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Contrast reversal of the charge density wave STM image in purple potassium molybdenum
bronze Ky gM0gO47
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We report on a scanning tunneling microsc@fif M) investigation of the charge density wa(@DW) state
of a layered oxide compound, the purple bronzgg¥ogO;;. The experiments have been carried out in an
ultra-high-vacuum variable-temperature STM. At low temperature, we have observed2d Qiperstructure
due to the CDW state, superimposed on the atomic lattice. Spectroscopic measurements reveal a strong
decrease of the density of states near the Fermi energy, consistent with the suppression of a sizable fraction of
the Fermi surface below the CDW transition temperature. Finally, by simultaneous imaging at negative and
positive biases, we show a complete spatial separation between occupied and empty states involved in the
CDW modulation, resulting in a contrast reversal of the CDW imaff88163-182@09)03127-9

INTRODUCTION (120 K), the CDW superstructure is clearly observed for the
first time at the surface of oxides. We have also performed
Low-temperature scanning tunneling microscopy hadocal tunneling spectroscopy at 40 K. We have found a de-
been used for a long time to investigate surfaces of layeredression in the LDOS around the Fermi level, which we
systems, where electronic instabilities are often found. Aattribute to the electronic states involved in the Peierls tran-
unique feature of this technique is the possibility to measuraition. Furthermore, by imaging simultaneously the occupied
the surface local density of state<DOS) of the sample with and empty states of the surface, we find a quasiperfect inver-
both an atomic spatial resolution and a good energy resolwsion of contrast for the CDW modulation. This is expected in
tion. It is very interesting for systems showing Peierls tran-compounds like K ViogO,7, which present two-dimensional
sition, since the scanning-tunneling microscdfM) pro-  (2D) Fermi surface based on three quasi-1D surfaces.
vides direct visualization of the charge density wa@®W)
below the Peierls temperaturg,. Images of CDW have

been successfully obtained since the pioneering work by THE PURPLE BRONZES
Colemanet al. 15 years ago, mostly for transition-metal - ,
chalcogenides such asH2TaSe, 1T-TaS, 1T-TiSe, Many characteristics of the potassium purple bronze have

1T-TaSe, or 2H-NbSe. 2 Recently, detailed aspects of the bgen studied in the .Iast 20 years. The crystal structure is
CDW in 2H-NbSe, were investigated by comparing images trigonal, an8d the lattice parameters are-5.538 A andc _
taken at different bias voltagéshowing a spatial separation — 13.656 A’ This compound forms a layered structure with
between occupied and unoccupied electronic states respofitolybdenum-oxygen sheets made up of both laCtahe-
sible for the CDW. This result has stimulated detailed studiedr@ and MoQ tetrahedra, separated by K planes. The 4
of the phase of the CDWwhereas STM studies are usually €/€ctrons from the molybdenum are then confined in poorly
restricted to the amplitude of corrugation. A bias contrastcOUPled infinite layers, leading to interesting quasi-2D elec-
dependency has also been observed on the surface CDW §i¢nic properties. Bulk gMogO, 7 undergoes al,=120K
Pb/Gé111) systen? a CDW phase transition, but the system remains metallic

STM investigations of the CDW in layered compoundsbelow T,.° Low temperature diffuse x-ray scattering and
have been carried out mainly on nonoxides systems. Indeeé&lectron diffractiog studié8 hgve revealed satellitgs spots
surfaces of low-dimensional oxides are highly reactive, reappearing at*/2,b*/2, (@* —b*)/2 (we choosea* ,b*, as
quiring careful preparation in a controlled atmosphere. Conthe two in-plane reciprocal vectorsThis corresponds to a
cerning the molybdenum oxides, a few studies have beeReierls lattice distortion in the real space ofa(2b,c).
reported on the blue bronzes cleaved in air, nitrogen, offransport and thermal measurements confirmed the modifi-
hexadecan®’ No CDW images could be obtained, suggest-cation of the electronic properties in the CDW state, showing
ing the absence of CDW at the sample surface, possibly inthat about 50% of the carrier remained in the low-
duced by the surface preparation. temperature phaseFinally, theoretical calculations and the

We present here STM images of UHV cleaved purple“hidden Fermi surface nesting concept” developed by
potassium molybdenum bronze ¥Mos0,,. We have used a Whangbo and co-workers'?lead to a very complete under-
homemade variable-temperature microscope that will betanding of the CDW transition in this compound, which is
briefly described in the following. At 40 K, well below,  very helpful for the interpretation of STM images.
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EXPERIMENT

We have recently achieved a very convenient UHV vari-
able temperature STM that offers the possibility of cooling
the sample down to 40 K, combined with a very simple
handling of the sample. The STM is a beetle-type S{Réf.

