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Atomic force microscopy imaging of transition metal layered compounds:
A two-dimensional stick—slip system

J. Kerssemakers and J. Th. M. De Hosson?
Department of Applied Physics, University of Groningen, Nijenborgh 4, 9747 AG Groningen,
The Netherlands

(Received 28 October 1994; accepted for publication 19 May 1995

Various layered transition metal dichalcogenides were scanned with an optical-lever atomic force
microscope(AFM). The microscopic images indicate the occurrence of strong lateral stick—slip
effects. In this letter, two models are presented to describe the observations due to stick—slip, i.e.,
either as a static or as a dynamic phenomenon. Although both models describe correctly the
observed shapes of the unit cell, details in the observed and simulated images point at dynamic
nonequilibrium effects. This exact shape of the unit cell depends on cantilever stiffness, scan
direction, and detector direction. @995 American Institute of Physics.

Layered transition metal dichalcogenides exhibit somesist of a mixture of forces perpendicular and parallel to the
remarkable two-dimensional behavior, despite their threesubstraté.
dimensional atomic structure. The crystallographic structure  Various materials, such as Ti&nd NbSe, were scanned
can be described as a hexagonal close-packed layer of trai air, water, and ethanol, at scan speeds ranging from 3 to
sition metal atoms, sandwiched in between two layers oflt5 000 nm/s. There was no qualitative difference observed,
chalcogen atomgS,Te,S¢ with the same symmetry. Unit although scanning in liquid always resulted in a much better
cells M Xy, in which M represents the transition metal axd ~defined and more stable experiment. In water and with tip
a chalcogen, are connected by relatively strong chemicdPads less than 0.1 nN, single particles of 0.3 nm were
bonds within the sandwich but only weakly bonded to adja-clearly visible at an atomic resolution. With a gradual in-
cent sandwiches. Because of this particular atomic arrang&rease of the applied force, the force corrugation increases

ment the physical properties exhibit a rather strong anisowhile single features(edges, particlgsdisappear or are
tropic behavior. smeared out because of the increase of the contact area. In

In the past, extensive scanning tunneling microscopyh® range between 10 and 50 risubstrate degradatipr

(STM) and atomic force microscofAFM) studies on these yPical back and forward scan line along a high-symmetry
materials have been carried out. Observed effects are charlfdtice direction in Tig is depicted in Fig. 1. The character-
density wavesCDW)'2 and pinning of CDW by point de- istic features are the following: Along the main directions of
fects by STM* as well as periodic lattice distortiorf®LD) j[he hexagonal lattice, a regular S awtooth is observed. Next,
by AFM.> However, observations of nonperiodic features at

an atomic scale with AFM are rather scarcely available a T : - . :
. . eature implies that the main origin of the cantilever torsion

compared to observations of the atomic structure as such; : . .
due to lateral effects. Finally, independent of hysteresis

The latter can easily be observed in various types of IayereiiC’ . . .
. . op size, the corresponding slopes in back and forward scan
compounds, even when the estimated tip-contact area aq%

contact force are far beyond atomic dimensions Thereforemes are ahgne@. This still holds when the lattice shows
) . ) hodulation, as in the case of ReS

the observed cgrrL_Jg_atmns n ”?O?e cases mu;t be a coII'ectlve Since the loop does not depend on the scan size or the

effect of many !nd|V|duaI atomic interactions involving high scan velocity piezohysteresis is not very probable. Degrada-

stress and strain components. tion effects(loose flakey are also unlikely, as the effect is

This letter proposes a ;imple_ physical modgl de§cribinga|so observed on freshly cleaved materials which cannot be
the essence of the mechanisms involved when imaging vari-

ous layered transition metal compounds with AFM. In con-
trast to earlier stick—slip studies, attention will not be fo-
cused merely on the occurrence of stick—slip. The novel
message is to show that the detailed shape of the unit cell can
be ascribed to a two-dimensional stick—slip behavior of the
AFM tip provided dynamical effects are taken into account
as well.

Imaging was performed with an optical-level Nanoscope
[l AFM. Although the current version is not implemented for
measurement of the lateral force component, due to the non-

zero tip height, the observed force variation will always con-FIG. 1. An AFM scan on NbSealong a[1000 direction. Forwardlower)

and backwarduppe) scan signal. This kind of scan signal produces images
similar to Fig. 3. The observed sawtooth periodicity corresponds to the
3Electronic mail: hossonj@phys.rug.nl lattice distance.

hift, as can be deduced from either starting slopes. This
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FIG. 2. Simplified energy concept of a stick—slip process. Plus sign: tip
position; dashed line: energy tip vs displacement; solid line with arrows:
energy scanning tip with lattice interaction vs displacement.

