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We report the vibrational properties of quasi-two-dimensional charge density wave (CDW)
materials (PO;)4(WO3).m (M = 4, 6). The CDW transitions occur at 80 and 54 K for m = 4
and 120 and 60 K for m = 6. The polarized middle infrared response clearly demonstrates
the two-dimensional character of both compounds, with strong vibrational modes and low
reflectance along the interlayer direction (c) but screened vibrational modes and high
reflectance in the conducting (ab) plane. The temperature dependence of the vibrational
modes is weak for the m = 4 compound, whereas the spectrum of the m = 6 material displays
mode splitting and additional fine structure in the CDW states. The results are discussed
in terms of the CDW formation and structural changes at low temperature.

l. Introduction

Charge density waves (CDW) in quasi-two-dimen-
sional (Q2D) materials such as some layered dichalco-
genides, molybdenum bronzes, and phosphate tungsten
bronzes have attracted considerable attention.!—3 In
these Q2D systems, electron—phonon coupling drives
the gap opening and concomitant nesting of the Fermi
surface, but an imperfect nesting vector often leads to
small residual Fermi pockets in the CDW state; there-
fore, a metal — metal transition is observed in the Q2D
CDW systems.* While the science of one-dimensional
(1D) CDWs underlies and is certainly relevant to Q2D
solids, the Q2D oxides are unique in their own right.5
The vibrational properties of well-nested quasi-one-
dimensional density wave compounds have been inves-
tigated in the past;6~15 less is known about the imper-
fectly nested materials.

Monophosphate tungsten bronzes (MPTBs) are a
series of compounds with general chemical formula
(PO2)4(WO3)2m (M = 2—14).2 The structure of these
materials is based on ReOgs-type slabs of corner-sharing
WOs octahedral connected by PO, tetrahedra. The
conduction electrons are located at the center of the
octahedra blocks, leading to the Q2D electronic proper-
ties and Fermi surface.’671° Since the number of con-
duction electrons in the primitive unit cell is always 2,
the concentration of free carriers decreases as 2/m with
increasing m. Meanwhile, the dimensionality decreases
with increasing m, because increased thickness of
octahedra slabs (along the c-axis) weakens interactions
between conduction layers. Thus, (PO2)4(WO3)om (M =
2—14) provides a very good model system with which
to study free carrier concentration, imperfect Fermi sur-
face nesting, and dimensionality effects in Q2D CDWs.
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Most of these MPTBs undergo several CDW transi-
tions at low temperature, confirmed by dc resistivity,
magnetic susceptibility, and X-ray diffraction measure-
ments.161926 The m = 4 compound shows incom-
mensurate Peierls transitions at T;; = 80 Kand T =
52 K 1 with wave vectors q; = (0.330(5),0.292(5),0) and
g2 = (—0.330,0.292,0).2” Two incommensurate CDW
transitions in the m = 6 material occur at T,; = 120 K
and T, = 60 K6 with nesting vectors g; = (0.385,0,0)
and g, = (0.310,0.295,0), respectively.?r The m = 7
compound has a superconducting transition at T, = 0.3
K after two successive CDW transitions at 188 and 60
K.28 For the compounds with larger values of m, the
CDW transitions take place at higher temperature, even
above 300 K, likely due to the increased importance of
electron—electron interaction and localization effects.?®
The Peierls instabilities of these bronzes are associated
with Fermi surface nesting driven by interesting Fermi
surface topology.* Three sets of diffuse X-ray scattering
sheets are observed for both m = 4 and 6 compounds,?!
corresponding to the 2kg instabilities of the three
“hidden” 1D Fermi sheets along the infinite chains of
WOg octahedra in the @ and @ + b directions.51718 These
“hidden” 1D surfaces are general features of Q2D oxides
and bronzes.*®

Although transport and X-ray studies have revealed
that MPTB compounds are Q2D CDW systems, com-
plimentary spectroscopic studies on these prototype
materials are rare. There are no reports on the optical
properties of these materials and only one photoemis-
sion investigation of (PO2)4(WO3)2m (M = 6, 10, 12).2°
That spectroscopic studies can provide detailed informa-
tion on the electronic structure, dimensionality, and
lattice dynamics critical to understanding the CDW gap
formation and dimensionality effects has been demon-
strated by previous studies on molybdenum bronzes and
oxides.?3%31 The opportunity to investigate the electro-
dynamics of MPTB m = 4 and m = 6 compounds in the
context of these issues motivates the present work.

