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"“CO was not injected into the reactor. Correction for this
relatively small effect can be made by subtracting the lowest
OH concentrations measured that day from all the higher con-
centrations, because models consistently predict night-time OH
concentrations less than 10° radicals cm . These corrections,
usually equivalent to less than 2.5 x 10° radicals cm >, have not
been made in the present data. The precision of the results can
also be estimated by comparing the data for 1, 2 and 7 October
with those for 14 and 15 October; very similar results were
obtained on days with comparable meteorological and chemical
conditions.

These results are significant because the low *CO, levels in
the early morning and evening suggests that the elevated midday
'“CO, levels are caused by the photochemical reaction between
CO and OH. Experiments in which the reactor was shielded
from ultraviolet radiation (Fig. 1) yielded OH concentrations
which were slightly smaller than adjacent unshielded values,
suggesting that the primary OH source is the HO,-NO reaction.
Weinstock et al>* show that the OH concentrations do not decay
completely within the reaction time upon ultraviolet flux inter-
ruption.

A more detailed presentation of the method, results and model
comparisons will be made elsewhere. Future improvements for
this method include increased separation of **’Rn from the
“CO0, and reduction of the sample integration time to 25 s. With
complete radon removal, a detection limit of 10" radicals cm™
is feasible, enabling night-time detection of OH. In contrast to
laser techniques, limitations of the radiochemical technique are
determined by operations performed in the laboratory. Improve-
ments in separation efficiency can be made at low cost and will
result in a proportionately lower detection limit until counting
becomes limiting at about 10* radicals cm >, Laser methods,
however, are limited primarily by uncontrollable atmospheric
fluctuations. Also, the integration time of 100 s is much less than
that required for laser methods'***'7'® which average signals
for several hours in the course of a single OH measurement.
Just as local measurements are preferable to global measure-
ments in elucidating basic atmospheric chemistry, there is great
value in a measurement time approaching the lifetime of the
species of interest.
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Surface electronic properties probed
with tunnelling microscopy
and chemical doping

Xian-Liang Wu, Peng Zhou & Charles M. Lieber*
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New York 10027, USA

Scanning tunnelling microscopy'™ (STM) can provide atomic-
resolution images of surfaces in vacuum™®*, air® and liquids”®. One
of the most appealing aspects of such images is that they appear
to reflect surface structure directly; these tumnelling images,
however, contain contributions from both the structural and the
electronic properties of a surface'™. Although an understanding
of these properties is essential to an understanding of the funda-
mental nature and reactivity of surfaces, few methods® are available
to separate them, especially in air and in liquids. Here we report
a new approach to this problem that combines chemical
modifications with tunnelling microscopy. Samples of the layered
material tantalum disulphide (TaS,) have been substitutionally
doped with titanium to prepare materials of the general form
Ti, Ta,_,S,. STM images of native TaS, are dominated by a charge
density wave state’®''. Using titanium doping, we have been able
to perturb this unusual electronic feature systematically so that
the surface structure can be imaged clearly. Such studies of
chemically modified materials (prepared, for example by doping
or intercalation) should lead to a better understanding of the
features contained in STM images.

Tantalum disulphide is a member of the transition metal
dichalcogenides, a group of layered materials that exhibit inter-
esting electrical, magnetic and catalytic properties'>'*. The
highly anisotropic structure of TaS, consists of covalent S-Ta-S
layers that are bonded together weakly, predominantly by van
der Waals interactions (Fig. l1a). The sulphur and tantalum
centres are arranged in hexagonal close-packed (h.c.p.) planes
with a,=3.35 A. Our studies concentrate on crystals in which
the tantalum centres are coordinated in octahedral holes,
although octahedral or trigonal prismatic coordination is poss-
ible. A unique feature of octahedrally coordinated TaS, is its
charge density wave (CDW) state, a temperature-dependent
periodic distortion of the lattice and the electron density within
the S-Ta-S layers. The lattice distortions are small (<0.2 A)
but the periodic variation of the electron density is quite large
(11.7 A) (ref. 13).

