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Frequency–dependent
heatcapacity

- Experimentalwork to improveandunderstandplanarheater
experimentsusingthe3ω detectiontechnique
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Abstract

In English:

The frequency–dependentheatcapacityof super-cooledglycerol nearthe glass
transitionis measuredusingthe 3ω detectiontechnique.An electricalconduct-
ing thin film with a temperature–dependentelectricalresistanceis depositedon a
substrate.Thethin film is usedsimultaneouslyasaheaterandasa thermometer.

Theaim of thework is to improve andunderstandthis planarheaterexperiment.
I find:

• Carbonhasadvantagesasheatermaterialover thetraditionallyusedmetal
(nickel) heaters.

• The thermalcoupling to the surroundingtemperaturebath shouldnot be
madethroughtheliquid but throughthesubstrate.

• Edgeeffects,asa resultof the finite sizeof the heater, play an important
role. The traditionally way of dealingwith theseeffectsare not entirely
correct.

• TheCole–Davidsonfunctionwith βCD
� 0 � 62

�
0 � 02fits themeasureddata

for glycerol.

(This thesiscanbedownloadedat: http://dirac.ruc.dk/̃cfb/)

In Danish:

Denfrekvensafhængigevarmefyldeaf underafkøletglycerolnærglasovergangen
er målt vha. 3ω måleteknikken. En tynd, elektrisk ledendefilm med en tem-
peraturafhængigelektriskmodstander deponeretpået substrat.Filmenbenyttes
samtidigsomvarmekildeog termometer.

Målet for dettearbejdeer at forbedreog forstådetteplan–pladeeksperimentet.
Det konkluderesat:

• Deterenfordelatbenytteenkulfilm somvarmepladefremfordetraditionelt
benyttedemetalfilm.



• Dentermiskekobling til detomkringliggendetemperaturbadbørværegen-
nemsubstratetog ikkegennemvæsken.

• Randeffekter, derskyldesdenendeligeudstrækningaf varmepladen,spiller
en vigtig rolle. Den traditionellemådehvorpåder korrigeresfor disseef-
fektererkundelviskorrekt.

• Cole–DavidsonfunktionenmedβCD
� 0 � 62

�
0 � 02 stemmeroverensmed

demåltedatafor glycerol.

(Denneafhandlingkanhentesfra: http://dirac.ruc.dk/̃cfb/)
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1 Preface

This treatiseis basedon thework that I have doneduring3 yearsasa Ph.D.stu-
dentat IMFUFA (theinstituteof physics),Universityof Roskilde,Denmark.The
overall aim of thework hasbeento improveexisting,or developnew, measuring
techniquesto beusedin measuringfrequency dependentspecificheatcapacityof
highly viscousliquids,suchassuper–cooledliquidsneartheglasstransition.

In this first chaptertheobjectivesthatwereformulatedat theonsetof this work,
will bepresented,andtheobjectivesthat in facthave beenreached,will bemen-
tioned.At theendof thechaptertherearea few practicalnotesto thereader.

1.1 Intended objectives

In principle the measurementof a heatcapacityis very simple: supplya known
amountof heat,andmeasuretheresultingchangein thetemperature.For ahighly
viscousliquid this is complicatedby relaxationphenomena.Thus,if heatis sup-
plied in a oscillatorymannerthe relaxationphenomenawill influencedthemea-
suredphaseandamplitudeof theresultingtemperaturechange.

Suchmeasurementscan,for example,bemadeusinga thin metalfilm on a glass
substrate,asaheater, immersedinto aliquid. If theelectricalresistanceof thethin
film varywith temperature,it cansimultaneouslyfunctionasa thermometer. The
temperatureamplitudeandphaseshift canbe detectedusing the “3ω detection
technique”(which will bedescribedin chapter6). Resultsof suchmeasurements
have,since1985,beenreportedin theliterature.

Oneproblemis that therecanbe raiseddoubtsaboutwhat quantity is actually
measuredin this “stif f planarheaterexperiment”.Whatis usuallyassumedis that
it is thespecificheatcapacityat constantpressurecp (multiplied by the thermal
conductivity). But this is doubtful. In somecases,dependingon theexactexper-
imentalconditions,it is insteada quantitythatcanbecalledthelongitudinalheat
capacity(cl ) [ChristensenandOlsen,1997]1. This hasto do with the thermo–

1cp � Ks
KT

cV , whereKs andKT is theadiabaticandisothermalbulk modulus,respectively, and

v



vi Preface

visco–elasticpropertyof thehighly viscousliquid. Whenheatis suppliedto the
liquid theliquid expands,but at theglassliquid interfacetheliquid cannotexpand
in thedirectionparallelwith theglasssurface,sinceit is clampedto thestiff glass
substrate(assumingthattheglassdoesnot expand,or at leastdoesnot expandas
muchastheliquid), seefigure1.1.

Heater

Glass substrate Liquid

Figure 1.1 In thestiff planarheaterexperimentthe liquid is clampedto thestiff glass
substrate.It canexpandfreely perpendicularto theglasssubstratesurface(andheater),
but not in theparalleldirection,asindicatedon thefigure.

With time,of course,theliquid will flow, andthedeformationdueto theclamping
will relaxaway. But thetime–scaleof thisrelaxationis thesame,asis relevantfor
theheatcapacityrelaxationphenomena.Thustheheatcapacityis not measured
underconstantpressure.This “problem” will be called the thermo–mechanical
problem.Probably, thesimplestway to modelthis is to assumethattheliquid can
expandfreely in the directionperpendicularto the heater(andglasssubstrate),
but not in theparalleldirection[ChristensenandOlsen,1997,p. 275-276]. The
measuredheatcapacityis in this casethelongitudinalheatcapacity, andit canbe
shown2 thatcV � cl � cp, wherecV is theheatcapacityat constantvolume.

Thethermo–mechanicalproblemmightbeovercomeif theheaterandsubstrateis
flexible, that is, if it canexpandwith the liquid. With this in mind, threemajor
preliminaryobjectivesfor theprojectwassetfrom thebeginning:

1. Make a setup,usingthestiff planarheaterand3ω detectiontechnique,and
measurecl .

cV is theheatcapacityat constantvolume.cl � Ms
MT

cV , whereMx � Kx � 4
3G (for x � s or x � T)

is thelongitudinalmodulusandG is theshearmodulus.
2It followsfrom thedefinitionof cp andcl givenin thepreviousfootnoteandthatKT � Ks.
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2. Improvethesetup,in orderto getmoreaccuratedatathanalreadyavailable
in theliterature.

3. Developanew, or partly new, techniquethatmeasurescp, andcomparethe
resultswith themeasurementsof cl .

Basicallytheideawasto make thestiff planarheaterexperimentin asimilar way
aswasalreadyreportedin theliterature,andthentry to improvethequalityof the
data,by somehow improving thedesignof thesetup,andfinally to try to makethe
planarheaterexperimentonaflexible substrate.

Theaim of thework hasnot beento enlargethefrequency rangeof themeasure-
ments,of thefrequency dependentheatcapacity, but ratherto try to measuremore
accuratedata,with lessscatterandsystematicerrors,even if that would mean
narrowing the frequency range.As theaccuracy of thedatabecomeslarger it at
the sametime becomeseven more importantto be surewhat physicalquantity
actually is measuredin the experiments(i.e. is it cp or somequantity e.g. cl

with a valuecloseto cp), andto understandthe limits of theapproximationsand
assumptionsdone.

1.2 Reachedobjectives

As timehaspassed,it hasbecomeclearthatthepreliminaryobjectives,described
above,will not bereachedwithin thelimits of this work. Partly dueto numerous
experimentalproblems,the aim to make a setupandaccuratelymeasurecl has
only partly beenreached.Somemodificationsof the traditional setup,that are
importantin orderto measurea well definedquantity(cl ), have beendeveloped.
Further, thepossibilityof usingcarbonthin film heaters,which have severalad-
vantagescomparedto metalheaters,hasbeenexplored. The developmentof a
setupto measurecp hasnotevenbegun,andthethermo–mechanicalproblemwill
only betreatedsuperficiallyin this report.
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1.3 Notesto the reader

A few remarkson thenotationusedin this report:

Whena ˜ is placedover a quantity, e.g. c̃, it meansthat it is a complex quantity.
RE 	 c̃ 
 , IM 	 c̃ 
 meanstherealandimaginarypartof c̃, respectively.

To indicatetheunit of a quantitysquareparenthesesareused,e.g. if theunit of
the diffusion constant(D) is millimeterssquaredper secondit is written: �D � ��mm2s 1 � .
In this report c is usedfor the specific heat capacitydeliberatelynot stating
whetherit is cp, cV , cl or anotherheatcapacity. This is donesinceit is not al-
ways easyto determinewhich heatcapacityis in play (it dependon the exact
experimentalconditions).c is alwaysthe specificheatcapacityper unit volume
(notperunit mass).
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2 Project story

I startedmy Ph.D.projectApril 1st 2000and turnedin the thesison May 30th

2003. During the first coupleof monthsthe ambitiousgoalsof the projectwas
formulated.Far from all of thesegoalshavebeenreached.In this chapter, a brief
informal taleof how this projectoriginally started,how it developed,andhow it
ended,will begiven.Thoughmany detailsareleft out this mayhelpthereaderto
understandthecontext of thework, reportedin thesubsequentchapters,but this
chaptercanbeskipped,if only thefinal resultsof thework is foundinteresting.

2.1 Framework and resources

Fromthebeginning,mostof thehardwarewaswell establishedat theinstitute,in-
cludingcryostate,frequency generator, andvoltmeterfor the3ω detection.What
wasneeded,wasa measuringcell with the planarheater. For the productionof
theheaters,therewasa electronbeamevaporationchamber, which hadnot been
usedmuch.

Besidesthis, a lot of knowledgeandcreative thinking wasavailablein thegroup
consistingof Niels Boye Olsen,JeppeC. Dyre,ThomasB. Schrøder, andmy su-
pervisorTageE.Christensen.LateronPh.D.studentNielsL. Ellegaardjoinedthe
group. Every Thursdaymorning(exceptin Junetill August,andDecember, and
January)thegroupmeetto discusstheresentwork by oneor moreof thepeople
in thegroup,or to discussarticlesandthelike. Also, many studentshaveattended
thesemeetings.Among themKristine Niss,Bo JakobsenandEva Uhre. At the
well functioninginstituteelectronicandmechanicalworkshopTorbenSteenRas-
mussen,EbbeHyldahl Larsen,MogensHolte Jensen,David BrissonAndersen,
MichealJensen,andHansWallin wasreadyto helpmein any way possible.All
thesepeoplehave undoubtedlybeenthe largestandmost importantresource,I
havehadaccessto. Thiswork wouldhavebeenimpossiblewithout them.

3



4 Project story

2.2 Heaters

After theelectronbeamevaporationchamberwassetup1 I startedexploring how
I could useit to fabricatethe planarheaters. In the beginning the aim was to
fabricatea nickel heateron a glasssubstrateandwith gold electrodes,sincethis
wasthemostwidely usedin theexperimentsreportedin theliterature.But I also
experimentedwith othermetals.I useda lot of timefinding out how to adjustthe
differentparametersof thechamberin orderto getmetalfilms of differentthick-
ness,andhow the thicknessaffectedthetemperaturecoefficient (relative change
of resistancewith temperature)of thefilms. At my disposalwasa simpleinter-
ferometer, with which the thicknesscanbemeasuredwith a accuracy of around�

15%. Theproblemwith this methodis thata light reflectingmetal,suchassil-
ver, mustbeevaporatedover theedgeof thefilm, andthusin many casesthefilm
canno longerbeusedfor its purpose.For theheatersthegold electrodesserved
the purposeof this reflectinglayer, andthus the heaterfilm thicknesscould be
determinedin anon–destructivemanner.

Thedealsthatcontainthesource(themetalto beevaporated)in thechamberwas
originally madeof somealloy. In somecasesthedealsmelted,anda mixtureof
the dealalloy andsourcemetalwasevaporated.To overcomethis problemthe
workshopfabricateddealsin carbon.But alsowith thecarbondeals,sometimes
part of the dealmaterialwasmixed with the sourcemetal. I experimentedwith
differentquality of carbonthatcanwithstanddifferenttemperatures.I foundthat
it doesnot mattersomuchwhatquality is used,it is moreimportantthatthedeal
is well filled with thesourcemetal.

Sincesomeof the carbonfrom the dealssometimesendedup on the substrate,
I got the idea to fabricatecarbonthin films. From the beginning this seemed
promising. The carbonthin films have a larger resistancethanthe metalfilms,
andthey have a larger temperaturecoefficient (absolutevalue),bothof which is
advantageous.Much time have beenspenton optimizing the carbonthin films.
During this processsomechangeshave beenmadeinsidethechamber, including
thedesignof masks,andmaskandsubstrateholder.

Along with this work, I tried to find out how to connectwires to the gold elec-
trodes.I soonfoundout thatsolderingwith ordinarysolderwasimpossible,and
I wasnot satisfiedwith thequality anddurability of silver epoxy. After studying
the literatureI found that indium basedsolderscanbe used. It wasnot easyto
find somewhereto bye this, but finally, with the help of Keld Kortsenfrom the

1Here,I will not describehow the chamberworks or is designed.It will be donein chapter
13 (startingon page87). For figuresillustratingthechamberseefigure13.1,13.2,13.3,13.4,and
13.5.
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company KetecA/S, I got thesolder, andit worksverywell.

WhenI first startedout,I hadneverguessedthatI wouldusesomuchtimeonfab-
ricatingthethin films, but I haveusedmuchtimeon makingsomewherebetween
300and400carbonandmetaldepositionsduring thesethreeyears,openingand
closing the chambereachtime, not to mentionthe time spenttestingthe films
afterwards.

2.3 Cell design

To begin with I measuredthe temperaturecoefficient of the heatersby placing
them on a hot plate, and using a simple digital thermometerand a ohm-meter
to measurepairsof temperatureandresistance.The precisionof the measured
temperaturecoefficientwasprobablyaround20%.

Later on I useda completecomputercontrolledsetupincluding a cryostateand
digital voltmeter(this will be describedin chapter15). The glasssubstratewas
fixedat two edgesby aPEEK(poly–ether–ether–ketone)holder(seefigure2.1).

PEEK

Glass substrate

15mm

Figure 2.1 Thefirst glasssubstrateholder, seenfrom theside. Theheatercannot bee
seen,it is on topof theglasssubstrate.

With theglasssubstratein this holder, I alsotried to measurethethermalproper-
tiesof theglass,andof a liquid on topof theglassbut theresultswereimpossible
to interpret.As will beshown in chapter6, therewill bea statictemperaturedif-
ferencebetweenthe heaterand the cryostate. The sizeof this temperatureDC
offset of the heater, dependon the thermalcouplingbetweenthe heaterandthe
cryostate.Sincethecouplingwith thePEEKholderwasrelatively week,thetem-
peratureDC ofsetwasrelatively large. Also the coupling is not easyto model.
ThereforeI hada new holderfabricated,wheretheglasssubstrateis gluedontoa
copperbackingin goodthermalcontactwith thecryostate.(Thiswill bedescribed
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in moredetail in chapters9 and10. The measuringcell is shown on figure 9.1,
page55.)

Thenew copperbackingimprovedthedatasignificantly, andI wasbeginningto
beableto interpretthemeasureddata.At thattime(about2 yearsafterI startedthe
project),theresistanceof my carbonheaterswasbetween1 and2 kΩ, andit was
necessaryto fabricateheaterswith lower resistancein orderto getenoughpower
releasedin the heaters(the maximumoutputvoltageof the frequency generator
is 10V). This wasdifficult with the carbonsourcesI usedin the electronbeam
evaporationchamber, but afterawhile, I foundawayto changethem,makingthis
possible.

I thoughtthatI wasfinally aboutto reachthefirst goal: to makeasetupusingthe
stiff planarheaterand3ω detectiontechnique,andmeasurecl . And I washoping
thatthequality of thedatawould bebetterthantheonesalreadypublished.This
wasalsoabouttime, sincewith a little morethanoneyearleft time wasrunning
outquickly.

But, I wassoondisappointed.Still therewereproblems.Thedatawerenoisyand
did not look exactly aspredictedby model. The restof this story includessome
unfortunateexperimentalconditions,andit is hardto barethinkingof theamount
of time I “wasted”on theseproblems.

But, beforeI lookedmoreinto theseproblemsI spendthreemonthsat theDepart-
mentof Physics– Katholieke UniversiteitLeuvenin thecity Leuven,Belgium. I
workedwith Prof. Dr. ChristGlorieuxandPh.D.studentHassaneBentefour. This
wastruly 3 wonderfulmonthsfor meandmy family.

After returningfrom BelgiumI foundthattherewereproblemswith thefrequency
generator. It could not deliver the effect that wasneeded,andasa result a lot
of higherharmonicswaspresentin the input signal,andeverythingchangedas
function of frequency. I beganlooking for a possibleamplifier. Several months
passedby beforeI found out that therealreadywasone in the setup. It wasa
questionof changingfrom onecoaxialplug to another. HadI known this from the
beginning,andbeenawareof theproblemswith thefrequency generator, I could
have saved a lot of time. At leastI learnedthat is importantalso to checkthe
thingsthatonearesureoff areworkingproperly.

