in the frequency
lowed cooling of the samples to 10 K. An situgold depo-  range 50 to~400 cm'! in %-Mo,0,; and y-Mo,0;; and
sition techniqu¥’ allowed accurate determination of the ab- there is an increase in reflectance in the frequency range
solute reflectance of the samples. The typical uncertainty itetween 400 and 1000 ¢rh. This is similar to what was
absolute reflectance in the FIR region is onh0.5%. This

level of accuracy is necessary due to the very small changes 2000 4000 6000
that occur in the reflectance spectra as a function of tempera- Ee 1T BE N
ture, particularly at temperatures around the transitions. i ............

The Maq,0;; crystals were grown by chemical vapor E e e
transport at Hiroshima University; the growth details are
given elsewheré® The samples were optically flat single
crystals ~4x4x0.1 mnt with the thin dimension along
thea axis. This allowed easy measurements ofliheplane.

No polishing or other surface preparation was used.

The optical properties are calculated from a Kramers-
Kronig analysis of the reflectance. For all temperatures, a
metallic Hagen-Rubens (1R« \/w) extrapolation was used
at low frequencies. For the high-frequency extrapolation,
spectra measured by Zhet all’ were used out to
~35000 cm?!, above which a free-electron behavidR (
*w~ %) was assumed.

0.9
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IIl. RESULTS zoo 400 600 800 200 400 600 800
FREQUENCY (ecm-!)

The b- and c-axis FIR reflectance spectra far-Mo,0,;
and y-Mo4Oy; are shown in Figs. 1 and 2, respectively. The FiG. 2. Reflectance of-Mo,O;; at a variety of temperatures
reflectance spectra of both materials are “metalliclike” evenjabeled in the upper-right corner of each plot. Both thexis (dot-
down to 10 K throughout most of the spectral range. As thaed curve and thec axis (solid curve are shown for each tempera-
temperature is lowered through the first CDW transition, thewure. The spectra labeled MIR are the 295 K spectra for the full
reflectance spectra change at most by 4%, in contrast to thange measured.
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FIG. 3. Optical conductivity of;-Mo,O; for four temperatures, FIG. 4. Optical conductivity ofy-Mo,O;, for four temperatures,

as labeled in the upper-right corner. The spectra for light polarizeds labeled in the upper-right corner. The spectra for light polarized
along both theb axis and the axis are shown for each temperature. along theb axis and the axis are shown for each temperature. The
The crosshatched region on theaxis 10 K curve indicates the black squares seen in some plots mark the publigked. 3 dc
excess spectral weight seen in this polarization. The black squaré®nductivity from transport measurements. If no black square is
seen in some plots mark the publisi@&ef. 3 dc conductivity from  seen then the conductivity is larger than the conductivity range
transport measurements. If no black square is seen then the conduihown. In the 10 K plots are error bars at 50 and 125 tshowing
tivity is larger than the conductivity range shown. In the 10 K plots typical uncertainties for a variation of 0.5% in reflectance level.
are error bars at 50 and 125 cfshowing typical uncertainties for
a variation of 0.5% in reflectance level. ~400 cm L. In Fig. 4, the suppression of thg-Mo,O,,
conductivity is only visible at 10 K and below 100 cm *;
in both polarizations there is a similar increase in conductiv-
ity above this suppression but to a lesser degree than is seen
in 77'M04011.

No phonons are seen in the spectra above the CDW tran-

seen in the “purple bronzes” and was likely associated with
the peak at the edge of the optical gap. At 1100 érand
room temperature, the difference in reflectance betweeh the
and thec axes for»-Mo,0,; or v-M0,0;; is only at most

0% i 0 13
2.5%, in contrast to the 60% measured by Gugol. sitions, T¢; (Te). When the free carriers start to form a

Scaling our data to assume that thaxis is 100% will only CDW, peaks corresponding to optically active phonons be-

; R o .
increase thIS. difference to at most 3%. The reason for th'%ome visible in the spectrum between 100-600"&nn-
discrepancy is unclear.

