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TUNED OSCILLATOR ATOMIC FORCE 
MICROSCOPY METHODS AND APPARATUS 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] The present application claims the benefit under 35 
U . S . C . 119 ( e ) of U . S . Provisional Patent Application Ser . 
No . 62 / 096 , 237 entitled “ TUNED OSCILLATOR ATOMIC 
FORCE MICROSCOPY METHODS AND APPARATUS , ” 
filed Dec . 23 , 2014 , which is herein incorporated by refer 
ence in its entirety . 

may be used to regulate the distance between the tip and the 
surface . For example , let frow denote the width of the 
resonance peak at half of its maximum height , and consider 
the quality factor Q = f , / frpw . For typical commercial canti 
levers , with fo = 300 kHz and spring constant k = 30 N / m , 
values of Q - 300 are found in ambient conditions . When 
driving such a cantilever at its eigenfrequency fo with 
constant input power , such that the amplitude A is approxi 
mately 10 nm for the free cantilever not experiencing any 
force from the surface of the sample , the amplitude A is 
found to drop considerably as the tip approaches the surface 
due to the interaction - induced shift of the peak position 
described above . Measuring this drop in free oscillation 
amplitude may be used to regulate the tip - sample distance . FEDERALLY SPONSORED RESEARCH 

[ 0002 ] This invention was made with government support 
under DMR - 1119826 award by the National Science Foun 
dation and DOE DE - FG02 - 06ER15834 awarded by the 
Department of Energy , Office of Basic Research . The gov 
ernment has certain rights in the invention . 

BACKGROUND 
[ 0003 ] Image formation in atomic force microscopy 
( AFM ) relies on detecting interactions between a surface of 
a sample of interest and a probe tip . High resolution images 
may be obtained by using a sharp ( e . g . , “ atomically sharp ' ) 
tip to track the surface at a very close distance , but without 
coming into contact with the surface , as such contact could 
blunt the tip and reduce imaging resolution . In this so - called 
" non - contact ” AFM ( NC - AFM ) regime , the probe tip is 
attached to a small cantilever that is oscillated near the 
surface of interest . The effect of the surface force field on the 
cantilever ' s oscillation is measured and used to regulate the 
distance between the tip and surface in order to avoid 
physical contact between the tip and the surface . Under 
favorable conditions , this distance can be regulated so 
precisely that the signal controlling the vertical position of 
the sample accurately reflects the topography of the surface . 
Since the effects of the surface force field on the cantilever ' s 
oscillation are larger ( and therefore easier to detect ) when 
the cantilever is oscillating at or near one of its resonance 
frequencies , the cantilever is typically operated at such 
frequencies . 
[ 0004 ] Two different types of non - contact atomic force 
microscopy are amplitude modulation atomic force micros 
copy ( AM - AFM ) and frequency modulation atomic force 
microscopy ( FM - AFM ) . In AM - AFM the cantilever is 
excited at a pre - selected fixed frequency with constant 
energy input while either the drop of the resulting oscillation 
amplitude A or the phase difference o between driving and 
actual cantilever oscillation are used for controlling the 
probe tip to surface distance . Thus , AM - AFM may be 
implemented using only one feedback loop . FM - AFM 
involves tracking the position of the peak of the resonance 
curve rather instead of detecting the value of either A or o 
at a constant driving frequency , as done in AM - AFM . 
FM - AFM requires the use of at least two , and most com 
monly three , interacting feedback loops . 
[ 0005 ] In AM - AFM , as the cantilever approaches the 
surface of interest , the surface forces cause the cantilever ' s 
oscillation characteristics to change such that the cantile 
ver ' s resonance frequency moves away from the cantilever ' s 
eigenfrequency fo , which is the resonance frequency of the 
cantilever when the cantilever oscillates unperturbed by 
external forces . In turn , the shift of the resonance frequency 

SUMMARY 
[ 0006 ] A new mode of performing high - resolution non 
contact AM - AFM , termed tuned oscillation AFM ( TO 
AFM ) , is introduced . TO - AFM involves selecting opera 
tional parameters for a cantilever ( e . g . , free oscillation 
amplitude and quality factor ) such that , when the cantilever 
operates in accordance with the selected operational param 
eters , the cantilever exhibits a single stable oscillation state 
at all times during approach to a surface of interest , retrac 
tion from the surface of interest , and / or scanning of the 
surface of interest . The operational parameters also may be 
selected to maximize relative changes in amplitude and / or 
phase of the cantilever ' s oscillation to make detection of 
changes easier and to be compatible with the measurement 
bandwidth of the AFM to allow for fast scanning times . 
Operating the cantilever in accordance with the selected 
parameters may comprise using electronic Q - control to drive 
the cantilever ' s Q factor to a desired value or values ( e . g . , a 
Q factor of less than 300 or a Q factor of 300 - 1000 ) . 
[ 0007 ] Some embodiments provide for a method of oper 
ating an atomic force microscope , the atomic force micro 
scope comprising a cantilever and configured to image a 
surface of a sample using a probe tip coupled to the 
cantilever . The method comprises using a controller to 
perform : obtaining , based on at least one intrinsic parameter 
of the cantilever , a first quality factor and a first free 
oscillation amplitude , wherein the cantilever exhibits only 
one stable oscillation state when oscillating at the first free 
oscillation amplitude and operating at the first quality factor ; 
and controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscillate at 
a fixed frequency at or near a resonance frequency of the 
cantilever , oscillate at the first free oscillation amplitude , and 
operate at the first quality factor . 
[ 0008 ] Some embodiments provide for a system for con 
trolling operation of an atomic force microscope , the atomic 
force microscope comprising a cantilever and configured to 
image a surface of a sample using a probe tip coupled to the 
cantilever . The system comprises a controller configured to 
perform : obtaining , based on at least one intrinsic parameter 
of the cantilever , a first quality factor and a first free 
oscillation amplitude , wherein the cantilever exhibits only 
one stable oscillation state when oscillating at the first free 
oscillation amplitude and operating at the first quality factor ; 
and controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscillate at 
a fixed frequency at or near a resonance frequency of the 
cantilever , oscillate at the first free oscillation amplitude , and 
operate at the first quality factor . 
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[ 0009 ] Some embodiments provide for an atomic force 
microscope configured to image a surface of a sample , the 
atomic force microscope comprising : a cantilever ; a probe 
tip coupled to the cantilever ; and a controller configured to 
perform : obtaining a first quality factor and a first free 
oscillation amplitude , wherein the cantilever exhibits only 
one stable oscillation state when oscillating at the first free 
oscillation amplitude and operating at the first quality factor ; 
and controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscillate at 
a fixed frequency at or near a resonance frequency of the 
cantilever , oscillate at the first free oscillation amplitude , and 
operate at the first quality factor . 
[ 0010 ] In some embodiments , controlling the cantilever to 
operate at the first quality factor comprises using quality 
factor control circuitry to automatically control the cantile 
ver to operate at the first quality factor . 
[ 0011 ] In some embodiments , the first quality factor is less 
than 300 . In some embodiments , the first quality factor is 
between 300 and 1000 . In some embodiments , the quality 
factor is less than 5000 . 
[ 0012 ] In some embodiments , the first free oscillation 
amplitude is smaller than a decay length of an interaction 
potential between the probe tip and the sample . In some 
embodiments , the first free oscillation amplitude is smaller 
than 3 Angstroms . 
[ 0013 ] In some embodiments , controlling the cantilever 
comprises controlling the cantilever to operate such that the 
probe tip is at a distance of less than 100 Angstroms from the 
surface of the sample . In some embodiments , controlling the 
cantilever comprises controlling the cantilever to operate 
such that the probe tip is at a distance of less than 50 
Angstroms from the surface of the sample . Controlling the 
cantilever comprises controlling the cantilever to operate 
such that the probe tip is at a distance of less than 10 
Angstroms from the surface of the sample . In some embodi 
ments , controlling the cantilever comprises controlling the 
cantilever to operate such that the probe tip is at a distance 
of 2 - 10 Angstroms from the surface of the sample . 
[ 0014 ] In some embodiments , the obtaining includes 
obtaining a plurality of quality factors and a plurality of free 
oscillation amplitudes ; and selecting , as the first quality 
factor and the first free oscillation amplitude , a quality factor 
in the plurality of quality factors and a free oscillation 
amplitude that maximize relative amplitude and / or phase 
changes in the oscillation of the cantilever during approach 
to the surface of the sample . 
[ 0015 ] In some embodiments , the obtaining includes 
obtaining a plurality of quality factors and a plurality of free 
oscillation amplitudes ; and selecting , as the first quality 
factor and the first free oscillation amplitude , a quality factor 
in the plurality of quality factors and a free oscillation 
amplitude that correspond to a desired measurement band 
width of the atomic force microscope . 
[ 0016 ] In some embodiments , the at least one intrinsic 
parameter of the cantilever includes the resonance frequency 
of the cantilever and / or a spring constant of the cantilever . 
[ 0017 ] It should be appreciated that all combinations of 
the foregoing concepts and additional concepts discussed in 
greater detail below ( provided that such concepts are not 
mutually inconsistent ) are contemplated as being part of the 
inventive subject matter disclosed herein . 