13) turned upside-down, which can be laid on top of the
typical triple helix of the sample holder, using an UHV trans-
lator. The sample holder is pressed against a copper block
used as a thermal reservoir, by means of tungsten springs
that may simply be elongated using a linear motion
feedthrough when changing the sample. The copper block is
thermally insulated from the UHV chamber using a drilled
stainless steel tube as suggested by Bott, Michely, and
Comsa in Ref. 14. The whole block is cooled down by means
of a 10-cm copper braid connected to a liquid He UHV cry-
ostat. During low-temperature experiments, the STM itself
remains almost at room temperature, so that we have only
little change of the piezocoefficients of the scanner tubes.
This thermal isolation is guaranteed by glass balls glued on
top of the three external tubes.

Single crystals were grown by the electrolytic reduction
of a melted mixture of KMoO, and MoQ, resulting in
platelets of typical size 83X 0.2mmni.8 The crystals are
mounted on the sample holder, and a post is glued on the
surface. The sample is cleaved by using a stainless-steel grip
to pull off the post. Typical base pressure of the chamber is
510 “mb decreasing to 1.13°mb by cryosorption when
cooling down. STM experiments were performed about 1 h
after cooling. We used mechanically etched Ptir tips. We
give here results obtained at 40 K and at room temperature,
although our system allows measurements at any intermedi-
ate temperature.

RESULTS AND DISCUSSION

We present first two &8 nnf STM images of the
cleaved(001) Ky gM0gO;; surface taken at room temperature
[Fig. 1(@)] and at 40 K[Fig. 1(b)]. The inset in the upper-
right part of the images is the corresponding 2D fast Fourier
transform. The first image shows a hexagonal atomic patter{}

. . R - .
}Nlttth SpaCInga(; 5];5_%’1. AI"tm ?o%dsg%r%emﬁntt_ W'tthh t?e corresponding 2D fast Fourier transforrta) Normal phase T
atlice parame er found in e_ra ur " - Notice tha =300K). The hexagonal atomic lattice is clearly resolved, with a
We_rarely find surface_ steps in thg images, and we CO”'%easured parameter<5.4=0.1 A. |,,ne= 150 A, z corrugation
verify that we are dealing with atomic terraces of a few hun-4 1 5. g3 A (b) CDW phase T=40K). The quasi-X2 CDW
dred nm width. modulation is superimposed on the atomic pattern. The FFT shows

~ The questions that arise analyzing Figa)lare which  the corresponding six new peaks at half the distance of the atomic
kind of atomic plane is left at the sample surface after cleaviattice outer peakd.nme= 400 pA, z corrugation is 1.4 0.3 A.

age, and what do the white spots of the image represent? Our

STM images are acquired at low bias voltagess than 0.5 Comparing images between 300 K and low temperature, a
V) and then we are probing electronic states near the Fernstriking feature appears in the 40 K image: a very clear 2
level. Tight-binding calculatiort$ indicate that the bands X2 hexagonal superstructure appears superimposed on the
crossing the Fermi level mainly come from thé drbitals of  atomic patterriFig. 1(b)]. This result is in perfect agreement
molybdenum located in the inner two Mo-O sublayers of thewith the quasicommensurate CDW state ig ¢Kl0gO;7 in
MogO47 unit layer. Hence, we think that each white point of which the lattice distortion leads to a unit cell that is twice
the STM image should correspond to an Mo atom of such athe normal phase unit cell. To our knowledge, this is the first
Mo-O plane. One can suspect that this Mo-O plane is not théme that direct CDW visualization in oxide layered com-
actual surface plane after cleavage, but that tunneling occuggounds is achieved, despite the numerous attempts described
through one, two, or more insulating planes participating topreviously. In our opinion, the main reason for this is that in
the barrier. However, the low biases used in our experimentsur case the cleavage has been performed in ultra-high-
would lead in such a case to tip crashes on the surface, whiokacuum conditions. Another way to confirm the presence of
very rarely happened. the CDW modulation on the STM image is to make a fast

