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Scanning tunneling microscopy in TTF-TCNQ: Phase and amplitude modulated

charge density waves
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Charge density wavesCDWs) have been studied at the surface of a cleaved tetrathiafulvalene-
tetracyanoquinodimethari@ TF-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 alang the
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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PACS nuniber73.20.Mf, 68.37.Ef, 71.20.Rv, 71.45.Lr

The discovery of organic molecular crystal tetrathia-most stable one in the incommensurate transverse wave vec-

fulvalene-tetracyanoquinodimethaiETF-TCNQ), compris-
ing weakly coupled one-dimensiondD) molecular stacks,
created a tremendous turmoil in 1973This was the first

tor temperature regime, and also the only one to provide a
smooth onset at 49 RThe presence of a microscopic coex-
istence of vectorg), andq_ below 38 K was shown by

molecular crystal to show a conductivity approaching that ofx-ray diffu_se s_catterirfg and a structural dete_rminati&n._
conventional metals at room temperature, and exhibiting &lowever, in spite of the data of an early scanning tunneling

metal-like behavior on cooling. A partial charge is transfered
from TTF to TCNQ stacks and the charge dengitpoten-
tially available for transport is determined by the valu&kgpf

at which the bonding TCNQ band crosses the antibonding
TTF band, leading to B-=pa/b in the 1D band picture,
whereb is the unit cell length. Between 54 and 38 K, charge
density wavegCDW'’s) successively develop in the TCNQ
and TTF stacks. These transitions have been ascribed to tl
instability of a one dimensional electronic gas due to the
Peierls mechanism, see Ref. 3 for a review.

When the CDWs are active on both kinds of stacks frus-
tration arises and the 2D ordered superlattice can be d¢
scribed by plane waves with the wave vectogs =
[+9a(T), 2kg] or q_=[—qa(T), 2kg]. Both lead to con-
figurations which are energetically equivalent. The wave
vector g, gives rise to a charge modulation such #s)
=pcos@.r+6,) which is a CDW of fixed amplitude and a
phase varying likeg,a along thea direction, and similarly
for theq_ wave vector. Consequently, the diffraction pattern
of the CDW state should display an equal number of do-

mains characterized by the vectars andq._ . b)

There also exists another possibility, namely: the superpc
sition of the two plane waveg+ andq— which leads to a
CDW with constant phase but a modulated amplitude alonq

the a direction?® doubleq configuration. The only solution § 0.1

which can take advantage of the commensurability energ
related to the transverse commensurate periodicity throug
the fourth-order umklapp term in a Landau-Ginzburg expan-
sion is the doubler configuratior® This means that both
wave vectors are simultaneously activated below 38 K with
four satellite spots at-q, and*=q_ in the reciprocal space
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FIG. 1. (Color (a) STM image of thea-b plane of TTF-TCNQ

around a main Bragg spot. On the other hand, it has beefaken at 63 K. The image area is %3.3 nnf. (b) shows the pro-
pointed out that the phase-modulated solution should be thile along a TCNQ stack indicated by black arrows.
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a) b) microscope(STM) study of TTF-TCNQ(Ref. 8 showing a
phase-modulated 2D structure at 42 K, there exists no direct
evidence of a transition from a phase-modulated regime be-
tween 49 and 38 K where the temperature dependence makes
the amplitude ofg, slide to an amplitude-modulated situa-
tion below 38 K. Diffraction experiments performed on a
bulk sample failed to provide a clue, since they cannot tell
the difference between an amplitude-modulated configura-
tion and one in which the phase is modulated with an equal
number of domains witlg, andq_. Therefore, only spe-
cific techniques like STM probing the sample locally are
likely to provide an answer to this problem.