BRIEF DESCRIPTION OF DRAWINGS 
[ 0018 ] The accompanying drawings are not intended to be 
drawn to scale . In the drawings , each identical or nearly 
identical component that is illustrated in various figures is 
represented by a like numeral . For purposes of clarity , not 
every component may be labeled in every drawing . In the 
drawings : 
[ 00191 . FIG . 1 is a diagram illustrating distortion of a 
cantilever resonance curve due to tip - sample interaction . 
10020 ] FIG . 2 is a block diagram of an illustrative AFM 
system configured to perform tuned oscillation atomic force 
microscopy ( TO - AFM ) , in accordance with some embodi 
ments of the technology described herein . 
10021 ] FIG . 3 is a flow chart of an illustrative process for 
performing TO - AFM imaging , in accordance with some 
embodiments of the technology described herein . 
[ 0022 ] . FIG . 4 illustrates amplitude and quality factor 
combinations associated with single stable oscillation states 
and multiple stable oscillation states , in accordance with 
some embodiments of the technology described herein . 
[ 0023 ] FIGS . 5A - 5B illustrate application of TO - AFM to 
generating an image of graphite , in accordance with some 
embodiments of the technology described herein . 
[ 0024 ] FIGS . 6A - 6D illustrate application of TO - AFM to 
generating an image of surface - oxidized copper , in accor 
dance with some embodiments of the technology described 
herein . 
[ 0025 ] FIGS . 7A - 7B illustrate application of TO - AFM to 
generating an image of sodium fluoride , in accordance with 
some embodiments of the technology described herein . 
[ 0026 ] FIGS . 8A - 8B illustrate recovering force - distance 
and tip - sample interaction potential curves from experimen 
tally measured data , in accordance with some embodiments 
of the technology described herein . 
[ 0027 ] FIGS . 9A - 9C illustrate changes of the oscillation 
behavior with active tuning of the damping behavior for a 
tuning fork , in accordance with some embodiments of the 
technology described herein . 

DETAILED DESCRIPTION 
10028 ] The inventors have recognized and appreciated that 
conventional techniques for performing AM - AFM generally 
do not allow for high - resolution ( e . g . , atomic resolution ) of 
surfaces in the non - contact regime due to cantilever oscil 
lation instabilities during approach to , scanning of , or retrac 
tion from the surface of interest . As the cantilever 
approaches the surface of interest , the oscillation character 
istics of the cantilever change such that the cantilever 
intermittently exhibits multiple stable oscillation states . In 
particular , the surface forces distort the shape of the canti 
lever ' s resonance curve , which in the absence of external 
forces reflects a symmetric Laurentzian function ( see e . g . , 
FIG . 1 which shows an example of an undistorted resonance 
curve 102 ( dashed ) for a cantilever and a corresponding 
distorted resonance curve 104 ( solid ) ) . As a result , the 
cantilever may oscillate at any one of multiple different 
amplitudes for a given driving frequency . Upon further 
approach of the cantilever to the surface , one of the multiple 
oscillation states “ dies out ” causing the tip to " jump " into 
( e . g . , tap ) the surface . The cantilever may not only exhibit 
multiple stable oscillation states upon approaching the sur 
face of interest , but also upon scanning the surface and / or 
being retracted from the surface . The presence of multiple 
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stable cantilever oscillation states prevents high - resolution 
imaging in most instances , and the mode of operation is 
reduced to the so - called “ tapping ” mode with the cantilever 
intermittently coming into contact with the surface , where 
significant repulsive forces act at closest tip - sample dis 
tances . 
[ 0029 ] The inventors have also recognized and appreci 
ated that the above - described " cantilever instability ” prob 
lem of resonance peak bending that causes a cantilever to 
exhibit multiple stable oscillation states is exacerbated in a 
vacuum . The reason for this is that the lack of air damping 
in a vacuum causes the Q - factors of many commercial 
silicon cantilevers to increase by an order of magnitude or 
more . The correspondingly shrinking effective width of the 
resonance peak , combined with increasingly severe bending 
of the resonance peak , makes it even more difficult for the 
tip to enter the regime where the short - range attractive 
forces act . Instead , the presence of multiple stable oscillation 
states causes the tip to jump from a point far from the surface 
into a tapping regime . In addition , the speed with which the 
AFM is able to respond ( e . g . , by controlling the tip - sample 
distance ) to perturbations in cantilever oscillation induced 
by the surface is given by the time constant t = Q / of . Since 
higher Q values mean lower measurement bandwidths , the 
system ' s bandwidth may end up being impractical for room 
temperature operation . As a result , AM - AFM imaging has 
not been successfully applied in a vacuum using standard 
commercial cantilevers operated at their first resonance . 
[ 0030 ] Although FM - AFM techniques may be used to 
avoid the above - described cantilever instability problem , 
FM - AFM requires the use of at least two and most com 
monly three interacting feedback loops , which are often 
difficult to adjust properly within the limits defined by the 
desired measurement bandwidth . 
[ 0031 ] The inventors have recognized and appreciated that 
when a cantilever is operated at certain favorable combina 
tions of parameters ( e . g . , certain combinations of free oscil 
lation amplitudes and quality factors ) , the cantilever may 
exhibit a single stable oscillation state in a desired region of 
operation ( e . g . , at a desired operational distance or range of 
operational distances from the surface ) . Accordingly , in 
some embodiments , a new mode for performing high 
resolution non - contact AM - AFM is provided whereby an 
atomic force microscope is operated using a set of param 
eters for which the cantilever does not exhibit multiple 
stable oscillation states and avoids the instabilities that 
would otherwise prevent the continuous probing of tip 
sample interactions during approach of the cantilever to the 
surface of interest , retraction of the cantilever from the 
surface of interest , and / or scanning of the cantilever across 
the surface of interest . The new mode is referred to herein as 
“ tuned oscillator atomic force microscopy ” ( TO - AFM ) . In 
this way , oscillation of the cantilever may be controlled so 
that it has a single stable oscillation state at all times during 
approach of the cantilever to the surface of interest , retrac 
tion of the cantilever from the surface of interest , and / or 
scanning of the cantilever across the surface of interest . 
[ 0032 ] In some embodiments , intrinsic parameters of a 
cantilever ( e . g . , a resonance frequency of the cantilever and 
spring constant of the cantilever may be used to obtain a set 
of free oscillation amplitudes and quality factors for which 
the cantilever has a single stable oscillation state within a 
chosen range of operation ( e . g . , driving frequency of the 
cantilever oscillation and range of tip - sample distances ) . In 

