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Atomic force microscopy and scanning tunneling microscopy of charge-density waves
in 17-TaSe; and 17-TaS;

C. G. Slough, W. W. McNairy, and R. V. Coleman
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

J. Garnaes, C. B. Prater, and P. K. Hansma
Department of Physics, University of California. Santa Barbara. Santa Barbara. California 93106
(Received 15 June 1990)

Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) images of 1T-
TaSe: and 17-TaS; at room temperature reveal both atoms and charge-density waves (CDW's).
In AFM the atoms and CDW's have comparable amplitudes. In contrast, in STM the CDW's
have amplitudes up to an order of magnitude larger than the atoms. Both AFM and STM im-
ages show that the CDW structure of 17-TaS; is cortinuously incommensurate while 17-TaSe: is

commensurate.

The charge-density wave (CDW) structure and the
atomic structure in 17-TaSe> and 1T-TaS; have been im-
aged using both the scanning tunneling microscope'
(STM) and the atomic force microscope (AFM). The
scans have been carried out at room temperature using
freshly cleaved crystals in air and in helium gas. The
long-range electronic charge modulation induced by the
CDW below ~600 K is clearly resolved by both types of
instruments, but the relative ratios of the atomic to CDW
modulation amplitudes show major differences in the im-
ages obtained using the two types of instruments.

In this paper we present the first complete comparison
of the commensurate CDW structure in 17-TaSe» and the
incommensurate CDW structure in 17-TaS; as measured
by both STM and AFM methods at room temperature.
The AFM results along with the recent results of Barrett,
Nogami, and Quate’ represent the first successful detec-
tion of the CDW modulation with the AFM. In addition,
the equal amplitudes of the CDW’s and atoms in the
AFM scans allow high-quality Fourier transforms (FTs)
to be obtained. These along with accurate profiles show
that the CDW structure in 17-TaS; at room temperature
is continuously incommensurate rather than forming com-
mensurate regions separated by localized discommensura-
tions as suggested by Wu and Lieber.? The STM used for
these experiments was a custom designed instrument
which operates at all temperatures down to 4.2 K and has
been previously described in Ref. |. The AFM was a
commercial instrument built by Digital Instruments* of
Santa Barbara, California. The STM uses a Ptoglrq tip
and the AFM a Si;N, tip.®

In the case of 1 T-TaSe; the CDW has a wavelength of
V13 ag and remains commensurate upto 473 K. ASTM
scan on 17-TaSe, at room temperature in helium gas is
shown in Fig. 1(a) and shows an extremely strong CDW
modutation with a superimposed pattern of atoms that
remains identical over the entire scan. As shown in the
profile of Fig. 1(b) taken along the track indicated in Fig.
[(a) the : deflection is completely dominated by the
CDW amplitude ana the atumns contribute a very small

2
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FI1G. 1. (a) Grey-scale STM image of i7-TaSe: taken at
room temperature showing a uniform pattern of atoms and
CDW'’s which maintain a constant phase relation characteristic
of a commensurate structure (/ =2 nA, V=25 mV). (b) Protile
of the - deflection taken along the line indicated in (a). The
CDW amplitude is constant also indicating a commensurate
structure and the atoms contribute a very small fraction of the
total = deflection.

9255 © 1990 The American Physical Society
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fraction to the total amplitude. The CDW amplitude also
remains constant over the entire profile and this. along
with the constant phase observed in the greyv scale of Fig.
1 (a). indicates a completely commensurate structure with
the CDW superlattice making an angle of 13.9° with the
atomic lattice.

The corresponding AFM scan of 17-TaSe: at room
temperature is shown in Fig. 2(a). The CDW maxima
remain in phase with the atoms and the profile as shown in
Fig. 2(b) shows a constant amplitude for the CDW modu-
lation again indicating a completely commensurate struc-
ture. The Fourier transform of the greyv-scale image of
Fig. 2(a) gives a rotation angle between the atomic lattice
and CDW superlattice of 14.2° 2 0.5° consistent with a
commensurate structure. In contrast to the STM scans
the AFM scans show the atomic modulation amplitude to
be as large or larger than the CDW modulation. both ly-
ing in the range 0.5-1 A. In general the total AFM
modulation amplitude is observed to be relatively stable in
the range 1-2 A while the STM shows a variable range of
2-10 A.

In contrast to 17-TaSe> the CDW in 17-TaS- at room
temperature is incommensurate with the lattice and ex-
hibits a long-range modulation of the CDW amplitude as
a result. This long-range modulation of the CDW ampli-

= 0015

) | I
0 5 10

(b) ‘nm)

FIG. 2. (a) Grev-scale AFM image oi t/-1aSc- taken at
room temperature. A uniform pattern of atoms and CDW’s
maintaining a constant phase relation indicates a commensurate
structure as observed in the STM images {(constant force mode
with force =10 """ newton). {b) Protile of = deflection showing
a constant amplitude consistent with & commensurate structure.
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tude is detected in both the STM and AFM scans and
leads to a two-dimensional domain-like structure. This
has been previously studied using STM by a number of
groups including Thomson er al..® Wu and Lieber.® and
Giambattista er al.” This two-dimensional modulated
structure is demonstrated in the processed grey-scale
STM scan of Fig. 3(a) where the look-up table has been
adjusted to accentuate the regions of different CDW am-
plitude. The profiles obtained from the original grey-scale
scans show a continuous CDW amplitude modulation as
demonstrated in Fig. 3(b) where the maximum CDW am-
plitude occurs at the center of the domain.

