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Abstract. [001] surfaces of P,W,
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obtained by cieavage in UHV are analyzed at room temperature

by UPS, LEED and STM. Two types of facets are revealed. The type | shows periodic parameters
very close to the parameters of the bulk unit cell. It corresponds to a relaxed (1x1) surface, and the
surface defects may produce a (3x1) reconstruction. The type Il facets show a periodicity of 7.45
E, that is the distance between two second neighboring tungsten sites and corresponds to facets
parallel (001) , the dense planes of the perovskite-like WO, octahedra slabs. This parameter
reflects also the width of the steps ending the WO, octahedra slabs.

1.INTRODUCTION

The phosphate tungsten bronzes are a new family
of metallic oxides that slightly differs from the well-
known family of the sodium tungsten bronzes, due
to a presence of PO, tetrahedra [1]. While Na WO,
has a distorted perovskite crystallographic struc-
ture, the monophosphate tungsten bronzes (MPTB)
are built with infinite slabs of WO, octahedra, con-
nected by double planes of PO, tetrahedra, which
make the structure anisotropic. The MPTB, of ge-
neric formula (PO,) (WO,), ., with m ranging from 4
to 14, are metallic and show different transitions at
low temperature towards modulated structures [2].
For small m, the transitions have been attributed
to charge density wave instabilities. The m =7
bronze shows in addition a superconducting tran-
sition [3-6].

The metallic character of the MPTB results from
the presence of W5d electrons filling the conduc-
tion band, with a concentration of 2/m electrons
per unit cell. The first element of the MPTB family,

P,W,0,,, exhibits two electronic transitions at 80

832

and 52K. The modulation of the crystallographic
structure below 80K, the transport properties and
spectroscopic properties clearly demonstrate that
the upper transition is originated by an incommen-
surate charge density wave instability with a [ 0.33,
0.295, 0] g-vector [7-9].

The shape of the Fermi surface plays a key role
in the charge density wave transition. Quasi-cylin-
drical Fermi surface showing a large nesting area is
necessary to achieve such a transition. Angle re-
solved photoemission experiments performed on
(001) cleaved surface have evidenced the metallic
nature of the bronze, determined the band structure
and revealed the shape of the Fermi surface with an
large nesting in the [ 0.33, 0.295, 0] direction [1-3].

The photoemission technique is nevertheless very
sensitive to the nature of the top surface of the
sample. Any roughness produced by the cleavage,
any natural or controlled surface reconstruction may
deeply alter the electronic structure of the surface
and therefore hides the bulk band structure or the
bulk Fermi surface. For that reason, ARPES mea-
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Fig. 1. EDC curve recorded at normal emission in
P,W,0,, on afreshly cleaved (001) surface.

surements have been performed on untreated sur-
faces of cleaved single crystals. We present a char-
acterization of clean surfaces of P, W;O,,, obtained
by cleaving single crystals parallel to (001).

2. EXPERIMENTAL

Single crystals of P,W,O,, were grown as platelets
by vapor phase transport technique. The stoichiom-
etry was controlled by energy dispersive spectros-
copy (EDS). The crystals were oriented using natu-
ral edges of the platelets, and glued between a cop-
per sample holder and a vertical post. After having
introduced the sample in the UHV chamber, the
cleavage is done by removing the post from the top
of the sample. The quality of the surface is first con-
trolled optically. To reduce the inhomogeneity of the
cleaved surface that may present rough or flat and
shining areas next to each other, only small crys-
tals of few square millimeters were analyzed.

ARUPS and LEED measurements were done in
a VSW-ESCA lab, equipped with a HAC 5000 hemi-
spherical analyzer, a standard He lamp and an
Omicron back scattering LEED. STM experiments
were performed with an Omicron VT-UHV-STM. All
reported results were obtained at room temperature,
in a base pressure of 510 mbar.

3. RESULTS AND DISCUSSION

The clean surface of P, W,O,, obtained by cleavage
in UHV is characterized by a weak conduction band,

H. Guyot, N. Motta, E. Placidi and H. Balaska

Fig. 2. LEED pattern (at 49 eV) ofa P,W,0O,, single
crystal cleaved parallel to the (001) plane. The elec-
tron beam ( 5 pA) reaches the entire crystal (2 x 2
mm?). The weak contrasted pattern disappears af-
ter about 1 min of electron bombardment, due to a

rapid surface deterioration.

