
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 67, 121401~R! ~2003!
Scanning tunneling microscopy in TTF-TCNQ: Phase and amplitude modulated
charge density waves
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1Laboratoire de Photonique et de Nanostructures, CNRS, route de Nozay, 91460, Marcoussis, France

2Laboratoire de Physique des Solides (CNRS), Universite´ Paris-Sud, 91405, Orsay, France
3Polymer Science Department, Research Center Riso”e, DK 4000, Roskilde, Denmark

~Received 19 November 2002; published 5 March 2003!

Charge density waves~CDWs! have been studied at the surface of a cleaved tetrathiafulvalene-
tetracyanoquinodimethane~TTF-TCNQ! single crystal using a low temperature scanning tunneling microscope
~STM! under ultrahigh-vacuum conditions, between 300 and 33 K with molecular resolution. All CDW phase
transitions of TTF-TCNQ have been identified. The measurement of the modulation wave vector along thea
direction provides evidence of the existence of domains comprising single plane wave modulated structures in
the temperature regime where the transverse wave vector of the CDW is temperature dependent, as hinted by
the theory more than 20 years ago.
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The discovery of organic molecular crystal tetrath
fulvalene-tetracyanoquinodimethane~TTF-TCNQ!, compris-
ing weakly coupled one-dimensional~1D! molecular stacks,
created a tremendous turmoil in 1973.1,2 This was the first
molecular crystal to show a conductivity approaching tha
conventional metals at room temperature, and exhibitin
metal-like behavior on cooling. A partial charge is transfer
from TTF to TCNQ stacks and the charge densityr poten-
tially available for transport is determined by the value ofkF

at which the bonding TCNQ band crosses the antibond
TTF band, leading to 2kF5rp/b in the 1D band picture,
whereb is the unit cell length. Between 54 and 38 K, char
density waves~CDW’s! successively develop in the TCNQ
and TTF stacks. These transitions have been ascribed to
instability of a one dimensional electronic gas due to
Peierls mechanism, see Ref. 3 for a review.

When the CDWs are active on both kinds of stacks fr
tration arises and the 2D ordered superlattice can be
scribed by plane waves with the wave vectorsq15
@1qa(T), 2kF] or q25@2qa(T), 2kF]. Both lead to con-
figurations which are energetically equivalent. The wa
vector q1 gives rise to a charge modulation such asr(r )
5r1cos(q1r1u1) which is a CDW of fixed amplitude and
phase varying likeqaa along thea direction, and similarly
for theq2 wave vector. Consequently, the diffraction patte
of the CDW state should display an equal number of
mains characterized by the vectorsq1 andq2 .

There also exists another possibility, namely: the super
sition of the two plane wavesq1 andq2 which leads to a
CDW with constant phase but a modulated amplitude al
the a direction,4,5 double-q configuration. The only solution
which can take advantage of the commensurability ene
related to the transverse commensurate periodicity thro
the fourth-order umklapp term in a Landau-Ginzburg exp
sion is the double-q configuration.5 This means that both
wave vectors are simultaneously activated below 38 K w
four satellite spots at6q1 and6q2 in the reciprocal space
around a main Bragg spot. On the other hand, it has b
pointed out that the phase-modulated solution should be
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most stable one in the incommensurate transverse wave
tor temperature regime, and also the only one to provid
smooth onset at 49 K.5 The presence of a microscopic coe
istence of vectorsq1 and q2 below 38 K was shown by
x-ray diffuse scattering6 and a structural determination.7

However, in spite of the data of an early scanning tunnel

FIG. 1. ~Color! ~a! STM image of thea-b plane of TTF-TCNQ
taken at 63 K. The image area is 5.335.3 nm2. ~b! shows the pro-
file along a TCNQ stack indicated by black arrows.
©2003 The American Physical Society01-1
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FIG. 2. ~Color! ~a! STM image of thea-b plane of TTF-TCNQ
taken at 49.2 K. The image area is 8.7311.9 nm2, ~b! Fourier trans-
formed pattern showing the 2a33.39b CDW ordering.
12140
microscope~STM! study of TTF-TCNQ~Ref. 8! showing a
phase-modulated 2D structure at 42 K, there exists no di
evidence of a transition from a phase-modulated regime
tween 49 and 38 K where the temperature dependence m
the amplitude ofqa slide to an amplitude-modulated situa
tion below 38 K. Diffraction experiments performed on
bulk sample failed to provide a clue, since they cannot
the difference between an amplitude-modulated configu
tion and one in which the phase is modulated with an eq
number of domains withq1 and q2 . Therefore, only spe-
cific techniques like STM probing the sample locally a
likely to provide an answer to this problem.