I think this lessonhelpedme find the next error, thoughit also took quit some
time. It turnedout that therewasa electricleakbetweentheheatingstagein the
cryostateandelectricalground.Thiscausedthetemperatureof thecryostateto be
unstable,

�
a few degrees.Thecryostateneededtotal renovationandafterbriefly

usinganotherone,which I alsofounddid notwork properly, I changedto theone
whichhasbeenusedfor all thedatapresentedin thisreport.Thiswasattheendof
January, 2003andI hadabout4 monthsleft. At that time I thoughtI hada setup
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thatwasworking properly, heaterswith the right resistanceanda well designed
measuringcell. Still I cannotsaythat I wassatisfiedwith the results. The data
wasverynoisyanddid still not look exactlyaspredictedby model.

In orderto understandwhy this wasso,I madea lot of measurements,replacing
theheaterby aordinarytemperature–independentresistor. Amongotherthings,I
comparedthe3ω signal,alreadypresentin theinputsignal,to theonein theoutput
signal(it shouldjustbereducedwith thesamefactorasthe1ω signal).Theresults
werestrange,but reproducible.For thisreasonI wasworriedaboutthelinearityof
thevoltmeter. I triedcomparingdifferentvoltmeters,but nodifferencewasfound.
After trying to changethewiring of thesetup,I finally foundthatthemetalbody
of the home–built relay box, that I used,was,by mistake, not grounded.After
fixing this problemthemeasurementslookedmuchbetter, andall othermoreor
lessstrangehypotheses,thatwasthoughtof in orderto explain thedata,wereno
longerneeded.

Especiallyat high frequenciestherewerestill quitesomescatterin thedata,but
at leastthis wasunderstandable.Over � 6Hz thevoltmeterlost 1 digit. This has
beenimproved somewhat by letting the voltmetersampleonly 128 in steadof
512 timesper period. Around may 20th 2003(lessthan2 weeksbeforeturning
in this report)theelectronicworkshopfinisheda new frequency generatorandit
waspossibleto sampleonly 16 timesperperiod.UnfortunatelyI havenothadthe
time to explorethesenew possibilitiescompletely.

Other last minuteschangeswasmade. Originally I useda 1mm thick substrate
for my heaters.But from April 17th 2003I startedusing6mm thick substrates
instead. This turnedout to be necessary, sinceit was necessaryto correctfor
thefinite width of theheaters,andin orderfor thesecorrectionsto becorrectthe
substratehad to be thick (comparedto the thermaldiffusion length). The final
equationsdescribingthesecorrectionswasworkedoutby TageChristensenjust a
few weeksbeforeturningin this report.

Even during the last weekI wasstill makingmeasurements.All measurements
presentedin this reporthave beenmadein the period12/4–2003till 29/5–2003,
andthemeasurementson super–cooledliquids in theperiod16/5–2003till 29/5–
2003.Thereportwasturnedin 30/5–2003.

2.4 Success?

Has this work beena success?If the criteria is whetheror not I fulfill all the
objectivessetoutfrom thebeginning,thiswork is notasuccess.It maybepossible
to reachtheseobjectives basedon the work presentedhere,but more work is
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neededto reachthem. Still I will call it a success.I believe that in this report
I presentresultsthat bringsonecloserto theseobjectives,andthat canbe very
usefulfor anyonewith thesamegoals. It wasimpossiblefrom thebeginning to
predict the exact causeof things, and therewasonly oneway to find out how
muchcouldbeaccomplishedduringthefollowing threeyears– try!

PersonallyI have learneda lot, and I believe that otherscan extract important
knowledgefrom this work.



3 Highly viscousliquids and the
glasstransition

In this chaptersomedetailsof thephenomenologyof theglasstransitionwill be
given.Linearmeasurementsdonein this regimecanbetreatedin linearresponse
theory, anda shortintroductionto this is given in the following chapter. Several
excellentintroductionsto thesethingsareavailable. I canrecommend:[Brawer,
1985],[Harrison,1976]and[Debenedetti,1996]. This andthefollowing chapter
build on theseunlessnoted.

3.1 Glasstransition

Whena liquid is cooledfrom above to below its meltingpoint it maysuper-cool
(or under–coolasit is sometimesmaybemoreappropriatelycalled). If it super-
coolsit doesnotcrystallize,andit still hasthepropertiesof a liquid. Someliquids
super–cool very easyand may be difficult to crystallize,other crystallizevery
easyandmay be difficult to super-cool. The conditionsthat determinewhether
theliquid super-coolsor crystallizesmaybethingslikecoolingrateandpurity.

If the liquid doesnot crystallizeandis cooledfurther, its viscositywill become
largerandlargerandatsometemperature(theglasstransitiontemperature,Tg) the
liquid will fall out of equilibrium,andbecomea glass.Tg is not a fixedquantity,
it dependon the cooling rate: the fastercooling the higherTg. Thus the glass
transitionis not a phasetransition(despiteits confusingname),but a dynamic
phenomena,arisingfrom thefactthatthetimeneededfor thesystemto comeinto
equilibrium becomeslarger than the time–scaleof the experiment. This is not
somethingthat we humanbeingscancomeaboutjust by waiting long enough,
sincethe time it takes the systemto cometo equilibrium effectively becomes
infinite, on time–scalesrelevantto mortalscientists.

9
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Figure 3.1 Schematicfigure showing the enthalpy andheatcapacityfrom above the
meltingpoint to below theglasstransitiontemperature.Tm is themelting temperature
andTg theglasstransitiontemperature.Tg dependon thecoolingrate.Thepointsmarked
“x” representa lower coolingratethanthestraightline. If thecoolingrateis madeeven
lower, onecanimaginethatthesystemwill follow thedottedline. But, sincetheviscosity
grows dramaticallynearTg, thetime neededto follow thedottedline grows enormously
andbecomeseffectively infinite on time–scalesrelevant for mortal scientists.Similar
figurescanbefound in many textbookse.g. [Brawer, 1985,p. 8-9], and[Debenedetti,
1996,244].
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Theglasstransitionis associatedwith largechangesof physicalquantitiessuchas
heatcapacity, bulk andshearmodulus,thermalexpansioncoefficient,anddielec-
tric constant(for dielectricliquids). On figure3.1 this is schematicshown for the

enthalpy � H � andspecificheatcapacityat constantpressure:cp
��� ∂H

∂T � p
.

Undersomecircumstancesa super–cooledliquid cancrystallize,e.g. if it is dis-
turbedmechanically. This is madeuseof in somehand–heaters:a little plastic
bagcontaina super–cooledliquid anda little pieceof metal. Whenthemetalis
clicked,thedisturbancemakestheliquid crystallizeandheatis released(seefig-
ure3.1). Sincethe liquid insidethebaghasa meltingpoint somewherebetween
roomtemperatureand100� C, it canbeboiledandusedagain.

3.2 Relaxation and fr equency dependent heat ca-
pacity

If a small amountof heatis given asa input to a low viscousliquid (in equili-
brium), andthe liquid afterwardsis held at adiabaticconditions,the resultwill
be a instantaneoustemperaturerise to the new equilibrium temperature.By in-
stantaneousis hereunderstoodinstantaneouson time–scalesmuch longer than
phonontimes( � 10 12s), andthat the time is long enough,so that the tempera-
tureis uniform throughoutthesystem.If theexperimentis insteadperformedon
ahighly viscousliquid (suchasasuper–cooledliquid nearTg), theresultwill also
bea instantaneoustemperaturerise,but followedby a relaxationtowardsa lower
temperature(e.g. [Fujimori andOguni,1994], [Fujimori et al., 1992]). The two
situationsareillustratedonfigure3.2.

Therelaxationphenomenacanbeunderstoodin termsof fastandslow degreesof
freedom.Whentheheatis supplied,it will bedistributedamongthefastdegrees
of freedom.As time goeson,someof theenergy will bedistributedto theslower
degreesof freedom,andthetemperaturedecreases.

Insteadof theabovedescribedtime–domainexperiment,a frequency–domainex-
perimentcouldbeperformed,wheretheliquid is periodicallyheatedandcooled.
Theamplitudeandphaseof theresultingtemperatureoscillationswill thendepend
on frequency. At low frequencies(correspondingto long times)all thedegreesof
freedomcomeinto play and a relatively high heatcapacitywill be measured,
while at high frequencies(correspondingto shorttimes)only the fastdegreesof
freedomarefastenoughto comeinto play, anda lowerheatcapacityis measured.
This is illustratedonfigure3.3
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Figure3.2 If asmallamountof heatis suppliedto a low viscousliquid (at time t0) which
afterwardsis heldat adiabaticconditions,theresultwill bea instantaneoustemperature
riseof the liquid (top curve). If thesameexperimentis performedon a highly viscous
liquid, relaxationwill follow a instantaneoustemperaturerise(lower curve).
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Figure 3.3 Realandimaginarypartof theheatcapacity(c) asfunctionof thelogarithm
of frequency. At low frequencies,comparedto high frequencies,ahigherheatcapacityis
measured.At intermediatefrequencies,relaxationis observed.Thepeakin theimaginary
partof c is a resultof thephaseof thetemperatureoscillationslackingbehindthephase
of theheatcurrentinput (moreaboutthis in chapter5).

Sometimesa glasstransitiontemperature(T �g) is definedas the temperatureat
which τp � 1� fp

� 1000s (or τp
� 100s), where fp is the losspeakfrequency

(seefigure3.3) of thequantityin question,e.g. heatcapacity(herea distinction
is madebetweenTg andT �g). Thusnot only is T �g a dynamicquantity, it mayde-
pendon thephysicalquantityin question.τp varieswith temperature,andtypical
variationsaroundTg is that it becomes10 times larger whenthe temperatureis
lowered5K. Notethatthisdefinitionof T �g is notbasedontheliquid falling outof
equilibrium(asthedefinitionof Tg mentionedearlier)but onmeasurementsmade
on theequilibrium liquid. Of courseTg andT �g maycoincide,if thecooling rate
is properlychosen.No matterhow theglasstransitiontemperatureis defined,the
substanceis only calleda glasswhenfixed in a non–equilibriumstate(in other
words if the substanceis in equilibrium it is still a super–cooledliquid even at
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temperatureslower thanT �g).

Onestrikingfeatureof theglasstransitionis thenon-Arrheniusbehavior of τp � T �
(e.g. [Harrison,1976, p. 20], [Brawer, 1985,p. 196], [Debenedetti,1996, p.
257]). That is, it is not in generala simplethermalactivatedprocessgoverned
by: τp

� τ0eE � kBT , whereτ0 and E are constants,kB
� 1 � 38066 � 10 23JK  1

Boltzmannsconstant,andT thetemperature.

Another striking featureof the glasstransition is that the relaxationcannotin
generalbedescribedby asinglerelaxationtime: asingleexponentialdecay. Thus,
thebottomcurve in figure3.2 is not a simpleexponentialdecay. This featureis
sometimesexplainedby sayingthata distribution of relaxationtimesis needed,
meaningthatthetotal relaxationis a weightedsumof severalexponentialdecays
(e.g.[Harrison,1976,p. 52], [Brawer,1985,p. 42]).



4 Linear responsetheory

In this chaptera shortintroductionto linearresponsetheoryis given. This in not
anattemptto givea completeoverview of thefield. Hopefully it canbeusedasa
reminderto thosewhohaveseenit before,andat thesametimeserve thepurpose
of definingsomeof the terminologyused. Thosefamiliar with all this can just
skip it.

Linearresponsetheorycanbeusedto describetheexperimentsmentionedin the
previouschapter. As thenameindicates,the relationbetweeninput � I � andout-
put � O� is consideredlinear. This meansthat, if the input is multiplied by some
constant,thenthe outputwill be multiplied by the sameconstant(andthusthat
theoutput,comingfrom thesumof two inputs,mustcorrespondto thesumof the
outputthatwould resultfrom eachof the two inputs). This linearity criterion is
usuallyonly fulfilled if theinput is sufficiently small.

For a relaxingsystemthereis a delaybetweentheinput � I � andtheoutput � O� of
the system,andthusin calculatingthe outputat a given time not only the input
at thattime,but alsoat pasttimes,needsto beconsidered.Thustheinput dI at a
time t � earlierthant: dI � t � t ��� , givesacontributiondO to theoutputat time t:

dO � t � � R� t � � dI � t � t � ���
wheretheresponsefunction(R) only dependon thetime difference� t � � between
theoutputandinput,andof coursenoton theabsolutetime.

Thetotal outputat time t is then:

O � t � � � ∞

0
R� t � � dI � t � t � � ��� ∞

0
R� t � � İ � t � t � � dt � � (4.1)�

O � t � � R � I � (4.2)

whereİ � dI � dt � , andthesymbol“ � ” is definedastheconvolution with thetime
derivative,givenby equation4.1.

In theexperimentshownonfigure3.2theinputis thesuppliedheatandtheprocess
of keepingthe systemat adiabaticconditions,andthe output is the temperature

15



16 Linear responsetheory

rise.Theinput is thusastepfunctionwhichcanbedescribedby:

I � t � �  I0E � t � � � I0 � 1 for t ! 0
I0E � t � � � I0 � 0 for t � 0

(4.3)"
İ � t � � I0δ � t #$��� (4.4)

whereE is a unit Heaviside stepinput,I0 the amplitudeof the input, andδ the
Diracdeltafunction.1

Equation4.1gives:

O � t � � I0 � ∞

0
R� t � � δ � t � t � � dt � � I0R� t �

It is seenthattheresponsefunctionin theexample(figure3.2)is onedividedwith
theheatcapacityof thesystem.

In the frequency–domainexperiment,the input is given by a periodic varying
function(in theexampleon figure3.3 theinput is theheatcurrent).Below it will
just be consideredto be a simplecosinefunction (with amplitudeI0 andcyclic
frequency Ω), but in generalit canbe any periodic function, andthe equations
mustapplyfor everyFouriercomponent:

I � t � � I0cos� Ωt � � RE % I0eiΩt &
Equation4.1gives:

O � t � � RE % I0eiΩt iΩLT ' R� t � �)(*� s� & � (4.5)

wheres � iΩ andLT is the Laplacetransformdefinedas(e.g. [Chow, 2000,p.
372], [Arfk en,1985,p. 795]):

LT � f �+� s� � � ∞

0
f � t � e stdt Laplacetransform (4.6)

Theoutputwill oscillateat thesamefrequency astheinput,andcanbewritten:

O � t � � RE % Õ0eiΩt & � (4.7)

1TheDiracdeltafunctionis definedas(e.g[Arfk en,1985,p. 81]):

δ , t - � 0, for t .� 0/
f , t - δ , t - dτ � f , 0-10

but here f , 0- is understoodas f , 023-54 limt 6 07 f , t - , (that is, the limit comingfrom positive t)
indicatedby thesubscript“ � ” on t in equation4.4.
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wheretheamplitudeÕ0 canbecomplex, which shows that therecanbea phase
differencebetweenthe in– andoutput. Sincethe equationsare linear thereare
no higherorderharmonicsi.e. thereareno termsof the type einΩt , with n ! 1.
Thus the calculationscan just be doneusing the complex in– and output, and
rememberingthat theactualphysicalsignalis the realpart. Usingequations4.5
and4.7:

Õ0
� I0iΩLT ' R� t � �)(*� s��

Õ0

I0
� R̃� Ω � � iΩLT ' R� t � � ( � s��� (4.8)

whereR̃� Ω � is thecomplex frequency dependentresponsefunction.

It is seenthat theresponsefunction in theexample(figure3.3) describeswhat is
calledthethermalimpedance(thiswill bedefinedin moredetail in chapter5).

4.1 6 differ ent responsefunctions

For thein– andoutputtherearefour possibilities:

Type Generalized Symbol
A Force(voltage) e
A Momentum p �98 edt
B Velocity (current) f
B Displacement(charge) q � 8 f dt

If theinputis of typeA theoutputis of typeB andviseversa.Thisgives8 possible
combinationsin equation4.2,but two of themareidenticalwith two other(since
p � 8 edt andq � 8 f dt), andonly 6 possibilitiesremain:

Input type Responsefunction Givenby
A Compliance,J q � J � e
A Admittance,Y f � Y � e
A “Lightness”,F f � F � p
B Modulus,G e � G � q
B Impedance,Z e � Z � f
B Inertia,M p � M � f
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Notethat: � ef � � �Energy/time�:�� eq� � �Energy�;�� pf � � �Energy�;�
from which it is seenthat theexperimentalsituationsdescribedis differentways
of exchangingenergy with thesystem.

4.2 Noteon Fourier and Laplace transform

If the time–dependentresponsefunction is known, the frequency dependentre-
sponsefunction canbe found usingequation4.8. Insteadof using the Laplace
transformtheFouriertransformcanbeused(e.g. [Chow, 2000,p. 166], [Arfk en,
1985,p. 794]):

FT � f �<� Ω � � k � ∞ ∞
f � t � e iΩtdt � Fouriertransform (4.9)

FT 1 ' f̃ � Ω � ( � t � � 1
2πk

� ∞ ∞
f̃ � Ω � eiΩtdΩ � InverseFouriertransform(4.10)

wheretheconstantk canbechosenfreely. Herek � 1 is chosensothattheFourier
andLaplacetransformtally.

As canbeseenfrom equation4.6 andequation4.9 theFourier transformcanbe
usedinsteadof theLaplacetransformif R� t � � 0 for t = 0 (ands � iΩ), which is
usuallythecase.