detectable on the energy distribution curve (EDC)
recorded at normal emission and using He |l radia-
tion (Fig.1). The conduction band has a bandwidth
of about 0.8 eV and is well separated from a va-
lence band by a depleted region of about 2 eV. The
low intensity of this depleted region reflects the clean-
liness and the good crystalinity of the surface, since
both a surface contamination and a surface degra-
dation produced by an Ar* ion etching have been
found to increase the density of states in this re-
gion. The conduction band exhibits several struc-
tures, more evidenced by He | UPS or PES, that
has lead to the determination of the experimental
band structure [8]. The valence band also shows
resolved structures around its maximum, that ex-
presses the octahedral symmetry of the oxygen
sites around the tungsten atoms. The double struc-
ture located at 10.6 and 11.8 eV, that is absent of
the EDC curve of the pure tungsten oxides, is a
doublet reflecting the P 3p shallow core level. The
position of this core level clearly shows that the
phosphorus atoms contribute not to the conduction
band, but to the t2g bonding level. Thus, the va-
lence band is mainly filled by oxygen type electrons.
On the other hand, the conduction band is filled by
electrons with the transition metal character, as evi-
denced by resonant photoemission in the parent
compound n-Mo,O,, [7]. Consequently one should
expect that scanning the surface of P,W,0,, with an
energy up to 2 eV would image essentially the tung-
sten states. Nevertheless, several authors predict
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Fig 3. STMimage of the (001) surface: A] image of
arelaxed (001) facet; B] Filtered image obtained by
fast Fourier transform (FFT) C] horizontal (H) and
vertical (V) profiles revealing a 5.6 A x 6.0 A rectan-
gular modulation.

in the parent sodium tungsten bronzes an oxygen
contribution to the conduction band states higher
than 15% [10].

After the cleavage a (001) surface, the crystal-
line quality of the remaining sample has been con-
trolled by low energy electron diffraction at 49 eV
(Fig. 2). The surface appears to be very sensitive to
the electron bombardment, and the pattern disap-
pears briefly after one minute of exposure. The sur-
face has a LEED pattern characteristic from the (001)
plane. It reveals a long distance order over the whole
crystal, and a rectangular periodic pattern. In the
two perpendicular directions, the ratio of the dis-
tances between the Bragg spots is about 1.25, that
is very close to the ratio of the bulk parameters,
a*/b* = 1.245. The untreated cleaved surface
appears as a simple (1x1) (001) surface, without
any surface reconstruction at long distance range.

STMimages have been recorded in topographic
mode on two samples cleaved in UHV, using a tip
bias voltage ranging from +0.8 up to +2 V. The tun-
nel current of 0.5 nA was kept constant and a cali-
bration was done on copper plate. The samples
exhibit flat surfaces of few microns, with a very low
corogation. A first type of STM image was obtained
on both samples (Fig. 3a ) The fast Fourier trans-
form of a type | image reveals a rectangular period-
icity, with parameters 5.6 E by 6.0 E, as they are
extracted from the horizontal and vertical profiles
(Fig. 3c).

These type | parameters appear very close to
the bulk parameters of the (001) plane (a=5.29 A,
b=6.57 A), and one can simply attribute the type |
image to a relaxed (001) facet. Such an image, that
is unchanged when the bias voltage is reduced to
+0.8 V, value of the conduction bandwidth, results
from the tunneling of the conduction electrons, which
have a W character. It reflects principally the array
of the WO, octahedra in the infinite octahedra slabs,
rather than the lattice of the PO, tetrahedra in the
planes (Fig. 4). The PO, planes act as an insulating
barrier between the STM tip and the conducting elec-
trons confined in the octahedra slabs.

Without any treatment, the top surface appears
to be a relaxed (1 x 1) surface, with a smaller in
plane anisotropy. P,W,O,, has a layered orthorhom-
bic structure that can be described as a stacking of
tited WO, octahedra slabs connected by a double
plane of PO, tetrahedra. In the slabs, the WO, octa-
hedra are ordered with a distorted perovskite struc-
ture. Two successive octahedra slabs are alternate,
reflecting each other in mirror symmetry. The (001),
perovskite plane [the index p refers to the perovskite
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Fig. 4. Crystallographic structure of the P,W,0O,, bronze projected on the [100] and [001] planes. Anions are

8732

located at the center of the PO, tetrahedra and of the WO, octahedra, that share corners. The PO, tetrahe-
dra delimit the infinite slabs of WO, built with 4 octahedra chains.

structure] is tilted alternatively by an angle of + 35
with respect to the (001) orthorhombic plane. Based
on this description, our results are consistent with
a bulk truncation in the vicinity of the PO, planes.
The disappearance of the alternate upper slab allows
a relaxation that tends to restore the square
symmetry of the remaining WO, slab.

Fig. 5 shows the STM image of a natural sur-
face with a 17.6 A x 6.05 A periodic structure. This
surface looks like a (3 x 1) reconstruction of the
precedent surface, with a triple parameter along the
[100] direction. This reconstruction differs from the
surface reconstructions detected in the parent tung-
sten bronze, Na WO, that has been intensively stud-
ied by STM imaging and theoretically modelised [10-
12]. In fact, this (3x1) reconstruction concerns an
untreated surface and not a thermodynamically
stable surface, obtained after etching and post an-
nealing in presence of oxygen, as reported in the
literature. In addition, this (3x1) (001) surface differs
from the Na, WO, surfaces due to the presence of
PO, tetrahedra. The (3x1) periodic structure may
be generated by a periodic defect of the (001) facet,
for intense a periodic lack of PO, tetrahedra, as
shown on the Fig. 6. Since the tetrahedra are aligned
on lines parallel to the [010] direction, a bulk trun-
cation removing every third line of PO, tetrahedra,
will give a tripling of the surface parameter in the
[100] direction.