The calculated optical conductivity is shown in Fias 3fortunately, this limits the potential detection of shifts in
and 4 for 7-Mo.O gnd ‘Mo.O rez ectively. Note tgha't phonon energies related to the CDW transition to tempera-
77V10a 11 Y1045, TESP y. Note t tures below the transition. As the temperature is lowered
the error bars in the 10 K plots are the uncertainty in thebeIOW Te,, the peaks increase in height and decrease in
. o : o ,
optlpal conductivity assuming changes ef0.5% in the width. However, no significant changes in position of the
original reﬂ_e_ctance spectra. I_n the normal state, above t.hBeaks is noted as a function of temperature. The sudden ap-
CDW transition, the copductmty has an essentially me.t.a”'cpearance of the phonons at the transition temperature is un-
]Ecl)rlmo'gt dteng eKrait#rfala éuét aggzj/e _t:\]/l% fgst ?eD!veggcjl';,'onsusual since the conductivity does not change significantly in
w2 1 1y-M0,Lpy and 77-Mo, Ly, Tespect this frequency range and suggests that the peaks are not sim-
the conductivity in both polarizations is similar, lending sup-

) : ly the normal infrared active modes becoming visible. As-
port to the observation that these materials can be treated gﬁyming that the phonons are screened by free carriers above

2D metals. However, differences become more apparent FRe
the samples are cooled below their respective transition te
peratures.
We should note that the reduction in tleMo,0;4 opti- | :Um 1)
cal conductivity at low frequencies can be seen clearly as the F 070
temperature is lowered well beloWc,. The 10 Kc-axis and only changes from 0.65-0.7 A at 115 K to 0.92—1.06
conductivity shows the reduction most clearly, while in theA at 85 K. This change of screening hardly seems large
b-axis spectrum at 10 K there is still some residual spectratnough to suggest that the infrared active phonons are be-
weight remaining in the 50—250 ¢ region(seen in Fig. 3  coming visible as the screening is reduced.
as the cross-hatched regjon Figure 5 shows the frequency range of the phonons ex-
In both polarizations;-Mo,0,; displays an increase of panded for the 10 kKy-Mo,0;; b- and c-axes spectra. The
conductivity in the 300—500 cit region as temperature is line shapes of the phonons are seen to change as a function
lowered. This takes the form of a very broad peak centered aif frequency with the phonons becoming broader and more

e transition temperature, the Thomas-Fermi screening
n]engthITF can be calculated,
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TABLE I. The best-fit values of line widtl’; and oscillator
strengthf; of selected phonons at frequeney for »-Mo,O4; using
a sum of Lorentzians to modedy(w), €(w)=e.+wiZf;/(of
*wZ*Iij), wheree,,=0.8.

1.5x10+

104 f

+ 5000 wj (cm™) Iy (cm™) f;

E : ] c axis

e _ ] 197 3.1 1200
bl s - 209 5.7 1731
S o pnie0, b axis

= [c axis 10 K

= 8000 | 145.9 1.6 856
2 - 161.4 2.4 1286
8 8000 [

4000 ¢ hibit the strong spectral strength characteristic of the

2000 - phonons within the optical gap region.

oo 200 a0 200 IV. DISCUSSION

FREQUENCY (em~!) In 1D CDW systems one expects a gap in the optical
conductivity spectrum and a peak in the spectrum near the

K along both axes in the conducting plane. Note the clear change igaP edge due to a discontinuity in the density of states in the

shape from symmetric peaks to asymmetric peaks in the frequenchW state. Qn the other hand,_ in a 2D system, a_ gap dogs
range 250 to 300 cht. not necessarily open symmetrically over the entire Fermi

