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Charge-density-wave STM observation inyp-Mo0,04;
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We present scanning tunneling microscd®TM) measurements of the two-dimensiongMo,0,,; com-
pound, which exhibits Peierls transitions at 30 and 109 K. Using a homemade UHV low-temperature STM, we
observe at 50 K(between the two transitionghe formation of an incommensurate charge-density wave
(CDW) along theb direction. STM images provide an accurate measurement of the wave vector of this CDW,
which is the “nesting” vector characterizing the transition at 109 K. The measured value is in perfect agree-
ment with previous electron diffraction and x-ray diffuse scattering measurements. Finally, recording simul-
taneously STM images at positive and negative sample bias, we observe the expgitade shift of the
CDW, due to a full spatial separation of the occupied and empty electronic states of the CDW.
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[. INTRODUCTION STM experiments undertaken at 50 (Ketween the two
transitiong clearly show an incommensurate CDW along the
Low-dimensional systems often exhibit electronic insta-b axis, whose wave vector has been carefully measured. Be-
bilities, such as, for instance, the Peierls transition. This incause of the particular shape of the Fermi surface, the CDW
stability has been studied for years in chalcogenide nfetals vector is along one in-plane direction in this ph&gimul-
by low-temperatur¢LT) STM, which provides images with taneous images taken at opposite bias voltages lead to a per-
atomic resolution of the charge-density wa@DW) in the  fect contrast reversal of the CDW pattern, just as in the case
direct space. Concerning molybdenum oxide®0) metals,  of a pure 1D CDW.
STM and AFM measurements at room temperature have
been already obtained, giving precious informa%%n about the
atomic pattern observed in the normal phaSelow-
temperaltoure STM/STS were also performed ?n several MoO !l. THE MOLYBDENUM OXIDE - 5-M0,01,
systems, but no CDW observation could be done, suggesting The structural chemistry of the intermediate molybdenum
the absence of CDW at the sample surface, possibly induceskides was described several decades ago in a series of pub-
by the surface preparatior?. lications by Khilborg® The 7-Mo,0,; compound belongs to
Very recently, we have presenfeal STM observation of  the monoclinic system, with lattice parameters 24.54 A,
the CDW in a quasi-two-dimension&2D) metallic oxide p—5439 A c=6.701 A, =94.28°. Its structure is com-
system, the so-called “purple bronze"o§MogO, 7. Because osed of layers of Mogoctahedra sandwiched between two
of the high surface reactivity of these materials, such meag|aneg of MoQ tetrahedra. The weaker density of bonds is
surements are hardly achievable without ultrahigh vacuung, ;4 penveen the two tetrahedral planes. Therefore it is

(UHV) conditions, including cleavage Of. the sur_face. Ourcommonly believed that cleavage occurs between these two
measurements at 50 K have clearly provided a direct obser-

: ; planes. The conduction electrons come mainly from dhe
vation of the quasicommensuratex2 CDW superstructure . . -
existing on the surface. Moreover, we have demonstrated %rbltals of the inner octahedral planes, giving to the system a

perfect spatial separation between occupied and empty eleguasi-2D metallic behavior. Bulky-Mo,O,; undergoes at

tronic states of the CDW. In a one-dimensiot®D) system, 1p— 109 K a Peierls transitiotf, allowed by a strong

such a contrast reversal is expected because the local den§|€Ctron-phonon interaction and by the particular shape of its
ties of stategLDOS) at Er+A (whereEg is the Fermi en- Fermi surface_: th|§ gives origin to an incommensurate CDW
ergy andA is the Peierls gaphave am relative phase shift. along theb axis, with a wave vectog=0.23* as measured
We have used the hidden 1D nesting Concept proposed W electron diffraction and X-ray diffuse ScatterngThe
Canadell and WhangBdo explain the observed CDW con- Fermi surface, calculated some years ago by Whangbo and
trast reversal in the two-dimensiondRD) K, gM0gO;7 Canadelf compares well with these results. Very recently,
system’ angle-resolved photoemission spectroscopy has been
In the following we show LT STM images of another Mo achieved® on 7-Mo,0;;, giving stronger support to the
oxide: »-Mo,0O44. This system presents quasi-2D electronicabove theoretical calculations. A second transition occurs at
properties, and exhibits two Peierls transitions at 30 and 1080 K, identified by resistivit}? and tunnelind® measure-
K. Although cleavage is more difficult than in the previous ments as a second Peierls transition. This second transition
system, we find that it is sometimes possible to achieve STMvas out of the temperature range accessible to our instru-
observation of the CDW in this material. ment. Hence we could not study this low-temperature phase.
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tify which atomic plane corresponds to the atomic lattice
observed by STM? By considering that the cleavage occurs
between the two Mo@planes, we expect that the topmost
plane of the surface is a MgQetrahedra plane. This plane is
believed to be quite insulating with few electronic states near
the Fermi level, while 8 conduction electrons lie in the
underneath Mog@layers. As a consequence, when the bias is
rather low as in Fig. 10.7 V), the tip probes electronic states
from the underlying Mo@ conductive plane, and the elec-
trons have to tunnel through the insulating topmost MoO
plane. In such conditions, one may expect to observe the
CDW modulation at low temperature.