It canbe shown (by doing integrationby parts)that, if f(t) in equation4.6 is of
exponentialorder, then(e.g.[Chow, 2000,p. 382]):

LT ' ḟ � t �)( � sLT � f � t �)�<� f � 0�
In theusualphysicalcasesf � 0� � 0 asin equation4.3.

For thetransformationof anintegral (e.g.[Chow, 2000,p. 383]):

LT > � f � t � dt ? � 1
s
LT � f � t �1�:�

andthusintegrationanddifferentiationin time–domainis in frequency–domain
replacedby dividing or multiplying by s, respectively.
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Measuring techniqueand modeling

19





5 Thermal impedance

The quantitymeasuredin many thermalexperimentsis thermalimpedance.In
this chapterthis quantitywill bedefined.Subsequentchapterswill show how it
canbemeasuredin somecasesandwhatinformationcanbeextractedfrom it.

Imaginethatin somematerialthereis a temperaturegradientandasaresultaheat
flow alongthis gradient. This could for examplebe realizedvia a small heater
with temperatureTp surroundedby a liquid insidea cryostateof temperatureTk.
If this is in thelinearlimit (andequilibriumhasbeenreached)then:

∆T � Tp � Tk
� ITZT @DC�

ZT @DC
� ∆T

IT
� (5.1)

wheretheproportionallityfactor � ZT @DC � between∆T andtheheatcurrent � IT � is
thethermalimpedance.

Equation5.1 is a sortof generalized“Ohm’s law”. ∆T playstherole of a gener-
alizedvoltage,IT playsthe role of a generalizedcurrentandZT @DC the role of a
generalizedresistance(impedance).Thisequationis only valid in thelinearlimit
wherethetemperaturedifference∆T is small. (In thelinearlimit, asmallchange
in ∆T resultsin exactlysuchachangein IT thatequation5.1givesthesameresult
for ZT @DC. Thusit is easyto checkexperimentally, whetheror not theassumption
of linearity is valid.)

Sincein this caseit is a staticgeneralizedvoltage � ∆T � , this thermalimpedance
will becalledtheDC thermalimpedance.In thefollowing it will beshown how
to definea moregeneralcomplex thermalimpedance,which mustbeusedif the
temperature(Tp) andtheheatcurrent(IT) aretime–dependent.

ImaginethattheheatcurrenthasaDC part � ITm � andaharmonictime–dependent
part, so that the heatcurrent � IT � t �A� variesaroundthe averagevalue � ITm � , with
frequency f � Ω � 2π andamplitude � ITA � :

IT � t � � ITm B ∆IT � t � (5.2)

∆IT � t � � ITAcos� Ωt B ε � � 1
2
� ĨTAeiΩt B Ĩ CTAe iΩt � � ĨTA � ITAeiε

21



22 Thermal impedance

Thetemperatureof theheaterTp will varyaroundsomeaveragetemperature(Tpm)
with thesamefrequency f . But theremaybea phasedifference� χ � betweenIT
andTp, andtherefore:

Tp � t � � Tpm B ∆Tp � t ��� (5.3)

∆Tp � t � � TAcos� Ωt B χ B ε � � 1
2
� T̃AeiΩt B T̃ CAe iΩt � � T̃A � TAeiχeiε

Now, thecomplex thermalimpedance� Z̃T � canbedefinedas:

Z̃T � T̃A

ĨTA

� TAeiχ

ITA�
(5.4)

Z̃T
�ED Z̃T

Deiχ � D Z̃T
D�� TA

ITA
�

(where D Z̃T
D is themodulusof thecomplex Z̃T ). Equation5.4 tells us that if we

canmeasuretheamplitude� TA � andphaseshift � χ � of thetemperatureoscillations
resultingfrom aknown heatcurrentinput (IT), thenwecanobtainZ̃T .

Again, equation5.4 is only valid in the linear limit, but it is easyexperimentally
to checkwhetheror not theassumptionof linearity is valid, sincethenthesame
resultmustbeobtainedfor Z̃T for differentITA.

It is interestingto notethat:

RE F Z̃T G � 1
2 H TAeiχ

ITA
B TAe iχ

ITA I � TA

ITA
cos� χ � �JD Z̃T

D cos� χ � (5.5)

IM F Z̃T G � 1
2i H TAeiχ

ITA
� TAe iχ

ITA I � TA

ITA
sin� χ � �ED Z̃T

D sin� χ � (5.6)�
Z̃T

�ED Z̃T
D � cos� χ � B i sin� χ �K�"

IM F Z̃T G
RE F Z̃T G � tan� χ � (5.7)

At low frequenciestherewill benophaseshift � χ � betweenIT andTp, sinceonthis
time–scalethesystemis ableto respondimmediatelywith a temperaturejump to
aheatcurrentinput. But whenthefrequency getssohighthatthesystemresponse
time is not fast enoughto follow the heatcurrent input, therewill be a phase
differencebetweenIT andTp. As canbeseenfrom equation5.6,a resultof this
phasedifferencewill beanon–zeroimaginarypartof Z̃T .
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Equations5.5and5.6show that:

χ � 0 L RE F Z̃T G � TA

ITA
� IM F Z̃T G � 0

χ � � π
2

L RE F Z̃T G � 0 � IM F Z̃T G � � TA

ITA

In thefirst case(χ � 0) thetemperature� Tp � variesin–phasewith theheatcurrent� IT � , while in thesecondcasethey areπ � 2 (maximum,χ � � π � 2) out of phase.
For this reason,therealpart is sometimescalledthein–phasecomponentandthe
imaginarypartis calledtheout–of–phasecomponent.

Thephasedifferenceχ mustbein theinterval � π � 2 � χ � 0. Thesimplephysical
argumentfor this is thatχ =9� π � 2 wouldmeanthatthetemperatureshouldfall at
thesametimeasheatis supplied,which is unphysical.
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Figure 5.1 Thetop curve shows thetime–dependentcurrentin theelectricalcircuit of a
resistor, a capacitorandaninductancein series.Thethreeothercurvesshow thevoltage
acrosstheresistor, capacitorandinductance,respectively. (Thenumberson theaxisare
arbitrarily chosen.)

Anotherwayof sayingthis is thatthereis no thermalanalogto inductance:imag-
ineasmallelectricalcircuit consistingof a resistor, acapacitorandaninductance
in series.If I � t � ∝ cos� ωt � is thetime–dependentcurrentin thecircuit (varyingasa
cosinefunctionwith time),thenthevoltageacrosstheresistor, acrossthecapacitor
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andacrosstheinductancewill varyascos� ωt � , cos� ωt � π � 2� andcos� ωt B pi � 2� ,
respectively. This is shown in figure5.1. Now, the thermalanalogsto a resistor
anda capacitorareheatresistance(inversethermalconductivity) andheatcapac-
ity, respectively, but thereis noanalogto inductance.

Finally, it is worthnotingthat,if theexperimentalsetupis suchthatthesurround-
ingssomedistancefrom Rp hastheconstanttemperatureTk, then(in equilibrium):

χ M 0 for ω M 0

TA M ∆T � Tpm � Tk for ω M 0 �
sinceon that long time–scale(at low frequencies)the systemresponds“imme-
diately” and the minimum temperatureof Tp will thus be equalto Tk (and the
temperatureamplitudeis Tpm � Tk). Togetherwith equations5.1 and 5.5, this
showsthat:

ZT @DC
� lim

ω N 0 O RE F Z̃T GQP



6 3ω detectiontechnique

The main ideain the 3ω detectiontechniqueis to usea temperature–dependent
electrical resistoras heaterand thermometersimultaneously. It functionsas a
heatersinceit hasaelectricalresistance,thusatime–dependentvoltageacrossthe
resistorwill resultin a time–dependentthermalcurrentin thesamplesurrounding
theresistor. At thesametime it functionsasa thermometer, sincetheresistance
dependon temperature.As will beshown in thefollowing, informationaboutthe
complex thermalimpedancecan thenbe extractedfrom the part of the voltage
acrossthe heaterthat varieswith threetimesthe frequency of the input–voltage
(thethird harmonic).This fact,of course,is theorigin of thename3ω detection
technique(or 3ω method).

Then,dependingon thedetailsof thesetup(geometry, frequency, rangeetc.) the
complex thermalimpedancecanberelatedto thermalpropertiesof theheaterand
its surroundings.Thiswill bediscussedin moredetail in thefollowing chapters.

Sometimes“the 3ω method” is usedasa namefor an experimentthat usesthe
informationcontainedin the third harmonicin a planargeometry. But sincethe
detectionof thethird harmonicandtheextractionof thethermalimpedancefrom
thissignalis notconnectedto any specificgeometry, thename“3ω detectiontech-
nique” will in this reportbe usedfor any techniquethatusesthe third harmonic
signalto measurethe thermalimpedance.(For the history of the technique,see
chapter8.)

Now, imaginethat a temperature–dependentresistor � Rp � is placedin a small
electricalcircuit asillustratedonfigure6.1.

The following notationis used. The input andoutput–voltagearedesignatedU
andV, respectively, andcanbeasumof severalharmonics,in general:

U � U0 B 1
2

∞

∑
nR 1 O Ũneinωt B Ũ Cne inωt P � U0 B ∞

∑
nR 1

Uncos� nωt B ϕn �
V � V0 B 1

2

∞

∑
nR 1 O Ṽneinωt B Ṽ Cn e inωt P � V0 B ∞

∑
nR 1

Vncos� nωt B ψn �
25
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Figure 6.1 “Rp” and“Rf ” bothdesignatetheresistorsandthevalueof their electrical
resistance.Thus,Rp is thetemperature–dependent resistorwith electricalresistanceRp,
andRf is the temperature–independent resistorwith electricalresistanceRf . U is the
inputvoltageandV is theoutput–voltagemeasuredacrossRp.

Thecomplex amplitudes(Ũn, Ṽn) arejust thecombinationof theamplitudesand
phaseshifts(e.g.Ũn � Uneiϕn, Un

�ED Ũn
D andϕn is thephaseshift).

In theidealcase,U is aharmonictime–dependentvoltageof frequency f � ω � 2π
andgivenby:

U � U1
1
2 O eiωt B e iωt P

It may not be easyto producean input signal that doesnot containany other
harmonics,with no phaseshifts andwith no DC offset � U0 � . Therefore,all the
calculationswill bedoneassumingthatU is givenby:

U � 1
2 O Ũ1eiωt B Ũ C1e iωt B Ũ3ei3ωt B Ũ C3e i3ωt P*B U0 (6.1)

Of course,U canalsocontainotherharmonics(e.g. 2ω, 4ω), but doing thecal-
culationswith U givenby equation6.1will show thattheotherharmonicsarenot
relevant.

U dependson time, andthusthepower � P� releasedin Rp dependson time. The
temperature(Tp) andresistance(Rp � Tp � ) of Rp will thereforealsodependontime.
Thevariationof Rp canbewrittenas:

Rp � t � � Rpm B ∆Rp � t ��� (6.2)

whereRpm is themean(time–independent)valueof Rp, and∆Rp � t � thedeviation
from this meanvalue.
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Thetemperaturecoefficient � α � of Rp is definedby:

α � d lnRp

dTp

� 1
Rp

dRp

dTp S dRp
� RpαdTp (6.3)

Now, if ∆Rp is sosmallthatα � constant,then:

∆Rp � Rpmα∆Tp

Insertingthis into equation6.2yields:

Rp � t �*� Rpm � 1 B α∆Tp ��� (6.4)

(∆Tp is thetemperaturedeviation from themeanvalueTpm; cf. equation5.3).

SinceRp varieswith time,V doesnot justvary thesamewayasU with time,but,
aswill beshown below, therewill bea 3ω contribution to V not comingfrom the
3ω componentof U . But sinceRpm T ∆Rp � t � , this contribution is verysmalland
canbeneglectedwhenthepower releasedin Rp is calculated.

V1ω is thepartof V thatvarieswith ω:

V1ω
� 1

2 O Ṽ1eiωt B Ṽ C1 e iωt P (6.5)

Theheatflow (IT) from Rp to thesurroundingsis simply equalto thepower � P�
releasedin Rp (afterequilibriumhasbeenreached).Thus:

IT � P � V2

Rp
� V2

1ω
Rpm� 1

4Rpm
' Ṽ1eiωt B Ṽ C1 e iωt ( 2� 1

Rpm
' � Ṽ1 � 2ei2ωt B � Ṽ C1 � 2e i2ωt B 2Ṽ1Ṽ C1 (� V2

1

2Rpm

1
2 U ei V 2ωt # 2ψ1 W B e i V 2ωt # 2ψ1 W B 2X� ITm B 1
2 O ĨTAei2ωt B Ĩ CTAe i2ωt P � ĨTA

� ITAei2ψ1� ITm B ∆IT � t ��� (6.6)

wheretheaveragevalue(ITm) andamplitude(ITA) of IT aregivenby:

ITA
� ITm � V2

1

2Rpm
(6.7)
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Notethat,besidestheDC offset � ITm� , IT hasapartthatvarieswith twice thefre-
quency � 2ω � astheinputvoltage.Also, if equation6.6is comparedwith equation
5.2,it is seenthatin this caseε � 2ψ1.

ITm canbeexpressedin termsof quantitiesthatareeitherknown or measuredby
notingthattheelectricalcurrentis thesamethroughRp andRf :

V1ω
Rpm

� U1ω
Rpm B Rf

� U1ω � V1ω
Rf�

Rpm � Rf
V1

U1 � V1
� (6.8)

whereU1ω is the1ω componentof U andsinceU1ω andV1ω have approximately
thesamephase(ϕ1 � ψ1. Seeequation6.1 andequation6.5). Thecombination
of equation6.7andequation6.8yields:

ITm � V2
1 � U1 � V1 �

2RfV1

� V1 � U1 � V1 �
2Rf

(6.9)

Thegoalis to write anequationfor V:

V � URp

Rp B Rf
(6.10)

Now, insertingequation6.4for Rp gives:

V � URpm� 1 B α∆Tp �
Rpm � 1 B α∆Tp � B Rf

� H URpm� 1 B α∆Tp �
Rpm B Rf IZY[ 1

1 B Rpmα∆Tp
Rpm# Rf

\]
1 T α∆Tp and the expansion to the 1st order in the two small terms^

α∆Tp and Rpmα∆Tp
Rpm_ Rf ` yields:

V a URpm

Rpm b Rf
b Rf Rpmαc

Rpm b Rf d 2∆TpU (6.11)

∆Tp canbeexpressedby insertingT̃A from equation5.4 into equation5.3:

∆Tp
c
t dfe 1

2 g Z̃T ĨTAei2ωt b Z̃ hT Ĩ hTAei i2ωt jlk (6.12)

whereΩ e 2ω is theangularfrequency of theheatcurrentandtemperatureoscil-
lations.
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∆TpU is neededfor insertioninto equation6.11. This canbe calculatedusing
equations6.12and6.1:

∆TpU e 1
4 g Z̃T ĨTAei2ωt b Z̃ hT Ĩ hTAei i2ωt j g Ũ1eiωt b Ũ h1ei iωtb Ũ3ei3ωt b Ũ h3ei i3ωt b 2U0

je 1
4 m Z̃T ĨTAŨ1ei3ωt b Z̃T ĨTAŨ h1eiωt b Z̃T ĨTAŨ3ei5ωtb Z̃T ĨTAŨ h3ei iωt b 2Z̃T ĨTAU0ei2ωt b Z̃ hT Ĩ hTAŨ1ei iωt b Z̃ hT Ĩ hTAŨ h1ei i3ωtb Z̃ hT Ĩ hTAŨ3eiωt b Z̃ hT Ĩ hTAŨ h3ei i5ωt b 2Z̃ hT Ĩ hTAU0ei i2ωt n (6.13)

Thus,if U containsanmω component(aharmonicof orderm), thiswill of course
resultin aharmonicof orderm in V (first termin equation6.11).But besidesthis,
it will resultin a harmonicof order

c
m b 2d and,if

c
m o 2dqp 0, alsoa harmonic

of order
c
m o 2d . This is a consequenceof the mixing with the 2nd harmonic

(harmonicof order2) of IT (secondtermin equation6.11).Sincethe1st harmonic
of U is muchlargerthanany otherharmonicof U , it is only necessaryto consider
themixing with this component.For examplewhenwe look at the3rd harmonic
of V, wewill only needto considerthe1st and3rd harmonicof U . Of course,a5ω
componentof U will alsoproducea 3ω contribution to V, but this will bemuch
smallerthattheothercontributions.