turn , the cantilever may be operated such that it oscillates at 
one or more of the obtained free oscillation amplitudes and 
operates at one or more of the obtained quality factors . 
Operating the cantilever at one or more of the obtained 
quality factors may be performed using automatic Q - control 
techniques . In this way , in the TO - AFM mode , the cantilever 
is controlled to have a single stable oscillation state thereby 
avoiding the above - described cantilever instability problem 
and allowing for high - resolution non - contact AFM imaging . 
[ 0033 ] In some embodiments , the free oscillation ampli 
tudes and quality factors may satisfy one or more other 
criteria in addition to ensuring that the cantilever exhibits 
only a single stable oscillation state . For example , combi 
nations of free oscillation amplitudes and quality factors 
may be selected so as to maximize the relative change in 
amplitude and / or phase in response to attractive surface 
forces thereby making these changes easier to detect using 
lock - in electronics ( e . g . , a lock - in amplifier ) . As another 
example , combinations of free oscillation amplitudes and 
quality factors may be selected such that the cantilever 
response time t = Q / fo ) = 1 / of Rpw , sometimes termed the 
“ natural bandwidth ” of the cantilever , is compatible with the 
measurement bandwidth of the atomic force microscope . 
[ 0034 ] Performing TO - AFM imaging by choosing opera 
tional parameters in accordance with embodiments 
described herein and controlling ( optionally by employing 
automatic Q - control ) the cantilever to operate in accordance 
with the chosen operational parameters not only prevents 
mechanical instabilities during tip approach with fixed driv 
ing frequency , but also provides for cantilever oscillation 
amplitude and phase changes sufficiently large to allow for 
accurate tip - sample distance control using conventional 
lock - in measurement technology . Unlike conventional NC 
AFM techniques , TO - AFM allows for robust position con 
trol within both the attractive ( i . e . , non - contact ) and repul 
sive ( i . e . , contact ) regimes while employing only one 
feedback loop . In particular , TO - AFM is more robust during 
practical measurements than conventional FM - AFM meth 
ods because , as described above , the FM - AFM detection 
schemes require use of two or three interacting feedback 
loops , which easily destabilize during operation , even when 
adjusted by an experienced operator . By contrast , TO - AFM 
is based on the simpler AM - AFM detection scheme in which 
only one parameter ( either oscillation amplitude or phase 
shift between driving signal and cantilever response ) is 
tracked by using a single feedback loop . Moreover , the 
simple electronic configuration allows for realization of very 
fast cantilever response times . Thus , very fast imaging may 
be realized by performing TO - AFM with appropriate high 
frequency cantilevers . 
[ 0035 ] It should be appreciated that the embodiments 
described herein may be implemented in any of numerous 
ways . Examples of specific implementations are provided 
below for illustrative purposes only . It should be appreciated 
that these embodiments and the features / capabilities pro 
vided may be used individually , all together , or in any 
combination of two or more , as aspects of the technology 
described herein are not limited in this respect . 
[ 0036 ] FIG . 2 is a block diagram of an illustrative atomic 
force microscopy system 200 configured to operate in a 
TO - AFM mode , in accordance with some embodiments of 
the technology described herein . AFM system 200 is con 
figured to image sample 202 by regulating the distance 
between sample 202 and probe tip 204 , which is coupled to 
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oscillating cantilever 206 . Oscillation of cantilever 206 may 
be driven by a dither piezo 210 in response to control signal 
211 that is based , at least in part , on a constant - amplitude 
fixed - frequency control signal 209 generated by controller 
208 . The control signal 209 generated by controller 208 is 
also provided to lock - in amplifier 216 in order to serve as a 
reference signal during demodulation . Although , in the 
illustrated embodiment , oscillation of cantilever 206 is 
driven by dither piezo 210 , in other embodiments , the 
oscillation of cantilever 206 may be achieved in any other 
suitable way , as aspects of the technology described herein 
are not limited in this respect . 
[ 0037 ] In the illustrated embodiment , deflection of canti 
lever 206 is measured via the laser beam detection method , 
though other techniques for measuring cantilever displace 
ment may be used ( examples of which are provided below ) , 
as aspects of the technology described herein are not limited 
in this respect . Laser light generated by laser light source 
212 is reflected off the back of cantilever 206 and detected 
by photo electric device 214 comprising multiple closely 
spaced photo diodes . Angular displacement of cantilever 
206 results in a photo diode of the photo electric device 214 
receiving more light than another photo diode and the 
difference between the output signals of the photo diodes is 
proportional to the amount of cantilever deflection . 
[ 0038 ] Accordingly , photoelectric device 214 outputs a 
signal 215 proportional to the amount of deflection of 
cantilever 206 . The signal 215 output from photo electric 
device 214 is provided to lock - in amplifier 216 which , 
together with the reference signal 209 provided by controller 
208 ( e . g . , the control signal 209 used to drive the cantilever 
oscillation ) is used to identify the amplitude 218 and phase 
( not shown ) of the oscillation of cantilever 206 . In turn , 
amplitude 218 together with one or more other control 
inputs 220 may be used to control the vertical position of 
scanner 222 , thereby regulating the distance between sample 
202 and probe tip 204 as a function of the amplitude of the 
oscillation of cantilever 206 . 
[ 0039 ] AFM system 200 further comprises Q - control cir 
cuitry 224 configured to electronically control the quality 
factor of the cantilever 206 . As discussed above , the quality 
factor of a cantilever having eigenfrequency fo and reso 
nance peak half - width frow may be computed as the ratio of 
fo and frow . Q - control circuitry 224 is configured to control 
the quality factor based , at least in part , on signal 215 that 
is proportional to the displacement of cantilever 206 . For 
example , Q - control circuitry 224 may be configured to 
amplify and phase shift ( e . g . , by approximately 90 degrees 
or 270 degrees ) the cantilever deflection signal 215 to 
generate output signal 225 . In turn , output signal 225 is used 
to excite the dither piezo 210 in conjunction with control 
signal 209 ( as shown , output signal 225 is added to control 
signal 209 to obtain control signal 211 used to drive the 
piezo 210 ) . Accordingly , Q - control circuitry 224 may drive 
cantilever 206 based on a suitably amplified and phase 
shifted cantilever deflection signal . The Q - control circuitry 
224 may either increase or decrease the quality factor of 
cantilever 206 , depending on the exact settings of circuitry 
224 exact settings , and may control the quality factor of 
cantilever 206 to be in any suitable range ( e . g . , less than 300 , 
300 - 1000 , 300 - 3000 , less than 5000 , etc . ) . 
[ 0040 ] In some embodiments , controller 208 may identify 
operating parameters for cantilever 206 and control canti 
lever 206 to operate in accordance with the identified 