7n-Mo,0;; is hardly cleavable, and most of our attempts
lead to a surface where no CDW pattern could be observed.
As an example, the three images presented in Fig. 2, taken at
50 K with different values of bias, do not show any CDW
superstructure. Notice that the atomic pattern looks also very
disordered, especially on Figs(h2 and 2c) acquired with
high bias(1.2 and 2.5 V, respectivelyWe ascribe the ob-
served pattern on these images to the topmost Muo@ne.
Certainly due to the unsuccessful cleavage, this plane is very
disordered, leading to inhomogeneities in the topographic

FIG. 1. Empty states image of a cleavgeMo,O,; sample in - and electronic structure of the surface. These localized de-
the normal phaseT(=150 K). Image size: 28 20 nnf. Tunneling  fects dominate the contrast on imageb)2and Zc), leading
current: 0.2 nA. Sample bias: 0.7 V. The surface Iat'Flce param- tg the disordered pattern observed. Even in Fig),2aken at
eters measuretby FFT) areb=5.6 A, c=6.6 A. Atomic surface |y hias(0.25 V), structures correlated with these defects are
corrugation: 0.%0.1 A. still observed. They look like fuzzy regions, superimposed to
a well-ordered pattern, probably the underneath lpfane.
These regions correspond quite well with atoms of the dis-

STM measurements have been done with a homemade Lardered pattern from Fig.(B) (both images are taken at the
STM. The microscope, described elsewheis, of Beetle ~Same location Unfortunately, these fuzzy regions hide any
typel* and offers the possibility of cooling the sample down eventual CDW contrast.
to 40 K, together with a very convenient tip or sample ex- We focus now on the samples for which STM experi-
change procedure. The single crystals were grown by vapdhents done at 50 K show undoubtedly a CDW pattern. Im-
phase transport from a powder, using Te@6 a transport ages are taken at intermediate bi@s8 V for Fig. 3 and 1V
agent'® The typical size of the sample isx2x 0.5 mnt.  for Fig. 4). It appears clearly that, contrary to images from
UHV cleavage of the surface is made by pulling off a postFig. 2, the atomic pattern is well ordered. As the CDW is
glued initially to the surface, by means of a stainless-steepbserved, we believe that the tip probes essentially electronic
grip. During STM experiment, the base pressure of thestates of the inner Mogplanes. Electronic states confined in
chamber is less thanx710~'* mbar, granted by a cryosorp- the MoQ, topmost layer must have an energy outside the
tion panel cooled by liquid nitrogen. This pump is activatedwindow fixed by the sample bias, i.e., higher energy than the
during the experiment in order to minimize the trapping ef-Fermi level.

fect of the cooled sample on the residual gases of the UHV At 50 K, below the transition temperature 109 K, a clear
chamber. modulation along thé axis is observefFigs. 3a) and 3b)].

This modulation is not destroyed neither by small atomic
defects nor by the deep trench@siginating from growth
defects present at the surface. By a fast Fourier transform
In Fig. 1 a STM image of they-Mo,0,, (100 surface (FFT) analysis of many imagefthe FFT of Fig. 3b) is
obtained in the normal stat@ & 150 K) is shown, evidenc- shown in Fig. 8c)], we recognize extra spots labeleghgy,
ing the rectangular in-plane lattice with corresponding pafeaturing in theb* direction, at the positiomcpw=(0.23
rametersh=5.6+0.2 A andc=6.6-0.3 A. Several defects *+0.01)b*. This corresponds to an incommensurate CDW
of atomic size are present, which have a detrimental effect omodulation along thd axis. The value of gpy coincides
the tip stability, leading to the unexpected horizontal linesnicely with satellite positions measured by electron diffrac-
present on the images. The lattice parameters are in godibn and x-ray diffuse scattering experimentand is also in
agreement with the literature datayithin the error caused agreement with the nesting vector found by Fermi-surface
by the small thermal drift in the vertical direction of the calculationg It is important to remark that although the sys-
image. At this temperature, no CDW pattern is expected, antem has 2D electronic properties, the particular shape of the
this is clearly evidenced here. Fermi surface leads to a CDW characterized by only one
An important question arises now: is it possible to iden-direction (b axis) within the plane. Thus, on STM images,

IIl. EXPERIMENT

IV. RESULTS AND DISCUSSION

165428-2



CHARGE-DENSITY-WAVE STM OBSERVATION IN%-Mo040,

FIG. 2. Low-temperaturé¢50 K) empty states images recorde

on a defective cleaved surface. Although temperature is much lowd
than bulk Peierls temperatuf&09 K), no CDW pattern is observed.