surface. In the high-temperature superconductors when the

Fanolike at higher frequencies. This behavior is characterisgap (T<T), or pseudogapT>T,), is not complete in all
tic of phase phonons as described by Rft&hese phonons directions ink space, one does not see a clear gap feature in
are typically totally symmetric modes, which couple to thethe optical conductivity>**This is because reflectance mea-
phase of the charge-density wave, with respect to the undepurements are not selective knspace but instead average
lying lattice. The coupling of the phonons to the phaseover the entire Brillouin zone. This will lead to the residual
causes localized variations of the phase leading to a loc&ptical conductivity below the energy of the gap. With a
electric dipole moment. Phase phonons can have unusualljrge free-carrier population this can lead to a completely
large spectral weight since they depend on the strength of thdilled-in” gap, so no gap would be seen optically.
coupling. They also broaden significantly if they occur at Simply extrapolating the optical conductivity from our
frequencies above the optical gap edge since they are able l@west measured frequency to zero frequency suggests a de-
decay through the creation of electron hole pairs. This lasgreasing dc conductivitycyc) with lowering temperature, in
property will be exploited to make an estimate of the opticaldisagreement with results of resistivity measuremarits.
gap position in our samples in the following section. both Figs. 3 and 4, the dc conductivity is shown by a black
The phonons are similar to those seen in other materialgquare at low frequencies. If a square is not present, this
such as Nbs‘%ezj- The phase phonons in our data are seeﬂndicates that the conductivity was higher than the upper
both in the spectrum parallel to the CDW direction and perfounds of the plot. The discrepancy betweeg and an
pendicular to this direction. The strength of some of theextrapolation of the optical data is clear for thendc axes
stronger modes can be determined by an approximate fittingg-M0401; conductivity below 70 K.
to a Lorentzian with no background assumed for ¢rexis We first consider the contribution from the remaining free
fit and a linear background for tHeaxis fit. This will only ~ carriers in the CDW state to the optical conductivity assum-
give a rough estimate of the phonon parameters since a fuihg a Drude functional formr;(w)= wﬁr/[4w(1+ w’7)],
treatment requires fitting all phonons simultaneously as therehich can be thought of as a Lorentzian peak centered at
is a significant degree of coupling between these phonongero frequency. If this peak increases in height with decreas-
Additionally, the assumption of no background conductivity ing temperature this would correspond to an increasigg
for the ¢ axis is likely incorrect. The intent here is to show The half width of the Drude curve is determined by the scat-
the relative spectral strength in each mode. The positigpys  tering rate 1f of the free carriers that typically decreases
linewidths y, and oscillator strengtht of the phonons so with temperature as the phonon contribution is frozen out.
treated fory-Mo,O;; are given in Table I. From Table I, we The height of the curve is determined in part by the width
see that each linewidth is of the order of a few ¢nand that and also by the number of remaining free carriers siaaﬁe

FIG. 5. Expanded view of the phonons seemjiMo,O;; at 10

the oscillator strengths are quite lar¢@00—1200, which  =4wne’/m*, wheren is the carrier density. As free carriers
supports the assignment of these peaks as phase phonars removed one expects the Drude peak height to decrease
rather than bare phonons. unless the width of the peak is also reduced.

This calculation was not extended to the phonons seen in There is some evidence of such a contribution in our spec-
y-Mo,0;; due to the smaller size of the optical gap. Essendra, particularly in the 85 K conductivity spectrum, where the
tially all of the phonons seen in theMo,0;; spectra occur  gap starts to form=400 cni %, but below 75 cm? the con-
above the estimated optical gap and as a result will not exductivity increases again. At lower temperatures this increas-
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ing conductivity disappears, perhaps corresponding to th&o the CDW should most clearly show the optical gap is not
Drude peak narrowing to below the measured frequencgompletely unexpected. In the spin-density wave system,
range. Dashed lines in Fig. 3 show the Drude contribution( TMTSF),PFs, Degiorgiet al?® could only clearly see the
calculated for 85 K from published results. Note the fairoptical gap when measuring perpendicular to the spin-
agreement despite the fact that no attempt has been madedensity wave direction but saw no clear evidence of a gap
fit to this spectra. The Drude curves for lower temperaturesvhen parallel to this direction.

are not shown because the widths are too narrow to be seen The edge of the optical energy gap cannot be clearly lo-
clearly on the plot. In fact a calculation of the widthi)of a  cated but by 250—300 cnt the conductivity level can no
Drude from the carrier density determined by the Halllonger be attributed solely to the phonon peaks. Following
mobility® and using published resistivity measuremnts the procedure used by Katsufeji al*® a linear extrapolation
gives al'~50 cm ' at 85 K and significantly less<2  of the o(w) at 10 K to the abscissa yields an estimate of the
cm 1) at 10 K. This calculation was made assuming no sig-gap energy of=(215+35) cm ! from the c-axis spectra
nificant change in the effective mass of the free carriersand (~165+40) cm ! from the b-axis spectra. Unfortu-
however, the mass would have to change by almost two omately, the presence of phonons in this region or broadening
ders of magnitude to result in any significant change to thef the peak makes these linear extrapolations somewhat
spectral weight in our measurement region. Thus, inproblematic. Transport measuremémnitace the gap edge at
7-M0,0,; we can assume that the free-carrier component is<260 cm ! via fitting the dc resistivity, assuming thermally
well below our measured frequency range at the lowest temactivated behavior.

