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Tapping-moe atomi force microscoly (TM-AFM) is a widely used methal for the study of the
nanomete scak morpholoy of soft materias sud as biologicd sample and polymers Many of
thes materiat hawe structure and properties which are a sensitive function of temperatue even
below 100 °C making the contrd of temperatug in suc an instrumen quite valuable This paper
describs the constructim of a heate for a commercia TM-AFM which can read surface
temperatureas high as 100 °C. Temperatug variatiors affed mary experimenthparametesin an
atomc force microscopeand to compae images collectal at differert temperatursit is critical to
evaluaé thes instrumenta effects In particular the cantileve resonane frequeny decreasgas
samples becone hot, this effed is easiyy correctel by frequenty resettirg the drive frequeny at
high temperaturesAs an exampe of the utility of this technique images of the nanosca changes
tha occu prior to the bulk melting of paraffn crystak are presented © 1998 American Institute

of Physics [S0034-67488)04209-9

I. INTRODUCTION

Atomic force microscoly (AFM) is becomirg a widely
usal techniqe for imaging sot materiab with nanometer
scak resolution*®®2 Compare to othea microscopies,
such as scannilg and transmissia electran microscopy,
force microscopy permits sample to be studiad unde ambi-
ert conditiors without specid sampé preparation This not
only makes imaging more routing but it also provides for
microscoly conditiors more representati® of real-world ap-
plications In the speci& cas of soft materiab anew variant
of force microscopy tapping-moe& atomt force microscopy
(TM-AFM), has bee developé to minimize mechanical
damag to the samples®34 |t works by vibrating aprobe
tip at megahet frequencis nea its resonane and detecting
topograply through changs in the probes amplituce of vi-
bration While the proke does conta¢ the surfa@ in this
method its contac times are very shot ard littl e to no lateral
motion occuss during the contad period®~’ The applications
of TM-AFM to the study of numeros sott materias sud as
polymer§® ard biologicd system&!! have grown enor-
mousl over the lag few yeass as commercid atomi force
microscops with tapping-mo& capabiliy hawe become
available.

The prospet of controlling sampé temperatug while
simultaneousi imaging a materia extend the potentia of
arny microscopy Controlled temperatue studies have been
recenty carried out for conta¢c mode AFM in air ard under
controlled atmosphee conditions'?~* However the ability
to hed in TM-AFM unde ambien conditiors would be par-
ticularly advantageasisince softe materias experiene adi-

3Author to whom all correspondereshoutl be addressedelectrone mail:
colvin@ruf.rice.edu.
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vere arragy of structurd and pha® changs over relatively
narrov temperatue rangesFor example in one recert report
temperature-dependeM-AFM was usel to image silox-

are phag transitiors belov room temperaturé® As a func-
tion of temperatue the morpholoy of thermotropt struc-
tures was identified using the pha® imaging abilities of TM-

AFM. There are few othe exampls of the use of

temperatug contrd in TM-AFM despit its numerows appli-
cations Thisisin part due to the technicé difficulties faced
when integratirg a hot stag into a force microscope espe-
cially one tha operats unde ambien rathe than vacuum
conditions.

Hot stag desigrs for contact-moe force microscopes
can serne as adepartue point for the constructia of tapping-
mocke hat stages Musevt et al. descrile in detal a design
for aresistiwe heate controlled by a homebuit feedbak cir-
cuit for use in acommercié contact-mod AFM.® Warming
of the microscog componentsin particula the scanning
stage which sits below the sample was alimitation of their
desigh ard apparentt lead to image distortiors at elevated
temperaturesA similar heate design was introducel by
Baekmak et al.” They usal athin piece of glas for heater
insulation ard obtainal atomic resolution images of graphite
up to 52 °C. In anothe exampé of a contact-moéd heater
AFM a Peltie coola was useal to keep the scannimgy piezo-
tube from warming during sampé heating This arrangement
allowed for high resolution contact-mod images to be col-
lected up to 95 °C.*® Thes exampls demonstrat the utility
of resistive heatirg in force microscops and illustrate the
importane of adequag insulatian of the hat stage.

