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Electronic structure analysis of quasi-one-dimensional monophosphate tungsten bronzes
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Synchrotron-radiation angle-resolved photoemission measurements were performed in the nondoped
(PG,) 4(WO3) 4(WO5),, compound in order to obtain a detailed picture of the electronic structure. This material
is a low-dimensional compound due to the strong anisotropic structure built up with chains. The measurements
were done at room temperature, probing different crystalline directions. Three states are observed in the
vicinity of the Fermi level: one of them exhibits one-dimensional character while the other two are of two-
dimensional nature. A very good agreement has been found between these electronic bands and theoretical
calculations based on the hidden nesting mechanism.
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[. INTRODUCTION with pentagonal tunnels are a family of low-dimensional
conductors with a general formula (PXQ(WOs3),(WO3).

The physical properties of both organic and inorganicAs in the molybdenum bronzes, the essential building blocks
quasi-low-dimensional solids have been the subject of nuare perovskite-type layers made up of Waectahedra and
merous investigations, since these materials are excellefinked across PQtetrahedrd. In the junction between two
models to test fundamental theories of low-dimensionalW-O layers, pentagonal tunnels are formed. Thend q
systems. In recent years, several studies have been focuse@dices indicate the number of Wctahedra per unit cell
on the study of the chemical and physical properties of famineeded to form the W-O layers. In our particular case,
lies of transition metal oxides, chacolgenides, and bronzessdq=m and then the general formula is reduced to
The main reason for such studies are the quasi-one- or quagP0,) 4(WOs) .. Due to the layer structure, all the tungsten
two-dimensional properties that these compounds prégent. bronzes present a 2D charactet.However, some of them
Their strong structural anisotropy is reflected in a variety ofhave an even more reduced dimensionait§).*
electronic properties and other interesting characteristics, in- The electronic behavior of the members of the MPTB
cluding quasi-low-dimensional transport, anomalous magfamily is very rich. For compounds witm=4, 6, 7 two
netic properties, metal-insulator and metal-metal transitions;onsecutive CDW's have been observédowever, there are
periodic lattice distortions, and charge-density-wé&@®W)  strong differences in the electronic and magnetic properties
phase transitions. as a function oim. In addition to this, then=2 member is

In general, low-dimensional metallic oxides exhibit two semiconducting and presents antiferromagnetic dftler.
kinds of electronic instabilities: a CDW or a superconducting Most of the experimental studies performed on molybde-
state. In both cases the instability leads to a gap. However, inum and tungsten bronzes have focused either on the analy-
spite of the large amount of work devoted to these materialssis of the geometrical structure or on the examination of the
the mechanism that determines why one or another transitiomacroscopical electric and magnetic properties. However, in
takes place is not yet understood. spite of its crucial importance, the electronic structure has

The CDW phases observed in molybdenum and tungstebeen much less studied. In this paper, we present a detailed
bronzes have been explained within the context of the hiddedetermination of the electronic structure of nondoped tung-
nesting modef. A CDW transition takes place when a low- sten bronzes. We examine the electronic structure of the
dimensional metal reduces its electronic energy by opening éP0,) 4(WOj3),,, compound withm=4. We analyze the band
gap as a consequence of a structural rearrangement. Thigspersion along the three high-symmetry directiohs((
situation is energetically favorable only in low-dimensional Ty, andI'M) using detection geometries sensitive to differ-
systems. In this case it is easier to find large portions of thent symmetries, in order to differentiate the electronic states
metal Fermi surface that exhibit parallel areas which preserdnd to obtain a deeper understanding on the electronic be-
nesting. In this scenario the electron-phonon coupling ishavior. The experimental data are compared with electronic

strong enough to stabilize a CDW. In the hidden nestingheoretical calculations which proposed that the CDW tran-
model, the Fermi surface of the metallic phase of a low-sjtion is due to a hidden nesting mechanism.

dimensional compound can be decomposed in different one-
Qimensional(l_p) Fermi surfac_:e sheets, formed by parallel Il GEOMETRIC STRUCTURE
lines that exhibit a large nestirig.