peratures and these spectra are relatively free from any effect The gap opening in thé-axis direction is not as com-

of these free carriers. plete. There is more conductivity than is seen in ¢hexis

While mechanisms other than a Drude peak do exist tgpectra, in the region below 225 ¢ which seems to be
give a nonzero dc conductivity—such as contributions fromrelated to the CDW itself. In Fig. 3, this spectral weight is
a low-frequency collective modé—these mechanisms seem indicated by the cross hatching. Although no definite deter-
fundamentally inconsistent with the temperature dependenagination has been made, the spectral weight in the gap could
seen in the resistivity measurements. For instance, large fréye due to some sort of broad midgap state. Such states have
guency shifts in such a collective mode as a function ofpeen seen in 1D incommensurate CDW matetiafe and
temperature would be required to cause the increasip@t  are attributed to formation of boundaries between regions of
the lower temperatures. different phases resulting in a soliton lattice structure. It has

The plasma frequency for just the free-carrier componenbeen suggested that this is a characteristic feature of an in-
wﬁf:47rnfe2/m* calculated for these model free-carrier commensurate CDWRef. 30. These midgap states are
Drude curves is~300 cm 1. We expect a zero crossing of broad reststrahlenlike features and are not expected to be
the frequency-dependent dielectric functigiw) at this fre-  seen in spectra polarized perpendicular to the direction of the
quency and indeed, for theaxis dielectric spectra we see a CDW.3! We measured a second sample from a different
zero crossing at~58 cm ! in both 7-Mo,O;; and batch and have confirmed that this feature is intrinsic to the
v-Mo,0,;. This lends support to the idea that the free-carriematerial and not just to a particular crystal sample or growth
contribution is well below our frequency range at 10 K. batch.

On the other hand, iny-Mo,0,; with only one CDW The other predicted feature of a 1D CDW system, a peak
transition, a significant proportion of free-carrier spectralat the edge of the gap, should be seen in the conductivity
weight remains even at 10 K. The dashed line in Fig. 4since it is a measure of the joint density of states above and
shows the calculated Drude contribution for 10 K. Clearly,below the Fermi level. While no sharp peak is seen here,
one has to be aware of this contribution when interpretinghere is a broad peak with a maximum in the range 350—-400
the measurements on this phase. cm 1. Whether this peak is related to the gap is not clear due

Secondly, we have estimated the plasma frequescipy  to the 2D nature of MgO,;;, however, the fact that it is seen
integrating using a conductivity sum rule the spectral weightin both polarizations is suggestive of it being related to the
of the conductivity. This spectral weight is not just due to CDW.
free carriers at temperatures below the transition tempera- In both polarizations some optical conductivity spectral
ture. While a rigorous calculation would require integratingweight appears to transfer from lower frequencies to the re-
from zero frequency to a frequency below interband excitagion of the 400 cm! peak as the temperature is lowered
tions, we can see from our conductivity spectra that most obelow the first CDW transition. This can be seen in Figa) 6
the spectral weight occurs below5000 cm® and is not and &b) whereo;(40 K)—at which temperature the CDW
due to any interband transitions. Therefore, to a good apis almost fully formed—is divided by,(115 K), just above
proximation, we can integrate from our lowest frequency toT;. These plots clearly demonstrate the transfer of spectral
5000 cm 1. Using this approximation gives a plasma fre- weight. In addition, it is reasonable to take the point that
guency that is essentially temperature independent and haglzese ratios cross unity as an approximate upper estimate of
value of w,=15500+1000 cm® for »-Mo,O;; along ei- the optical gap. If the CDW can still be regarded as a 1D
ther theb or the ¢ axes and for all temperatures. For phenomenon then this estimate should be accurate due to the
y-Mo,0;;, the integration to 5000 cnt gives w,=13000 expected peak at the gap edge in a 1D CDW system. Ignor-
+2000 cm for all temperatures. Both these values are inng the sharp optical phonon peaks at lower frequencies, the
good agreement with the more definitive results from highercrossing points for the andc axes are in the range 210-230
frequency measuremertts. cm™ ! and 260-280 cm!, respectively, in good agreement