Il. Symmetry Analysis of (PO2)4(WO3)2om

In a study devoted to vibrational properties, a group
theory analysis is useful for the assignment and under-
standing of the infrared and Raman active modes. We
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can calculate the number of infrared active modes in
MPTBs by the correlation method.32 Both m =4 and m
= 6 materials have a space group symmetry of P2,2,2;,
with site symmetry C;.3% Following the very complete
analysis procedure for related 2D bronzes, »- and
¥-Mo040;1, presented by McConnell,3* we have calculated
that the mode symmetries of the m = 4 and m = 6
materials are I'm=4 = 33A + 32B; + 32B, + 32B3 and
I'm=s = 45A + 44B; + 44B, + 44Bs;. Since the space
group P2:12;2; corresponds to a unit cell symmetry of
D»*32 B4, By, and B3 modes are infrared active under
normal conditions. In sum, m = 4 has 96 infrared active
modes, and m = 6 has 132 infrared active modes.

It is important to realize that the MPTB structures
have low site symmetry (C;), even at 300 K. Therefore,
one does not expect, for instance, formal symmetry
breaking around the WOg octahedra at low temperature.
One does, however, anticipate lattice involvement and
increased distortion of certain key vibrational modes at
the density wave transitions, which may give rise to
apparent mode splittings. Our goal is to follow these
distortions through the successive CDW transitions in
the m = 4 and 6 materials.

I11. Experimental Section

Single crystals of P,WgO3, (m = 4) and P4sW1,044 (M = 6)
were prepared by standard vapor-transport techniques.'®1° The
structures were confirmed by X-ray diffraction. The crystals
are platelike, with the large face defined by the ab plane.
Typical crystal dimensions are ~2 x 2 x 0.3 mm&. To prepare
the pellets for our transmittance measurements, a tiny portion
of a crystal was crushed into powder, mixed with KBr, and
compressed under vacuum. The sample was evenly suspended
in a KBr matrix, suitable for transmittance measurements.

Polarized middle infrared (600—3000 cm™) reflectance
measurements were performed on single crystals with a
Bruker Equinox 55 Fourier transform infrared spectrometer
coupled with a Bruker IR Scope I1. A 36x objective was used
for our reflectance measurements. A nitrogen-cooled MCT
detector and standard polarizer set were used to cover the
aforementioned energy range. An aluminum mirror was used
as a reference for the measurements. Spectral resolution is 2
cm~. Notice the platelike nature of the crystal with a very
small edge along ¢ (~0.3 mm) makes the infrared microscopy
a necessity. All polarized measurements reported here were
carried out on the small edge of the sample.

The middle infrared transmittance spectra of P,WgO3; and
P4sW1,044 pellets were measured with a Bruker 113V spec-
trometer. Low-temperature experiments were carried out with
an open-flow cryostat. Spectral resolution is 2 cm™. The
absorption spectrum is calculated from the transmittance as
a(w) = —(1/nd) In T(w), where n is the concentration of MPTB
in the KBr matrix and d is the pellet thickness.

IV. Results and Discussion

A. Polarization Dependence. Figure 1 displays the
reflectance spectra of the m =4 and m =6 MPTB single
crystals. In both materials, the spectra are dominated
by strong vibrational features when light is polarized
along the interlayer direction (c-axis). The electronic
background is weak, a typical semiconducting response.
When the polarization shifts away from the c-axis, the
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Figure 1. Polarized reflectance spectra of m =4 (a) and m =
6 (b) MPTB single crystals. For the spectra from bottom to
top, the polarization direction is 0° (Il), 30°, 50°, 70°, and 90°
(0) to the c-axis.

vibrational features weaken gradually; the background
reflectance increases at the same time. When the
polarized light is perpendicular to the c-axis (i.e.,
parallel to the conducting ab plane),® the reflectance
level is up to 0.7 and the vibrational features are
screened. Thus, the electrodynamic response in the ab
plane is metallic, whereas it is semiconducting along
the c-axis, demonstrating the strong two-dimensional
character of these monophosphate bronzes. A semicon-
ducting interlayer response is also observed in other
prototypical Q2D materials, such as cuprate supercon-
ductors (YBCO) and superconducting organic solids
(k-(ET)2CU[N(CN),]Br).36:37