Phosphate tungsten bronzes are a family of metallic The molybdenum and tungsten bronzes have been syn-
bronzes with quasi-low-dimensional structural and electroni¢hesized and their structure has been studied since the early
properties similar to those observed in the molybdenunil980s. All the family crystallizes in an orthorhombic struc-
bronzest® The monophosphate tungsten bronz8#PTB)  ture that is built up from perovskite prototype ReO
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step layer In our particular case, for the (BR(WOg3)s(WO3),
W O compound, four W@ octahedra are linked together forming
4716 a W,0,; unit. These units are joined to form a,®;g chain

along they direction and they run along anda=b crystal-
lographic directions, as shown in Figal In the next step,
two chains condense to produce a,@; step layer with

:

z 1 |
v WAV AV AVAAY (1,3 condensation. Finally, these step layers are linked to
o ! Vs '/ y ! l/ each other across an infinite plane of R€rahedra, forming
chain y V layers along thab plane of the unit cell. This junction cre-
W O y Ay Ayl octahedra  4ieq pentagonal tunnels, formed by the corner sharing of
a1 /1 ! | '/ WO, three WQ octahedra and two POtetrahedra[Fig. 1(b)].
There is an inclination between neighboring step layers.
z Thus following layers run forming a zigzag. The whole for-
f_,x Wn mation process is schematized in Fig. 1. The orthorhombic
unit cell parameters aré=5.285 A, b=6.569 A, and¢
a) =17.351 A, and the compound crystallizes in 1#2,2,2;

cleavage space symmetry group. It is impqrtant to stress the_ exis-
> compound plane tence of two kinds of W atoms sites, depending which cor-
ners of the WQ octahedra they share. Some Wartahedra
share O atoms only with other Wctahedra, while a sec-
ond kind share O atoms with BQetrahedra also. These
different environments have important implications in the
electronic behavior.

pentagonal

tunnels
Ill. EXPERIMENT

The experiments were carried out in the Spanish-French
beamline at LUREOrsay, receiving synchrotron radiation
from SUS8 insertion device of SuperAco storage ring. All the
a||chains b L chains % ?rztnasmg:]etglaﬁ:](en at room temperature, above the CDW phase

. : perature.
X || chains T'Y L chains step layer The samples were grown following the chemical vapor
b) transport techniqué.The typical size was 22 mn? of a

platelike purple crystal. The samples were prepamegitu by
cleaving the crystals in ultrahigh vacuum. The chamber base
FIG. 1. Geometric structure of the (RQ(WO;3)4(WOs)4 com-  pressure was in the 18 mbar range. Typical energy and
pound. Pane{a) summarizes the formation process of a step layer:angular resolution were 50 meV and 0.5°, respectively. In
several WQ octahedra linked together to give rise t0,@/s  order to avoid electron damage to the sanipléne orienta-
chains; then, two chains joined with(&,3) condensation to produce tion was done in two steps. Before the experimental mea-
a W,0y step layer. Panelb) represents the final structure of the gyrements, the sample was aligned using forward-scattering

material. See text for detais. photoelectron diffraction, in order to determine th& and
type infinite layers of W@ octahedra separated by pO 1Y high-symmetr_y directio_ns. Later on and after the data
tetrahedra. were acquired, this orientation was confirmed by low-energy
One of the most important characteristics of these mateelectron diffraction(LEED). The quality of the sample was
rials is their structural flexibility, which is an advantage for monitored during the data acquisition by measuring the spec-
the analysis of the electronic interactions. The strong anisotral intensity between the conduction and valence bands.
tropic layered structure makes them ideal systems to study
tehrttaieesffects of electron confinement in the macroscopic prop- IV ELECTRONIC STRUCTURE
A (PG,)4(WO3),,, compound is fully described by the The transport properties of Mo blue bronzes are extremely
value of m, which determines the width of the step layers anisotropict At room temperature, the resistivity along the
(m/2) and the pair K(,s), which describes how adjacent axis is at least one or two orders of magnitude larger than
chains are condensed. The§) indices mean that theth  along the other two axés This behavior is common for all

octahedron of the first chain shares the oxygen axial atorfamilies of bronzes, and it is easily understood in view of the
with the sth octahedron of the second chain. In these matee|ectronic structure.

rials the crystallographic valugsandb are mostly indepen- The electronic properties of Wwere first explained by
dent ofm, while ¢ is directly related with the thickness of the Goodenough who described the electronic structure within
W-O step layers. a simple model. Each O atomsphybridized. The central W
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(PO,) 4(WO3)4(WO3), compound(panel A and an ideal
W,0,4 step layer(panel B.*® Three bands appear in the
region near the Fermi levélhe top of the conduction bajd
labeleda, b, andc. Banda has quasi-1D character. It is flat
along thelY direction and disperses in other high-symmetry
directions. It crosses the Fermi level aloh, Y M, and
I'M. The 1D character of band is due to a very weak
interaction between adjacent chaidsy( direction orb axis)
and strong conduction along the chaiddX( direction ora
axis).