The god of thiswork isto exterd the use of hot stages to
tapping-moe@ atomic force microscopy A descriptio of a
resistive heate designé for use in one of the mog widely
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availabk atomic force microscopesa Digital Instruments
Nanoscop lll, is providel in the experimenth section Its

constructio ard routine use has been simplified by using a

commercia therma controlle to se& and maintan the tem-
perature While the bast form is adapté from aheate built

for contact-mod AFM,'® the usefu temperatue range has
bee extende by the incorporatian of effective therma in-

sulation This pape also addresse a numbe of important
issues concernirg the effect tha heatirg has on the opera-
tion of the tapping-moe force microscopeln particular the
resonane curve of the force microsco probe or cantilever,
change as the sampé surfa@ heats This requires tha the
microsco be retunal at regula intervak while at high tem-
peraturesWith regula monitoring of this issue high quality
images of soft materiab are possibé at temperaturgas high

as 100 °C.

Il. EXPERIMENT

Like mary of the conta¢ mode heates this hat stage
employs resistive heatirg as a soure of heat A film of
indium-tin-oxice (ITO) is usal as a conducti\e elemen in
this design since it is robust spatially uniform, ard commer-
cially available A 0.64-cm-thik sheé¢ of glass coatal on
one side with athin layer of indium-tin-oxice (ITO) (Applied
Films Corporation Boulder, CO) was cut into 1 cm square
pieces In orde to assue even electricd conductio across
the heatey gold was evaporatd onto the ITO side with a
6-mm-wice strip of tape coverirg the middle patt of the
squareswhich upan remova left gold strips of 2 mm on
eithe side A thin platinum RTD (Omega Engineering Stan-
ford, CT) with 60 cm of 30 gauge lead wires solderel to the
existing leads was then mounteal on the ITO side of the
squars with thermally conductive epoxy (Omegabod 101,
Omega. In contras to previousy publishel heate designs:®
silver epoyy (Chemtronis Inc., Kennesaw GA) was found
to be acceptat# for affixing 60 cm 30 gauge wires to the
gold strips To insulae the AFM probe tip againg electric
fields a piece of coppe foil tape was fastend to the insu-
lating side of the glass It was necessarto color the foil with
a bladk marke in orde to prever reflectian of the position-
ing diode lase while in the AFM. The totd resistane across
the heate was approximate} 50 ) to ensue a matd to the
therma controller Currert ard temperatue feedbak were
provided by a Lakeshoe 330 Therma Controlle (Lake-
shore Westerville OH) [see Fig. 1(A)]. This controller when
used with aplatinum resistive therma detecto (RTD) has an
accurag of =0.08 °C.

It is necessarto thermally insulat the heate from the
piezoelectri devices locatad belov the sampé stage in the
Nanoscop lll. This was accomplishd by bondirg a low-
thermd conductiviy epoxy (Omegabod 100, Omega to a
1cmXx1cmX25mm piece of balsa wood to the underside
of the heater Anothe piea of balsa wood of the sane size
was affixed to the first piece with the grain of the wood
pieces oriental perpendiculato ead other Balsa wood was
chose becaus of its rigidity and extremey low thermal
conductivity (0.57 W/m °C) acros the grain, versis 1.46 W/
m °C for Macor™®20 Finally, a 15-mm-dian AFM puck
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FIG. 1. Photograp and schemat: of TM-AFM heater (A) A side view of

the TM-AFM heate illustrating the thicknes and componerg of the sys-
tem 1—Metd sampé holde puck 2—Firg layer of balsa wood 3—

Seconl layer of balsa wood with grain perpendiculato the first 4: ITO

coatal glass 5—Coppe foil. (B) A top view of the heater 6—Wires for

resistive heatirg (connectd to the Lakeshoe 330). 7—Gold strips for even
electricd conduction 8—Resistive therma detecto (RTD) for feedback
contrd (connectd to the Lakeshoe 330). 9—Silver conductive epoxy
(scak in centimeters.

(Ted Pella Redding CA) was attache to the secom piece
of balsa wood ard servel to hold the heate to the magnetic
sampe stage The final heate was 7.7 mm thick as opposed
to the 5-mm-thik heate usel recenty in conta¢ mode
operation®

The sampe surfa@ temperatue was calibratel against
the RTD mountel directly on the conductiry heatirg element
by Stokes/anti-StoleeRaman spectroscoyp of a piece of sili-
con mountel on top of the heate (Fig. 2).22?? Thouch this
measuremengives a preci®e measue of red surfae tem-
perature the errar associatd with the integration of the Ra-
man features was large To achie\e bette accuracy as well
asto measue temperaturedirectly in the microscopeather-
mocoupé mountel directly to the top silicon surfae was
also usdl for calibration (Fig. 2).