operating parameters . For example , controller 208 may be 
configured to obtain ( e . g . , calculate , access previously cal 
culated , receive , etc . ) operating parameters ( e . g . , one or 
more free oscillation amplitudes and / or one or more quality 
factors ) for cantilever 206 such that , when cantilever 206 is 
controlled to operate in accordance with the obtained param 
eters , cantilever 206 exhibits a single stable oscillation state . 
Thus , in some embodiments , controller 208 may perform 
obtaining , based on at least one intrinsic parameter of the 
cantilever ( e . g . , a resonance frequency of the cantilever 
and / or a spring constant of the cantilever ) , a first quality 
factor and a first free oscillation amplitude , wherein the 
cantilever exhibits only one stable oscillation state when 
oscillating at the first free oscillation amplitude and operat 
ing at the first quality factor , and controlling the cantilever 
to exhibit the only one stable oscillation state by controlling 
the cantilever to oscillate at a fixed frequency at or near a 
resonance frequency of the cantilever , oscillate at the first 
free oscillation amplitude , and operate at the first quality 
factor . 
[ 0041 ] Controller 208 may be implemented using dedi 
cated hardware ( e . g . , a micro controller ) or with hardware 
( e . g . , one or more hardware processors ) programmed using 
processor - executable instructions to perform any of the 
above - described and / or suitable functions . 
[ 0042 ] It should be appreciated that AFM system 200 is 
merely illustrative and an AFM system configured to per 
form TO - AFM imaging may comprise one or more other 
components in addition to or instead of the components 
shown in FIG . 2 . For example , although in the illustrated 
embodiment cantilever deflection is measured using laser 
beam deflection , any other suitable techniques for measuring 
cantilever oscillation may be used ( e . g . , optical interferom 
etry techniques , laser Doppler vibrometry , piezoelectric / 
piezoresistive detection , capacitive detection , etc . ) . As 
another example , another device ( e . g . , a double - clamped 
beam , a plate , a rod , a half - domes , etc . ) could be used 
instead of cantilever 206 , as aspects of the technology 
described herein are not limited in this respect . 
[ 0043 ] FIG . 3 is a flow chart of an illustrative process 300 
for performing TO - AFM imaging , in accordance with some 
embodiments of the technology described herein . Process 
300 may be performed by any suitable system and , for 
example , may be performed by illustrative AFM system 200 
described with reference to FIG . 2 . 
[ 0044 ] Process 300 begins at act 302 , where at least one 
intrinsic parameter for the AFM system ' s cantilever is 
obtained . The at least one intrinsic parameter may include 
the cantilever ' s fundamental resonance frequency and / or its 
spring constant . 
[ 0045 ] Next , process 300 proceeds to act 304 , where a set 
of free oscillation amplitudes and quality factors for which 
the cantilever has a single stable oscillation state is obtained 
based , at least in part , on the at least one intrinsic parameter 
of the cantilever obtained at act 302 . The set of free 
oscillation amplitudes and quality factors may further be 
obtained based on information about the desired operating 
conditions of the cantilever such as the frequency at which 
the cantilever is to be driven ( e . g . , a frequency near or equal 
to the cantilever ' s fundamental resonance frequency or a 
frequency near or equal to one of the cantilever ' s other 
resonance frequencies ) and a desired operational distance 
bety 
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[ 0046 ] The set of free oscillation amplitudes and quality 
factors ( that cause the cantilever to exhibit a single stable 
oscillation state at a time ) may be obtained in any suitable 
way . For example , the free oscillation amplitudes and qual 
ity factors may be calculated based the cantilever ' s intrinsic 
parameters ( e . g . , fundamental resonance frequency and 
spring constant ) . Such a calculation may be performed , for 
example , by solving ( e . g . , numerically ) an equation for 
motion describing they dynamics of the cantilever such as , 
for example , the following illustrative equation for cantile 
ver dynamics in Q - controlled AM - AFM : 

27 fom mä ( t ) + z ( t ) + Cz ( z ( t ) – d ) + gezz ( t – to ) = 
Q - Control 

AdCzcos ( 2n fat ) + F is [ z ( t ) , ž ( t ) ] . 
external driving force tip - sample force 

[ 0047 ] In the above equation , z ( t ) represents the position 
of the probe tip at the time t ; cz , m , and fo = ( c _ / m ) 0 . 5 / ( 2T ) are 
the spring constant , the effective mass , and the eigenfre 
quency of the cantilever , respectively . In the above equation , 
it is assumed that the quality factor lo unites the intrinsic 
damping of the cantilever and all influences from surround 
ing media such as air or liquid , if present , in a single overall 
value . The equilibrium position of the tip is denoted as d . 
Naturally , the two driving mechanisms are reflected in the 
equation . The active feedback of the system ( “ Q - Control 
term " ) is described by the retarded amplification of the 
displacement signal , i . e . , the tip position z is measured at the 
retarded time t - t , and amplified by a gain factor g . The first 
term on the right - hand side of the equation represents the 
external driving force of the cantilever . It is modulated with 
the constant excitation amplitude ad at a fixed frequency fj . 
The ( non - linear ) tip - sample interaction force Fts is intro 
duced by the second term . 
[ 0048 ] As another example , the free oscillation amplitudes 
and quality factors may have been previously calculated for 
one or more intrinsic cantilever parameter values ( e . g . , for 
one or more combinations of fundamental resonance fre 
quency and spring constant values ) and stored ( e . g . , on at 
least one non - transitory computer readable storage 
medium ) ; the stored values may be accessed during act 304 . 
Accordingly , the intrinsic cantilever parameters obtained at 
act 302 may be used to calculate or access / look - up previ 
ously calculated cantilever operational parameters at act 
304 . In some embodiments , suitable combinations of free 
oscillation amplitude and quality factor may also be 
obtained by experimental trial - and - error . 
[ 0049 ] As one example of quality factors that may be 
obtained at act 304 , the quality factors obtained at act 304 
may include one or more quality factors of less than 300 . As 
another example , the quality factors obtained at act 304 may 
include one or more quality factors between 300 and 1000 . 
As yet another example , the quality factors obtained at act 
304 may include one or more quality factors between 300 
and 3000 . As yet another example , the quality factors 
obtained at act 304 may include one or more quality factors 
less than 5000 . It should be appreciated that conventional 
AM - AFM , when performed in a vacuum , involves operating 
the cantilever at a quality factor of greater than 5000 . As one 
example of free oscillation amplitudes that may be obtained 