FIG. 1. 88 nn? STM images of UHV cleaved KMogO;-.
sample= —450 mV. On the upper-right hand we have plotted the
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.a ._'_-a.._ ’H- WA 11 . and then the tunneling conductartdV(V) gives a direct
- B A LT & & - :-. measurement of the LDOS at energy+ Ef (I is the tun-
¥ ,", ¥ L ..‘, A R neling currentV is the sample biag is the electron charge,
s W .‘.'., “.n‘_ andEr the Fermi level. Although in the design of our STM
T B e . o P both electrodes are not at low temperature, which increases
XY ,{.“ - =) .‘ - the thermal broadening, we have acquired many spectra
- {' :" - 7_‘_‘-3_ bh*- R showing an important dip in the conductance around the
i v T MEYOETY A v e Fermi level. This is shown in Fig.(B) where we have plot-
- A o T il “;" . ted the average of 64 curves obtained at 4@sklid line
r \;f"‘_':r -~ \’ Y r' - < “ .. ;\" (@  curve, and at 300 K(dashed ling The main feature is the
'..‘ e R i T - ‘v' <. decrease at low temperature of the tunneling conductance
nearEg, in an energy range of 2=300+50 meV. This
value does not vary with the tip-sample distance, suggesting
that we are not dealing with capacitive artifacts like Cou-
lomb blockade. Note that we have a large uncertaintyAon
due to thermal broadening of the tip, of the order of 100
meV.
We ascribe the decrease of conductance around zero bias
to the diminution of the LDOS aE associated with the
CDW state. In the case of the purple bronze, it is known that

the resistivity curve shows an important bump bel®y,

,_—40” suggesting that a large part of the Fermi surface is destroyed
zt [ 300K | in the CDW phasé.It has indeed been shown that the DOS
ia at the Fermi level is reduced by a factor of 2 or 3 in the
S, o~ < 2 > CDW state® Our spectra are in good agreement with these
B2ETT P e (b) findings, since the conductanceBt is lowered by almost a
=B A factor of 2 at low temperature, which is sizable for a metal/

metal CDW transition. This is nicely explained by the calcu-

o

lations of Whangbcet al,'? where it is shown that the nor-

mal phase Fermi surface can be separated in three underlying
quasi-one-dimensional surfaces, leading to “good” nesting
properties with respect to a usual 2D material. This point has
been recently highlighted with the mapping of the Fermi
surface by angle-resolved photoemission spectroscopy by
Gweon et all® As a consequence, a large fraction of the

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Vsample [V]

FIG. 2. (@ 13x13nn? image of the CDW at 40 K. Atomic
surface defects are presdimdicated by arrowsbut have no effect
on the CDW arrangemen¥/g;mpic= —400 MV, | ynne=400 pA, z
corrugation is 1.40.3A. (b) Scanning tunneling spectroscopy . .
measurements recorded at 40 (&olid line and 300 K(dashed Fermi surface should disappear belmﬁ"_ o
line). The curves are an average of 64 numerical derivativé\of Another useful feature of the STM is the possibility to