The present STM investigation of a TTF-TCNQ single
crystal was performed in a broad temperature ra3ge-300
FIG. 2. (Colon () STM image of thea-b plane of TTF-TCNQ  K). The primary goal was to achieve the best possible ex-

taken at 49.2 K. The image area is 8.71.9 nn?, (b) Fourier trans- ~ Perimental conditions in order to provide local information
formed pattern showing thea 3.3% CDW ordering. regarding the development of 3D ordered CDWSs below 54
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FIG. 3. (Color) (a) STM image
of the a-b plane of TTF-TCNQ
taken at 39 K, the image area is
9.3X6.9 nnt. (b) Fourier trans-
formed pattern showing the
singleq 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 is
:I d '] 14.8<14.7 nm.(d) Fourier trans-

formed pattern showing the
doubleg (4ax3.30) CDW in the
commensurate phase.
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K. This work brings provides direct experimental proof for 458
the existence of phase-modulated and amplitude-modulate a) :
CDWs between 49 and 38 K and below 38 K, respectively
and also supports the model proposed by theoreticians mo
than 20 years agd®

The experiment was carried out in an ultrahigh-vaccurr
(UHV) low-temeperaturgLT) STM system with separate
UHV chambers for STM measurements, sample and tif
preparation. The base pressure in each chamber is in tt
range of 10! mbar. A commercially available LT-STM
head is used in this study and the entire scanning (imit
cluding tip, sample, piezotube, piezomotor, and damping sys oy L
tem) is inserted in a thermostat with four gold-plated cold _ . w 48 - .
shields(Omicron LT STM. The sample temperature is con- Temperature (K)

trolled by a Lake Shore DRC 91C controller. Typical tem-
vyl
6 8 10 12 1
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Modulation wavelengths
w

perature fluctuations are less than 20 mK in 200 s with at
average temperature drift below 50 mK per hour. Mechani- b) 0l " T
cally sharpened PtIr tips were used. The durability of the & 0.0
tips has been demonstrated by their ability to get molecula = _g
resolution of TTF-TCNQ for hours. The quality of the tips is
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checked by their ability to obtain atomic resolution on a gold 2 T T .

surface before and after imaging of TTF-TCNQ . We image 0 2 4 4

the sample using a constant current mode. The maximur nm

data rate is 100 KHz and the typical time needed to record

one image is 200 s. FIG. 4. (Color (a) Temperature dependence of the CDW wave-

Crystals of TTF-TCNQ with nice looking natural faces lengths alonga (triangles andb (open squaresdirections in unit
and typical dimensions of $80.5X0.05 mm? are selected cell dimensions. The large scattering of the dat@i-a®0.6 K were
for this experiment. A clearf001) surface is obtained by taken from small images of 65 nn?, while other temperatures
cleaving the single crystal with a razor blade in air just be-were taken from images larger thanX.00 nnt. The solid(dotted
fore insertion. Direct exposure to air is restricted to less thafines are obtained from x-ray-diffraction measurements in warming
2 min. In order to avoid microcracks in TTF-TCNQ while (cooling respecti_vely.(b)_ Cosine fit of the CDW_ pro_file at 36.5 K
cooling or warming, the temperature variation rate is kept at’;\long thea dlrectlop indicated by black arrows in Fig(c3 reveal-
1 K per minute. ing the CDW phasing.