at act 304 , the free oscillation amplitudes may include one 
or more amplitudes smaller than a decay length of an 
interaction potential between the probe tip and the sample . 
As another example , the free oscillation amplitudes obtained 
at act 304 may include one or more amplitudes smaller than 
3 Angstroms . The set of free oscillation amplitudes and 
quality factors may include one or more combinations of 
free oscillation amplitudes taking values in the example 
ranges described above and quality factors taking values in 
the example ranges described above , so long as each com 
bination , when used for controlling oscillation of the canti 
lever , causes the cantilever to exhibit a single stable oscil 
lation state in a desired operational distance ( or range of 
distances ) to the surface of the sample of interest . 
[ 0050 ] FIG . 4 illustrates that some amplitude and quality 
factor combinations may be associated with single stable 
oscillation states while other amplitude and quality factor 
combinations may be associated with multiple stable oscil 
lation states . In particular , FIG . 4 illustrates single stable 
oscillation state regimes and bi - stable oscillation regimes 
( i . e . , a regime with two stable oscillation states ) for a tuning 
fork having a spring constant of k = 2000 N / m and a funda 
mental resonance frequency of fres = 22 kHz ( and for a typical 
tip sample interaction potential ) , which are typical values 
often used in the literature . The single stable oscillation state 
regime region 402 indicates combinations of free oscillation 
amplitudes and quality factors for which the tuning fork 
( when operated in accordance with these amplitudes and 
quality factors ) would exhibit a single oscillation state . As 
may be seen in FIG . 4 , region 402 includes all oscillation 
amplitudes 0 . 5 - 10 nm when the Q - factor is less than 300 , 
and oscillation amplitudes smaller than 1 Angstrom for Q 
factors 300 - 3000 . It can also be seen that once the Q factor 
is greater than 3000 , the tuning fork does not exhibit a single 
stable oscillation state for any choice of oscillation ampli 
tude . Indeed , as shown , the tuning fork exhibits two stable 
oscillation states for all combinations of amplitudes and 
quality factors not in region 402 . As the Q - factor and 
oscillation amplitudes increases , the bi - stability gets 
“ increasingly worse ” in region 403 , because the probe tip 
would jump a larger distance toward the sample when the 
instability hits in those regions . The region 404 indicates 
parameter combinations for which the tip would make the 
largest jumps from one oscillation state to another . Accord 
ingly , parameter values in the single stable state region 402 
are to be selected so that the tuning fork exhibits a single 
oscillation state at any time . 
[ 0051 ] It may be seen , in FIG . 4 , that the border between 
singly stable and bi - stable regimes is approximately at 
oscillation amplitudes of 1 Angstrom for quality factors 
between 300 and 3000 . This may be because the decay 
length of the surface potential is about 1 Angstrom . When 
the quality factors are below 300 , the tuning fork may 
exhibit a single stable oscillation state for almost all free 
oscillation amplitude values . By contrast , when the quality 
factors are above 3000 , the tuning fork may exhibit multiple 
stable oscillation states for all free oscillation amplitude 
values that lay within the detection sensitivity of the pho 
toelectric device 214 and / or the lock - in amplifier 216 . 
[ 0052 ] It should be appreciated that typical quality factors 
encountered in AM - AFM are larger than 5000 for micro 
scopes operated in vacuum . As a result , in some instances , 
without active Q control ( e . g . , lowering the Q factor using 
a circuit that is designed to do so , such as quality factor 
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control circuitry 224 ) , it may not be possible to operate a 
cantilever a single stable oscillation regime . 
[ 0053 ] After a set of free oscillation amplitudes and qual 
ity factors for which the cantilever has one stable oscillation 
state in a desired range of operation is obtained at act 304 , 
process 300 proceeds to act 306 , where a subset of the free 
oscillation amplitudes and quality factors obtained at act 304 
is selected to include those combinations that are associated 
with the larger / largest relative changes in cantilever oscil 
lation amplitude and / or phase so that cantilever oscillation 
changes are easier to detect . That is , at act 306 , the combi 
nations of free oscillation amplitudes and quality factors that 
are selected are ones that make it easier to detect changes in 
cantilever oscillation amplitude and / or phase due to surface 
forces . The combinations of free oscillation amplitudes and 
quality factors may be selected based on whether they lead 
to larger relative changes in related amplitude and / or phase 
as compared to combinations that are not selected . The 
selection may be performed in any suitable way and , for 
example , may be performed based on experimental indica 
tions ( e . g . , experimental trial and error to identify favorable 
combinations of oscillation amplitudes and quality factors ) . 
Using combinations of amplitudes and quality factors that 
are associated with large relative changes in cantilever 
oscillation amplitude and / or phase , in turn , enables the 
TO - AFM system to more precisely control the distance 
between the probe tip and the surface . 
[ 0054 ] Next , process 300 proceeds to act 308 , where a 
subset of the free oscillation amplitudes and quality factors 
obtained at act 306 is selected to include those combinations 
that are compatible with the measurement bandwidth of the 
system executing process 300 ( e . g . , AFM system 200 ) . In 
this way , the cantilever may be operated with a quality factor 
that results in a measurement bandwidth associated with 
acceptable data acquisition times . To this end , selecting 
smaller values of Q results in faster data acquisition times . 
For example , as described above , the cantilever response 
time is given by T = Q / nfr . In the untuned case , with Q = 10 , 
000 and fo = 20 kHz , the cantilever response time t = 160 ms . 
If 160 ms were needed to collect each data point , a simple 
256x256 image would require three hours to record , which 
may not be practical . On the other hand , when the quality 
factor Q is set to 500 , the time required to record the same 
image drops to 9 minutes ; atomic - resolution images with 
less pixel - pixel variation , can be required even faster . 
[ 0055 ] Next , process 300 proceeds to act 310 where the 
cantilever is controlled in accordance with a combination of 
the free oscillation amplitudes and quality factors obtained 
at act 308 . This may be done in any suitable way . For 
example , the cantilever may be driven using a frequency at 
or near a resonance frequency of the cantilever ( e . g . , a 
frequency at or near a fundamental frequency of the canti 
lever or a frequency at or near a multiple of the fundamental 
frequency of the cantilever ) . Next , the observed quality 
factor ( Q ) of the oscillating cantilever may be measured 
( the measured Q factor may depend on various factors such 
as the environment , temperature , specifics of the cantilever 
holder mounting , etc . ) to determine whether there is any 
particular free oscillation amplitude ( A ) such that the 
combination ( Q . and A ) is one of the combinations of 
operational values selected at act 308 . If there is such a 
particular free oscillation amplitude , then the AFM system 
may control the cantilever to oscillate at the particular free 
oscillation amplitude ( i . e . , operate with quality factor Q , and 