Images were taken on a Nanoscop Il Multi-Mode
AFM (Digital Instruments Sant Barbara CA) with Nano-
probe TESP tips (Digital Instrumenty with resonane fre-
quencis betwea 290 ard 346 kHz. Sample were scanned
at rates betwea 1.5 ard 3.0 Hz. All images shown here were
obtainal using the “ J'’ piezotule scanne which has amaxi-
mum scan size of 125 by 125 um. Some lateral sample drift
is always encountere during imaging over the span of hours
even when nat heatirg samplesTo accoun for thisthe x and
y sampé position were routinely change to keep features
centered.

Becaus of the relatively large thicknes of the heater it
was necessayr to ue a 6.3 mm tall “spacer” to create
enoudn clearane to mourt the heate on the sampé scanner.
This space was aring of 6.3-mm-thik aluminum which was
machinel to curve arourd the sampk scanne tube and raise
the AFM head.

The heate was found to expard upan heating and if the
tip was engagé with the surfae this expansia could break
the cantilever In orde to avoid this, two precautios were
taken First, the heate was rampel at a rate betwea 2 and
5°C/min from the initial to final temperature Second the
z-cente position was closely monitorel and the step motor
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FIG. 2. Externa calibration of the TM-AFM heater A thermocouple
mountel directly to the top of a silicon sampé was usel to calibrae the
heate surfae temperatue agains the heatirg elemen temperatue (®). The
measuremedrwas repeatd five times with a heate positionel in the TM-
AFM systen in a fashim identicd to tha used during imaging The error
bars represen twice the standad deviatin of the® externa calibrations.
Thes temperaturewere verified usirg the ratio of the anti-Stoke to Stokes
Raman scatterirg of the silicon substrag (A) collected on aheate mounted
outsice of the AFM. Also shown is the temperatue of the bottom of the
heate (M) as measurd by a thermocouple.

was usal to mowe the tip up when it neard its retracted
limit. Alternatively the tip could be retractel during heating
ard upan reenagemenwould read an appropria¢ height.
The AFM was placel unde a neoprese cove on an isolation
tripod in orde to eliminatke vibratiors being transmittel by
the heate lead wiresto the AFM sampé stage ard to provide
therma stability 3©

All samples were preparé on silicon wafer chips The
paraffin crystak were mack by dissolvirg high purity Cs3Hgg
(Aldrich, 98+%) in petroleun ethe (104 M) ard allowing
this solution to dry on clean silicon?® The numbe ard size
of the crystak were controlled by varying the solution con-
centration An AFM replica grating was purchasd from Ted
Pella ard was specifiel to hawe a grating spacig of 463
+6nm or 2160 lines/mm.

Ill. RESULTS

This heate provides stabk and reproducibé temperature
contrd on the sampé stag from room temperatue to
100 °C (Fig. 2). In thes dai the temperatue of the heater
itself is compard to the surfae temperatue as measurd by
a thermocoup mountel on a silicon substra¢ and verified
by Stokes/anti-Stolee Raman scatterirg from the silicon
sample Respone times of the heate were quite rapid stable
surfa@ temperature were observe after only 1 min. From
Fig. 2 it is apparehtha the temperatue of the heatirg ele-
mert is approximatel 13% highe than the temperatue of
the sampék surface This temperatue drop was reproducible
with severa different heates mountal identically inside the
AFM housing In addition data were collected from regions
nea the middle and edge of the sampé with no differene in
the observe results.

Figure 3 shows the image of a replica grating collected
at room and high temperaturesFor this experimen the can-
tilever remainel in contad¢ with the sampe at all times dur-
ing heating the primaly adjustmenfor highe temperatures
involved the use of the z steppe mota to pull the tip away
from the expandiyg sample The spacimg of this AFM cali-
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FIG. 3. Force microscoyy image of a calibration sampé at room and high
temperature (A) This room temperatue image (5 um in x andy) of a
grating replica shows the typicd resolution of a TM-AFM ard serves to
calibrak the x ard y piezoelectit scannersThe insd is a cross sectia taken
along the line shown The distan@ betwea the two arrows in the sectio is
4688 nm, in goad agreemenwith the manufactures reportel grating spac-
ing of 463+ 6 nm. The large hole is a defec in the sampé and was inten-
tionally included in the image to sene as areferene point for sampe drift.