Thedifferentharmonicscanbe foundby doinga Fourier transformation.V can
bewrittenasaFourierseries:

V
c
t dre c0

2 b ∞

∑
ns 1

1
2 g c̃neinωt b c̃hnei inωt je a0

2 b ∞

∑
ns 1

ancos
c
nωt dtb ∞

∑
ns 1

bnsin
c
nωt d

where:

uvvvvw vvvvx c̃n e an o ibn

a0 e 2
T y T

0 V
c
t d dt

an e 2
T y T

0 V
c
t d cos

c
nωt d dt

bn e 2
T y T

0 V
c
t d sin

c
nωt d dt

T e 2π
ω

A Fouriertransformationof V (FT zV { ) will give:

FT zV c t d { e c0
k c̃1

k c̃2
kA|}|~|}k c̃n

kA|}|~| (6.14)

Thefollowing notationis used:Thenth Fouriercomponentis designatedFT zV k n{ ,
andV1ω, V2ω andV3ω arethe1st , 2nd and3rd harmonicof V, respectively. Thus,
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from equations6.11and6.13:

V1ω e Rpm

Rpm b Rf

1
2 g Ũ1eiωt b Ũ h1ei iωt jb Rf Rpmαc

Rpm b Rf d 2 1
4 g Z̃T ĨTAŨ h1eiωt b Z̃T ĨTAŨ h3ei iωt b Z̃ hT Ĩ hTAŨ1ei iωt b Z̃ hT Ĩ hTAŨ3eiωt j�

Ṽ1 e FT zV k 1{�a Rpm

Rpm b Rf
Ũ1 b Rf Rpmα

2
c
Rpm b Rf d 2 Z̃T ĨTAŨ h1 k (6.15)

wherethesmallterm
c
Z̃ hT Ĩ hTAŨ3 d is neglectedin equation6.15.Also:

V2ω e Rpm

Rpm b Rf

1
2 g Ũ2ei2ωt b Ũ h2ei i2ωt jb Rf Rpmαc

Rpm b Rf d 2 1
4 g 2Z̃T ĨTAU0ei2ωt b 2Z̃ hT Ĩ hTAU0ei i2ωt j�

Ṽ2 e FT zV k 2{�a Rpm

Rpm b Rf
Ũ2 b Rf Rpmαc

Rpm b Rf d 2 Z̃T ĨTAU0
k (6.16)

wherethe term Ũ2 is the complex amplitudeof the 2ω componentof U . (This
termwasnot includedin equation6.1.)And:

V3ω e Rpm

Rpm b Rf

1
2 g Ũ3ei3ωt b Ũ h3ei i3ωt jb Rf Rpmαc

Rpm b Rf d 2 1
4 g Z̃T ĨTAŨ1ei3ωt b Z̃ hT Ĩ hTAŨ h1ei i3ωt j�

Ṽ3 e FT zV k 3{�a Rpm

Rpm b Rf
Ũ3 b Rf Rpmα

2
c
Rpm b Rf d 2 Z̃T ĨTAŨ1 (6.17)

Fromequation6.7:

ĨTA a c
FT zV k 1{ d 2

2Rpm

Combiningthis with equation6.17:

Z̃T a FT zV k 3{+o Rpm
Rpm_ Rf

FT zU k 3{
FT zU k 1{ 4

c
Rpm b Rf d 2c

FT zV k 1{ d 2Rf α
(6.18)

(whereRpm is givenby equation6.8).
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This is the3ω detectiontechnique:by measuringthe3rd harmonicof theoutput
signalonecanmeasurethethermalimpedance.

As can be seenfrom equation6.16, it is also possibleto measurethe thermal
impedanceby measuringthe 2nd harmonicif U hasa DC offset. This can be
calledthe2ω detectiontechnique.This is to my knowledgenot a techniquethat
hasbeenused.But in somecasesthismayhaveadvantagesover the3ω detection
technique:Usually, onewantsto keepthe temperatureamplitudeslow, in order
to stayin thelinearregime. But from equations5.4,6.7,6.16and6.17,it canbe
seenthat:

TA ∝ ITm ∝ U2
1�

FT zV k 2{ � ∝ U2
1U0�

FT zV k 3{ � ∝ U3
1

This meansthat, if TA is madesmaller, then at the sametime
�
FT zV k 2{ � and�

FT zV k 3{ � arealsomadesmaller. But in
�
FT zV k 2{ � this canactuallybecompen-

satedfor by makingtheDC offset larger(thantheamplitudeof the1st harmonic
of theinput signal).Theproblemis thata largeDC componentin U will resultin
a large overall temperaturerise (TDC) of Rp. Thereis alreadya temperatureDC
offset (TDC) dueto the fact that it is only possibleto addheatandnot cool with
Rp (seeequation6.6andequation6.7). Now, thesizeof thetemperatureDC off-
setof coursedependson thethermalimpedancebetweenRp andthesurrounding
temperaturebath.Sothesizeof TDC andwhetheror nota largeTDC will presenta
problemwill dependon theexactexperimentalsituation.Therefore,thequestion
of which techniquewill bemostadvantageous,the2ω detectiontechniqueor the
3ω detectiontechnique,dependson theexactexperimentalsituation.

6.1 Sensitivity

It is interestingto look at therelationbetweenthefirst andthird harmonic,since
this quantitysetsaminimumrequirementof themeasuringequipment.

Thefirst termin equation6.17is just the3ω signalalreadypresentin U , thusthe
measured3ω signalcorrectedfor this is:

Ṽ3c e Ṽ3 o Rpm

Rpm b Rf
Ũ3 (6.19)

Combiningthis with equations6.17and6.15,andusingequation5.4for Z̃T :

Ṽ1

Ṽ3c
e 2

c
Rpm b Rf d
Rf αT̃A

b Ũ h1
Ũ1
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Ṽ3c

Ṽ1
a Rf

2
c
Rpm b Rf d αT̃A

k (6.20)

since:
Ũ h1
Ũ1

a 1 � 2
c
Rpm b Rf d
Rf αT̃A

Equation6.20couldmisleadoneto think thatit is desirableto makeRpm assmall
aspossible.But it mustberememberedthatthesensitivity of thetechniquecomes
from the fact thatRp, andthereforealsoV, changewith temperature.Thus,it is
dV � dTp thatmustbemaximized.Fromthedefinitionof α (cf. equation6.3):

dT e dRp

αRp

k
andthus(usingequation6.10):

dV

d
^

dRp
αRp ` e αRpdV

dRp
e αURf Rpc

Rf b Rp d 2 (6.21)

Equation6.21 is maximizedby letting Rf e Rp, and thus the two resistances
shouldbe chosenascloseto oneanotheraspossible,in order to maximizethe
sensitivity of the experiment. (Also, it is seenthat the sensitivity increaseswith
α.)

Therequiredresolutionof themeasuringequipmentcanbecalculatedfrom equa-
tion 6.20if α and

�
T̃A
�
is known (where

�
T̃A
�
is sosmallthatthemeasurementsstill

arein thelinearregime).

Sometypical valuescouldbe:

α e 5 � 10i 3K i 1,�
T̃A
� e 5 � 10i 2K,

andthus(letting Rf e Rp): ���� Ṽ3c

Ṽ1

���� a 6 � 10i 5

6.2 Measuring the temperaturecoefficient � α �
In equation6.18,α is needed.Below it is shown how α canbefoundif theheaterc
Rp d hasbeencalibrated.
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If theresistorRp is a semiconductor, it is expectedthat:

Rp
c
Tp dle R0e � T0

Tp ��
lnRp e lnR0 b T0

1
Tp

k (6.22)

whereR0 andT0 areconstants.Substitutingthis into equation6.3:

α e d
c
lnR0 b T0

Tp d
dTp

e o T0

T2
p

(6.23)

Usingequation6.22again:

α e o 1
T0

ln2 � Rp

R0 �
Now, again,lookingonly atsmallvariationsof Rp (∆Rp � Rpm, cf. equation6.2),
so that α canbe consideredconstant,Rp canbe substitutedwith Rpm, given by
equation6.8:

α e o 1
T0

ln2 � Rf
c
V1 d

R0
c
U1 o V1 d�� (6.24)

Thus,if Rp have beencalibratedandT0 andR0 found, thenα caneasilybe ob-
tained.

If Rp is a thin metalfilm, then,insteadof equation6.22,it is expectedthat:

Rp
c
Tp d$e ATp b B (6.25)�

αm � 1
Rp

dRp

dTp
e A

Rp

k (6.26)

whereA andB areconstantsandsubscriptmonα is shortfor “metal”. Combining
equation6.25andequation6.26,givesαm asfunctionof Tp:

αm e 1

Tp b B
A

(6.27)

If Rpm, givenby equation6.8,is substitutedfor Rp in equation6.26,then:

αm e A
c
U1 o V1 d
RfV1

So,if thefilm hasbeencalibratedandA found,it is easyto obtainα.
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7 Modeling

In theprecedingchaptertheprinciplesbehindthe3ω detectiontechnique,andhow
it canbeusedto measurea thermalimpedance,wasdescribed.There,no special
geometryof the heaterwasassumed.But when thermalinformation, like heat
capacityandthermalconductivity, is to beeextractedfrom themeasuredthermal
impedancethis becomesessential.In this chaptera simpleplanargeometrywill
be considered,and it will be shown what thermalinformationcanbe extracted
from thethermalimpedancein this case.

In orderto introduceto themodeling,the planargeometrywill first be modeled
in a simplemannerusinganelectricalnetwork analogy. In this model,only one
infinitely thick layerof materialis considered.After this,amoregeneralapproach
that canbe usedfor any numberof layersof materialof any thickness,will be
introduced.Of course,theresultof thefirst wayof modelingwill turn out to bea
simplecaseof themoregeneralapproach.

7.1 Planar heater

In thecaseof a planarheatera one–dimensionalgeometrywill beassumed.This
meansthat it is assumedthatheatonly flows in thedirectionperpendicularto the
heater. Here,this assumptionis not questioned(its limitations will bediscussed
in chapter12). But theassumptionis a goodoneaslong asLD � Wheater, where
Wheater is thewidth of theheater, andLD is thethermaldiffusionlength1:

LD ��� D
Ω
k D � κ

c
k (7.1)

whereD is thediffusionconstant,c
c z c{ e z Jmi 3K i 1 { d is thespecificheatcapacity

perunit volume,andκ
c z κ { e zWmi 1K i 1 { d thethermalconductivity.

1LD can be definedin variousways. E.g. in [Moon et al., 1996, p. 30] it is definedas:
LD ��� D � 2Ω, andin [Chirtoc et al., 2001,p. 106] it is definedasLD ��� 2D � Ω. In [Menon,
1996,p. 5249-5250]a expressionsimilar to 7.1 is used,andthis definition will be usedin this
report.

35
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The planarheatercanbe realizedby a electricalconductingthin film on a glass
substrate(seefigure7.1). It is assumedthatheatonly flows into theglass(there
is vacuumon theothersideof theheater, andtheradiationof heatis negligible).
Furtherit is assumedthattheheateritself is infinitely thin, with no heatcapacity,
andthat the glassis infinitely thick (which meansthat LD � l1, wherel1 is the
thicknessof theglasssubstrate).

l

Thin film

H
ea

t f
lo

w

Glass

W

1

heater

Figure 7.1 Theplanarheaterrealizedasan electricalconductingthin film on a glass
substrate.It is assumedthatheatonly flow in thedirectionperpendicularto theheater,
andonly into theglass(thereis vacuumon theothersideof theheater, andtheradiation
of heatis negligible). Furtherit is assumedthattheheateritself is infinitely thin, with no
heatcapacity, andthattheglassis infinitely thick.

Thissituationcorrespondsto heatdiffusionin onedimension,andcanbemodeled
by theelectricalnetwork shown on figure7.2. A heatcurrentis thenmodeledby
an electricalcurrent,a thermalimpedance

c
Z̃ d by an electricalimpedance(and

thereforea thermaladmittance
c
Ỹ e 1� Z̃ d by anelectricaladmittance),andaheat

capacityby anelectricalcapacitor.

Here,theelementsin themodelis just referredto asif they arethermalelements
(andnotelectricalelements).

Every setof Ỹedx, Z̃edx correspondsto aninfinitely thin sliceof material(glass).
Theheatcapacity

c
Csliced andthermalconductivity of theslice

c
κsliced is givenby:

Cslice e cAdx k
κslice e κA

dx
k
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Z tot

Z dxe Z dxe Z dxe

Y
 d

x
e

Y
 d

x
e
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Figure 7.2 Theelectricalmodelfor heatdiffusion in onedimension.Theelementsin
themodelarereferredto asthermalelements(notelectricalelements).Ztot is thethermal
impedanceseenfrom theend(wheretheheateris situated)of the infinitely long chain.
Theelementsaredrawn in a very generalway, but in theelectricalmodelthehorizontal
elements� Zedx� canbe thoughtof as resistors,and the vertical elements� Yedx� as
capacitors.Therebyboththestorageproperty(heatcapacity)andtheconductingproperty
(thermalconductivity) of thematerialis modeled.

whereA is theareaof theslice.

Here,only oneFourier component
c
eiΩt d will be considered.The resultwill be

similar for any otherFourier component.In generalan admittanceis definedas
the generalizedcurrent

c
f d divided by the generalizedvoltage

c
ed , which is the

reciprocalof a thermalimpedance(seepage21, it is importantto notethat in the
modelon fig. 7.2: Ye �e 1� Ze). From the definition of the admittanceand the
definitionof acapacitor

c
C d :

Y � f
e
k

C � q
e
k

f � ∂q
∂t
k q e q0eiΩt�

f e q0iΩeiΩt e iΩq k
whereq is thechargeon thecapacitorvaryingwith theamplitudeq0. Fromthis it
is seenthattheadmittanceof acapacitor

c
C d is iΩC, thus:

Ỹedx e iΩCslice e iΩcAdx k (7.2)

Z̃edx e 1
κslice

e dx
κA
k (7.3)

whereΩ is thecyclic frequency of thetemperatureoscillations.
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Sincethechainis infinity long, thenetwork in figure7.2 canbereplacedby the
oneon figure7.3. Fromthis figure:

1

Z̃tot
e Ỹedx b 1

Z̃edx b Z̃tot
e Ỹedx

c
Z̃edx b Z̃tot dtb 1

Z̃edx b Z̃tot�
Z̃edx

Z̃tot
b 1 e ỸeZ̃e

c
dxd 2 b ỸedxZ̃tot b 1�

Z̃edx

Z̃tot
a ỸedxZ̃tot (Thesmallsecondordertermis neglected)�

Z̃tot a Z̃e

Ỹe
(7.4)

Z tot

Y
 d

x
e Z
to

t

Z dxe

Figure 7.3 Thisfigurejust illustratesthattheimpedanceof this infinitely chaindoesnot
changeif thefirst link is removed.

Insertingequations7.2and7.3in equation7.4yields:

Z̃tot a 1

A � iΩκc
(7.5)

Equation7.5givesthethermalimpedanceof oneinfinitely thick layerof material.
In many cases,though,thethermalimpedanceof amulti layeredsystemis needed.
Thereforeamoregeneralapproach,basedonatransfermatrix, is developedin the
following. Of course,aswill beseen,equation7.5 is just aspecialsimplecaseof
multi layersystems.
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7.2 Transfer matrix

The derivation of the transfermatrix, given in this section,is due to and taken
almostdirectly from [Christensen,1989,p. 63-72].

In orderto understandthetransfermatrix, theheatdiffusionequationandhow it
canbederivedis needed.This is shown below. A continuityequationfor theheat
canbewrittenas:

∂ρQ

∂t b ∇ � JQ e 0 k (7.6)

where z ρQ { e z Jmi 3 { is theheatdensity, and z JQ { e z Jsi 1mi 2 { is theheatcurrent
density. In thelinearcase,theheatcurrentdensityis givenby Fourierslaw:

JQ e o κ∇T (7.7)

Thechangein heatdensitywith time canbewritten in termsof theheatcapacity
perunit volume

c
cd :

∂ρQ

∂t e c
∂T
∂t

(7.8)

Insertingequations7.8and7.7 in equation7.6givestheheatdiffusionequation:

c
∂T
∂t b ∇ � c o κ∇T d*e 0�

∂T
∂t e D∇2T k (7.9)

whereD is thediffusionconstant(cf. equation7.1).Now, it is importantto notice
that this equationdoesnot hold if c and/orκ is time–dependent.The reasonfor
this is that,equation7.8only holdsif c is constantin time,andequation7.7only
holdsif κ is constantin time. If this is not thecase,thefollowing integralsmust
beused(cf. equation4.2):

ρQ
c
t dfe � ∞

0
c
c
t � d Ṫ c t o t � d dt �

JQ
c
t dfe o � ∞

0
κ
c
t � d ∇̇T

c
t o t � d dt �

It shouldbenotedthatthoughit is widely acceptedthatat theglasstransitionthe
heatcapacitycanbetime(or frequency) dependent,it is alsowidely acceptedthat
thethermalconductivity is time independent.
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So,actuallythediffusion constant
c
D d in equation7.9 doesnot make any sense

in the casewhereboth the heatcapacityand the thermalconductivity is time–
dependent.

Thesolutionto thisproblemis to look at it in frequency–domain,insteadof time–
domain:

T̃ e T̃AeiΩt

(7.10)

J̃Q e J̃QAeiΩt k
where T̃A and J̃QA is the complex amplitudesof the temperature

c
T̃ d and heat

currentdensity
c
J̃Q d , varyingwith cyclic frequency Ω (theamplitudesareallowed

to becomplex in orderto allow phaseshifts). Again, of course,the temperature
andheatcurrentcanvaryin any complicatedperiodicway. But it is only necessary
to look at oneFourier component,sincethe resultwill be similar for any other
Fouriercomponent.

In thecalculationsin frequency–domainthereis no problemwith c andκ being
frequency dependentsinceall the calculationsin principle aredonefor onefre-
quency (atthetime). Butsincethisonefrequency is notany specificfrequency, the
calculationsarevalid for any frequency, andthereforeit doesnot matterwhether
or not c andκ changewith frequency. Soinsteadof c andκ, onecanjust write c̃
andκ̃.