free oscillation amplitude A1 ) . If not , then the quality factor 
may be adjusted to a different value ( Q . ) for which there is 
an associated free oscillation amplitude ( A , ) such that the 
combination ( Q2 and A2 ) is one of the combinations of 
operational values selected at act 308 . The quality factor 
may be adjusted in any suitable way and , for example , may 
be adjusted electronically ( e . g . , via an electronic scheme that 
provides the phase - shifted cantilever deflection signal back 
into the cantilever ' s driving signal after appropriate ampli 
fication , as described above ) . Alternatively , the Q factor may 
be modified by other means such as by increasing the 
damping of the cantilever by adding glue at strategically 
chosen points , etc . 
[ 0056 ] It should be appreciated that process 300 is illus 
trative and that there are variations of process 300 . For 
example , in some embodiments , one or both acts 306 and 
308 may be omitted . 
[ 0057 ] The TO - AFM mode is further illustrated below 
with reference to results of applying the TO - AFM mode to 
generating AFM images of three different materials : graph 
ite , surface oxidized copper , and sodium fluoride . Graphite 
was chosen because of its status as a prototypical van der 
Waals material featuring low surface interactions , surface 
oxidized copper was selected because force and tunneling 
current can be conveniently recorded together and the 
respective contrasts are well understood , and measurements 
were performed on sodium fluoride to illustrate TO - AFM ' s 
ability to image the surface atoms of a bulk insulator . 
Sodium fluoride was also chosen as the substrate for force 
spectroscopy . During data acquisition , the cantilever was 
driven at its first eigenfrequency ( i . e . , ff . ) . 
[ 0058 ] FIGS . 5A and 5B illustrate application of TO - AFM 
to generating an image of graphite . Highly oriented pyro 
lytic graphite has a long tradition as a test sample for AFM 
dating back to the first observation of atomic lattice period 
icity in 1987 . While resolving lattice periodicity in contact 
mode and atomic resolution imaging by scanning tunneling 
microscopy have always been considered " easy , ” the low 
surface interactions of this van der Waals material have 
made atomic resolution imaging with NC - AFM challenging . 
Typically , specialized equipment ( such as low temperature 
microscopes ) or unconventional approaches ( such as imag 
ing at higher eigenmodes , using torsional resonances or by 
imaging in high viscosity liquids ) have been required to 
achieve atomic resolution . In contrast , we are able to image 
graphite at room temperature in a vacuum at both the large 
scales ( as shown in FIG . 5A ) and atomic scales ( as shown 
in FIG . 5B ) . The quality of both images confirms the 
viability of TO - AFM as a new high resolution imaging 
mode . 
[ 0059 ] The images shown in FIGS . 5A and 5B are TO 
AFM images of highly oriented pyrolytic graphite . The 
sample was cleaved right before introduction to the ultrahigh 
vacuum ( UHV ) system and then imaged with no further 
sample preparation . FIG . 5A shows a large - scale image ( 110 
nmx110 nm ) revealing three step edges of single unit cell 
height each . FIG . 5B shows an atomic - resolution image ( 2 . 0 
nmx2 . 0 nm ; corrugation = 25 pm ) ; note that in NC - AFM 
images of graphite , protrusions reflect the locations of the 
hollow sites rather than the positions of the carbon atoms . 
The imaging parameters used to obtain the images in FIGS . 
5A and 5B : Qef = 300 , fo = 13 , 410 Hz , Afree = 2 . 8 Å ; ( FIG . 5A ) 
oscillation amplitude = 1 . 8 Å , scan speed vscan = 100 nm / s ; 
( FIG . 5B ) oscillation amplitude A = 1 . 2 Å , vscan = 6 nm / s . 
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[ 0060 ] FIGS . 6A - D illustrate application of TO - AFM to 
generating an image of surface - oxidized copper . Copper 
containing oxides have attracted interest since they are 
active catalysts for a number of important reactions includ 
ing methanol synthesis , the water gas shift reaction , and the 
reduction of nitrogen oxides . In addition , understanding the 
behavior of surface oxides is crucial to unraveling the 
atomic - scale details of bulk oxidation and corrosion of 
metals . For Cu ( 100 ) , 0 , exposure at elevated temperatures 
leads to a ( 2V2x ~ 2 ) R45° missing row reconstruction ( Cu 
( 100 ) - O ) in which every fourth row of Cu atoms along [ 010 ] 
is removed . The oxygen atoms nestle along each side of the 
remaining three atoms wide Cu strands resulting in strik 
ingly different structural arrangements for oxygen and cop 
per atoms . The oxygen atoms are arranged in rectangles of 
equal length ( 3 . 6 Å ) , but alternating width ( 3 . 5 Å and 3 . 7 Å ) , 
while the one - third of the copper atoms in the middle - row 
are chemically distinct from the bridging Cu atoms along 
the edges of the strands . 
[ 0061 ] FIG . 6A presents a large - scale TO - AFM image of 
the bare Cu ( 100 ) surface , with atomically flat terraces sepa 
rated by half unit cell steps ( 1 . 8 Å ) . Upon exposure to 
oxygen ( 20 minutes at 5x10mbar ) at T - 300° C . , the step 
edges rearrange along the < 001 > directions due to the for 
mation of the Cu ( 100 ) - O surface phase ( FIG . 6B ) . FIGS . 6C 
and 6D illustrate the capability of TO - AFM for high 
resolution , multi - channel data acquisition , with FIG . 6C 
representing the TO - AFM topography channel , and FIG . 6D 
the simultaneously recorded tunneling current . Based on a 
published in - depth analysis of the atomic - scale contrast on 
the Cu ( 100 ) - O surface for both force and current channels , 
we deduce that the tip was oxygen - terminated . Through this 
assignment , we determine that brightest protrusions reflect 
middle - row copper atoms in both data channels , with bridg 
ing copper producing additional contrast . 
[ 0062 ] Specifically , FIG . 6A shows a large - scale TO - AFM 
image ( 136 nmx136 nm ) of the bare Cu ( 100 ) surface 
obtained after heating the copper crystal to 800° C . for 15 
minutes , revealing atomically flat terraces separated by 
half - unit cell steps . Impurities that pin the step edges fol 
lowing annealing can be observed at several kink sites . FIG . 
6B shows a large - scale TO - AFM image ( 80 nmx80 nm ) of 
the copper surface after oxidation ( Cu ( 100 ) - 0 surface ) . 
Re - arrangement of the step edges along the [ 001 ] and [ 010 ] 
directions is clearly visible . FIGS . 6C and 6D show simul 
taneously recorded high - resolution images ( 5 . 0 nmx5 . 0 nm ) 
of TO - AFM topography in FIG . 6C ) , and tunneling current 
( in FIG . 6D ) . Dominant protrusions reflect the middle - row 
copper atoms with secondary contrast from the bridging 
copper atoms , with the distance between the lines formed by 
middle - row copper being 7 . 2 Å . The image comprises two 
orthogonal domains oriented along the [ 001 ] and [ 010 ] 
directions . Imaging parameters : Def = 500 , fo = 10 , 860 Hz , 
A = 2 . 6 Å : ( FIGS . 6A - B ) A = 2 . 0 Å , vscan = 80 nm / s ; ( FIGS . 
6C - D ) A = 1 . 2 Å , Ubias = 0 . 7 V , Itunnel = 350 pA , vscan = 2 . 2 
nm / s . 
0063 ) FIGS . 7A - B illustrate application of TO - AFM to 
generating an image of sodium fluoride . Alkali halides have 
long served as versatile test samples for high - resolution 
NC - AFM as they are highly insulating on the one hand , but 
easy to prepare through cleavage on the other . FIG . 7A 
shows results obtained with TO - AFM on the large scale , and 
FIG . 7B shows results obtained with TO - FM on the atomic 
scale . The sample was cleaved under ambient conditions and 