Tunneling current: 0.3 nA(@) 18.5x 16.5 nnt, sample biast0.25

V, (b) [same area a&)] 18.5<16.5 nnf, sample bias+1.2 V,

(c) (same sample, but different regioa3x 43 nnf, sample bias
+2.5V.

PHYSICAL REVIEW B 63 165428

FIG. 3. (a) and(b) Low-temperaturé¢50 K) empty states images
recorded on a well-ordered)-Mo,0,; surface. Image size: 50
X 27 nnt (a), 19.5< 11 nnt (b). A clear CDW pattern is present on
the images, consisting of bands parallel to ¢hdirection, separated
by a distance~4,3 b. Amplitude of the CDW modulation (0.2
+0.1 A), atomic corrugation (0F0.1 A). Tunneling current: 0.3
nA. Sample bias: 0.8 V. A deep trench, originating from growth
defects, is indicated on both images by an arrow. Horizontal bands
on (a) are induced by uncontrolled thermal drift) Fast Fourier
transform of imagéa). Arrows indicate the reciprocal-wave vectors
b* and c* of the atomic lattice, and the wave vectggpyy Of the
CDW pattern.

the CDW does not look like a lattice as usually observed in
2D systems, but like parallel bands. The incommensurability
of the CDW modulation observed at 50 K is another topic: it
confirms the absence of a lock-in transitiormjiiMo,O,,, as
show?1 by electron diffraction measurements undertaken at
10 K.

A very useful feature of the STM is the so-called simul-
taneous imaging mode at opposite voltage bias, probing at

g4 the same location empty and electronic states of the surface.

n Figs. 4a) and 4b) we show two 50 K STM images of an
7n-Mo,0;, surface acquired simultaneously\4;,s=+1 V
andVy;,s= —1 V. Both images exhibit the CDW pattern, but
there is arr phase shift between these two patterns. Because
of the small amplitude of the CDW corrugatiéd.2 A) with
respect to the atomic or(@.8 A), this effect appears weakly
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electron per atom, the Peierls transition opens in the band
structure a A energy gap at the Fermi vectlg, and that
LDOS at energiegr+ A andEx— A, which form the CDW,
have a double periodicity with respect to atomic periodicity
and have an opposite phase.

Although we deal with a 2D electronic metallic system,
the CDW develops in one in-plane direction, and thus the
situation is close to the 1D case. STM images taken at a

4 .. , ..
i
”ﬂb;

—1 Vand+1 V probe, respectively, indicate occupied and
= empty electronic states. A part of these states form the CDW
@%-%%%@ == pattern on the images, and we give direct evidence that im-

ages of these states have the opposite phase, as expected for
a pure 1D atomic chain.

i

FIG. 4. Occupieda) and empty(b) states unfiltered images of

the same area of the surface, recorded simultaneously. Image size: V. CONCLUSION

20x 12 nn¥; tunneling current: 0.3 nA; sample bias:1 V (a), +1 ) .

V (b). Horizontal lines are again due to thermal drift and also to We present CDW |m_ages Of'M°4(?11' At 5_0 Kan in-

probable tip instabilities. To enhance both CDW and atomic ar-commensurate modulation along thelirection is observed,

rangements, corresponding filtered data(@fand (b) are shown, V\{e[l below the Peierls tran_smon. This observation is made

respectively, in(c) and (d), where unexpected frequencies have difficult because of the quality of the topmost plane, depend-

been suppressed in the 2D FFT spectra. In order to visualize th&d on cleavage success. The wave vector of the modulation,

contrast reversal of the CDW pattern, a white line is drawn exactiywhich points along thé* direction, corresponds nicely to

at the same location on the four images. The line indicates a maxthat measured by electron and x-ray diffraction. We have

mum (a minimum of the CDW modulation on occupie@mpty) also observed the contrast reversal of the CDW between im-

states images. ages taken at positive and negative bias, showing the com-
plete spatial separation between occupied and empty elec-

on rough images, although it really exists. However, using dronic states.

strong FFT filter, the contrast reversal of the CDW is mag-

nified [Figs. 4c) and 4d)]. Referring to the white line drawn

exactly at the same location on the images, the maximum

amplitude of the CDW on the occupied states image corre- We would like to acknowledge Professor C. Schlenker for

spond to a minimum on the empty states image. Any FFThelpful discussions, G. Fourcaudot for crystal growing, and

artifact has been ruled out, and contrast reversal of the CDW. Chevalier for technical assistance. One of (bEM.)

pattern has been observed for several pairs of images.  would like to thank the CNRS for financial support and

It is well known'®!" that for a 1D atomic chain with one hospitality.
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