(B) At high temperaturethe image looks identicd to room temperaturgthe
inse shows agrating spacig of 4688 nm. The hole has remaine in the
sane position though sone manué adjustmen of the x and y position was
necessaryThe z scak in both case is 50 nm and the laterd scan size is 5

um.

bration standard4688 nm, is identicd at both temperatures.
This resut illustrates the stability of the piezoelectit posi-
tioning elemens at high temperaturesAlso, the images re-
cordal at high temperature shov goad contras and sharp
features As will be discussedquality images at high tem-
peraturs are only possibe if the changs in the microscope
operatia at elevatel temperaturg are accountd for.

The mog importart chang in the microsco itself at
high temperatue is the systemat variation in the resonance
curve of the cantileve (Fig. 4). To evaluag this phenomenon
the tip was usal to image ahot sampé surfae for 10 min. It
was then placed approximatel 20 um above the sample sur-
face using the sampek stage steppe motors and the resonance
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FIG. 4. Cantileve resonane curve at room and high temperatures(A) At
room temperatue the cantileve resonane curve shows ape&k at 290.12
MHz (the blad solid line). For imaging with this tip the drive frequency
was sd just below the pe& at 290 MHz. (B) At high temperaturs the
resonane frequeny shifts downward to 289.88 MHz (dashe line), the
pe& broadensarnd the overal resonane width increases Resettiy the
drive frequeng and amplituce a high temperature is necessar to obtain
quality images.
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FIG. 5. Shift of resonane frequeng with temperatureThe fractiond shift
in resonane frequeng with temperatue is constat amorg differert canti-
levers ard tip holdess asindicatel by thes data Thoudh the percentag shift
issmal over the range of this heaterthe relatively narrav resonane widths
mean tha thee smal changs hawe profourd effects on the position of the
drive frequencis necessar for quality images.

frequeng of the cantileve was quickly determinedAt this
distane from the surfae the tip is free from sampé interac-
tions and the frequeny ard width of its resonane response
depend only on cantileve force constah and mass At high
temperature the resonane frequeng of silicon cantilevers
decrease ard the width of the resonane increasesThese
changse were qualitatively similar for differert cantilever
types as well as tip holders The shift of the cantileve fre-
gqueny was especialf consisteh ard moved downwards
with increasiy temperatue (Fig. 5); changs in resonance
width were more variablke mainly due to the presene of mul-
tiple resonancgin sone tips, but the generé observatia of
broadenig was consistent.

The behavio of the free amplituce of the cantileve vi-
bration was nat as predictable In the exampé shown in Fig.
4 at high temperaturs the tip was driven with the same
amour of drive voltage or drive amplitude as at low tem-
peratureshowever its resultirg oscillation was nat as large
at high temperaturesOthe tips shav different changs in
free spa@ amplituck at high temperatures.

IV. DISCUSSION

While Fig. 3 illustrates the stability of this hot stage
desigq at high temperaturgther are anumbe of technical
issues faced when integratirg a hot stage into aforce micro-
scope This sectin discusse three of the® issues accurate
measuremenof sampé surfa@ temperaturginsulation of
the heatirg elemen from the microscope and optimization
of imaging conditiors at high temperatures.

The measuremednof sampé surfae temperatug in a
force microsco hat stag is problematt as the microscopy
requires physicad contad betwea probe tips ard the surface.
This prevens dired attachmeh of thermocoupls to the
sampeé surfae ard thus requires tha sampé surfae tem-
peratue be calibratal agains the temperatue readirg of the
heate itself. Such a calibration is illustrated in Fig. 2, which
shows tha the sampk surfae temperatue is systematically
lower than the temperatue of the heatirg elemet itself. The
~13% temperatue drop is nat surprisirg given tha the re-
sistive heatirg surfae is separatd from the sampé surface
by 0.6 mm of glass (Fig. 1).
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Repeatd measuremestof the surfae versis heater
temperatue indicake tha the temperatue drop acros the
glass plate is quite reproducible An importart issue how-
ever, in calibratin of thes heates is the neeal for the sys-
tems to be evaluate inside of the microsco itself. In par-
ticular, an accurag on the orde of =2 °C can be achieva if
the positian of the tip holde relative to the sampé surfae is
held to less than 1 mm. This allows the surfae temperature
to be determind during tess in which the sampé is not
actually imaged Outsice of the microscop altogetherin an
environmenfree of externé hea sinks the averag tempera-
ture drop betwea the surfae and heatirg elemen was 8.5%,
as oppose to 13% in the microscopeThis indicates the heat
loss to the elemens of the hot stag itseff is a leag as im-
portart as hea loss to the tip holde and othe microscope
components.