Figure Xa) displays a typical image of theeb plane(area
5.3x5.3 nnt) obtained in a constant current modé ( at 61 K could be related to static CDW’s stabilized by de-
=1nA, V=50 mV) at 63 K where a 1D structure of parallel fects or steps on the surface, as noticed by the authors.
chains is clearly observed with one set of chains containing a Below % K a two-dimensional superstructure restricted
triplet of balls and the other a doublet. According to theto the TCNQ chains with a period obX 3.3b appears in the
calibration of the piezo at low temperature, the distance beimage[see Fig. 2a)]. The modulation wavevectd¢shown in
tween similar chains are 1.22 and 0.38 nm between unitgig. 2(b) by Fourier transforming the imageloes not vary
along the chain direction, see Fighl Both distances com- down to 49 K. On further cooling, the transverse modulation
pare very well with thea and b lattice constantsp  vector becomes incommensurate and a temperature depen-
=0.3819 nm anch=1.229 nm'° We can ascribe the triplet denceq,(T) is observed without noticeable change aldmg
feature in Fig. 1a) to the TCNQ , in agreement with the [Figs. 3a) and 3b)]. The Fourier transformed image shows
early work of Sleator and Tyckt. The TTF molecule ap- that the modulation can be described by a single wave vector
pears usually as a single ball feature in STM imaging, al-q; or g in the temperature domain 49-38 K. However, a
though reports of doublet structures have also been made transverse commensurability<@) arises abruptly at 38 K.
the literature® An extensive interpretation of the TTF- The ordering of the charge density modulations both alng
TCNQ image in the absence of a CDW will be given in aandb directions at 36.5 K is presented in Figéc)3and 3d).
forthcoming papet?® and the present work is restricted to the Below 38 K (low temperature commensurate phase
physics provided by STM images of the TCNQ moleculesdoubleg CDW modulationg, andq_ is identified.
only. No bias voltage dependeng@mlarity) of the image was The images presented above report a study of the 2D su-
observed during our measurements, in agreeement with thgerlattice structure of TTF-TCNQ in real space below the
expected conducting nature of the surfatén the whole  Peierls transition down to the temperature of 33 K. The value
temperature domain where the sample is metallic, i.e., abovand temperature dependence of the modulation wave vector
54 K, images like Fig. (a) were observed, and we could not are in very good agreement with the detailed x2ray*°and
detect any modulation on the STM image besides that proreutron scattering*® reports[see Fig. 4a)].
vided by the uniform TTF-TCNQ lattice. Therefore, the pe- We can provide a real space signature of the intermediate
riodic modulation along the TCNQ stacks reported in Ref. 8temperature regime in which the transverse period is evolv-
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ing with temperaturethe sliding regimg before a lock-in  as suggested in Refs. 22 and 23. The fact that the CDW is
takes place at 38 K. Although the signal coming from theobservable by a STM probe shows that it is static in spite of
CDW modulation is always dominant in all our scaméth a  its incommensurate natur@long theb direction, and is
corrugation of 0.21 nm at 36.5 K along the TCNQ stadks  therefore pinned by impurities or defects.
does not overcome the corrugation coming from the under- The |ow temperature CDW in TTF-TCNQ is thus an ideal
lying TCNQ lattice, namely, 0.12 nm. Thanks to the coexist-candidate to study the local phase shift for the following
ence between CDW and original lattices on the images, Morgasons: the unit cell in tha-b plane has a quadratic sym-
lecular resolution can be obtained in the CDW condenseﬁ1etry and the CDW phase is commensurate inafuirec-
state at low temperature. This & vari_ancew@th Iay(_ered tion but incommensurate in thedirection, the CDW modu-
compounds such as 1.T-TaQSahere the Image IS domlnat_ed lation is doubleq modulated below 38 K so the phase shifts
b.y the cbw supelglamce but somewhat similar to the Sltua'alonga and b can be studied separately, and in addition a
tion in 2H-NbSg. wodulation of the amplitude alorgis expected.

The very good agreement between the real space CD Furthermore, we notice on Figs(at and 4b) that the
features and the results from the neutron scattering expe ’

r'_ 3 .
ments shows that cleaved surfaces are highly ordered arg ase of the CDW is such as to present an alternation of the

. ; . . e i ike+——++ .
retain the electronic properties of the bulk material. A similar plltgde on the TCNQ stacks like , etc., along
the a direction.

conclusion was reached in angle-resolved photo emission The phasing of the CDW with respect to the underlying
spectroscopy experiments performed on cleal@) sur- lattice below 38 K agrees with the diffraction experiments

_ 20,21 ; ; ;
faces of TTF-TCNQ'".>""The salient resuit of this work is datal® The results of our work show that STM techniques

given in Fig. 3 which makes it clear that warming throughare very well adapted to the local study of CDWs in TTF-
the transverse lock-in transition the modulation evolves froml'CNQ and resolve the question of phase against amplitude
an amplitude modulation along (doubleq superlatticg in modulation. In addition, this work opens ways toward a local

the commensurate phase to a phase modulation in the Ir]Cornfvestigation of the pinning of the CDWSs around impurities

mensurate wave V(_ector regime with only a singlerector to derive information about the nature of the pinning mecha-
activated over the investigated sample area. Thus, we ha\fﬁsm (strong or weak

shown that TTF-TCNQ adopts a domain structure in the tem-
perature regime where the transverse ordering of the CDW’s We thank J.P. Pouget, K. Maki, and E. Canadell for very
is incommensurate. This is probably the clue to understanttuitful discussions. Z.Z.W. acknowledges the financial sup-

the hysteresis displayed tmy(T) between 49 and 38 K8

port of the SESAME Contract No. 1377.
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