If the free carrier plasma frequency is much greater
than the lattice vibration frequencies, a screening
length can be calculated as |2 = (a¢/4)(s/3n)Y3. Here,
ao is the Bohr radius and n is the free electron
concentration. The estimated screening length, Is ~ 0.76
A (with n ~1.6 x 1022 and 1.25 x 1022 cm~2 for the m =
4 and m = 6 compounds), indicates heavily screened
ionic cores. Note that the average W—0O bond length is
~2 A 39 so0 the screening length is fairly short compared
to this characteristic lattice distance. The optical spec-
trum in the conducting plane is consistent with this
expected free electron response.

The c-axis vibrational spectrum of the m = 6 com-
pound displays several additional features compared
with that of the m = 4 material. Further, PO4-related
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Figure 2. (a) Middle infrared absorption spectra of the m =
4 powder sample/KBr pellet in both normal and CDW states
(Taa = 80 K, Tz = 52 K). The asterisk (*) indicates the mode
is W—0 related. The data are offset for clarity. (b) Integrated
intensities of several vibrational modes as a function of
temperature. Vertical lines denote CDW transition tempera-
tures. The error bar shows 5% error.

vibrational modes above 1000 cm~! are narrower and
more well-resolved. The difference is likely due to the
degree of WOg distortion near the PO, tetrahedral layer.
For the m = 4 and 6 materials, the oxidation states of
W and the W—O distances differ,3® with the WOg
octahedra being less distorted in the m = 6 compound.
The PO, layer in the m = 6 compound is slightly less
distorted as well, resulting in better-resolved PO;-
related vibrational features. Detailed assignments of the
vibrational features along c will be given below.

B. Temperature Dependence. The 300 K absorp-
tion spectrum of the m = 4 MPTB compound is shown
in Figure 2a.%% The features in this spectrum are very
similar to those in the c-axis reflectance spectrum
(Figure 1a). That no new modes appear indicates that
the unpolarized absorption spectrum presented here
does not contain any additional ab plane vibrations. The
cluster of features at 1125, 1097, and 1022 cm™! are
P—O—P stretching modes of the PO, tetrahedra;*142 the
peaks at 668 and 756 cm™? (indicated by asterisks) can
be assigned as W—O—W stretching modes;*4344 the
small structure at 587 cm™! is related to P—O bend-
ing.142 That there are two W—O—W stretching modes

(40) In the transmittance spectra of the m = 4 and 6 materials,
the vibrational modes are clearly shown. In reflectance spectra, the
vibrational modes are strongly screened in the conducting ab plane
(Figure 1), making them almost impossible to identify. Thus, the
transmittance spectra have an advantage over the single-crystal
reflectance spectra in this case, since we can track the changing
vibrational modes from 300 K through the CDW transition tempera-
tures. This advantage is more obvious in the m = 6 case. The
disadvantage of the transmittance method is the loss of polarization
information.
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Figure 3. (a) Middle infrared absorption spectra of the m =
6 powder sample/KBr pellet in both normal and CDW states
(Taa = 120 K, T = 60 K). Asterisk (*) indicates the mode is
W-0 related. Spectra are offset for clarity. (b) Peak positions
of W—0 stretching modes as a function of temperature. Verti-
cal lines denote CDW transition temperatures. (c) Integrated
intensity of the 1099 cm™ feature as a function of temperature.
The error bar shows 5% error. The dashed line is a fit of the
data with ~(T, — T)?, where T, ~ 166 K and 8 ~ 0.13.

at 668 and 756 cm™! is likely related to the different
oxidation states of W in octahedral slabs.*®

Variable temperature measurements allow us to
probe the vibrational response through the successive
density wave transitions. Recall that the m = 4 com-
pound has CDW transitions at T;; = 85 K and T, = 60
K. Overall, the temperature dependence of the vibra-
tional modes is weak, although most modes sharpen at
low temperature. Integrated intensities of selected
vibrational modes are shown as a function of temper-
ature in Figure 2b. An interesting but small change in
the W—O related mode at 756 cm~! seems to correlate
with the CDW effects. Changes in the 668 cm~t W—0O
related mode with temperature are difficult to follow
due to its weak intensity. In addition, the P—O bending
mode at 587 cm~1 is also slightly sensitive to the CDW
transition, as evidenced by overall softening with tem-
perature. Higher frequency modes soften monotonically
with temperature.