In the »-Mo,0;,, the fact that the direction perpendicular with transport results. Figures® and &d) are similar plots
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T ture is lower. This is in qualitative agreement with resistivity
b) n-Mo,0,,

measurementsIn comparing theb-axis data to thec-axis
data fory-Mo,0y;, it is interesting to note that the gap onset
appears to occur at¢100 cm ® in both polarizations. Fig-
== ures &e) and Gf) show the ratio otr;(10 K) ando4(110 K).

E The c-axis plot in Fig. &e) displays a transfer of spectral
weight as seen withp-Mo,0,; and gives an upper estimate
of 125 to 145 cm? for the gap edge and theaxis plot in
Fig. 6(f) has a unity crossing in the range 80 to 125 ¢m
Using a linear extrapolation ofr1(10 K) to the abscissa
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gy, Joksa0k O F WV 10K/40K 7 yields an estimate of the gap of&@5+10) cmi ! for both
. F ) y-Mo,0,, c-axis ¥ f) 7-Mo,0,, braxis polarizations. Transport measureméntgive a gap of
s 3 i 3 ~105 cm! and angle-resolved photoemission spectros-
T E 3 copy (ARPES measurement8 give gaps ranging from 0 to
0; £ R T 480 cm !, depending on direction. Since optical measure-

| | 10K/|”0K| =/ I10K/|110KI ments average over the Fermi surface one should expect to

% 100 200 300 400 100 200 300 400 500 observe the smallest direct gap.

Table Il shows a summary of the gap energy estimates
from published transport measurements, and from our two

FIG. 6. Ratio of o;(w) well below the CDW transition by Methods of estimating the optical gap. As can be seen, the
o1(w) just above the transition. This plot shows the transfer of theestimates derived from the ratios of conductivities are in
spectral weight that accompanies the formation of a CDW. Theagreement with the transport measurements while the esti-
plots for 7-Mo,0,; are(a) and(b) for T;=105 K, (c) and(d) for ~~ mates from the linear extrapolation to the abscissa are con-
Tc,=35 K, and the plots fory-Mo,0,; are forTc=100 K. The sistently lower. We attribute this discrepancy to the phonon
crossing of unity can be considered as an upper estimate of theeaks in the region, which make it difficult to derive a de-
CDW optical gap. finitive linear fit to the slope. Additionally, due to the range

of gap sizes one does not expect a sharp edge to appear at the

for temperatures abovel0 K) and below(10 K) Te,. A gap energy.
similar, but smaller, transfer of spectral weight occurs with  The c-axis spectra ofy-Mo,0;; show a very broad peak
an estimated gap of 140 cmi ! from the c-axis results and  forming below the CDW transition but a similar structure is
~80 cm ! from theb-axis plot. The CDW gap for the sec- only weakly visible in theb-axis spectra. Since the electronic
ond transition, as determined by transport measureniéists, density from Hall measurementfor y-Mo,0; is about 40
73-78 cm L. times what it is forp-Mo,0,,, the weak peak in the-axis

Comparing Figs. 3 and 4, significant differences are seedata may be partially screened by the remaining free carriers.
between the conductivity of thg and » phases. The reduc- This remaining electronic density may also be responsible
tion in the y-phase conductivity at low frequencies is not asfor masking some of the transfer of spectral weight along the
large as inp-Mo,0;; and the rate of change with tempera- b axis[see Fig. @)].

Tt
11

FREQUENCY (cm-!)