Again, the problemis simplified to heatdiffusion in onedimension. Equations
7.7and7.8canbeusedfor eachFouriercomponent:�

J̃Q e o κ̃∂T̃
∂x�

∂ρQ
∂t e c̃∂T̃

∂t e o ∂J̃Q
∂x� � o J̃Q

1
κ̃dx e ∂T̃

∂x dx e T̃x� dx i T̃x
dx dx e T̃A   x_ dx o T̃A   xo c̃∂T̃

∂t dx e ∂J̃Q
∂x dx e J̃Q ¡ x� dx i J̃Q ¡ x

dx dx e J̃Q   x_ dx o J̃Q   x
Insertingtheexpressionsfor T̃ andJ̃Q (equation7.10):� o JQAeiΩt 1

κ̃dx e c
T̃A   x_ dx o T̃A   x d eiΩto c̃∂T̃AeiΩt

∂t dx e c
J̃Q   x_ dx o J̃Q   x d eiΩt� ¢ o Z̃dxJ̃x e T̃A   x_ dx o T̃A   x k Z̃ � 1

κ̃A
k J̃ � JQAAo ỸdxT̃A   x e J̃x_ dx o J̃x

k Ỹ � iΩc̃Ak (7.11)
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whereJ̃ is theheatcurrentthroughtheareaA ( z J̃ { e zW { ), Z̃ is theheatresistance
perunit length( z Z̃ { e z c κ̃dxd i 1 � dxd { e zKW i 1mi 1 { ), andỸ is iΩ timestheheat
capacityperunit length( z Ỹ { e z iΩc̃Vol � dx{ e zWK i 1mi 1 { ). This canbewritten
in matrix form as:� T̃A   x_ dx

J̃x_ dx � e � 1 o Z̃dxo Ỹdx 1 � � T̃A   x
J̃x �

or� T̃A   x
J̃x � e � 1 Z̃dx

Ỹdx 1 � � T̃A   x_ dx

J̃x_ dx � (7.12)

since:� 1 o Z̃dxo Ỹdx 1 � � 1 Z̃dx
Ỹdx 1 � e � 1 o Z̃Ỹdx2 0

0 1 o Z̃Ỹdx2 � a � 1 0
0 1 �

The2 � 2 matrix in equation7.12is thetransfermatrix
c
Ã
c
dxdAd for aheatconduc-

tor of infinitesimallength
c
dxd :

Ã
c
dxd*� � 1 Z̃dx

Ỹdx 1 � (7.13)

Ã
c
dxd givesthe temperatureandheatcurrentat x, given thevaluesat x b dx (or

visa versa). Of coursewhat is neededis the transfermatrix
c
Ã
c
l dAd for a heat

conductorof somelength
c
l d :� T̃0

J̃0 � e � Ã11 Ã12

Ã21 Ã22 � � T̃l

J̃l � e Ã
c
l d � T̃l

J̃l � k (7.14)

whereT̃0, J̃0 andT̃l , J̃l is thetemperatureandheatcurrentat x e 0 andx e l (iter-
ationof equation7.12shows thatthelinearrelationshipin equation7.14exists).

Now, if two materialsA andB of lengthl1 andl2 arein thermalcontact,seefigure
7.4,andÃ andB̃ arethetransfermatrix for thetwo materialsthen:� T̃0

J̃0 � e Ã
c
l1 d � T̃l1

J̃l1 �� T̃l1
J̃l1 � e B̃

c
l2 d � T̃l2

J̃l2 �
£¤vv¥vv¦¨§ � T̃0

J̃0 � e Ã
c
l1 d B̃ c l2 d � T̃l2

J̃l2 � (7.15)

Sinceequation7.15alsois valid if A andB aremadeof thesamematerial:

Ã
c
l1 b l2 d*e Ã

c
l1 d Ã c l2 dle Ã

c
l2 d Ã c l1 d
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Figure 7.4 Two materialsA andB in goodthermalcontactatx © l1.

It is necessaryto look at thederivativeof Ã
c
l d in orderto find Ã

c
l d :

∂Ã

∂l e Ã
c
l b dl d o Ã

c
l d

dl e Ã
c
l d Ã c dl d o 1

dl e Ã
c
l d D̃e � Ã11 Ã12

Ã21 Ã22 � � 0 Z̃
Ỹ 0 � e � ỸÃ12 Z̃Ã11

ỸÃ22 Z̃Ã21 � k (7.16)

where: 1 � � 1 0
0 1 � k D̃ � � 0 Z̃

Ỹ 0 �
Equation7.16givesfour differentialequations.Thederivativewith respectto dl
of thesefour equationsare:

∂2Ã11
∂l2 e Ỹ ∂Ã12

∂l e ỸZ̃Ã11

∂2Ã12
∂l2 e Z̃∂Ã11

∂l e ỸZ̃Ã12

∂2Ã21
∂l2 e Ỹ ∂Ã22

∂l e ỸZ̃Ã21

∂2Ã22
∂l2 e Z̃∂Ã21

∂l e ỸZ̃Ã22

£¤vvvvvvvvvv¥vvvvvvvvvv¦ §
∂2Ãi j

∂l2 e ỸZ̃Ãi j (7.17)

Equation7.17have thegeneralsolution:

Ãi j
c
l d*e C̃i j cos

^
l ª o ỸZ̃ ` b S̃i j sin

^
l ª o ỸZ̃ ` k (7.18)

andof course:

A
c
0d*e � 1 0

0 1 � , since: � T̃0

J̃0 � e A
c
0d � T̃0

J̃0 �
cos

c
0d«e 1, andsin

c
0d*e 0, andthereforeC e A

c
0d . Fromequation7.17it is seen

that:

Ã11
c
l dle 1

Z̃

∂Ã12

∂l

Ã22
c
l d*e 1

Ỹ

∂Ã21

∂l
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Usingequation7.18for Ãi j , andthefactthatC e A
c
0d :

cos
^
l ª o ỸZ̃ ` b S̃11sin

^
l ª o ỸZ̃ ` e ª o ỸZ̃

Z̃
S̃12cos

^
l ª o ỸZ̃ `�

S̃11 e 0 k S̃12 e Z̃ª o ỸZ̃
k

and

cos
^
l ª o ỸZ̃ ` b S̃22sin

^
l ª o ỸZ̃ ` e ª o ỸZ̃

Ỹ
S̃21cos

^
l ª o ỸZ̃ `�

S̃22 e 0 k S̃21 e Ỹª o ỸZ̃

And sofinally thetransfermatrix canbewritten as:

Ã
c
l d*e¬ cos g l k̃j Z̃

k̃
sin g l k̃j

Ỹ
k̃

sin g l k̃j cos g l k̃j ® k k̃ � ª o ỸZ̃ (7.19)

(Thesameexpressioncanbefoundin [Carslaw andJaeger,1959,p. 110].)

It mayseemquitecomplicatedto deriveequation7.19,but it turnsout to beworth
the effort. With equation7.19 the one–dimensionalheatdiffusion problemhas
beensolved onceand for all. No matterthe numberof layersof materialthat
mustbeconsideredit is just a questionof matrix multiplication (asis seenfrom
equation7.15).A specialsimplecaseis consideredin thefollowing.

Again thetwo materialsin figure7.4areconsidered.̃eA andẽB is theeffusivity of
A andB, respectively. Theeffusivity is definedas:

ẽ � � c̃κ̃

If ẽB ¯ ẽA, andB is in goodthermalcontactwith atemperaturebath,thenB short–
circuit A to thetemperaturebath.This will for examplebethecase,if A is glass,
andB is copperin contactwith thetemperaturebathsince:

κglass a 0 | 9Wmi 1K i 1 k cglass a 2 | 1 � 106JK i 1mi 3§ eglass a 1 | 4 � 103Jmi 2K i 1si 1° 2
and

κcopper a 400Wmi 1K i 1 k ccopper a 3 | 4 � 106JK i 1mi 3§ ecopper a 3 | 7 � 104Jmi 2K i 1si 1° 2
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[Nordling andÖsterman,1996,p. 28,33].

Thus,thethermalimpedance
c
Z̃B d of B canbeconsideredzero:

Z̃B � T̃l1

J̃l1
e 0

Equation7.14shows thatthethermalimpedance
c
Z̃tot d , seenfrom x e 0, is given

by:

Z̃tot � T̃0

J̃0
e Ã11

c
l1 d T̃l1 b Ã12

c
l1 d J̃l1

Ã21
c
l1 d T̃l1 b Ã22

c
l1 d J̃l1

e Ã11
c
l1 d Z̃B b Ã12

c
l1 d

Ã21
c
l1 d Z̃B b Ã22

c
l1 d e Ã12

c
l1 d

Ã22
c
l1 d

Insertingtheresultfrom equation7.19:

Z̃tot e Z̃
k̃

sin
c
l k̃ d

cos
c
l k̃ d e Z̃

k̃
tan
c
l k̃d (7.20)

Usingthedefinitionsof Z̃ andỸ from equation7.11,andthedefinitionof k̃ (equa-
tion 7.19):

Z̃tot e 1

A � iΩc̃κ̃
tanh ¬ l1 � iΩc̃

κ̃ ® (7.21)

Equation7.21givesthethermalimpedanceof afinite, one–dimensionaldiffusion
chainof lengthl1, that is heldat isothermalconditionsat theend(at x e l1). It is
seenthatequation7.21correspondsto equation7.5,whenl1 ± ∞, asexpected.

Equation7.21showsthatin thecasewheretheonedimensionaldiffusionmodelis
valid,andwherethelength

c
l1 d canbeconsideredinfinite, thereonly theeffusivity

canbeobtained,not theheatcapacityalone.

7.3 Thermal propertiesof a liquid

Above it wasonly discussedhow to extract the thermalpropertiesof the glass
substrate.But thefocusof this reportis how to measurethethermalpropertiesof
a liquid. Theway to do this,of course,is to measurethethermalimpedancewith
andwithout liquid on theothersideof theheater, seefigure7.5.

If thereis a liquid on the heater, the heatcanboth flow into the glasssubstrate
(andinto whatever is on theothersideof thesubstrate)andinto the liquid. The
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Figure 7.5 If a liquid is placedin contactwith theheaterheatcanflow both into the
substrate(e.g.glasson copper)andinto theliquid.

substratemay be any layeredmateriale.g. glasson copper2. ỸS is the thermal
admittance(reciprocalthermalimpedance)of thesubstrate,̃YL thethermaladmit-
tanceof the liquid, andỸLS is the total thermaladmittancethat is measuredwith
liquid on theheater. Thetotalheatcurrent

c
J̃Q d generatedby theheateris thesum

of theheatcurrentsinto theliquid
c
J̃QL d andinto thesubstrate

c
J̃QSd . Then,if T̃ is

thetemperatureat theheater:�
ỸL e J̃QL

T̃
k ỸS e J̃QS

T̃
k ỸLS e J̃Q

T̃
JQ e JQL b JQS�

ỸLS e ỸL b ỸS (7.22)

If ỸS is measuredwithout liquid on theheater, ỸL canbefoundfrom equation7.22
if measurementswith andwithout liquid have beenmade.Thentheappropriate
modelfor theheatdiffusion in the liquid mustbeapplied,in orderto extract the
thermalparametersof the liquid. If, for example,the liquid layercanbeconsid-
eredinfinitely thick, anda one–dimensionalmodelis adequatefor theheatdiffu-
sion,thenequation7.5mustbeused,with c̃ andκ̃ beingthethermalpropertiesof
theliquid.

2The exampleof glasson copper(figure 7.5) is not chosenat random. In the planarheater
experiments,I havemade,thiswasin facttheconfiguration.Moredetailsonthis in chapters9 and
10.
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Figure 7.6 If heatdiffusesin threedimensions,heatcanflow acrosstheliquid substrate
interface.

It is importantto realizethatequation7.22holdswhenheatonly diffusesin the
directionperpendicularto the heater, but not necessaryin all othercases.Here,
ỸS is definedas the thermaladmittancemeasuredwithout liquid on the heater.
Thus,if heatdiffusionfrom theheatermustbedescribedin threedimensions,and
the thermalparametersof the liquid andsubstratearedifferentin a way that the
temperaturebecomeshigherin the liquid thanin thesubstrate,thenat the liquid
substrateinterface,somedistanceaway from the heateritself, heatwill diffuse
from theliquid into thesubstrate,seefigure7.6 (this is referredto asa boundary
mismatchin [Moon et al., 1996,p. 31]). Thus,ỸS (measuredwithout liquid) will
not satisfyequation7.22.
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Copper Glass Liquid

Thin film

Figure 7.7 The problemwith heatflow acrossthe liquid substrateinterfacecanbe
overcomeif theheaterfills all theinterface.Theremustbea thermalisolating“medium”
(e.g.vacuum)aroundthesetup,andradiationof heatmustbenegligible.
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This problemwith heatflow acrossthe liquid substrateinterfacemay be over-
come,if it is possibleto fabricatea heaterthat fills all the areaof the substrate,
and,if it is possibleto have theliquid to fill exactly thesamearea,seefigure7.7.
Thiswill, however, notbesoeasyto realizein practice.
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8 Measurementsof dynamic heat
capacity fr om the literatur e

In this chapterthehistoryof the3ω detectiontechniquewill beconsidered,and
referencesto the most importantarticlesin the field will be given. The 3ω de-
tectiontechniqueis not theonly techniqueusedto measurefrequency dependent
specificheatcapacity, andthereforesomeothertechniqueswill bebriefly consid-
eredfirst.

Only dynamiccalorimetrymethodsareconsidered,thatis, methodsthatstudyre-
laxationphenomena[Junget al., 1999,S1359].Thesemethodsmayalsobeused
to studyotherphysicalphenomena,e.g.phasetransitions,but this is not included.
As shown in chapter3, themethodscanroughlybedividedinto two groupsthat
canbecalled“time–domainmethods”(in whichtherelaxationphenomenais stud-
iedasfunctionof timeafteraperturbationof thesystem),and“frequency–domain
methods”(in which thesystemis perturbatedin aoscillatorymannerandthesys-
tem responseis studiedas function of the perturbationfrequency). Two time–
domainmethodsarementioned:isothermal(wheretheheatflow to thesystemis
measuredaftera temperaturejump) andadiabatic(wherethe temperatureof the
systemis measuredaftera heatinput). Besidesthe3ω detectiontechnique(that
have its onesectionin theendof this chapter)threefrequency–domainmethods
arementioned:traditionalAC calorimetry, the photoacoustic,andthe photopy-
roelectrictechnique. Somereview articlesare available on the techniquese.g.
[Gmelin,1997],[Junget al., 1999],and[Jeong,1997]. For thephoto–techniques
see[ThoenandGlorieux,1997]and[Chirtocetal., 2001].

8.1 Time–domainmethods

Thetime–scaleof the time–domainmethodsis usuallymuchlongerthanfor the
frequency–domainmethods. Where in frequency–domainthe lowest frequen-
ciesusuallyarearound1mHz, which correspondsto 1000s a 1� 4hour, thetime–
domainmethodsoperatewith timesfrom around10s to 106s a 12days(e.g. [Fu-
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jimori andOguni,1994,p. 603], [SugaandMatsuo,1989,p. 1123]).Thelimit on
how shorttimescanbeobservedin a time–domainexperimentis setby thetime
neededfor the systemto “equilibrate”1 after a temperaturejump or heatinput,
while the long time limit is setby thestability of thesetupover long times,and
thepatienceof theexperimentalist.

Themostcommontime–domainmethod[Fujimori andOguni,1994,p. 601,602]
is theadiabaticmethodwhereaknown amountof heatis suppliedto thesystemin
thermodynamicequilibrium,afterwhichtheevolutionof thesystemstemperature
with timeis monitoredunderadiabaticconditions.In theisothermalmethodastep
in temperatureis madefrom theequilibriumstate(of coursethisstepis alsomade
by supplyingsomeheat),andthentheflow of heatto thesystemthatis neededin
orderto keepthetemperatureconstantis monitored[Fujimori andOguni,1994,p.
602]. In boththeadiabaticandisothermalcasethecalorimeterusedmustbevery
well shieldedfrom thesurroundingsin orderto avoid unknown quantitiesof heat
to flow into thesystem.No perfectthermalinsulatorexists,andtherewill always
beradiationof heat,thus,muchcaremustbetakento minimizethethermalleak
to thesurroundings(e.g.[Jeong,1997,p. 87], [Jungetal.,1999,p. S1361],[Suga
andMatsuo,1989,p. 1127],[Kobashiet al., 1998,p. 668], [Fujimori andOguni,
1993,p. 272]).

For otheradiabaticmeasurementsseee.g. [Atake et al., 2000A], [Atake et al.,
2000B].