The absorption spectrum of the m = 6 compound is
different from that of the m = 4 material, as shown in
Figure 3a. The 300 K spectrum of the m = 6 compound
has very rich vibrational structure, which not only
includes the aforementioned c-axis modes (Figure 1b),
but also suggests the appearance of a few ab plane
modes. (For comparison, the 10 K ab plane reflectance
spectra and calculated optical conductivity are shown
in Figure 4 and discussed in the Appendix.) As in the

(45) Note that W—0O stretching modes of the m = 4 compound are
at lower frequencies compared to those modes of the m = 6 material
because of higher average oxidation states of W in the m = 6 material.
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m = 4 compound, the high-frequency vibrational fea-
tures are assigned as P—O—P stretching modes, whereas
the weak modes at 944, 761, and 730 cm~! are W—0O
related. The broad modes at 761 and 730 cm~! may be
attributed to the different oxidation states of W in the
m = 6 material. Since W atoms at the center of the
conduction layers have lower oxidation states due to the
more regularly shaped WOg octahedra,?® such a W—0O
stretching mode is expected at lower frequency (730
cm™1), whereas the 761 cm~! mode is related to W—0O
stretching of W atom with a higher oxidation state and
increased distortion toward the outside of the slab. The
mode at 586 cm~! is assigned to P—O bending, as in
the spectrum of the m = 4 compound.

The absorption spectrum of the m = 6 material
changes noticeably with deceasing temperature, as seen
in Figure 3a.4° Overall, the modes are sharper and more
well-resolved at 10 K. Significantly, a new vibrational
mode is observed at 1099 cm~1, and modes at 730 and
761 cm~1 split into doublets upon entry into the CDW
states below T¢ (120 K) and T, (60 K), respectively.
As shown in Figure 3b, the splitting of the 730 cm™!
mode persists up to 180 K, well above T, suggesting
substantial fluctuation effects; the 761 cm~! mode
splitting also continues above T, suggesting weaker
fluctuation effects. Large fluctuation effects are also
observed in other Q2D CDW oxides.25 The splittings of
W-0 related modes indicate that strong lattice distor-
tions are coupled with the CDW transitions in the m =
6 compound. Here, it is important to note that, while
that the symmetry of the WOg octahedra is low (C3) even
at 300 K, we observe the effects of increased distortion
(as an apparent splitting) in the low-temperature spec-
tra. Only the 730 cm~1 mode is sensitive to T.;, whereas
both 730 and 761 cm~! modes correlate with T¢. As
mentioned previously, the modes at 730 and 761 cm™!
are likely related to WOg motion at the center and the
edge of octahedra layer, respectively; therefore, the
frequency splitting in Figure 3b suggests that the first
CDW formation may be driven by an instability at the
heart of the conduction layer, whereas the second
transition involves the entire octahedral slab. This can
be explained by strong electron—phonon interaction at
the center of the octahedra layer. A similar result is an-
ticipated for the m = 4 sample, in line with recent low-
temperature X-ray diffraction data by Ludecke et al.?”

The new absorption peak at 1099 cm~1is likely a P—O
related stretching mode, as it appears as additional low-
temperature fine structure in the PO, mode cluster.
Based on the absence of this mode in the 10 K ab
reflectance spectra shown in the Appendix (Figure 4),
this new mode is polarized along the c-axis. The inte-
grated intensity of this feature as a function of temper-
ature (Figure 3c) indicates a second-order phase tran-
sition around 120 K, where clear softening is observed,
in good agreement with the value of T¢;. The intensity
of the 1099 cm~! mode at temperatures well above T
again points toward important fluctuation effects in the
MPTB materials. The intensity (I) of new modes (such
as phase phonons) below a transition is proportional to
the square of the order parameter (A); i.e., | ~ A2.4647
In Figure 3c, fitting the integrated intensity as ~(T, —
T)?} (dashed curve) yields T, = 166 K and 8 ~ 0.13. The
f value is small compared with the value in a mean field
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(0.5) “8 or a tricritical (0.25) transition,*8 indicating that
these models are not applicable here.