exposed to air for about 5 minutes before introduction into 
the UHV system ; to remove adsorbed water , the sample was 
heated in situ to 150° C . for 30 minutes . 
[ 0064 ] Specifically , FIG . 7A shows a large - scale image 
( 600 nmx600 nm ) revealing rounded step edges of half unit 
cell height ( 2 . 3 A ) and scattered impurities . FIG . 7B shows 
an atomic - resolution TO - AFM topography image ( 1 . 8 
nmx1 . 8 nm ) of NaF ( 100 ) surface ; the distance between 
individual atoms corresponds to the 3 . 3 Å F - F or Na - Na 
nearest - neighbor distance . Imaging parameters : Qef = 500 , 
fo = 10 , 860 Hz , Afree = 2 . 8 Å ; ( FIG . 7A ) A = 2 . 2 Å , vscan = 120 
nm / s ; ( FIG . 7B ) A = 1 . 6 Å , vscan = 3 . 0 nm / s . 
[ 0065 ] It should also be appreciated that TO - AFM may be 
used for force spectroscopy . One of the strengths of FM 
AFM is its force spectroscopy capability : Measuring the 
frequency shift F as a function of the nearest tip - sample 
distance D allows the subsequent recovery of the interaction 
force F as a function of distance ( F ( D ) curves ) . As described 
below , TO - AFM is a fully capable replacement for FM 
AFM because TO - AFM may be used to record high - quality 
force spectroscopy curves deep into the repulsive regime . 
10066 ] The theoretical framework for reconstructing force 
curves using conventional AM - AFM suffers from the same 
hurdles that have previously limited AM - AFM imaging in 
vacuum . In particular , jumps upon approach of the probe tip 
to the surface of the sample , prevent the recovery of com 
plete F ( D ) curves and insufficient dynamic range within the 
regime of short - range attractive forces leads to poor data 
quality . Since TO - AFM overcomes both of these hurdles , it 
possesses the desired full force spectroscopy capabilities . As 
shown in FIGS . 8A - B , both the force F and the tip - sample 
interaction potential E can be recovered from experimentally 
measured data with very high quality despite room tempera 
ture operation . Thanks to the robustness of TO - AFM - based 
spectroscopy , these curves can easily be recorded deep into 
the repulsive regime ( positive tip - sample forces ) with no 
significant increase in noise , which is often difficult with 
FM - AFM - based spectroscopy . The force and tip - sample 
interaction potential , may be calculated from the amplitude 
A ( d ) and phase o ( d ) in any suitable way . For example , in 
some embodiments , the tip - sample potential in the AM 
mode can be calculated using the integral equation : 

Us ( D ) = 2cz ! K ( z ) ( z - D ) + V 1676 V7 - D + 
A3 / 2 

V2 ( z – D ) 
where 

To solve this integral equation , the last term of which 
contains a pole at z = D , the transformation z = D + t may be 
applied and the following transformed integral equation : 

Vy ( D ) = 40 . f * < D + 0 % p + V or pas de 
may be solved to calculate the tip - sample potential from 
measured amplitude and phase data . For example , this 
transformed integral equation may be used to solve for the 
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tip sample potential shown in FIG . 8B from the amplitude 
and phase data shown in FIG . 8A . After solving for the 
tip - sample potential , the tip - sample force may be obtained , 
for example , by fitting a polynomial ( e . g . , a gth order 
polynomial ) to the tip - sample potential and obtaining the 
tip - sample force as the negative gradient of the tip - sample 
potential according to : F75 = - 2U , AD . 
[ 0067 ] FIGS . 9A - 9C provide a further illustration of can 
tilever oscillation in a vacuum environment . FIG . 9A illus 
trates the situation for typical tuning fork vacuum operating 
parameters . The starting point is the left panel , where the 
solid curve shows the symmetric , Lorentzian resonance peak 
for the free cantilever far from the surface . As the tip 
approaches the surface the resonance curve shifts to the left 
and the tip oscillates in the attractive regime ( dashed line at 
d = 6 . 6 À with the origin being set by a suitably selected 
model force ) . Approaching even further , the resonance peak 
moves to the right and the tip oscillates well in the repulsive 
regime ( dash - dotted line , d = - 10 Å ) . The arrows in the 
middle panel indicate that the resonance peak first moves 
towards lower frequencies and then reverses due to the 
influence of repulsive surface forces , eventually moving 
towards the right of the eigenfrequency . Due to the bending 
of the dashed curve towards the left , multiple stable solu 
tions arise at driving frequencies between - 19 . 982 kHz and 
~ 19 . 984 kHz . While this solves hurdle ( i ) for driving fre 
quencies greater than 20 kHz , we see by comparing the force 
curve 902 in the right panel and the amplitude curve 904 that 
between D = 6 Å and the force minimum , the amplitude has 
dropped to near zero ( grey box ) , which impedes amplitude 
determination . At set points typical to ambient AM - AFM 
operation ( between 20 % and 80 % of the free amplitude ) , on 
the other hand , the tip has not yet approached the surface 
sufficiently to detect the short - range forces that high - reso 
lution surface mapping relies on . Thus , the sensitivity is 
compromised , which renders this approach impractical . 
[ 0068 ] By lowering the effective quality factor Qefto 500 , 
using active damping control , as shown in FIG . 9B , the 
resonance peak broadens sufficiently to eliminate multiple 
solutions for all driving frequencies . In addition , we gather 
from the right panel of FIG . 9B that oscillation amplitudes 
between ~ 2 . 9 Å and 0 . 9 Å are now associated with 
tip - sample distances in the attractive regime ( grey box ) . Due 
to this 10x higher drop , A can now be used to control the 
tip - sample distance with excellent signal - to - noise ratio . For 
even lower left however , amplitude changes eventually 
decrease until virtually no reduction in amplitude is detect 
able . FIG . 9C illustrates this case for Def = 10 , where the 
amplitude curve in the right panel is constant at A = 3 Å for 
all tip - sample distances . 
[ 0069 ] Specifically , FIGS . 9A - 9C illustrate changes of the 
oscillation behavior with active tuning of the damping 
behavior for a tuning fork with fo = 20 kHz , c = 2 kN / m , and 
Q = 10 , 000 oscillating with an amplitude Afree = 3 Å far from 
the surface . ( FIG . 9A ) Left panel : Resonance curves of the 
untuned cantilever away from the surface ( middle curve , 
solid line ) , within the attractive regime ( left , dashed line ) , 
and within the repulsive regime ( right , dash - dotted line ) . 
Middle panel : Magnification of the left panel . Right panel : 
Tip - sample model potential ( curve 902 , right axis ) and the 
resulting amplitude dependence ( curve 904 , left axis ) as a 
function of the nearest tip - sample distance D = d - A for f # 20 
kHz . Although no instabilities are encountered , the dynamic 
range of the amplitude drop available for controlling the 