Bandsb andc have both 2D character. They come from
the splitting of a doubly degenerate band obtained in the
calculations of the ideal W-O layer. During the formation of
the W,0;5 chain, the tungsten octahedra suffer a local dis-
tortion to reduce the strain. This distortion is mainly a rota-
tion around the vertical axis. When the calculations are per-
formed in a real distorted W octahedron, the double
degeneration of the upper 2D band is lifted. The upper two
bands present a strong dispersion due to the interaction be-
tween the WO,g chains. They have lower binding energy
than banda and cross the Fermi level along all high-
symmetry directions.

The theoretical bands calculated by the extendedkiglu
method have been multiplied by a factor in order to repro-

FIG. 2. Schematic diagram of the energetic levels involved in
the electronic structuréRef. 15.

atom of the octahedron hass,66p, and & (ey) orbitals
which overlap with the Osp hybrids to formo and o*
bands. In the same way, the VW $t,,) orbitals overlap with
the Op to form 7w and 7* bands(see Fig. 2 In MPTB, the
t,y bands are partially filled by electrons coming from the
PO, groups, accounting for the metallic character of the
compound. The dispersive properties of #iblock bands
can be deduced by determining whether the bridging O

orbitals can mix with the _meta_j orbit_als_ or not. .__duce the real value of the binding enei@E) of the experi-
More accurate theoretical tight-binding band calculanommental data. A factor of 3.75 was chosen so that the BE of

8,14,15 g
Fiichol method nave. shown that he cletons stueture (e flat banca along thel'Y direction was reproduced by the
?heoretical calculations. The same factor was used for all

very similar for all compounds of the MPTB family. Their S
a§ymmetry directions.

essential features give rise in the calculation to the ide Ab inifi . : .
) i initio density functional theory calculations have been
W,0,¢ step layer, common in all families. Due to thg IayeredPerformed more recently for thm=4 membel’ The theo-
charaqter .Of MPTB compounds, thg surface projection Otetical results are similar to those obtained by Canaatedll.
the Brillouin zone is straightforward: the rectangle formed h Its of th lculation performed by Sanelral. are
by I', X, Y, andSbulk symmetry points becomes the surfaceT € resutts ot the calcuration performea by = -
o - — - i represented as dashed lines in Fig. 3. @henitio electronic
Brillouin zone formed byl", X, Y, andM symmetry points,  gtrycture obtained has the same shape as that calculated by
respectively. _ _ ~ the Hickel method. However, thab initio bandwidth is
o1he results of the calculation are shown in Fig. mych closer to the experimental one, and no multiplication
3,7 which represents the bottom part of the electroniCtacior is needed in order to reproduce the experimental data.
band structure of thet;q bands calculated for a real  Ag discussed above, the electronic properties of these lay-
ered compounds are governed by the bottom thygbands,
which are partially filled. Since the electronic structure is
almost identical for (P§)4(WO3),4(WO3), and for W,044
(and very similar to M@O,g), the orbital character of the
three bands can be easily deduced from the calculations per-
formed for the MO layer. In this compound and at the
point, banda hasd,2_ 2 (& charactey, while bandsh andc
haved,, andd,, character, respectively. Using synchrotron
radiation and an adequate experimental setup, it is possible
to exploit the symmetry of the wave functions in order to
M X r Y ML M discriminate between the three different bands. To this end,
. i , ) the plane defined by the light and emitted electfdetection
FIG. 3. $oI|d lines: theoretical calculations performed using theplane must be a mirror plane of the Crysféland so all the
extended Hokel method for a real (PD4(WO;)4(WOs) com- symmetry relationships are related to this plane. Within the
pound(panel A and for an ideal YOy step layer(panel B. The dipolar approximation, the photoemission sigh& propor-

theoretical bands have been multiplied by a fagtee text for tional to the matrix element governing th hotoemission
detailg. Dashed linesab initio density functional theoretical calcu- onal 1o the ma element gove g the photoemissio

lations performed along some relevant surface directions for th&OCESS,
(PG,) 4(WO3) 4(WO3), compound. The inset schematizes the sur- -
face Brillouin zone. I~ (| AV | ), 1)

o o
o o
Ll L1

Binding energy (eV)
c
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FIG. 4. Schematic representation of the symmetry of the wave £ oy \
functions with respect to the detection plane. See text for details. 5 g \‘
/""s\
wherey; is the final-state wave functior; the initial-state
wave function, andAV the momentum operator. In order to | Lo