8.2 Frequency–domainmethods

TraditionalAC calorimetryis fundamentallydifferentfrom the3ω detectiontech-
nique,in that theheatsourceandtemperaturedetectorarenot oneandthesame,
andthusheatis suppliedin oneplaceandthetemperatureis measuredsomewhere
else(usuallyvery closeto the heatsource).In the casesdiscussedherethe fre-
quency dependenceof theheatcapacity(or effusivity) is desiredandthis method
workswell for low frequencies,wherethe thermaldiffusion length

c
LD d is long

comparedto thedistancebetweentheheatsourceandthetemperaturesensor(e.g.
[Christensen,1985],[Minakov etal.,2001]).For higherfrequenciesthemeasured
temperatureamplitudeand phaseshift can not be taken as a measureof these
quantitiesat theheatsource.Christensen[1985] (andChristensen[1989]) report
measurementsof thenormalizedheatcapacity(assumingthatthethermalconduc-
tivity is frequency independent)on supercooledglycerolneartheglasstransition

1“Equilibrate” mustherebeunderstoodin thesensethat thetemperatureof thesystemis uni-
form throughoutthe system.The systemis not equlibratedin the sensethat the systemis fully
relaxed,sincetherelaxationphenomenais in factthephenomenathatis studied.
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in thefrequency rangez 2 | 4mHz;35mHz{ , while Minakov etal. [2001]reportmea-
surements,alsoonglycerol,in thefrequency rangez 40mHz;10Hz{ . Minakov etal.
[2001]hasaspecialarrangementwith two sensors,andthey canmeasureboththe
thermalconductivity andtheheatcapacitysimultaneously. Sincethesetechniques
hasa rathernarrow frequency range,othermethodsaredesired.

In photoacousticandphotopyroelectricmeasurementsthe sample(e.g. a super-
cooledliquid) is heatedperiodicallywith a pulsedlaser. Due to the thermalex-
pansion,anacousticwave canbemeasuredwith a microphonein agasabove the
sample[ThoenandGlorieux,1997,p. 139],[BüchnerandKorpium,1987,p. 31].
This is donein aphotoacousticexperiment,andinformationonthephaseandam-
plitudeof thetemperatureoscillationsin thesampleis extractedfrom theacoustic
signal[ThoenandGlorieux,1997],[BüchnerandKorpium,1987].Theextraction
of thesamplepropertiesmaybesomewhatcomplicated.The thermalproperties
of thegasandbackingis involved,andalsothefrequency responseof themicro-
phoneandelectronicsis usuallynot flat. Thereforeacalibrationprocedure,using
a samplewith known thermalproperties,is needed[ThoenandGlorieux,1997,
p. 141]. BüchnerandKorpium [1987] reportmeasurementsof the effusivity of
a supercooledsalt melt (0 | 4Ca

c
NO3 d 2 o 0 | 6KNO3) nearthe glasstransitionfor

threefrequencies(asfunctionof temperature):9 | 6Hzk 55Hzk 512Hz.

In a photopyroelectricexperimentthetemperatureamplitudeandphasearemea-
suredby apyroelectricmaterial[Bentefour, 2002],[Bentefouretal.,2001],[Chir-
toc et al., 2001], [Caerelset al., 1998], [ThoenandGlorieux, 1997], [Dădârlat
et al., 1990], [Chirtoc andMihăIlescu,1989]. In oneconfigurationof thesetup,
theheatis absorbedat the liquid pyroelectricinterface,andthustheheatsource
andthermometeris in the sameplace(asin the 3ω detectiontechnique),which
makesit possibleto go to higherfrequencies.Bentefour[2002], Bentefouret al.
[2001](Chirtocetal. [2001])reporteffusivity measurementsonglycerolandBen-
tefour[2002]on propyleneglycol in thefrequency range z 0 | 05Hz;100kHz{ .
Oneminor drawbackof this techniqueis thattheexactamountof power released
in the liquid is not known (someof the laserlight is reflectedandnot absorbed).
Thus a referencepoint for eachcurve ((frequency, effusivity) or (temperature,
effusivity)) mustbeknown in advance.

8.3 3ω detectiontechnique

The 3ω detectiontechniqueis alsoa frequency–domaintechnique,but is given
this separatesection,sinceit is thecentraltechniquein this report. Here,a brief
sketchof thehistoryof thetechniqueis given.
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The first to use the 3ω detectiontechniquewas Von O. M. Corbino in 1911
[Corbino,1911] (e.g. see[Gmelin, 1997,p. 1] or [Moon et al., 1996,p. 29]),
andit hasbeenusedfor studyingthin wire (filament)propertiessuchasspecific
heatcapacityof titaniumbyL. R.Hollandandothers[Holland,1963],[D. Gerlich,
1965], [Holland andSmith,1966], [Rosenthal,1961]. In 1985S. R. Nageland
N. O. Birgepublishedresultswherethe techniquewasusedwith a nickel planar
heateronaglasssubstrate.Thiswasthefirst timethetechniquewasusedto study
thefrequency dependenceof theheatcapacityof a supercooledliquid (glycerol)
[Birge andNagel,1985]2. Sincethena numberof articleshave beenpublished
from the Nagelgroup, including dataon glycerol andpropyleneglycol [Birge,
1986](wherealsoawire experimentis included)and[BirgeandNagel,1987],o–
Terphenyl Mixtures[Dixon andNagel,1988],di–n–butylphthalate[Menon,1996]
([Birge et al., 1997] – review article), salol [Dixon, 1990] ([Wu et al., 1991] –
comparisonwith otherliquids anddielectricsusceptibility).Thefrequency range
of themeasurementsis somethinglike[2mHz;4kHz][Birgeetal.,1997],andthus
muchwider thanthetraditionalAC calorimetrymeasurements.

Othergroupshave usedthis techniqueaswell. TheGermangrouparoundDonth
have useda nickel heaterwith nickel electrodes,but on a polymersubstrate(e.g.
[Koruset al., 1997A,p. 100]) thathasaneffusivity smallerthantheeffusivity of
glass,whichenlargetheresolutionof theexperiment(cf. chapter10)(e.g.[Donth
et al., 1996], [Beiner et al., 1996], [Koruset al., 1997A], [Koruset al., 1997B],
[Beineret al., 1998]).

Also in SouthKoreathis techniquehasbeenusedquite a lot, with Y. H. Jeong
andI. K. Moonascentralpersons.DataonsupercooledzCa

c
NO3 d 2 { 0 ² 4 c KNO3 d 0 ² 6

canbefoundin [JeongandMoon,1995],on potassium-calciumnitratein [Moon
et al., 1996] and [Jeong,1997], and on polypropylene glycol in [Moon et al.,
2001] (for other usesof the techniquee.g. study of the Curie point see[Jung
et al., 1992], [Jeonget al., 1991],[Baeet al., 1993],[Baeet al., 1994]). Finally
it shouldbe mentionedthat also Inadaet al. [1990] have usedthe techniqueto
study the frequency dependentheatcapacityof glycerol, propyleneglycol and
theirmixtures,andCahill [1990]studythermalconductivity of dielectricsolids.

As mentionedin chapter1, oneof the aimsof the work reportedherehasbeen
to measuremoreaccuratelywith lessscatterin thedata,evenif thatwould mean
narrowing thefrequency range.ThereforeI have tried to estimatethesizeof the
scatterof the measurementsmentionedabove. This hasbeendonesimply by
looking at thedataplottedin thementionedarticles,andfrom themjudginghow
largethescatterof thedatapointsare(∆s

c
ed , wheree is theeffusivity). Theresult

2Note that someof the axis of the plots in this article arenot correct. They arecorrectedin
[Birge,1986,p. 1635].
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∆s
c
ed � e, estimatedfrom the(frequency,e) curvesaroundthelosspeakfrequency

in the imaginarypart of e, is around10% for the best3ω measurements(based
on [Birge,1986,p. 1636], [Birge andNagel,1987,p. 1470], [Menon,1996,p.
5252], [Dixon, 1990,p. 8181], [Dixon andNagel,1988,p. 342]), andprobably
a bit more for the photopyroelectricmeasurements(basedon [Bentefouret al.,
2001], [Bentefour,2002,p. 124,131]). Of coursethis is only a roughestimate
anda moredirectcomparisonof new measurementsto theold will beuseful,but
it seemsthat in orderto improveon this point themeasured∆s

c
ed � e mustbeless

than10%.
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9 Designof the measuringcell
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Figure 9.1 The top figure shows the measuringcell seenfrom the side. The cell is
placedvertically insidethecryostate(turned90· clockwise– thetop–endis theoneon
theleft). Thelower left andright figureshows thecell seenfrom thetopandthebottom,
respectively. Theheatersmeasure3mm ¸ 3mm.

In thischapterthedesignof themeasuringcell will bedescribed.Eventhoughthe
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detailedargumentsfor designingit in exactly this way will not bepresenteduntil
thefollowing chapters,it is convenientto presentthedesignhere.

Thecell is shown on figure9.1. Theheatersmeasure3mm � 3mmandtheglass
substrateis 6mm thick. It is gluedonto the copperbacking1. The glue layer is
very thin.

Thecell is placedvertically insidethecryostate(turned90¹ clockwise: the top–
endis theoneon theleft). Thecopperof thecell is in goodthermalcontactwith
thecryostate,andthus,thetemperatureof thecopperbackingwill beequalto that
of thecryostate

c
Tk d .

The liquid is placedinside a glasscylinder that is glued2 to the substrateand
placedaroundtheheater. In all the liquids I have usedthesurfacetensionof the
liquid can keepthe liquid inside the cylinder when the cell is turned(with the
openingpointing down). In somecases,though,the liquid will flow out of the
cylinder if it is shakenjust a little bit, which is impossibleto avoid whenputting
thecell into thecryostate.In thesecases,thepartof liquid closestto thecylinder
openingis justcooledalittle beforethecell is putinsidethecryostate.Thisis done
by dippingthetip of thecylinder with liquid into liquid nitrogen,andsealingthe
liquid in thatway.

Thetemperature–independentresistor(Rf ) is placedjust above thecopperback-
ing insidethecryostate.In thisway longwiresareavoidedandeverythingis kept
at constanttemperatureduring a frequency scan. This is, though,doneprimary
for practicalreasonsandis not very important.I have tried placingit outsidethe
cryostateandno changesin themeasurementscouldbeobserved.

The stainlesssteelcylinder is a 40cm long andgoesto the top of the cryostate.
Stainlesssteelhavearelatively low thermalconductivity comparedto otheralloys
andmetals.3 At the sametime the materialis thin

c
0 | 25mmd , makingit a poor

thermalconductor, andthusonly a little amountof heatwill betransportedfrom
thetop of thecryostate(at roomtemperature)to thecell.

Theelectricalconnectionsthroughthecopperto thewiresthatgoesto thetop of
the cryostateare,of course,electricallyisolatedfrom thecopper. The electrical
connectionsareactuallymadewith a little plug, andthe“T–shaped”copperpart
hasa threadandcanbeetaken off (by turning it counterclockwise).Thus it is
rathereasyto replacethesubstrateandfilm.

1Theglue that I have usedis: Torr Seal(Low VaporPressureResin)from VarianAssociates,
VacuumProductsDivision,Lexington,MA, USA.

2Usingthesameglueasfor gluing thesubstrateto thecopperbacking.
3The stainlesssteel that is used is type AISI 304, and it has a thermal conductivity ofº 16» 3Wm¼ 1K ¼ 1 at room temperature(this valueis taken from a cataloguefrom the company

Goodfellow. Similar valuescanbefoundelsewhere).
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Therearetwo heaterson eachsubstrate,but in the measurementsreportedhere
only one is usedat the time. Originally the idea was to usetwo heaters:one
with liquid andonewithout liquid. If the two heatersarecoupledin seriesand
the output signal are measuredacrossone of them, then the 3ω signal will be
zeroif the two heatersareexactly alike and,if Z1 e Z2, whereZ1 andZ2 arethe
thermalimpedanceheater1 andheater2 “look into”, respectively (thecalculations
showing thiscanbefoundin A appendixonpage157).Theproblemis thatthe3ω
signalresultingfrom Z1 �e Z2 doesnotsolelydependonthethermalimpedanceof
the liquid

c
ZL � 1� YL d but alsoon the thermalimpedanceof thesubstrate

c
ZS �

1� YSd :
V3ω ∝ Z1 o Z2 e 1

YL b YS
o 1

YS

k
if heater1 is the one with liquid (seepage45). Thus, the thermalimpedance
of the substrateneedsto be measuredseparatelyanyway, andnothingis gained
comparedto theuseof just oneheaterwith andwithout liquid.

Actually themethodof usingtwo heaterswouldbesomewhatmoredifficult, since
also the currentthroughthe heatermust be measuredin order to have enough
informationto calculatethethermalimpedanceof the liquid (of coursethis does
not presentany major problem). The reasonwhy this is necessaryis that the
power releasedin theheatermustbe known andthusbesidesthe voltageacross
theheateralsotheresistanceof theheateror thecurrentthroughtheheatermust
beknown. In thecasewith a fixedresistor

c
Rf d in serieswith theheaterthis can

becalculated,sincealsotheinput–voltageis known. But, whenthefixedresistor
is replacedwith a 2nd ² temperature–dependentresistor(heater)this information
is no longeravailable. This is not somethingthatcaneasilybe calibrated,since
thetemperatureof theheatersdependon thepower releasedin them. Onecould
imaginethat a heaterwascalibratedwith a fixed Rf , and thusa set of Tk

k Rpm

valuesareknown atagiveninput–voltage.But whenthefixedRf is replacedwith
a temperature–dependentresistor(2nd ² heater)thenthesevaluescanno longerbe
used,unlessone is certainthat the resistanceof Rf is exactly the sameas the
resistanceof the2nd ² heater, andof coursethiswill only bethecaseatonespecific
temperature,if at any temperatureat all. Another drawback of this methodis
that if theheatersarenot exactly alike (have thesameresistanceandtemperature
coefficient), the3ω signalwill not bezerowhenmeasurementsaremadewithout
liquid.
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10.1 Temperaturegradients in the sample

Since it is only possibleto supply heat,not to cool, with the thin film heater
(cf. equations6.6 and6.7), the averagetemperature

c
Tpmd of the heaterwill be

higherthanthetemperature
c
Tk d of thesurroundingtemperaturebath(cryostate):

Tpm o Tk e ITmZT  DC (cf. equation5.1).

It is importanthow the couplingbetweenthe heaterandthe temperaturebathis
made,that is, the geometryof the setup. In what shall be called the gradient–
method,thecouplingis madethroughtheliquid, andtherewill bea temperature
gradientthroughtheliquid. This gradientmaypresenta problem,sincetheprop-
ertiesof theliquid will bedifferentat differentdistancesfrom theheater. As will
beshown below this doesnot seemto bea problemwhenonly thethermalprop-
ertiesof the liquid areconsidered,but this is somewhat misleading. It actually
doesplayanimportantrole,ascanbeseenwhenthethermo–mechanicalproblem
mentionedin chapter1 (pagevi) is considered.

For theDC partof theheatcurrent
c
ITm d :

ITm e o κL
dT
dx
k (10.1)

whereκL is thethermalconductivity of theliquid.

At low frequenciestheone–dimensionalapproximationfails dueto edgeeffects.
Theseedgeeffectsplayasignificantrolewhenthediffusionlength(LD) becomes
comparableto thewidth

c
W d of theheater. Evenif afirst orderapproximationcan

be madeandtheseedgeeffects taken into account,this approximationwill not
hold down to frequencieswhereLD becomessignificantlarger thanW. Thusat
leastLD  max ½ W. Thismeansthatthemaximumrelevantdistance

c
dxd in equation

10.1is W:

ITm e o κL
∆TW

W
k
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Figure 10.1 With a copperbackingthat is clampedto thecryostate(temperaturebath)
theaveragetemperatureis constantthroughtheliquid. TheDC heatis leadaway through
theglasssubstrate.This is thenon-gradient–method.

where∆TW is thetemperaturedifferencebetweentheheaterandtheliquid a dis-
tanceW (perpendicular)away from theheater.

Fromequation5.4(with ỸL � 1� Z̃T):

ITA e TA
�
ỸL
� k

andsinceITm e ITA (cf. equation6.7):

TA
�
ỸL
� e κL

∆TW

W�
∆TW e TA

�
ỸL
� W
κL

e W
LD  max

TA
k (10.2)

whereequation7.5hasbeenusedfor ỸL (with Ỹ e 1� Z̃tot)), andequation7.1 for
LD.

From equation10.2 it is seenthat in the worst case(the lowestusedfrequency,
whereLD e LD  max e W): TW e TA. If TA is smallenoughsothatthemeasurements
are in the linear regime, asmustbe the case,thenalsoTW is so small that the
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thermalpropertiesof theliquid doesnotchange(from theheaterto W away from
the heater): of coursethe thermalpropertiesdo changethroughthe liquid, but
thethermalwavesdo not travel very far andthereforedo not “feel” thechanges.
Thus,thegradientthroughtheliquid doesnot seemto presenta problemviewed
from thisperspective.

As mentionedin chapter1, the liquid expands(andcontracts)while heated(and
cooled),and this resultsin a mechanicalsoundwave. The wavelengthof this
soundwave is probably somewherebetween1m and 1km, dependingon fre-
quency1 (andit is really not appropriateto speakof a wave, sincethe thickness
of the liquid layer is muchsmallerthan the wavelength). Thus the mechanical
disturbancereachesmuchfurther thanthe thermal,andthe temperaturegradient
throughtheliquid becomesimportant.Tpm o Tk will beseveraldegrees,andwhile
thesubstanceis still a liquid at theheater, it canbedeepinto theglassat liquid
temperaturebathinterface.