The present STM investigation of a TTF-TCNQ sing
crystal was performed in a broad temperature range~33–300
K!. The primary goal was to achieve the best possible
perimental conditions in order to provide local informatio
regarding the development of 3D ordered CDWs below
s

is
FIG. 3. ~Color! ~a! STM image
of the a-b plane of TTF-TCNQ
taken at 39 K, the image area i
9.336.9 nm3. ~b! Fourier trans-
formed pattern showing the
single-q CDW in the sliding tem-
perature domain,~c! STM image
of the a-b plane of TTF-TCNQ
taken at 36.5 K, the image area
14.8314.7 nm. ~d! Fourier trans-
formed pattern showing the
double-q (4a33.3b) CDW in the
commensurate phase.
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K. This work brings provides direct experimental proof f
the existence of phase-modulated and amplitude-modul
CDWs between 49 and 38 K and below 38 K, respective
and also supports the model proposed by theoreticians m
than 20 years ago.4,9

The experiment was carried out in an ultrahigh-vacc
~UHV! low-temeperature~LT! STM system with separat
UHV chambers for STM measurements, sample and
preparation. The base pressure in each chamber is in
range of 10211 mbar. A commercially available LT-STM
head is used in this study and the entire scanning unit~in-
cluding tip, sample, piezotube, piezomotor, and damping s
tem! is inserted in a thermostat with four gold-plated co
shields~Omicron LT STM!. The sample temperature is co
trolled by a Lake Shore DRC 91C controller. Typical tem
perature fluctuations are less than 20 mK in 200 s with
average temperature drift below 50 mK per hour. Mecha
cally sharpened Pt/Ir tips were used. The durability of
tips has been demonstrated by their ability to get molec
resolution of TTF-TCNQ for hours. The quality of the tips
checked by their ability to obtain atomic resolution on a go
surface before and after imaging of TTF-TCNQ . We ima
the sample using a constant current mode. The maxim
data rate is 100 KHz and the typical time needed to rec
one image is 200 s.

Crystals of TTF-TCNQ with nice looking natural face
and typical dimensions of 330.530.05 mm3 are selected
for this experiment. A clean~001! surface is obtained by
cleaving the single crystal with a razor blade in air just b
fore insertion. Direct exposure to air is restricted to less th
2 min. In order to avoid microcracks in TTF-TCNQ whil
cooling or warming, the temperature variation rate is kep
1 K per minute.

Figure 1~a! displays a typical image of thea-b plane~area
5.335.3 nm2) obtained in a constant current modeI
51 nA, V550 mV) at 63 K where a 1D structure of parall
chains is clearly observed with one set of chains containin
triplet of balls and the other a doublet. According to t
calibration of the piezo at low temperature, the distance
tween similar chains are 1.22 and 0.38 nm between u
along the chain direction, see Fig. 1~b!. Both distances com
pare very well with thea and b lattice constants,b
50.3819 nm anda51.229 nm.10 We can ascribe the triple
feature in Fig. 1~a! to the TCNQ , in agreement with th
early work of Sleator and Tycko.11 The TTF molecule ap-
pears usually as a single ball feature in STM imaging,
though reports of doublet structures have also been mad
the literature.12 An extensive interpretation of the TTF
TCNQ image in the absence of a CDW will be given in
forthcoming paper,13 and the present work is restricted to th
physics provided by STM images of the TCNQ molecu
only. No bias voltage dependence~polarity! of the image was
observed during our measurements, in agreeement with
expected conducting nature of the surface.14 In the whole
temperature domain where the sample is metallic, i.e., ab
54 K, images like Fig. 1~a! were observed, and we could n
detect any modulation on the STM image besides that p
vided by the uniform TTF-TCNQ lattice. Therefore, the p
riodic modulation along the TCNQ stacks reported in Ref
12140
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at 61 K could be related to static CDW’s stabilized by d
fects or steps on the surface, as noticed by the authors.