degraded at all within the current force ran@g to ~1000  FIG. 3. An AFM image of NbSg along thg 1000}-scan direction; scan-size
nN). 2.2 nm. The detector is aligned alopy000Q] as well, which means that a
The characteristic features are all typical properties of éateral movement along this direction will produce a maximal signal ampli-
stick—slip system. In Fig. 2, a simple one-dimensional modeFUde'
is presented. A sinusoidal potential is moved continuously
with respect to a fixed tip position. The other side of thetively. Both mimic the scan movement along a hexagonal
spring is connected to a mass, from which the movementattice in any chosen configuration. The geometrical model
relative to the fixed position can be monitored. The totalcontains all the essential physics in the slip criterion. Here, a
energy versus displacement will show a minimum up to asimple criterion of an isotropic threshold displacement is as-
certain displacement at which the second derivafstéf-  sumed. The system then slips to the site which gives a maxi-
nes$ will disappear. The system itself will run along with a mal relaxation of tip displacement, which turns out to be
certain minimum up to this point, which represents the stickdependent on scan angle and threshold displacement. In con-
phase. Then it will start accelerating towards a zero displacerast, the dynamical model employs a two-dimensional sinu-
ment, i.e., the slip phase. The amount of damping determinesoidal potential and a damping term proportional to the tip
whether enough energy will be dissipated by the system teoelocity. Position, velocity, and acceleration are calculated in
come to a final stop in the next minimum. Back and forwardfirst order from the total energy at a particular tip displace-
scans will bey-axis symmetric in this picture, causing the ment. To mimic the slip behavior correctly it turns out that of
hysteresis loop as well as the stick-phase alignment. the order of 100 first-order system state iterations per image
In this physical concept, “ideal” or geometric stick—slip pixel are necessary. The ratio between damping and velocity
will only occur when the minimum of the lattice potential is chosen to be constant.
show singularities in the first derivative. Acceleration as well In this study on chalcogenides, numerous AFM images
as deceleration become infinite in the next minimum of theare compared to the model predictions. Figure 3 displays an
total energy versus displacement curve. In practice, this caexperimental AFM image of NbSealong a[—1 2 —1 0] di-
dynamically only be generated by a system that combines eection with parallel detector alignment, followed by the pre-
low mass, a strong tip-lattice interaction, and a strong dampdictions based on the geometrical model in Fig. 4 and the
ing. In that case the corresponding signal will be perfectlyresults of the dynamical model in Fig. 5. A large slip thresh-
sawtoothlike, with only rapidly decaying oscillations after aold in the geometric model and a large lattice-potential-to-
particular slip. spring constant ratio in the dynamic model had to be incor-
In two dimensions, the nature of geometrical as well ofporated. Both imply a strong tip-sample interaction, although
dynamical stick—slip will be more complex. In the geometri-the good resemblance to the geometric model suggests
cal case, one may think of discrete hexagonal lattice sites toearly ideal stick—slip as well.
which the system either sticks completely or slips instanta- High-load images in all scan configuratiof@der 100
neously. In a dynamical system, the movement of the timN and beyongare well described by these models. Some
mass will be determined to some extent by the system equdetails in the actual imag@scillations and certain onsets of
librium points. Just as in the one-dimensional case, the mahe scanscan only be described by the dynamic model.
mentary dynamical state can be affected by the system prop- When the scans are made at a high applied force and
erties like low mass, strong tip-sample interaction, andclosely(i.e., a few degrees offalong a principal hexagonal
damping. direction of the lattice, either model predicts the tip slip
To investigate the physics behind these observations twalong the main direction with an occasional single or mul-
different approaches to the stick—slip behavior are investitiple (zigzag side jump. The latter strongly depends on the
gated, i.e., a geometrical and a dynamical model, respecspring constant and the lattice potential. With a proper detec-
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FIG. 6. An AFM image of NbSg scan size is 328 nm. Ripples with periods
FIG. 4. An AFM image that a tip produces when forced to follow a con- mych larger than atomic distances are observed at scans(widisian 1°) to
tinuous[1000--scan path. The tip is allowed to slip and stick to discrete 3 [1000-direction. These ripples are ascribed to leaps-aside of the tip at a
sites. Scan and detector configuration are identical to that of Fig. 3. low frequency. The large rectangular area is made by scanning with a high
load prior to taking the present image.

tor these leaps aside may cause a much stronger detector
signal than slip along the main direction. In such a case, gmptotic approximation of a dynamical model. In practice it
single or a multiple slip aside show up as ripples, both in reals 5 nearly ideal stick—slip regime. This cannot be explained
and calculated images. The periodicity of the ripples is deUSing a single spring and single potential model. Together
termined by the relative scan angle and is not only pre_dicteq\,ith the high stress involvetlp to ~10 GPa it suggests at
but also correctly measured up to a rather macroscopic scajgast a significant load-stiffening deformation around the tip-
(Fig. 6). _ _ sample interface. The occurrence of strong nanoscale defor-

~ In conclusion we may state that the assumptions ofpations in these stick—slip systems is also supported by the
stick—slip movement of the AFM-tip holds even in the high- fact that the occurrence of stick—slip is not affected by the
load regime. The geometrical model turns out to be an asactyal shape of the tip in a qualitative sense at least, but
depends rather on the one- or multilayered surface structure
itself.”9
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