(H)

(V)

Fig. 5. STM image of a (001) surface and its hori-
zontal (H) and vertical (V) profiles: the 17.8 Ax6.0
A modulation reveals a (3x1) reconstruction of the
(001) facet.
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Top view
(001,
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(100),

Fig. 6. Hypothetical (3x1) reconstruction of the (001)
facet induced by an ordered surface defect: one line
of PO, tetrahedra every three lines is removed.

Imaging (001) cleaved surfaces may also reveal
facets with periodic structures like 7.45 A x 11.8 A,
7.45Ax4.9Aor7.45Ax6.6A(Fig. 7). The 7.45 A
distance seems to play a key role on these facets
of type II, as well as the distance of 11.8 A. 7.45 A
corresponds to the distance between second
neighboring W sites, along the W1-W2-W2- W1
chains, while 11.8 A corresponds approximately to
the W1- -W1 distance along this chain (Fig. 8).
These remarks allow to correlate these surfaces of
type Il directly to the WO, slabs and should reflect

Top view (001)p
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745 E x 11 8 E modulation

745 E x 4.9 E modulation
Fig. 7. Direct or filtered STM images showing 7.45
Ax118A 745 Ax6.6 Aand 7.45 A x 4.9 A
rectangular modulations. They are related to the
perovskite (001), plane of the octahedra slabs and
correspond to (001) facets.

the perovskite structure of the slabs. If the bulk trun-
cation removes all the PO, tetrahedra from the top
of a WQ;slab, the remaining surface may be de-
scribed as a stepped (001), perovskite surface tilted
by 35° (Fig. 8). The STM images of type Il reflect
thus (001)p facets that correspond to the densest
planes of the structure.

As shown in Fig. 8, each (001) plane is ended
by a step parallel to [010] of the orthorhombic struc-
ture. In the [100], direction, parallel to the W1-W2-
W2- W1 chains, the width of the step corresponds

Side view
* {(LOO)p

Fig. 8. Structure of the octahedra slabs with perovskite symmetry and possible truncation parallel to the
(001)p plane. The open circle indicates the zone where the cleavage plane crosses the alternate slab.
Characteristics of the steps and some interatomic distances are shown.
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to two WO, octahedra that is about the measured
7.45 A parameter. Perpendicularly, the 11.8 A dis-
tance is related to the W-W-W-W chain, but it also
corresponds to the width of the alternate neighbor-
ing slab. This second slab, tilted by about 70 from
the first one, can also be truncated in the same
plane. Nevertheless, the truncation of the alternate
slab induces some defects due to the breaking of
the W-W-W-W chain or to the appearance of W-W-
P short chains. Such defects may also appear in
direct slab, and originate very likely the 4.9 A and
6.6 A parameters that have been occasionally de-
tected.

Many of the periodic structures detected on the
(001) or on the (001 )p facets result from the surface
defects. Post treatments like annealing in oxygen
should reduce the number and the size of the de-
fects and stabilize the facets. Nevertheless, one
should wonder if such treatments would be suitable
for the observation of the charge density wave, that
is the most important property of P, W,0,,. Itis well
known that any defect will act again the creation of
the charge density wave by shorting the coherence
length of the CDW. But it was proved experimen-
tally that cleaved surfaces are good enough forim-
aging the CDW, at least in the molybdenum oxide
and bronzes [13]. The detection of the CDW in
P,W,0,, should be probably possible, but the se-
lection of (001) facets would be necessary, since
the CDW extends in the (001) plane.

4. CONCLUSION

The cleavage of single crystal of P4W8032 in UHV
is the relevant way to determine experimentally the
electronic structure of this tungsten bronze, free of
surface contamination. The metallic character of this
oxide is confirmed by the appearance of a weak
conduction band, well separated from a large va-
lence band, as in many tungsten bronzes. The long
range order of a single crystal surface cleaved par-
allel to the (001) plane is controlled by low energy
electron diffraction. This characterization neverthe-
less modifies rapidly the surface, making the LEED
pattern vanishing and creating new states in the
depleted region below the conduction band.

The local study at nanoscale range of the cleaved
(001) surface reveals many situations, that corre-
spond to two types of facets, the (001), facets or
(001) o facets [0 and p refer respectively to the orthor-
hombic structure and to the perovskite structure of
the WO, slabs]. These facets can be well crystal-
lized or affected by surface defects. They are re-
sponsible for some reconstructions, like a (3x1)
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(001), surface, or reveal the presence of distorted
regions, like that ones corresponding to the alter-
nated slabs.
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