While the physicad separatia betwea the heatirg ele-
mert and the sampe surfa@ does hawe disadvantagewith
respet to temperatue measuremenits inclusion in the de-
sign was motivateal by practica considerationsThe use of
glass coatel with indium-tin-oxide as aresistive heatirg el-
emer provides aphysicaly stabke and uniform conducting
surface The plain glass undersie of thes shees provides an
ided sampe platform which is inert, easiy cleanedard can
be modified for a variety of sampe types In addition the
electricd connectios to the heatirg elemei are delicat and
mug be shieldel from the force microsco electronics The
presene of the glass insulates the heate both mechanically
ard electrically from the force microsco system.

One importarnt featue of the hot stage desigh presented
here is the therma insulaticn betwea the heatirg element
ard the sampk mount Figure 2 shows the temperatue of the
bottam of the heate versis heatirg elemein temperaturelt is
importart tha this temperatue reman low since the heater
ress directly on the therma piezoelectit tube responsible
for x—y sampe positioning Excessie heatirg of these com-
ponens nat only causs distortal images but also may lead
to depolirg of the piezoelectricsWith appropria¢ insulation
the temperatue of the heate bottom will not rise more than
10°, which is an acceptal# temperatue rise for goad im-
ages Two parametes controlled the succes of the thermal
insulation the thicknes of the insulatirg layer and the nature
of the therma insulation While thick insulation layers af-
forded bette insulation the overal heate thicknes was lim-
ited to 6 mm. Heates thicker than this would not stay affixed
to the rapidly scannimgy piezotuke and distorted images would
result.

In orde to obtan the bed insulation in the available
spa@ a numbe of differert materiak were screend for use
as insulation including thermall insulatirg ceramics Styro-
foam™, fiberglasd™ cloth, cork, ard balsa wood Fiberglass
cloth was not suitabk for this applicatin as it was nat rigid
enoudn to maintan aconstan position during the laterd mo-
tion of the sampé during scanning Styrofoan provides ex-
cellert therma insulatian but it undergos aglass transition
at 100 °C which limits the usefu temperatug range of the
heater Thermally insulatirg ceramics on the othe hand,
proved to be poa insulatos relative to cork and balsa wood.
Balsawas the final choiae becaus of itsrigidity, low thermal
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conductivity, and its anisotropt thermd properties By

stackirg two layers of balsa with grairs running perpendicu-
lar to eat other, the overal conductiviy was made ex-

tremey low.

The importane of hat stag insulatian in this particular
exampe is a dired resut of the desiq of the Digital Instru-
mens force microscope othe manufactures achiee x—y
scanniig by moving the tip rathe than the sampé holder,
ard for thes configuratiors insulatian of the sampé bottom
would be lessimportant Instead insulatian of the area above
the sampé surface where the tip and its controlling piezo-
electris are situatal would be critical for thee systems.
Sud therma shieldirg would require sone limitation of the
acces of the tip to the surfae and might prowve difficult to
implement.

The presene of a hat sampe surfa@ change the opera-
tion of a tappirg mode force microscop ard thes changes
mug be accountd for befor temperature-dependendata
can be interpreted Tapping-moe force microscoly works
by driving a silicon cantileve at frequencis just below its
resonancechangs in the sampé topograply are detected

throuch changsin the amplitucke of the cantileve resonance.

Given this detection method the exad drive frequeng of the
cantileve relative to its naturd frequeng isa crucid isstein

image formation and analysis?*’ In the Nanoscop Il TM-

AFM resonane curves can be collectal on ary tip allowing

the use to visualiz the cantileve behavio and choose or

“tune’’ the drive frequeng accordingly Figure 4 shows two

representati® resonane curves at low and high tempera-
tures Typicd drive frequencie would be chosa to lie at
lower frequencis than the pe& where the amplitucke is only

80% of its maximum value As the cantileve warns as a
resut of its proximity to the hot sampé surface its force
constah decreasesThis has two effects first, it lowers the
resonane frequeny of the cantileve armd second it in-

creass the resonane width. The first of the® changesthe
depressin of the cantileve oscillation is quite reproducible
(Fig. 5).