spectra obtained by opening the feedback loop for 0.5 s, for samplénage simultaneously the surface with negative and positive
bias varying from—350 to +350 mV. Although the structures are Sample voltage, in order to get, respectively, the occupied
very smooth, we measure at low temperature an important decreagéld empty states spatial distribution. We have performed
of the tunneling conductance neBg within 2A=300=50myV,  such measurements at low temperature, that means in the
attributed to the partial Fermi surface destruction below the Peierl€DW phase. In Figs. @) and 3b), two 8X8 nn? topo-
transition. graphic images are shown, simultaneously obtained at bias
voltage —200 and+200 mV, respectively. In both images,
Fourier transform(FFT) of the images. At low temperature the atomic pattern and theX2 CDW superstructure are
[right upper hand of Fig. (b)], two series of peaks are present. However, it is obvious that the spatial phase of the
present in the reciprocal space: six outer peaks due to theDW changes between the two polarities. At the same time,
atomic lattice, also present in the room temperature FFThe atomic site position remains at the same place on both
[Fig. 1(@], and six inner peaks corresponding to the CDWimages. For a clearer analysis, we have selected four CDW
2a, superstructure. This clearly demonstrates that in thesenit cells on Fig. 8a) and replotted them exactly at the same
quasi-2D oxides, the CDW exists up to the surface plane. position on Fig. 8). The most striking result is that the
Figure 2a) is a larger scale CDW imagé3 nm), show- minima of the CDW modulation in the center of each cell of
ing that the presence of few atomic defauliisdicated by Fig. 3(@) becomes a maxima in Fig(l3. This can be con-
arrows does not change the CDW arrangement. We havsidered likea quasiperfect contrast inversion of the CDW
recorded numerous images of more than 20-nm lateral size imodulation
different regions where the CDW corrugation is resolved, so This result is consistent with what we could expect for a
that we can conclude that the CDW state is present on mo®D system presenting a Fermi surface composed of three
of the surface plane. Very flat surfaces such as the one wenderlying quasi-1D surfaces. In the case of a true 1D CDW
got are ideal for good quality and spatially resolved tunnel-state, it has been shown® that one should find a perfect
ing spectroscopy. Usually, such measurements are made wittontrast reversal in STM images taken at opposite voltage
the whole junction(tip-vacuum-sampleat low temperature around the CDW band gap. As quoted above, the peculiar
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FIG. 4. Calculated images of CDW bias voltage dependency, in
the simple model of three 1D CDW's at the surfasee text for
explanation. (a) Filled statesib) empty states.

take into account both the hexagonal symmetry of the sur-
face plane and theX22 CDW superstructure. The calculated
image is then a functioh(x) with x=(x,y):

I =l atoms™ | cow
—{cog &*X]+ cog b* X]+ cog (&* —b*)X]}

+e{cog a* X/2] + co§ b* X/ 2] + cog (&% — b* )X/2]}.

-
ok ¥
\ogg“‘h

Occupied and empty states images correspond, respec-
tively, to e=+1 ande= —1. They are shown in Figs.(d)
and 4b), respectively. Note that these images are not in-
tended to reproduce the details of the topographic data, for
which a sophisticated model would be required. However,
they nicely illustrate the effect of contrast reversal in our
STM images. Hence, we believe that the hidden 1D nesting
concept introduced by Whanghai al. allows a simple ex-
planation of the present STM experiments.
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CONCLUSION

This work presents STM images of CDW in metallic ox-

FIG. 3. Two 1212 nnf topographic images taken at 40 K in jjes compounds. Because of the optimal cleavage conditions
the +/= VsampeSimultaneous modé ynne= 500 pA, zcorrugation 5 the quality of the single crystals, we were able to study
s 1.4-0.3 A)'.(a) Vsampie= —200 mV; (b) Vsampie= 7200 MV. 54 40 K the bias dependency of thex2 CDW modulation.
Four CDW unit cells drawn at the same position on the imagesy/e show that occupied and empty electronic states respon-
show an almost perfect contrast reversal of the CDW pattern, aI-Sible for the CDW are in opposite phase, leading to a con-
though the atomic sites remain unchanged. trast reversal of the CDW on the STM images. This is what
topology of the Fermi surface of the purple bronze suggesty® Would expect with 1D charge density waves at the sur-
that the low-temperature phase can conisa first approxi- ace”of a2b ComPOPﬂd-hWe bellelvefﬂ;]qt our experiments afre
mation of a superposition of three 1D/CDW's. This should toﬁ‘ y consus][ent with the model of hidden 1D nesting o
give rise to contrast reversal at opposite polarities, in agree/hangboet al.
ment with our observations. Note that contrast reversal is not

a general property of CDW'’s in 2D materials, since it is not
observed in 2-NbSe.3* ACKNOWLEDGMENTS
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