tip - sample distance within the short - range attractive forces 
regime ( marked by vertical dotted lines ) is insufficient for 
accurate position control ( gray square ) . ( FIG . 9B ) Same as 
FIG . 9A , but for a tuned cantilever with # = 500 and dashed 
curve at d = 5 Å . This choice of Qeffeliminates multiple stable 
oscillation states at any possible driving frequency and leads 
to a 10 - fold increase in the dynamic range for the amplitude 
drop within the short - range attractive force regime ( gray 
square ) . ( FIG . 9C ) For Ref = 10 , the oscillation amplitude 
remains nearly unchanged during approach ( straight - line 
curve , right panel ) . Dashed curve is at d = 5 . 4 Å . The dash 
dotted curves are at d = - 10 Å in all panels . 
[ 0070 ] The above - described embodiments can be imple 
mented in any of numerous ways . For example , the embodi 
ments may be implemented using hardware , software or a 
combination thereof . When implemented in software , the 
software code can be executed on any suitable processor or 
collection of processors , whether provided in a single com 
puter or distributed among multiple computers . It should be 
appreciated that any component or collection of components 
that perform the functions described above can be generi 
cally considered as one or more controllers that control the 
above - discussed functions . The one or more controllers can 
be implemented in numerous ways , such as with dedicated 
hardware , or with hardware ( e . g . , one or more processors ) 
specially - programmed using computer - executable functions 
to perform the functions recited above . 
[ 0071 ] In this respect , it should be appreciated that one 
implementation of the embodiments comprises at least one 
non - transitory computer - readable storage medium ( e . g . , a 
computer memory , a USB drive , a flash memory , a compact 
disk , etc . ) encoded with a computer program ( i . e . , a plurality 
of instructions ) , which , when executed on a processor , 
performs the above - discussed functions of the embodiments 
of the technology described herein . The computer - readable 
storage medium can be transportable such that the program 
stored thereon can be loaded onto any computer resource to 
implement the aspects of the technology discussed herein . In 
addition , it should be appreciated that the reference to a 
computer program which , when executed , performs the 
above - discussed functions , is not limited to an application 
program running on a host computer . Rather , the term 
computer program is used herein in a generic sense to 
reference any type of computer code ( e . g . , software or 
microcode ) that can be employed to program a processor to 
implement the above - discussed features . 
[ 0072 ] Various aspects of the technology described herein 
may be used alone , in combination , or in a variety of 
arrangements not specifically discussed in the embodiments 
described in the foregoing and are therefore not limited in 
their application to the details and arrangement of compo 
nents set forth in the foregoing description or illustrated in 
the drawings . For example , aspects described in one 
embodiment may be combined in any manner with aspects 
described in other embodiments . 
[ 0073 ] Also , embodiments of the technology described 
herein may be implemented as one or more methods , of 
which an example has been provided . The acts performed as 
part of the method ( s ) may be ordered in any suitable way . 
Accordingly , embodiments may be constructed in which 
acts are performed in an order different than illustrated , 
which may include performing some acts simultaneously , 
even though shown as sequential acts in illustrative embodi 
ments . 
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[ 0074 ] Having described several embodiments in detail , 
various modifications and improvements will readily occur 
to those skilled in the art . Such modifications and improve 
ments are intended to be within the spirit and scope of the 
disclosure . Accordingly , the foregoing description is by way 
of example only , and is not intended as limiting . 
What is claimed is : 
1 . A method of operating an atomic force microscope , the 

atomic force microscope comprising a cantilever and con 
figured to image a surface of a sample using a probe tip 
coupled to the cantilever , the method comprising : 

using a controller to perform : 
obtaining , based on at least one intrinsic parameter of 

the cantilever , a first quality factor and a first free 
oscillation amplitude , wherein the cantilever exhibits 
only one stable oscillation state when oscillating at 
the first free oscillation amplitude and operating at 
the first quality factor ; and 

controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscil 
late at a fixed frequency at or near a resonance 
frequency of the cantilever , oscillate at the first free 
oscillation amplitude , and operate at the first quality 
factor . 

2 . The method of claim 1 , wherein controlling the canti 
lever to operate at the first quality factor comprises using 
quality factor control circuitry to automatically control the 
cantilever to operate at the first quality factor . 

3 . The method of claim 1 , wherein the first quality factor 
is between 300 and 1000 . 

4 . The method of claim 1 , wherein the first free oscillation 
amplitude is smaller than a decay length of an interaction 
potential between the probe tip and the sample . 

5 . The method of claim 1 , wherein the first free oscillation 
amplitude is smaller than 3 Angstroms . 

6 . The method of claim 1 , wherein controlling the canti 
lever comprises controlling the cantilever to operate such 
that the probe tip is at a distance of 2 - 10 Angstroms from the 
surface of the sample . 

7 . The method of claim 1 , wherein the obtaining com 
prises : 

obtaining a plurality of quality factors and a plurality of 
free oscillation amplitudes ; and 

selecting , as the first quality factor and the first free 
oscillation amplitude , a quality factor in the plurality of 
quality factors and a free oscillation amplitude that 
maximize relative amplitude and / or phase changes in 
the oscillation of the cantilever during approach to the 
surface of the sample . 

8 . The method of claim 1 , wherein the obtaining com 
prises : 

obtaining a plurality of quality factors and a plurality of 
free oscillation amplitudes ; and 

selecting , as the first quality factor and the first free 
oscillation amplitude , a quality factor in the plurality of 
quality factors and a free oscillation amplitude that 
correspond to a desired measurement bandwidth of the 
atomic force microscope . 

9 . The method of claim 1 , wherein the at least one intrinsic 
parameter of the cantilever includes the resonance frequency 
of the cantilever and / or a spring constant of the cantilever . 

10 . A system for controlling operation of an atomic force 
microscope , the atomic force microscope comprising a can 

tilever and configured to image a surface of a sample using 
a probe tip coupled to the cantilever , the system comprising : 

a controller configured to perform : 
obtaining , based on at least one intrinsic parameter of 

the cantilever , a first quality factor and a first free 
oscillation amplitude , wherein the cantilever exhibits 
only one stable oscillation state when oscillating at 
the first free oscillation amplitude and operating at 
the first quality factor ; and 

controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscil 
late at a fixed frequency at or near a resonance 
frequency of the cantilever , oscillate at the first free 
oscillation amplitude , and operate at the first quality 
factor . 

11 . The system of claim 10 , further comprising quality 
factor control circuitry , wherein controlling the cantilever to 
operate at the first quality factor comprises using the quality 
factor control circuitry to automatically control the cantile 
ver to operate at the first quality factor . 

12 . The system of claim 10 , wherein the first quality factor 
is between 300 and 1000 . 

13 . The system of claim 10 , wherein the first free oscil 
lation amplitude is smaller than a decay length of an 
interaction potential between the probe tip and the sample . 

14 . The system of claim 10 , wherein the first free oscil 
lation amplitude is smaller than 3 Angstroms . 

15 . The system of claim 10 , wherein controlling the 
cantilever comprises controlling the cantilever to operate 
such that the probe tip is at a distance of 2 - 10 Angstroms 
from the surface of the sample . 

16 . The system of claim 10 , wherein the obtaining com 
prises : 

obtaining a plurality of quality factors and a plurality of 
free oscillation amplitudes ; and 

selecting , as the first quality factor and the first free 
oscillation amplitude , a quality factor in the plurality of 
quality factors and a free oscillation amplitude that 
maximize relative amplitude and / or phase changes in 
the oscillation of the cantilever during approach to the 
surface of the sample . 

17 . The system of claim 1 , wherein the obtaining com 
prises : 

obtaining a plurality of quality factors and a plurality of 
free oscillation amplitudes ; and 

selecting , as the first quality factor and the first free 
oscillation amplitude , a quality factor in the plurality of 
quality factors and a free oscillation amplitude that 
correspond to a desired measurement bandwidth of the 
atomic force microscope . 

18 . The system of claim 1 , wherein the at least one 
intrinsic parameter of the cantilever includes the resonance 
frequency of the cantilever and / or a spring constant of the 
cantilever . 

19 . An atomic force microscope configured to image a 
surface of a sample , the atomic force microscope compris 
ing : 

a cantilever ; 
a probe tip coupled to the cantilever ; and 
a controller configured to perform : 

obtaining a first quality factor and a first free oscillation 
amplitude , wherein the cantilever exhibits only one 
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stable oscillation state when oscillating at the first 
free oscillation amplitude and operating at the first 
quality factor ; and 

controlling the cantilever to exhibit the only one stable 
oscillation state by controlling the cantilever to oscil 
late at a fixed frequency at or near a resonance 
frequency of the cantilever , oscillate at the first free 
oscillation amplitude , and operate at the first quality 
factor . 

20 . The atomic force microscope of claim 19 , further 
comprising quality factor control circuitry , wherein control 
ling the cantilever to operate at the first quality factor 
comprises using the quality factor control circuitry to auto 
matically control the cantilever to operate at the first quality 
factor . 