measure any photoemission signal in the analyzer, the final 100500 -1.0-05 0.0
wave function should have even symmetry. When the dipolar Binding energy (eV)

vector of the radiatiorA lies inside the detection plane, the
momentum operator is even with respect to this plane, and FIG. 5. Panels C and D: experimental EDC's obtained for the
only even initial wave functions are detected. On the con-nondoped compound along tH&X high-symmetry direction, for

trary, whenA is perpendicular to the detection plaey is ~ even(panel Q and odd(panel D symmetry detection geometries.
odd, and the signal detected comes only from odd initiaPanels A and B: the corresponding two-dimensional plots of the
stated? bottom EDC’s with intensity represented as a gray scale. Photon
Due to the relatively complicated structure of these com-nergy wasi»=30 eV. Solid lines correspond to theoretical calcu-
pounds, there is only one mirror plane: the plane perpendicy2tions using the extended kel method, while dashed lines are
lar to the surface that contains the' direction. This means obtained fromab initio theoretical calculations.
that the symmetry detection rules are strictly kept only along The number of 8 electrons per W-O layer to fill up the
theT'Y direction. However, the projection of the bulk on the bands is always 2, regardless the member of the MPTB fam-
surface has a mirror plane in the plane perpendicular to théy, i.e., the value ofm. Nearly all MPTP compounds have
surface which contains thd X direction (pseudomirror two W-O layers per unit cell, so there exist four electrons per
plang. Thus, although a complete extinction of the signalunit cell. However, the electron density per W iom/@)

cannot be expected alorigX, it is reasonable to predict a depends on the particular compound geometry. This depen-

photoemission intensity reduction of the orbitals with nonad—dence of the electronic density makes it possible to change

equate svmmetry alona this plane. Aoplving the svmmetr the electronic properties by just changing Because mac-
d y y 9 P - APPYING y yroscopic properties are under more fundamental characteris-

rules is then straightforward: along tHeY direction, the ics, as the electron-electron or electron-phonon interactions,
wave functions ofa andc states have even symmetry with these materials are a model system to study dimensionality
respect to the detection plane, so they should be detected #tects without changing the electron counting.

even symmetry. Bané has odd symmetry and should be  The experimental electronic structure data for the
measured in odd detection. On the contrary, alongltle  (PQ,),(WO;),(WO5), compound is represented in Figs. 5
direction, the wave functions ad and b states have even and 6. The two lower panels show the experimental energy
symmetry(odd symmetry for band). Along thel'M direc-  distribution curve§EDC’s) as a function of emission angle.
tion there is no mirror plane, so all bands should be experiThe upper panels show the EDC intensity data as a gray
mentally detected. This is represented in Fig. 4. scale.
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metry detection geometries with the aim of detecting and

c

that more than one state exists inside the main peak. Two
states are clearly observed: one state disperses at higher BE,
0~ il while a second one is located near the Fermi level.

D E For odd geometry detection the three states are better re-
o solved: there is a main peak centered-d1.4 eV BE, sur-

Iy rounded by two smaller peaks at higher and lower binding
energy, respectively. The central peak has a strong disper-
Z2A sion, with minima atl” points. o L

\ Figure 6 shows the EDC's for tHeY andI'M directions,
e\ both taken in even symmetry. Along tHeY direction the
peaks are more easily observed than albng because of

the smaller broadening~0.3 eV). In this case, the photo-

\
// . . . . .
% A electron emission plane is a real mirror plane and the extinc-

0.0 :’--‘i. " discriminating the thre@, b and c bands as a function of
< “0-2 G — AT their symmetry. In Fig. 5 we represent the data alongltie
QS N =0 | high-symmetry direction in even- and odd-symmetry detec-
> 04F E tions. The broadening i ially | t detection. |
e 2 3 . g is especially large at even detection. In
5 06t 3 this symmetry, a peak of 1.0 eV width disperses from a BE
& 08t < of —0.7 eV atI’ points up to the Fermi level. The band
2 0.0 ) crossing is reflected in the reduction of the photoemission
S .02 E intensity at the Fermi level and in the spectral density de-
'aEJ 04 ] tected after the band crossing. A careful inspection reveals

Intensity (arb. units)
<
)
=

r N tion of the bands with nonadequate symmetry is complete.
N However, along thd’M direction, the broadening is much
r larger than an_n@_X or I'Y due to the lack of mirror plane.
\ Along theT'Y direction, two states are observed in even
Y R detection. The most intense is a flat band, centered at