Single crystals of TaS,, grown by chemical vapour transport
using [,, can be cleaved along the a-axis to expose large atomic-
ally flat regions of h.c.p. sulphur atoms®. A typical tunnelling
image of such a surface, recorded in the constant current mode
using our STM, is shown in Fig. 2. A hexagonal lattice is
prominent in this surface image, but the peak spacing and
corrugation are 11.8+0.2 and 5.7+0.5 A respectively, much
larger than the values expected for the h.c.p. sulphur plane (3.35
and <1 A respectively)!*. The features observed in this STM
image are due to the periodic variation in charge associated
with the CDW state in TaS,’''. Although there is no atomic
structure visible in this image, we and others have observed
such structure occasionally in other experiments (Lieber et al.,

* To whom correspondence should be addressed.

© 1988 Nature Publishing Group



= LETTERSTONATURE

495 § s § si#c
Ta Ta Ta Ta
S s s s slg

Van der Waals Contact

S 8§ 8§ § s
Ta Ta Ta Ta

bs s s s s
Ti Ta Ta Ta

S § s s S
Ta Ta 7T1i Ta

Fig.1 Cross-sectional veiw of the structure of tantalum disulphide
which displays two S-Ta-S layers in van der Waals contact. b,
Tantalum disulphide substitutionally doped with titanium. The
titanium-doped material is prepared by reaction of the appropriate
ratio of metals and sulphur (xTi+ (1 —x)Ta+2S) at 950 °C.

Fig. 2 STM image of Ta$, recorded at room temperature using
a modified commercial instrument (Digital). The image was recor-
ded in the constant current mode (tunnelling current 2.1 nA) with
a platinum-iridium alloy (90%-10% ) tip biased at +26 mV relative
to the sample. The sample surface was covered with oil (Fluorolube,
Fisher Scientific), although similar images were also obtained in
air. The raw digital data was low-pass-filtered before display. The
axes markings are in A.

Clarke et al. and Coleman et al., unpublished results); neverthe-
less, it is difficult to observe the atomic lattice directly because
of the strong CDW signal.

Knowledge of both the electronic and structural properties
of a surface are necessary to understand certain characteristics,
such as its reactivity. Spectroscopic tunnelling measurements
have been used successfully to delineate these properties in
ultrahigh vacuum®, but such measurements are difficult to carry
out in air and liquid environments. To obtain this crucial infor
mation we have been developing methods based on well-definec
chemical modifications that perturb the electronic properties of
the surface without changing its structure'!. By imaging a series
of chemically modified materials one can obtain a more complete
understanding of the electronic and structural nature of a
surface.

Randomly doped samples of Ti, Ta;_,S,, where x = 0.06 and
0.1 (ref. 15), are used here (Fig. 1b). Although titanium doping
decreases the average electron density by one electron per Ti
atom, the structure of the modified material is virtually the same
as the parent TaS,. STM images of these two samples are shown
in Fig. 3. These images are typical of the many (>40) we have
obtained at different locations on several different samples using
different tips. It is readily apparent from Fig. 3 that even low
levels of Ti-doping perturb the CDW state sufficiently that the
atomic lattice can be ‘seen’ clearly. For the x = 0.06 sample, the

NATURE VOL. 335 1| SEPTEMBER 1988

Fig. 3 Grey-scale images of Ti, Ta, .S, recorded in the constant
current mode. The sample surfaces were covered with oil to improve
the imaging stability'’. a, x =0.06; tip bias =+8 mV, tunnelling
current = 2.1 nA. The grey-scale in this image (black minimum to
white maximum) is 43 A. b, x=0.1; tip bias voltage +9mV,
tunnelling current = 2.1 nA. The grey-scale in this image, 2.9 A, is
significantly smaller than in a. The x, y-axes markings are in A.