Thereforethethermo–mechanicalproblembecomesextremelycomplicatedin the
gradient–method,andit will notbeawell definedquantitythatis measured.Thus,
in orderto dealproperlywith the thermo–mechanicalproblem,a non–gradient–
methodmustbeused.With sucha method,at leastin somecases,it will be the
longitudinalheatcapacity(cl ) thatis measured(seepagev).

For thesereasonsit is desirable to get rid of the DC heatthroughthe substrate
ratherthanthroughtheliquid. Therefore, I havedesignedthesetupwith a copper
backingbehindthesubstrate(seefigure10.1).Also,with such a backing it is well
controlled howtheDC heatis lead awaywhenmeasurementsare madewithout
liquid, andit is leadawaythesamewayfor measurementswithandwithoutliquid.

Thecopperbackingis clampedto thecryostate,andthetemperatureof thecopper
backingis thecryostatetemperature(Tk, cf. chapter9). In this way the average
temperatureof the liquid is thesamethroughall the liquid, andthis methodis a
non–gradient–method.If thereis air betweenthe liquid andthe cryostate(there
could be vacuum)of courseheatcandiffusethroughthat to thecryostate.Also
therewill be radiationof heat. But, if the conductionof heatthroughthe glass
substrateis muchlarger, thenthesecontributionsarenegligible. The conditions
neededto fulfilled this is discussedin section10.2.

1Thegroupvelocity (vg) of a longitudinalwave is givenby: vg ÀÁ� Yo � ρ, whereYo andρ are
Young’s modulusandthe density, respectively [Nordling andÖsterman,1996,p. 224]. Yo Â G
(whereG is theshearmodulus)[Nordling andÖsterman,1996,p. 153] andis typical 109Pa near
Tg. With ρ around103kgm¼ 3 the velocity becomesvg

º 103ms¼ 1, andthus, the wavelengthis
around1m at1kHzand1km at 1Hz.
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10.2 Maximum thicknessof the glasssubstrate

If theheaterwasa half sphericalshellandthesurroundingtemperaturebathalso
wasspherical,then it waseasyto computeZTair . Letting the radius(R) to the
temperaturebathbe of the orderof the smallestdistancefrom the heaterto the
cryostate,andsettingtheradiusof theheaterequalto thelength(L) of theheater,
and estimatingZTair this way, underestimatesZTair (especiallyif W Ã L, and
thusthe estimateis conservative, sincethe demandis that ZTair mustbe large).
Integratingfrom L to R yields:

ZTair a 2
κL4π � R

L

1
r � 2dr � e 2

κair4π
� 1

L
o 1

R � a 1
κair2πL

, if L � Rk (10.3)

whereκair is the thermalconductivity of air (κair a 0 | 026Wmi 1K i 1 at 292K
[Nordling andÖsterman,1996,p. 36-37]), andthe number2 (after the first a )
comesfrom thefactthatonly half asphereis used.In themeasurementsreported
heretherelevantnumbersare:R a 1 � 10i 2m, L e 3 � 10i 3m, andequation10.3
gives:ZTair a 2 � 103KW i 1.

ZT  DC is givenby:

ZT  DC e lS
AκS

e lS
L2κS

k
wherelS is thethicknessof theglasssubstrate,A theareaof theheater, andκS the
thermalconductivity of thesubstrate.ThusthedemandZT  DC � ZTair � 1 canbe
writtenas:

ZT  DC

ZTair
e κair2πlS

LκS
a lS

6L
� 1 k (10.4)

wherethetablevaluefor κglass(givenonpage43) is usedfor κS, andthevaluefor
κair (givenabove) is used. As mentionedZTair is probablyunderestimatedand
the � in equation10.4canbetakensomewhatloosely.

Equation10.4 givesa roughestimateof the upperlimit of the thicknessof the
glasssubstrate(lS), for agivenheaterlength

c
L d .

Radiationof heathasnot beenconsidered,since,as is shown below, the ther-
mal impedancerelatedto theradiationof heat

c
ZTrad d is largecomparedto ZTair .

According to Stefan–Boltzmannformula for a black body: ∂P
∂A e σT4, where

σ e 5 | 6705 � 10i 8Wmi 2K i 4, P is the power throughthe area(A e L2), andT
is thetemperatureof thebody(for a nonblackbodytheright handsidemustbe
multiplied with the emissivity, but this is neglectedhere). The net heatcurrent
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ITrad d from theheaterto thesurroundings,dueto radiationof heat,is givenby

thedifferencebetweentheradiationfrom theheaterto thecryostate
c
P
c
TpmdAd and

theradiationcomingfrom thecryostateto theheater
c
P
c
Tk dAd :

ITrad e P
c
Ttmd o P

c
Tk da AσT4

pm o c AσT4
pm b Aσ4T3

pm
c
Tk o TpmdAd�

ZTrad e Tpm o Tk

ITrad
a 1

L2σ4T3
pm

k
(whereP

c
Tk d is Taylor expandedaroundTpm).

Fromthis andequation10.3it is seenthat:

ZTair

ZTrad
e L2σT3

pm

κairπ
a 20mi 1L , for Tpm e 250K

Thus,if L is lessthana few cm it is reasonableto neglect the heatflow coming
from radiationof heat.

10.3 Minimum thicknessof the glasssubstrate

Now, theminimumthicknessof thesubstratewill beconsidered.At highfrequen-
cies(Ω large)theglasssubstratecanbeconsideredinfinitely thick (LD

c
Ω d � lS).

But, at somefrequency (comingfrom high to low frequencies)thethermalwaves
travelssofarthatthecopperbehindtheglasssubstratebecomesimportant.At low
frequencies(whenLD

c
Ω d$¯ lS) theglasssubstrateis not important,and(almost)

all the heatwill flow into the copperbackingandnoneinto the liquid, andthe
resolutionof theexperimentwill belost. Therefore, theminimumthicknessof the
glasssubstrateis setby thelower frequencylimit of theexperiment.

With liquid ontheheaterthetotaladmittance
c
ỸLSd is measured:̃YLS e ỸL b ỸS (cf.

equation7.22).

It is desirablethatthethermaladmittanceof thesubstrate
c
ỸSd is assmallaspos-

siblecomparedto thethermaladmittanceof theliquid
c
ỸL d , sothatasmuchof the

signalaspossibleis dueto theliquid. For thethicknessof theglasssubstrate(or
the liquid layer) the two limiting casesarethermalthick or thermalthin, that is,
eitherit is thick or thin comparedto thediffusionlength(seeequation7.1):

Thermalthin: lx � � κx

Ωmaxcx
e LD   x (10.5)

Thermalthick: lx ¯ � κx

Ωmincx
e LD   x (10.6)
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wheresubscriptx indicateseithersubstrate(S) or liquid (L), andΩmin andΩmax

are the minimum andmaximumcyclic frequency of the heatcurrentin the ex-
periment.Thus,themaximumthicknessof the liquid layer is givenby equation
10.5, if the layer canbe consideredthermalthin, andthe minimum thicknessof
thelayerby equation10.6,if thelayercanbeconsideredthermalthick.

Here, it will be assumedthat the one–dimensionaldiffusion modelcanbe used
(andfor simplicity of notationthatcx andκx arereal). If the thermaladmittance
in thethermalthick caseis designated̃Ythick, then(from equation7.5):

Ỹthick e A ª iΩcxκx (10.7)

In the thermalthin casethe thermaladmittance(Ỹthin) is different for the liquid
andtheglass,sincetheglassis just a thermalconductorbetweentheheaterand
thecopperbacking(it is at isothermalconditionsattheendof thediffusionchain),
while theliquid functionsasacapacitor(it is at adiabaticconditionsat theendof
thediffusionchain).Thus:

Ythin   S e AκS

lS
k

Ỹthin   L e iΩCLAlL

From this and equation10.7 all the possiblecombinationsof thermalthin and
thick liquid layer andglasssubstratecanbe obtained. This is shown in figure
10.2.

Liquid thermalthick Liquid thermalthin
A B

Substratethermalthick rA � ỸL
ỸS
eJÄ cLκL

cSκS
rB � ỸL

ỸS
e Ä iΩc2

L
cSκS

lL

C D

Substratethermalthin rC � ỸL
YS eZÅ iΩcLκL

κS
lS rD � ỸL

YS e iΩcL
κS

lLlS

Figure 10.2 ỸL Æ ỸS in the thermal thin and thick cases.

As canbeseenfrom theequationsin figure10.2,not surprisingly, only in caseA
(whereboththe liquid layerandglassarethermalthick) is ỸL � ỸS independentof



10.4 Relation betweenΩmin andW 65

both lL andlS. More interestingis thefactthatin thetreeothercasesis ỸL � ỸS ∝ lx
whenx is thermalthin. Thus,it seemsthat thebestresultfor the treecasesis to
make lx aslargeaspossible.Of courselx canasamaximumattainthevaluegiven
by equation10.5.

Calculatingtheratiosof rB, rC andrD with respectto rA andcombiningwith the
criteriagivenby equation10.5gives:

rB

rA
e � i

lL
LD   L , equation10.5for x e L §

���� rB

rA

���� � 1

rC

rA
e � i

lS
LD   S, equation10.5for x e S §

���� rC

rA

���� � 1

rD

rA
e i

lLlS
LD   LLD   S, equation10.5for x e L k S §

���� rD

rA

���� � 1

This clearly illustratesthat thereis no hopethatỸL � ỸS will be larger in caseB,C
or D thanin caseA. Therefore, theoptimumis to havebotha thermalthick liquid
layer anda thermalthick substrate.

Thus,in orderto settheminimumthicknessof theglasssubstrateandliquid layer,
the lowestcyclic frequency of theheatcurrent(Ωmin), usedin theexperimentis
neededto insertin equation10.6.

10.4 Relation betweenΩmin and W

Ωmin (usingequation10.6) is neededto set the minimum thicknessof the glass
substrateandliquid layer, andL is neededto setthe maximumthicknessof the
glasssubstrate(usingequation10.4).

However Ωmin andW arenot independent,andif W is not very differentfrom L,
thenΩmin andL arenot independent.

As mentioned,evenif afirst orderapproximationcanbemadeandtheedgeeffects
canbe taken into account,this approximationwill not hold down to frequencies
whereLD becomessignificantly larger thanW. The problemof the edgeeffect
will bediscussedin moredetail in chapter12, andit turnsout that if sucha first
orderapproximationsmustbeused,thena reasonableminimumrequirementis:

LD  max e � κS

ΩmincS
e 1

3
Wk (10.8)

whereLD  max is the maximumdiffusion lengthobtainedin the experiment,and
thethermalparametersfor thesubstratecanbeused,sincethediffusionlengthin
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theglasssubstrateis usuallylongerthanin the liquid (e.g. tablevaluesfor glyc-
erol are: κglys e 0 | 285Wmi 1K i 1, cp   glys e 3 | 024 � 106Jmi 3K i 1 aroundroom
temperature[Nordling andÖsterman,1996,p. 36-37]).

Now, givensomewidth (W) of theheater, Ωmin canbecalculated,which thensets
theminimumthicknessof theglasssubstrate(lS). Thecombinationof equations
10.8and10.6yields:

1
3
W � lS

Giventhis andequation10| 4:

1
3
W � lS � 6L (10.9)

(Rememberingthatthesecond� canbetakensomewhatloosely).

Fromfigure9.1 it is seenthatthedimensionsof themeasuringcell obey equation
10.9.Thethicknessof theglass

c
lS e 6mmd andW e L e 3mmd .



11 Propertiesof the thin films

In designingtheplanarheaterexperimentonemustconsiderwhatpropertiesthe
heatermustpossessandhow it canbe fabricated.In this chaptersomepossible
materialsfor thethin film heaterandelectrodeswill bediscussed.Also theprob-
lem of how to getgoodelectricalcontactto theelectrodeswill be discussed.In
laterchapters(chapter13 andchapter14) it will bedescribedhow thefilms can
befabricatedusinganelectronbeamevaporationchamber.

11.1 Optimal properties

Beforelookingat whatmaterialsshouldbechosenit is usefulto list whatproper-
tiesareoptimal,if thereareno limitationson whatcanactuallybefabricated.

TheresistanceRpm of theheatershouldhaveasuitablesize,sincethis is measured
in theexperiment.It is bothdifficult to accuratelymeasureaveryhighandavery
low resistance.If it is too low, the resistanceof theconnectingwiresandof the
electrodeswill interfere. If it is too high, it will requirea large voltageto drive
a reasonablecurrentthroughit and,sincea giveneffect mustbe releasedin the
heater, ahigh resistancerequiresahighvoltage.

It is of coursenot possibleto setanexact lower limit for Rpm, but the resistance
of theconnectingwires is probablybelow 1Ω (a copperwire of diameter0 | 1mm
hasa length specificresistanceof a 2Ωmi 1, sincethe resistivity of copperisa 1 | 67 � 10i 8Ωm [Nordling andÖsterman,1996,p. 46]). If this mustbe low
comparedto Rpm, thenit will bereasonableto requirethat100Ω ½ Rpm.

The maximumdesiredvalue (Rpm MAX) is set by the maximumvoltageavail-
able and the requiredeffect that must be releasedin the film, which is set by
the minimum requiredtemperatureamplitude(TA  MIN). The maximumvoltage
available in the setupdescribedin this report is 10V. The maximumvoltage
acrosstheheater

c
Vout  MAX d will thenbe a 5V, sincetheheateris in serieswith

a temperature–independentresistor(Rf , seefigure6.1,page26) with similar re-
sistance(in section6.1 it was shown that thereare good reasonsto chosethe

67
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resistanceof Rf a Rpm). The temperatureamplitude(TA) of the temperatureos-
cillationsis givenby equation5.4. If it is assumedthat thethermalimpedanceis
given by equation7.5, thenthe requiredeffect

c
Itmd canbe calculated.For this

roughestimateit is assumedthat the thermalimpedanceof thesubstrateandthe
liquid areof similar size,andthus,themeasuredthermalimpedancewith liquid
on the heaterwill be 1� 2 the valueof the thermalimpedanceof the glass(see
equation7.22).ThusARpm MAX is givenby:

ARpm MAX e ����� V2
out  MAX

2TA  MIN � iΩMAXcSκS

����� e V2
out  MAX

2TA  MIN � ΩMAXcSκS

If the tablevaluesfor glassgiven on page43 areusedfor cS andκS, the maxi-
mumcyclic frequency (ΩMAX) is setto 1000si 1, anda temperatureamplitudeof
minimum20mK is needed,thenARpm MAX a 1 | 4 � 10i 2Ωm2. In theexperiments
reportedin this report, the areaof the heateris A e 9 � 10i 6m2, therefore,it is
reasonableto requireRpm ½ 1kΩ.

Sincethe temperatureis measuredby measuringRp, anotherimportantproperty
of the heateris the temperaturecoefficient (α � c

1� Rp d c dR� dT d , cf. equation
6.26,page33). Thelarger

�
α
�
, thebettertemperatureresolution.Thiscanbeseen

from equation6.17(page30),wherethe3ω signalis proportionalto α. Therefore,
thegoalis to haveashigha

�
α
�
aspossible.

For the electrodesit mustbe requiredthat Relec² � Rpm, whereRelec² is the re-
sistanceof theelectrodes.If this is not so,anappreciableamountof heatwill be
releasedin theelectrodes,andfurther, thevoltageatoneendof theheaterwill dif-
fer from thevoltageattheotherend,andtheheatwill notbeuniformly distributed
acrosstheheater(seefigure11.1).

Also, sincetheheatmustbedistributeduniformly acrosstheheater, it is important
that thereis no holesin thefilm andthat it hasa uniform thickness.Oneway to
quantifythis is to requirethatit is uniformon thelengthscalesetby thediffusion
length(LD a 2 � 10i 5m, if Ω e 1000si 1, andthevaluesfor theheatcapacityand
thermalconductivity of glassgivenonpage43is used,cf. equation7.1).Also, the
temperaturevariationsacrosstheheaterdueto anonuniformheatermustbesmall
comparedto TA (thetemperaturevariationsacrosstheheatermustbesosmallthat
the relaxationtime of the liquid doesnot changeacrossthe heater(within the
resolutionof theexperiment)).Ultimately to checkthis,thetemperaturevariation
acrossthe heatershouldbe measured.This could probablybe doneusing IR
photography(see[Mailly et al., 2001,p. 34]).

In connectionwith this it is worth to considerwhetherthe averagevalueof the
resistanceof theheater

c
Rpm eÈÇ RÉ d , thatis measured,correspondsto theaverage
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Figure 11.1 If theelectrodeshave a high resistance,thenthevoltagebetweenpointsA
andB will differ from thevoltagebetweenC andD.

temperatureacrossthe heateralso,if thereis a temperaturedifferencefrom one
endof the heaterto the other. If the heateris slightly warmerat the left sidein
figure11.1(at thepointsA andC) thanat the right side(at thepointsB andD),
thenit canbe consideredasa serialconnectionof resistors

c
Rn d . Thuswhat is

measuredis the averagevalueof sucha seriesconnection: Ç RÉ eÊÇ ∑n
c
Rn d É . If

Rn e Rn0 b ∆Rn, whereRn0 is theaveragevalueand∆Rn thedeviation from this
valuethen: Ç RÉ eEË ∑

n

c
Rn0 d:Ì (11.1)

If, on the otherhand,the heateris slightly warmerat the top endin figure 11.1
(at thepointsA andB) thanat thebottom(at thepointsC andD), thenit canbe
consideredasa parallelconnectionof resistors

c
Rn d . Thus,what is measuredis

theaveragevalueof sucha parallelconnection:

1Ç RÉ e Ë 1
R Ì e Ë ∑

n

� 1
Rn0 b ∆Rn � Ì a Ë ∑

n

� 1
Rn0

� 1 o ∆Rn

Rn0 �Í� Ìa 1Ç ∑n
c
Rn0 d É k since:

∆Rn

Rn0
� 1 (11.2)

Equation11.1andequation11.2shows that in bothcasesÇ RÉ$a Ç ∑n
c
Rn0 d É , thus,

theaveragevalueof theresistancecorrespondsin bothcasesto theaveragevalue
of thetemperatureacrosstheheater.