—0.7 eV BE. The dispersion of the band is negligililel
L il eV). In addition to this intense peak, another weak peak is
100500 -10-0500 observed in the region near the Fermi level. This weak peak

Binding energy (eV) disperses from a minimum of binding energy at theoints
(—0.3 eV) and crosses the Fermi level halfway between the
FIG. 6. Panels D and E: experimental EDC's obtained for the[" andY points (see Fig. 6, panel A

nondoped compound alorlgY (panel D andTM (panel B high- Along I'M all three bands are detected and they exhibit a

symmetry directions, both taken for even detection geometry. Parsjagy dispersion. The lower band disperses froh8 eV BE
els A, B, and C: the corresponding two-dimensional plots of the

bottom EDC direction with intensity represented as a gray scale. Ir"flt I" up to the Fermi level. A second one has_small disper-

order to be able to observe the area near the Fermi level, two pane®0n, but approaches the Fermi level near Mepoint. A
are plotted for the Y direction. Photon energy wasy=30 ev.  third one is detected as an increase of the intensity near the
Solid lines correspond to theoretical calculations performed by théermi level around th& point. In this high-symmetry direc-
extended Haokel method. tion, the agreement between experiment and theoretical cal-
culations is worse than in other directions. This is because
An important feature obtained from the EDC experimen-the calculations are performed for an ideaj @y step layer.

tal data is the broadening of the states along the three highn the I point the experimental bands agree better with the

symmetry directions. The origin of the broadening lies in thetheoretical bandwidths obtained for the real compound.
existence of two different kinds of W{ctahedra, which are

displaced from the ideal positions due to the distortion.
This distortion generates different environments for the W
and O atoms, which naturally enhances the spectral broaden- Our experimental results are fully consistent with
ing. The spectral intensity between the valence and condudhe theoretical band structure determined for the
tion bands reflects directly the defect concentration; thus, théPQ,) ,(WOj3) ,(WO5), compound®>!"which indicates the
intensity depletion measured in this region discards the pogresence of three states near the Fermi level: one with 1D
sibility that the broadening is due to defects. This fact sup-character and two with 2D character.
ports an intrinsic origin of the experimental broadening. In the upper panels of Figs. 5 and 6 we show gray-scale
The broadbands make difficult the differentiation betweerpictures of the experimental data and the theoretical bands
the different half-filled states. Due to this reason, the experifrom Fig. 3. In this kind of figure the comparison between
mental data have been measured both in even and odd symata and predictions is very simple. As can be observed, the

V. DISCUSSION
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agreement between experiments and calculations is excahe hidden nesting mechanism as being responsible for the
lent. Along theI'X direction, in even detection, one broad CDW's being stabilized in these compounds.

and dispersive peak is observed. This peak corresponds to

bandsa and b. Band b is detected as an increase of the

intensity near the Fermi level around tlhepoints. On the
contrary, bana is observed in odd detection, with higher BE =~ We have investigated the electronic structure of the low-
thana andb. Along this direction, all states disperse. Sincedimensional inorganic (PQ,(WO3),(WO3), compound
this direction is parallel to the chains, the dispersion indi-using different symmetry detection geometries. Three broad-
cates a strong degree of delocalization along the chains anghnds are observed: one band with 1D character a[b_‘ﬁg
explains the differences in the electronic transport betwee@nd two 2D bands. These structures reveal electron confine-
different axis. ment along the chains with negligible interchain electronic
Along thel'Y direction the symmetry rules are fulfilled. A interaction. The comparison between experimental data and
flat state detected corresponds with bantts nondispersive theoretical calculations performed by the extendedtkel
character is an indication of the strong 1D nature of thismethod andab initio density functional theory is excellent.
state, supporting confinement along h¥ direction and the Although this leads us to think that hidden nesting is the
lack of interchain interaction. In addition to this state, anmechanism behind the CDW phase observed at low tempera-
extra very weak peak is detected closer to the Fermi level. Itture, further measurements of the Fermi surface in these
dispersion and BE agree well with the ones expected focompounds are planned in order to fully confirnd'it.
bandc which has 2D character. Barialis not detected be-
cause it is symmetry forbidden.

VI. CONCLUSIONS
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the bandwidths af point. As can be expected, the comparison
between experiment and theory favors the results obtained for
the real (PQ)4(WOj3),(WO5), compound.
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