TABLE II. Comparison of the CDW gap energies estimated from transport, ARPES, and optical mea-

surements.
7]-M040ll 7_M04oll

2A; (cm™ Y 2A, (cm™ ) 2A (cm™b)
Transport 260 73,78 105
ARPES 2A;ax No data 48a-10
Present work
Linear extrapolation
b axis 130-205 25-45
C axis 180-250 25-45
Present work
Ratio
b axis 210-230 ~80 80-125
c axis 260-280 ~140 125-145

Present work

Phase phonons

b axis 250-300

C axis 250-300 <125
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As mentioned previously, if the phonon peaks are phasgemiconductor transition. An exception NRSes a metal-
phonons it is possible to estimate the position of the gap edgeietal transition and its spectrum bears a strong resemblance
from the change in the phonon shape as a function of freto that of -Mo,0,,.2* The phase phonons and the increased
quency. Table Il gives the estimates of the frequency rangeonductivity at the gap edge are seen, as they are in our
of the optical gap from the phonons. The estimates fomeasurements. The low-frequency increase of conductivity
v-Mo,0;; are tentative since there are few phonons belown NbSe was attributed to the tail of the phason collective
the gap edge, which can be clearly seen. The upper range forode. In our measurements, we see no evidence of such tail
this phase is based on the phonons becoming more asymmet- the lowest temperatures. Interestingly, a good theoretical
ric and less Lorentzian in profile. At frequencies significantlydescription of some of the transport properties and the tun-
higher than the estimated gap edge 1000 cmi'!), our  neling spectra of NbSehas been made using a quasi-two-
spectrum changes little with temperature and remains vergimensional modet®
much like the normal-state free-carrier spectra. Based on this Indeed, the optical spectra of MO,, shares many of the
observation, it is expected that most of the spectral changesptical phenomena one sees in most of the different families
seen in the FIR region are due to rearrangement of statef CDW materials from the 1D Bechgaard salts to the wide
near the Fermi energy. variety of forms of bronzes. The spectra of #1003 have

One of the motivations for making these measurementbeen measured very completely and although this material is
was to compare 2D and 1D systems. The two-dimensiondlD and has a metal-insulator transition, it is a good model
nature of these crystals complicates the simple picture of theystem of the optical spectra of a CDW material. As seen
one-dimensional Peierl’s transition since it is not possible tgreviously, our measurements display a peak at the gap edge,
nest an entire two-dimensional Fermi surface using a singlas is seen in KsMo0O;, although the proximity of the pho-
wave vector. Canadell and co-workers have developed aon peaks obscures its structure and the gap-edge peak in
theory, based on hidden one-dimensional FermiMo,O;;Iis seen to have a similar shape as that gfMoO;.
surfaces>~° which they have applied to M®;; and to a  Very strong phonon peaks are seen in both systems and in
number of similar molybdenum bronzes. The Fermi surface&k, MoO; these are described as being phase photioims.
is proposed to be made up of several one-dimensional Fernii, ;MoO3, two strong sharp peaks are seen, the lower fre-
surfaces with conduction occurring in bands with one-quency peak was described as a phason mode and the other
dimensional character. Angle-resolved photoemission spe®ne is suggested to be related to a bound collective mode. In
tra of a similar quasi-two-dimensional material ]N®oO,;  our spectra, no such modes are evident although it is possible
lends some confirmation to the existence of such a Fernthat such modes exist below our spectral range. The spectra
surface®®®” However, Terraset al? suggest that both one- of Rhy, ;M00O;,%! closely related to KgMoO;, show similar
and two-dimensional bands are involved in the gap openingohase phonons and also includes a midgap peak as seen in

One would expect the optical spectra of the “purpleour b-axis »-Mo,0,, spectra.
bronzes® to be similar to that of MgO,; due to the simi- Taken as a whole, the spectra of M@, are seen to ex-
larity of the structures of these materials. Both systems arhibit virtually all the optical phenomena observed in 1D sys-
made up of similar structural units, slabs of Mp@ctahedra tems despite a reduced magnitude of spectral changes. This
with MoQ, tetrahedra joining them. Two of the investigated could be seen as an endorsement of the theory of Canadell
“purple bronzes” Ng ¢M0gO;7 and Ky gM0ogO,7 are two di- and Whangbo, which implies that CDW transitions are in-
mensional and the same atomic orbitals are expected to beerently 1D in nature. However, one can note that materials
involved in the conduction bantfsas are in MO, ;. These  such as chromium exhibit some of these same features, such
materials are known to have commensurate CDW's; the gaps a conductivity suppression and a gap-edge peak, while
energies are the same order of magnitude as thgOyjo being higher dimensional although the presence of a large
crystals. One difference is that these materials are “doped'free-carrier density obscures théff! Currently, there
CDW materials while MgO,; is a stochiometric material. seems to be no complete theory that treats a material with the
However, this difference aside, there are many similaritiedow degree of in-plane anisotroggs is seen in MgD,,) and
between the materials and both their band structures haw® no definite conclusions can be reached on this point.
been calculated in a similar procedure using the hidden 1D In the area of high-temperature superconductivity, there
Fermi-surface hypothest$. has recently been great interest in “stripe” phases and their