The AFM results on 17-TaS- confirm the same long-
range modulation structure as observed with the STM.
Figure 4(a) shows a grey-scale AFM scan where the two-
dimensional modulated structure is clearly present and the
profile of Fig. 4(b) indicates a continuous variation of the
CDW amplitude over ~6 CDW wavelengths in agree-
ment with the STM results. Both measurements show an
angle of rotation of ~12° between the CDW superiattice
and the atomic lattice. As was the case in 1 T-TaSe- the
atomic and CDW amplitudes in the AFM scans on |T7-
TaS, are again comparable with measured values in the
range 0.5-1 A

(a)
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FIG. 3. (a) Grey-scale STM image of 1T-TuaS- taken ¢
ioon lemperawure with a look-up table adjusted to emphasize
the two-dimensional domain-like structure resulting from a vari-
ation of the CDW amplitude (/=22 nA, } =23 mV). (b)
Profile of the = deflection measured along u row of CDW manxi-
ma in (a). The CDW uamplitude undergoes a continuous modu-
lation with a period of ~6 CDW wavelengths.
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FIG. 4. (4) Grey-scale AFM image of 17-TaS, taken at
room temperature. The incommensurate CDW produces u
clearly visible modulated structure. The atoms and CDW's con-
tribute approximately equal amplitudes to the AFM image
(constant force mode with force =10~ newtons). (b) Profile
of the = deflection along a row of CDW maxima in (a). The
protile exhibits a continuous amplitude modulation of the CDW
with a period of ~6 CDW wavelengths.

The STM and AFM imuages of 17-TaSe» and 1 T-TaS-
are in basic agreement with respect to the CDW struc-
tures in both materials at room temperature. The major
difference between the two types of image is the relative
amplitude of the atomic and CDW modulation. The
STM responds to the local density of states (LDOS) at
the Fermi level and many previous studies have indicated
that the CDW in the I T phases of TaSe-» and TaS- in-
volves a very strong charge transfer centered on thirteen-
atom clusters of Ta. The resulting Fermi-surface annihi-
lation and k+G mixing can produce electronic singulari-
ties'* in the LDOS. The AFM. on the other hand. sam-
ples the total electronic charge density at the surface
which contributes to the atomic force measured by the
AFM tip. Tl.. CDW occurs mainly in the  bands con-
tributed by the Ta-atom layer and the associated static
caarge can be partizlly screened so that it makes a re-
duced contribution to the total force at the surface S or Se
layer. In this respect the comparison of the STM and
AFM results tends to confirm that the strong STM
response to the CDW results from an electronic mod-
ification 1t the Fermi level,

* RAPID COMMUNICATION!
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Barrett er al.” have recently carried out AFM-STM
measurements on 17-TaS» at room temperature and we
confirm their results with respect to the relative atomic to
CDW ampiitudes. They report CDW amplitudes of
0.1-0.3 A in approximate agreement with the periodic lat-
tice distortion (PLD) perpendicular to the S layer as mea-
sured by helium atom scattering” and x-ray diffraction.””

Our AFM results show CDW amplitudes of 0.3-1.0 A
which are larger than the measured PLD's. This indicates
that the CDW charge may not be completely screened at
the surface allowing the AFM to detect this unscreened
charge in addition to the PLD associated with the CDW.
Barrett et al." aiso report some disorder in the CDW im-
ages of 17-TaS, when using an unmetaliszed cantilever.
This was attributed 1o the effects of tip pressure and a
similar argument was advanced by Mever er al.'"'* as a
possible explanation for their failure to detect PLD’s with
the AFM. Our AFM results with unmetalized cantilevers
do not detect disorder in the CDW pattern.

The AFM and STM results on | 7-TaS- at room tem-
perature provide evidence that the CDW amplitude is
continuously modulated rather than constant within com-
mensurate regions which would then be separated by lo-
calized discommensurations and abrupt phase slips
between the CDW and the lattice. Although a two-
dimensional domain-like structure is observed as discussed
originally by Nakanishi and Shiba.'"'? we do not see evi-
dence of any substantial regions of commensurate CDW
formation. Rather the domain-like structure is consistent
with a continuous modulation of the CDW amplitude und
a continuous phase shift of the CDW with respect to the

(@)
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FIG. 5. (W) Fourter transform or the AFMY mane show n
Fig. 4ta). The two sets of spots in a hexagonal pattern represent
the CDW superlattice and the atomic lattice. The relative an-
gles of rotation measured using pairs of spots are in the range
11.7-12.2° with an average value of 11.8°+0.4° indicatung
continuous incommensurate CDW'S. (h} Arrow on spot protile
shows commensurate wave-vector position
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lattice. The FT of the 27x27 nm? data set from which
the AFM scan in Fig. 4(a) was taken is shown in Fig. 5(a)
and gives a measured rotation angle of 11.8° +0.4°. A
CDW spot profile from the FT is shown in Fig. 5(b) with
an arrow marking the commensurate k-vector position.
No evidence of enhanced intensity at the commensurate
angle is observed.

The extent to which the CDW superlattice vector devi-
ates from the average angle in local regions cannot be
resolved in direct graphical measurement from the STM
and AFM images. The continuous variation of the CDW
amplitude with a superimposed atomic pattern running at
an average angle of ~12° produces a combined local
variation in the CDW and atomic pattern that does not al-
low a precise separation.

In conclusion the scans on 17-TaS> using both STM
and AFM show patterns and profiles consistent with a
continuously modulated CDW amplitude and a CDW
structure predominantly incommensurate with the lattice.
The main difference between the AFM and STM re-

sponses occurs in the relative atom to CDW amplitudes.
In the AFM images the atom and CDW amplitudes are
comparable while in the STM images the CDW ampli-
tude dominates. This difference appears to reflect the ex-
pected intrinsic difference in the response of tunneling
versus force measurements.
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