The third chang in cantileve resonane with tempera-
ture is the chang in the net amplituce of the vibration In
sone situatiors the tip experience large oscillatiors at high
temperature ard in othe cases smalle oscillatiors (as
shown in Fig. 5). The amplituck of the vibrating tip depends
on anumbe of comple factors including the tip reflectivity,
the conta¢ betwea the tip and the driving piezoelectricand
the voltage respone of the driving piezoelectric Thermo-
couples mountal directly to the metd block of the tip holder
nea the piezoelectd elemens responsike for driving tip
oscillation indicat that this componeh can read tempera-
tures of 40-50 °C when surfae temperatue is 100 °C. This
is not surprising since this piece sits approximatgl 1 mm
abo\e the surfa@ ard is nat insulatel from the heater This
temperatue rise might be enoudy to alter the respone func-
tion of the driving piezoelectt and thus chang the ob-
serval amplituce of the cantilever.

Thes changs in the cantileve properties with tempera-
ture can be easiy accountd for by frequen tuning while the
sampé surfa@ is hot Figures 3(A) ard 3(B) shov images
collectal of the calibration grating at room temperatue and
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FIG. 6. Images of paraffin crystak at high temperatue and room tempera-
ture (A) At room temperaturgparaffn sample exhibit striking diamond-
shape crystabk with evidene of a spird growth mechanism(B) At higher
temperature the smalle features of the sampé disappegr as premelting
occuss preferentialy at high enery edges and corners In addition a phase
separatia occus betwea differert solid phass tha are though to be
presen at thes temperaturesThe laterd size of both imagesin the x ard y
directiors is 11.4 um.

high temperatue that are virtually identical Successfuim-

aging requires the adjustmen of the drive frequeng at high

temperature to accout for the resonane shift. In addition,
thoudh the free spa@ amplituce of the tip may chang with

temperaturgit is possibk to corred for this by adjustirg the
drive voltage supplied to the cantilever For example by

driving the cantileve shown in Fig. 5 at high drive voltages
it is possibe to increag the amplituck to the sane levd as at
room temperature.

Once all of the instrumenth changs in cantileve re-
spong are accountd for it is possibé to use temperature
contrd in TM-AFM to evaluaé nanoscopi changs in soft
materials Figure 6 shows one exampé of mary possible
applications the visualization of nanosca changs in the
melting of paraffn crystals Figure 6(A) shows the room
temperatue image of Cg3Hgg Crystak grown on aflat silicon
substrate This materid has a bulk melting point of T,
=72 °C. The sha ard form of the crystak are well known
from electrax microscoly experimens and representhe in-
ternd orthorhombt symmety of the unit cell 222 At higher
temperaturesFig. 6(B), the crystak lose their high energy
cornes and the smallg plateaws disappearln this particular
ca® a pha® separatia is apparenin the image as the solid
is nea a solid—solid pha® transition point This example
shows only one of the mary applicatiors of temperatue con-
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trol to TM-AFM usal for topographt imaging Temperature
contrd would also be powerfu when combinal with numer-
ous otha TM-AFM imaging method suc as pha® imaging
ard electrc and magnett force microscopy While the heater
presentd her is technicaly suitabk for thes applications,
the changs in microscog operatim at high temperatures
male interpretatio and comparisa of high and low tem-
peratue data more complex This is the subje¢ of ongoing
work.

V. FINAL DISCUSSION

A simple hat stage can be built for a TM-AFM using a
resistie heate and a commercialy availabk temperature
controller This device reachs sampé surfae temperatures
of 100 °C with no degradatia in TM-AFM images or opera-
tion. A crucid isste in this heate desiq is the therma in-
sulation of the sampé surfae from the sampé scanning
stage Without adequag insulatin of the hot stage images
are distortal laterally. Insulatian of the proke tip itself is not
possibk as it mud contad¢ the sampé surfae repeatedly.
This change the microscog operatirg conditiors at high
temperature in predictabé ways To accoum for these
change ard retan optimd imaging conditiors the TM-AFM
mug be frequenty retunel at high temperatures.
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