It is interesting that the absorption spectrum of the
m = 4 compound is dominated by c-axis vibrational
modes at room temperature, whereas that of the m =6
material exhibits a somewhat richer response. The
X-ray and transport measurement have observed sev-
eral differences between the m = 4 and 6 compounds,
which might shed light on the spectral difference,
although the overall physical properties of both materi-
als are similar. First, X-ray diffuse scattering measure-
ments of both materials reveal the existence of diffuse
lines at room temperature. However, the three diffuse
lines are perpendicular to the @ and a £ b directions
for m = 4, whereas only two diffuse lines perpendicular
to @ £ b are observed for m = 6.2 Second, as reported
by Hess et al., the resistivity is almost 1 order of
magnitude larger in m = 6 than in m = 4 at 300 K.4°
This observation cannot be accounted for only by the
carrier concentration difference, nor can it be explained
by free carrier screening effects since the calculated
screening lengths are nearly identical. Therefore, the
different absorption spectrum and resistivity at room
temperature has to be attributed to a stronger electron—
phonon coupling in the m = 6 compound compared to
the m = 4 material. This conclusion is consistent with
a better nesting vector and higher transition tempera-
tures for the m = 6 compound.’

The variable temperature absorption spectrum of the
m = 6 compound suggests that a lattice distortion
coincides with the CDW transitions at 120 and 60 K,
indicated by the splittings of W—0O modes at 730 and
761 cm~! and a new mode at 1099 cm~1. In contrast, a
more modest coupling to the CDW transitions at 85 and
52 K is inferred from the weak temperature dependence
of the m = 4 absorption spectrum. This is consistent
with the lower dimensionality and better Fermi surface
nesting of the m = 6 compound, as predicted by band
structure calculations!”18 and confirmed by the mag-
netotransport and thermopower measurements.*9-51
However, thermopower experiments also report a sur-
prising anisotropic response in the ab plane for the m
= 6 material, compared with the isotropic thermopower
for the m = 4 material in the CDW states.*?>0 Combined
with observed mode splitting and a new vibrational
feature in the middle infrared absorption spectrum, the
results point toward the possibility that subtle struc-
tural changes may occur along with the CDW transi-
tions in the m = 6 compound. A detailed single-crystal
X-ray experiment of (PO2)4(WO3)2m (M = 6) at low
temperature may reveal the structural change.

V. Conclusion

We have measured the middle infrared reflectance
and transmittance spectra of MPTB m =4and m=26
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compounds. The interlayer c-axis reflectance spectra
display strong vibrational modes with a weak electronic
background, whereas the infrared spectra in the ab
plane are highly reflective and nearly featureless,
confirming the Q2D nature of both materials. Transmit-
tance measurements, and subsequent calculated ab-
sorption spectra, allow us to follow changes in the elastic
response through the density wave transitions. The
vibrational modes in the absorption spectrum of the m
= 4 compound are similar to those in the reflectance
spectrum along the c-axis, and the temperature depen-
dence of these modes is weak, with only the 756 cm™2
(related to W—0O motion) feature correlating with the
onset of density wave transitions. In contrast, the
spectrum of the m = 6 material displays a richer
response at 300 K. A new mode at 1099 cm~! appears,
and modes at 730 and 761 cm~1 split in the CDW states.
The correlation between the oxidation states of W and
the modes at 730 and 761 cm™! reveals that the first
CDW formation occurs largely at the center of the
conduction layer, whereas the second transition seems
to involve the octahedra slab as a whole. The temper-
ature dependence of the spectrum for the m = 6
compound strongly suggests that a subtle crystal struc-
ture change is associated with the first CDW transition.
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V1. Appendix

Figure 4 shows the reflectance (inset) and optical
conductivity spectra of the m = 6 compound in the
conducting ab plane at 10 K. The data were collected
with a Bruker Equinox 55 FTIR spectrometer coupled
with a Bruker IR Scope, covering the frequency range
from 600 to 16 000 cm~t. An Oxford Microstat He
cryostat system was used for low-temperature measure-
ments. Optical conductivity was calculated from reflec-
tance via Kramers—Kronig transformation, with Hagen—
Rubens (R(w) = 1 — Aw'2) extrapolation toward o — 0
and w2 for high-frequency extrapolation. Note these
extrapolations do not affect the phonon frequencies in
the spectral range shown in the figure.
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Figure 4. 10 K optical conductivity of the m = 6 MPTB.

CM010214V