Below 54 K a two-dimensional superstructure restricte
to the TCNQ chains with a period of 2a33.3b appears in the
image@see Fig. 2~a!#. The modulation wavevector@shown in
Fig. 2~b! by Fourier transforming the image# does not vary
down to 49 K. On further cooling, the transverse modulati
vector becomes incommensurate and a temperature de
denceqa(T) is observed without noticeable change alongb,
@Figs. 3~a! and 3~b!#. The Fourier transformed image show
that the modulation can be described by a single wave ve
q1 or q2 in the temperature domain 49–38 K. However,
transverse commensurability (34) arises abruptly at 38 K.
The ordering of the charge density modulations both alona
andb directions at 36.5 K is presented in Figs. 3~c! and 3~d!.
Below 38 K ~low temperature commensurate phase! a
double-q CDW modulationq1 andq2 is identified.

The images presented above report a study of the 2D
perlattice structure of TTF-TCNQ in real space below t
Peierls transition down to the temperature of 33 K. The va
and temperature dependence of the modulation wave ve
are in very good agreement with the detailed x-ray6,15,16and
neutron scattering17,18 reports@see Fig. 4~a!#.

We can provide a real space signature of the intermed
temperature regime in which the transverse period is evo

FIG. 4. ~Color! ~a! Temperature dependence of the CDW wav
lengths alonga ~triangles! and b ~open squares! directions in unit
cell dimensions. The large scattering of the data atT540.6 K were
taken from small images of 535 nm2, while other temperatures
were taken from images larger than 10310 nm2. The solid~dotted!
lines are obtained from x-ray-diffraction measurements in warm
~cooling! respectively.~b! Cosine fit of the CDW profile at 36.5 K
along thea direction indicated by black arrows in Fig. 3~c! reveal-
ing the CDW phasing.
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ing with temperature~the sliding regime! before a lock-in
takes place at 38 K. Although the signal coming from t
CDW modulation is always dominant in all our scans~with a
corrugation of 0.21 nm at 36.5 K along the TCNQ stacks! it
does not overcome the corrugation coming from the und
lying TCNQ lattice, namely, 0.12 nm. Thanks to the coexi
ence between CDW and original lattices on the images,
lecular resolution can be obtained in the CDW conden
state at low temperature. This isat variancewith layered
compounds such as 1T-TaSe2 where the image is dominate
by the CDW superlattice but somewhat similar to the sit
tion in 2H-NbSe2 .19

The very good agreement between the real space C
features and the results from the neutron scattering exp
ments shows that cleaved surfaces are highly ordered
retain the electronic properties of the bulk material. A simi
conclusion was reached in angle-resolved photo emis
spectroscopy experiments performed on cleaved~001! sur-
faces of TTF-TCNQ .20,21 The salient result of this work is
given in Fig. 3 which makes it clear that warming throu
the transverse lock-in transition the modulation evolves fr
an amplitude modulation alonga ~double-q superlattice! in
the commensurate phase to a phase modulation in the inc
mensurate wave vector regime with only a single-q vector
activated over the investigated sample area. Thus, we h
shown that TTF-TCNQ adopts a domain structure in the te
perature regime where the transverse ordering of the CD
is incommensurate. This is probably the clue to underst
the hysteresis displayed byqa(T) between 49 and 38 K,17,18
al
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as suggested in Refs. 22 and 23. The fact that the CDW
observable by a STM probe shows that it is static in spite
its incommensurate nature~along theb direction!, and is
therefore pinned by impurities or defects.

The low temperature CDW in TTF-TCNQ is thus an ide
candidate to study the local phase shift for the followi
reasons: the unit cell in thea-b plane has a quadratic sym
metry, and the CDW phase is commensurate in thea direc-
tion but incommensurate in theb direction, the CDW modu-
lation is double-q modulated below 38 K so the phase shi
along a and b can be studied separately, and in addition
modulation of the amplitude alonga is expected.

Furthermore, we notice on Figs. 4~a! and 4~b! that the
phase of the CDW is such as to present an alternation of
amplitude on the TCNQ stacks like112211, etc., along
the a direction.

The phasing of the CDW with respect to the underlyi
lattice below 38 K agrees with the diffraction experimen
data.15 The results of our work show that STM techniqu
are very well adapted to the local study of CDWs in TT
TCNQ , and resolve the question of phase against amplit
modulation. In addition, this work opens ways toward a lo
investigation of the pinning of the CDWs around impuriti
to derive information about the nature of the pinning mec
nism ~strong or weak!.

We thank J.P. Pouget, K. Maki, and E. Canadell for ve
fruitful discussions. Z.Z.W. acknowledges the financial su
port of the SESAME Contract No. 1377.
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