While unfortunately no comparison can be made of therelationship to superconductivity in the cuprates. Recent op-
optical conductivity since this was not calculated for thetical work?® on La; 5,5, 3NiO,, which is isostructural to the
“purple bronzes,” the reflectance spectra of these materialka superconductors, shows temperature-dependent structure
bears a strong resemblance to that of ,&¢. The spectra similar to that which we have observed in M®,. This
display a suppression of reflectance at low temperatures witmaterial is a 2D doped Mott insulator that undergoes a
an accompanying increase in a region above the depressiotharge-ordering phase transition driven by an electron-
In the “purple bronzes” there appears to be a precursor oklectron interaction. Although the gap magnitude 2100
these features at room temperature, ascribed by Degiorgin 1) associated with the charge ordering is higher than is
et all®to a “pseudogap,” which is not evident in our spec- seen with MQO;;, the change in the optical conductivity is
tra. No peaks corresponding to optically active phonons argery similar. Specifically, the low-frequency spectral weight
observed in the reflectance spectra in contrast to those seenreduced, with a corresponding transfer of spectral weight
in the Mo,O,4 spectra. to a broad peak above the edge of the energy gap. The larger

Optical spectra of many other CDW materials have beemap energy allowed the authors to use the conductivity to
measured, most are 1D and undergo a metal to insulatodirectly estimate the optical gap, since the phonon structure
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occurs well below the gap edge. results of transport measurements. A broad peak appears in
The charge ordering in LaSr, 3NiO, is accompanied the spectrum centered in the range of the edge of the gap as
by a corresponding spin-orderifg; optically, these two determined by transport measurements. This peak is believed
types of ordering will exhibit similar spectra. The carriersto be the peak typically seen at the edge of a CDW gap
order in “stripes” and act as domain walls for antiferromag- although it is not clear that such a feature should occur in a
netic domains making this system more complex thar?D system; this aspect is being pursued further. No evidence
Mo,O,, despite the qualitatively similar optical spectra. Inis seen of a collective mode in these materials, although
both Mg,0,, (Guyotet al*?) and La ¢St 3NiO, (Vigliante ~ some sort of midgap state is seen in measurements polarized
et al*®) the x-ray peak, which appears due to the lattice reparallel to the CDW direction.
arrangement at the CDW transition, is very weak suggesting Many phonons closely resembling the phase phonons de-
that both systems have weak coupling driving the transitionscribed by Ric& are seen in the spectra below the CDW
Of wider significance is the observation that the samdransition both parallel and perpendicular to the CDW direc-
form of charge ordering has been obseffedin  tion. A complete analysis of the phonons along with an as-
La; 6—xNd, ,Sr,CuQ, in coexistence with superconductivity, signment of modes requires measurement ofatlagis exci-
although optical measuremefitsdo not show the same tation spectrum and comparison to other techniques such as
strong rearrangement of spectral weight seen in our measur®aman measurements. Such an analysis is underway and will
ments. The “stripe” phase with its spin/charge-density wavebe published separately.
formation has been suggested as a possible cause of the Although certainly a different physical system from the
“pseudogap” seen in underdoped high-temperaturehigh-temperature superconductors, /@9, potentially pro-
superconductof§8in the normal state and as the source ofvides a model system of the spectral response of a 2D CDW
high-temperature superconductivity via the spatial restrictiorsystem; the similarity of transition temperatures and energy
of the metallic stripes. Understanding the spatial ordering ofjaps aid in this comparison. For instance, measurement of
spin and charge in these materials is important since it i#10,0;,allows one to investigate the effect the CDW forma-
believed that it may be interactions with the spins that metion has on conduction in a 2D plane and if one expects
diates the superconductivity, rather than the traditionaknisotropy in the plane to be seen optically.
electron-phonon interaction.
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