CDW is still prominent as large peaks (11.6+0.2 A peak-to-peak
separation and 3.6+0.5 A corrugation), but examination also
reveals smaller satellite peaks with separation 3.3+0.1 A, which
we assign to the h.c.p. sulphur atoms. For x = 0.1 samples (Fig.
3b) the atomic lattice, with peak-to-peak separation 3.4 0.1 ff,
dominates the tunnelling images; the CDW is visible only as a
weak periodic ~11.6 A modulation of the sulphur atoms (1.4+
0.4 A corrugation). The corrugations measured indicate that the
CDW amplitude decreases substantially with increasing dopant
concentration. Because some variation in corrugation is found
for a given titanium concentration, we have analysed the corru-
gations from at least 15 images for each dopant concentration
to determine whether this trend is significant. The images were
recorded with similar instrumental parameters (bias voltage and
tunnelling current). We find that the corrugations (+10) for
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x=0,0.06 and 0.10 are 5.2+0.9,3.5+0.6 and 1.2+ 03 A respec-
tively, which demonstrates that the observed effect of Ti-doping
is greater than the sample-to-sample variation for a given
titanium concentration. In related work Coleman et al have
shown'® that the CDW amplitude decreases with increasing
tunnelling current, but even at high currents no atomic structure
was reported.

Although Ti-doping clearly modifies the electronic properties
of TaS, sufficiently to enable STM to probe the surface structure,
the origin of these effects is not certain. Doping with titanium
causes randomness in the lattice potential and decreases the
conduction-electron density by one electron per Ti atom (sub-
stituting d°— Ti for d' —Ta)'®'*. These two effects will perturb
the CDW in different ways. Disorder in the potential suppresses
the temperatures at which the CDW, which is incommensurate
with the lattice at high temperatures, undergoes transitions first
to a quasicommensurate and then to a commensurate state. For
x =0, 0.06 and 0.1 the incommensurate to quasicommensurate
transition temperatures are ~350, 305 and 250 K, respectively'®.
Hence, at our experimental temperature (295 K) the CDW is
quasicommensurate with the lattice of Ta$S,, close to a transition
for TigesTap04S;, and incommensurate with the lattice of
Tiy 1 TageS,. Because the CDW amplitude increases in the
quasicommensurate state’®, we believe that the increase in
observed atomic structure with increasing Ti is probably due to
a decrease in the CDW amplitude associated with the incom-
mensurate state. We are engaged in experiments designed to
probe this point further.

On the other hand, a decrease in the conduction electron
density will cause the Fermi surface to shrink (in the rigid-band
approximation) and hence the CDW wavelength should
increase'>!?. Diffraction studies'’ suggest that for the x =0.1
sample the CDW modulation should be 12.5 A (as opposed to
11.7 A for x =0), but we observe no such change. It is not clear
why the change in conduction electron density does not appear
to affect the wavelength of the CDW determined from the STM
images. But we note that our STM results probe the local charge
modulation directly whereas diffraction studies measure the
lattice distortions that are coupled to the CDW. Clearly more
work is needed to understand these effects.

In conclusion, our results demonstrate how chemical
modifications can be combined with tunnelling microscopy to
separate the electronic and structural components of STM sur-
face images. Such well defined chemical methods should be
useful for studies of other low-dimensional materials {such as
graphite and M WO,) that can be modified by intercalation,
doping and other methods. Such studies are currently in progress
in our laboratory.
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Contaminated aquifers are a forgotten
component of the global N,O budget
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One of the chemical components contributing to the destruction
of the ozone layer in the upper atmosphere consists of the nitrogen
oxides formed from N,O (ref. 1). Prompted by the prevailing idea
that the ocean is not a major source of N,O or a sink for N,0,
estimates have been made of global fluxes from continental ecosys-
tems’. Although most land areas are underlain by groundwater’,
this medium has never been considered in global budgeting of
N,O. A large number of aquifers around the world are contami-
nated by nitrogen compounds, and processes of nitrification and
denitrification are reported to be operative in this environment’.
These processes lead to the production of N,O (refs 4 and 5).
Here we report that the concentration of N,O in phreatic aerobic
aquifers contaminated by anthropogenic activities (disposal of
human or animal waste, cultivation and fertilization) are up to
three orders of magnitude higher than the concentration expected
as a result of equilibrium with the atmosphere.

Water samples were collected in the Netherlands and Israel
(1) at the Veluwe region (52°15' N, 5°40' W), where a shallow
9 m-deep sandy aquifer under woodland is contaminated by
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Fig. 1 Concentration range of N,O in different aquatic systems.
The theoretical solubility of N,O at different temperatures is also
given. The concentration ranges of N,O in aquifer systems obtained
during this study are denoted by filled circles. The number of
samples is given by n. Numbers in parentheses are references.
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