For obviousreasonstheremustbegoodelectricalcontactto theheaterelectrodes



70 Propertiesof the thin films

andbetweentheelectrodesandtheheater. Theoptimalpropertiesof thethin films
aresummarizedin figure11.2.

Resistanceof heater
c
Rpmd 100Ω ½ Rpm ½ 1kΩ

Resistanceof electrodes
c
Relec² d Relec² � Rpm�

α
�

High
Goodelectricalcontact Yes
Homogeneousfilm Yes

Figure 11.2 The optimal properties of the heater and electrodes.

In thefollowing sectionsit will bediscussedif andhow the listedpropertiescan
beobtained.First thepropertiesof theheateritself.

11.2 Heater

In all casesthat I’m awareof, a metalhasbeenusedfor the heater. Nickel (Ni)
is themostwidely used.Probablybecauseit is theelementwith thehighesttem-
peraturecoefficient

c
αNi a 6 | 75 � 10i 3K i 1 [Nordling and Österman,1996, p.

45-47]), andthat it is accessibleandrelatively easyto work with. Also it hasa
relative high resistivity [Menon,1996,p. 5248]at leastcomparedto metalslike
aluminum,silver, andgold (seefigure11.3). I havemadethin films of aluminum
(Al), chromium(Cr), indium(In), gold(Au), nickel (Ni), platinum(Pt),andsilver
(Ag). In all cases,I have measureda lower temperaturecoefficient thanthetable
value(for a exampleof αNi

c
T d , that I have measured,seefigure16.3page119).

Consistentwith this is the valuefor αNi e 3 � 10i 3K i 1 found by Birge et. al.
[Birgeetal., 1997,p. 55], αNi e 1 o 2 � 10i 3K i 1 foundby Beineret. al. [Beiner
et al., 1996,p. 5184]andαNi a 2 � 10i 3K i 1 foundby [Jonssonet al., 2000,p.
48].

The fact that α is lower in the thin film thanin the bulk is probablydueto de-
fectsin thethin film. Thesedefectscanlower α in two ways. Firstly, thereason
why the resistancebecomeshigherwith temperature,canroughly be explained
by the fact that the thermalvibrationsof the metal lattice becomeslarger asthe
temperatureis raised.Thus,thefreeelectronswill bumpinto thelatticemolecules
moreoftenat highertemperatures.Defectsin the latticewill alsoraisetheresis-
tance,but sincethesedefectsarepresentat all temperatures(aslong asthey are
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Element Resistivity z 10i 8Ωm{ α z 10i 3K i 1 {
Al 2.65 4.29
Cr 13 3
In 8.37 5.1
Au 2.35 3.98
Ni 6.84 6.75
Pt 10.6 3.92
Ag 1.59 4.10

Figure 11.3 Resistivity and temperature coefficient of selected
elements. [Nordling and Österman, 1996, p. 45-47]

not annealedaway), thepartof theresistancecomingfrom thesedefectswill not
be temperature–dependent.Of coursethe presenceof moreor lessdefectswill
not affect dRÎ dT, but sinceα ÏJÐ 1Î Rp Ñ Ð dRÎ dT Ñ it will affect α. Secondly, it is
possiblethat the defectsin the film areof a naturethat make themwork like a
semiconductor. That is, the numberof currentcarryingelectronsare thermally
activated. Thusthe resistancewill drop asthe temperatureis raised(α is nega-
tive). Of course,if this effect is present,thenegative α of thedefectswill partly
or totally suppressthepositive α of thebulk. Thereis no doubtthataneffect of
negative α canbe presentin a very thin film. I have madenickel films with a
resistanceof 7 Ò 10kΩ persquareanda(smallbut) negativeα. To my experience,
α comescloserto the tablevalue,the thicker the film. Also, if the thin film is
annealed(e.g. at 100Ó C for severalhours)α getscloserto thetablevalue,which
canbeattributedto theannealingawayof defects.For somemetals,likenickel, it
is problematicto annealin air atmosphere,sincethey will oxidize. Thusanneal-
ing thefilm maybecomplicated.I donothaveenoughexperienceandknowledge
aboutannealingto giveguidelineson how to reachthebestresult(andhow good
that will be). Though,I have tried to annealthin films undervacuum(not very
high vacuum,only around0 Ô 1mbar Õ 10Pa), but still oxidationof Ni took place
andruinedthefilm. Probablyannealingin a protectingatmosphere(e.g. argon)
will givebetterresults.This I havenoexperiencewith.

Eventhoughnickel hasarelatively highresistanceit is ametal,andit is notpossi-
ble to makethin films with areasonableα andahighresistance(persquare)at the
sametime: thethinnerfilm, thehigherresistance,but lowerα. Thisproblemcan,
to my experienceandknowledge,notbeovercomeby choosinganothermetal(but
maybe,at leastpartly, overcomeif thefilm is annealed.To my knowledgenonof
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theexperimentalistsusingmetalfilms andthe3ω detectiontechniqueannealtheir
films.).

Birgeet. al. useheaterswith a resistanceof approximately2 Ô 5Ω persquareand
a film thicknessof approximately30 Ò 40nm [Birge et al., 1997,p. 57] (andas
mentionedαNi Õ 3 Ö 10× 3K × 1 [Birgeet al., 1997,p. 55]). By makingtheir film
rectangularthey have heatersof approximately10Ω, 20Ω and40Ω [Birgeet al.,
1997,p. 57], [Menon,1996,p. 5249].

In order to get heaterswith betterpropertiesI have madeheatersof carbon1.
The resistanceof the carbonthin films vary with temperatureas it doesfor a
semiconductor(seeequation6.22). They have a negative temperaturecoefficientÐ αC Ñ , andthey have two advantagesover metalheaters.Firstly, ØαC ØÚÙJØαNi Ø (at
leastat temperatureslower that 300K). αC is typical between Ò 3 Ö 10× 3K × 1

and Ò 6 Ö 10× 3K × 1 in the temperatureinterval Û 300K Ü 180K Ý for a heaterwith
resistanceÞ 500Ω per squareat room temperature(for a heaterwith resistanceÞ 1 Ô 5kΩ per squareat room temperature,αC is typical betweenÒ 6 Ö 10× 3K × 1

and Ò 10 Ö 10× 3K × 1). (For anexampleof αC Ð T Ñ , thatI havemeasured,seefigure
16.3page119).Secondly, it is possibleto makecarbonfilms with resistancesin a
largeinterval. By varyingthethicknessI havemadecarbonfilms with resistances
between100Ω and500kΩ persquare.Thus,it is possibleto fabricatea film with
a resistancein thedesiredinterval ÐAÛ 100Ω Ü 1kΩ Ý Ñ withoutmakingit very longand
thin.

For acarbonfilm with resistanceÞ 500Ω persquare(at roomtemperature)I have
measuredthethicknessto 30nm ß 15%(measuredwith asimpleinterferometer2).
This is in agreementwith thetablevalueof 1 Ô 3 Ö 10× 5Ωmat300K [Nordling and
Österman,1996,p. 45] for theresistivity of carbon,graphite.

A possibleproblemwith the carbon(or metal) thin film heatersis whetheror
not the heatis distributedhomogeneouslyacrossthe heater. Of coursethe best
way to checkthis is to measurethe temperatureprofile acrossthe heater. As
mentioned(page68) it maybepossibleto dothiswith IR photography. I havenot
hadthe possibility (time andequipment)to do this, andI cannot quantify how
homogeneousthethin films are. This is somethingthatoughtto beelookedinto
morecarefully.

1I got this ideaalmostby accident.I haddeals(wherethe metal to be evaporatedis placed)
in theelectronbeamevaporationchambermadeof carbon,andfound,thata smallamountof the
dealmaterialalsoendedup on thesubstrate.Thatdiscovery led to experimentswith no metalsin
thedeals,andfinally to thethin carbonfilms. For more“historical” detailsseechapter2.

2A Å-ScopeInterferometer, modelnr. 980-4020from ÅngstromTechnology, California.
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11.3 Electrodes

Making goodelectrodesis not difficult. Gold is a goodcandidate,sinceit hasa
low resistivity, caneasilybe evaporated,is easyaccessible,anddo not oxidize.
Birgeet. al. usesgold electrodeswith a resistanceof about2 Ò 5% of theheater
resistanceanda thicknessof approximately200nm [Birgeet al., 1997,p. 55-56],
[Menon,1996,p. 5248]. I have alsousedgold electrodesbut madethemthicker
(probablyaround500nm). The electrodesI have madehave a resistanceof less
that 0 Ô 1Ω (lessthan0 Ô 05Ω per square).Thussincethe resistanceof the carbon
heatersI haveusedis morethan100Ω, thenRp Î RelecàÚá 0 Ô 1%.

11.4 Connectingwir esto the electrodes

First I tried usingsilverepoxy3 to connectwiresto thegoldelectrodes,but it was
difficult gettinggooddurableelectricalcontactthis way. Birge et. al. seemsto
sharethisexperience,andhaveat leastin thelaterversionsof theexperimentused
standard60Sn40Pbsolder4 [Birgeetal., 1997,p. 56], [Menon,1996,p. 5248].

Unfortunatelyit is not possibleto solderthin gold films with 60Sn40Pbsolder
[AWS, 1978,p. 107-108],[Beiser,1954,p. 180-183],[Indium, n.d.]. The gold
dissolvesvery quickly into thesolder[AWS, 1978,p. 107-108]. If oneis quick
with thesolderingion (I havetried thismyself)it maybepossibleto solderawire
on to a gold threadof 1mm in diameter(or thicker) with 60Sn40Pbsolder, but
eventhenit is easyto seethata lot of thegold is dissolved. Solderingon a gold
film lessthat1µmthick with thissolderis impossible.My guessis that,thereason
Birge et. al. hassuccesswith a 60Sn40Pbsolderis that they probablyhave Ni
underneaththegold thin film (Ni canbesolderedwith 60Sn40Pbsolder[Indium,
n.d.]). If this is thecase,it canlook asif they havesolderedonthegold,but really
the gold is dissolved into the solderand the connectionis madeto the Ni film
underneath.

Fortunatelyit is possibleto solderon gold with indium (In) basedsolders.I have
obtainedvery good resultswith a 80In15Pb5Agsolder(from a solderkit from
Indium Corporationof America[Indium, n.d.], with a melting point of 154Ó C).
Otheralloys shouldwork aswell, suchas53Sn29Pb17In0Ô 5Zn, 95In5Bi [AWS,

3I usedthetwo component“Eccobond57C” from GraceN.V., Nijverheidsstraat7, 2260West-
erlo Belgium.

460Sn40Pbsolder(sometimesjust written 60-40or 60â 40) meansthat it is madeof 60%tin
(Sn)and40%lead(Pb).
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1978,p. 108], andotherIn basedsolderswithout Sn [Indium, n.d.]. For opera-
tion temperaturesabove125Ó C solderslike 80Au20Snor 88Au12Gecanbeused
[Indium, n.d.].

The wires I have solderedon to the gold electrodesaremadeof copper, with a
diameterof 0 Ô 1mm, andcoveredwith lacquerfor electricalisolation(the lacquer
is removedbeforesoldering.For detailsseebelow).

11.4.1 Detailson the soldering procedure

ãä
6mm glass 

6mm glass 

6mm glass substrate

0.1 mm copper wire

Soldering iron

Solder

Flux

Gold electrode

Figure11.4 The0 å 1mmthick wire is heldin placeby thetwo 6mmthick glassplates.

Below theexactsolderingprocedurethat I have usedis described.Not that it is
difficult, but if anyoneneedsto do the same,I think that this descriptioncanbe
helpful: it is easyandit worksevery time.

After cutting the wire in suitablelength, the lacqueris removed from the ends
wherethe wireshave to be soldered.This canbe doneby heatingthe soldering
ion to themaximumtemperature( Þ 450Ó C) andusea 62Sn36Pb2Agsolder(the
solderI useis from Farnell, ordercode:419540).Of coursea small amountof
this solderwill thenbeon thewire, but it is a very smallamount,andit doesnot
damagethefinal result.I havechosenthe62Sn36Pb2Agsolderbecauseit is more
“friendly” to gold thanthe60Sn40Pbsolder, it waseasyto getholdof, andit was
inexpensive. Thereasonthat I do not simply usethe80In15Pb5Agsolderis that
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it containsno flux. Of coursethe lacquercanalsobe removed with a knife or
similar, but I foundtheothermethodmucheasier.

Thewire is thenplacedon thegoldfilm (seefigure11.4)anda smalldropof flux
is addedon top of thewire, wherethe lacquerhasbeenremoved. I usetheflux
# 5R from Indium. A small amountof 80In15Pb5Agis placedon the tip of the
solderingiron, thatis now Þ 210Ó C. Thetip with solderis then“dipped” into the
flux on top of thewire for Þ 1s.
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12 Edgeeffects

As mentioned(e.g. page59), the one–dimensionaldiffusion model doesonly
hold aslong asedgeeffectscanbeneglected,that is, aslong asLD æ W, where
W is thewidth of theheater. JonssonandAndersson[1998]havemadenumerical
calculations(finite elementmodeling)for a heaterwith W æ L, whereL is the
length of the heater. Thesecalculationsshow that LD must be smallerthan Þ
0 Ô 024W in orderto keeptheerrorresultingfrom usingtheone–dimensionalmodel
below 1% [JonssonandAndersson,1998,p. 1880].

Thus, for a given heaterthe one–dimensionalmodelwill breakdown whenthe
frequency becomessufficiently low (andthis lower frequency limit for theone–
dimensionalmodelis surprisinglyhigh). But it is actuallypossibleto calculatethe
contributionfrom theedgeeffects,andin mostof thepublisheddatathathasbeen
measuredusinga planarheaterandthe 3ω detectiontechniquesomecorrection
for theedgeeffecthasbeenmade.

Considera heaterwith W æ L. For sucha heaterwithout liquid the following
expressionis given[Cahill, 1990,p. 803], [Baeetal.,1993,p. 138], [Moon etal.,
1996,p. 30], [Koruset al., 1997A,p. 104]:

Z̃S Õ 1

ỸS
Õ 4

πκ̃SLW2 ç ∞

0

sin2 Ð 12WuÑ
u2 è u2 é q̃2

du Ü for W æ L Ü q̃ Õ iΩc̃S

κ̃S
Ü (12.1)

whereZ̃S is themeasuredthermalimpedanceof theinfinitely thick substrate,and
κ̃S andc̃S is for thesubstrate.

Equation12.1 reducesto the one–dimensionalexpression(Z̃S Õ Z̃tot , given by
equation7.5) in thelimit Ω ê ∞, thatis q̃ ê ∞, asexpected:1

Z̃S Þ 4
πκ̃SLW2q̃ ç ∞

0

sin2 Ð 12WuÑ
u2 du Ü for q̃ ê ∞Õ 1

A ë iΩc̃Sκ̃S

1 ì ∞
0

sin2 í pxî
x2 dx ï pπ

2 [Spiegel,1995,p. 96].
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whereLW Õ A is theareaof theheater.

(Equation12.1 is the result of regarding the heateras a superpositionof line
sources.Theresultfor theline sourceis integratedover thewidth of theheater.)

Equation12.1is for theheaterwithout liquid. In orderto treatthedatameasured
with liquid a simpleadditionhypothesisis assumed.This additionhypothesisis
only valid if theheatdiffusion is one–dimensional(or the thermalparametersof
the liquid andsubstrateareequal). I will return to this point at the endof this
section.

Fortunatelymy supervisorTageChristensenhasbeenableto solve the problem
moregenerally2 [Behrenset al., n.d.]:

Z̃LS Õ 1

ỸLS
Õ 4

πLW2 ç ∞

0

sin2 Ð 12WuÑ
u2 ð κ̃S ñ u2 é q̃2

S
é κ̃L ñ u2 é q̃2

L ò du Ü for W æ L Ü (12.2)

(subscriptSandL is shortfor substrateandliquid, respectively). As canbeseen
equation12.2reducesto equation12.1if κ̃L Õ 0, which correspondsto theheater
without liquid, asexpected.

Also, theproblemfor a heater, whereW æ L doesnot hold, hasbeensolvedby
TageChristensen[Behrenset al., n.d.]:

Z̃LS Õ 1
π2A2 ç ∞

0 ç ∞

0

sin2 Ð 12WuÑ sin2 Ð 12LvÑ
u2v2 ð κ̃S ñ u2 é v2 é q̃2

S
é κ̃L ñ u2 é v2 é q̃2

L ò dudvÜ (12.3)

In principle equations12.2and12.3canbe usedin the dataanalysis,but it will
requireafitting routineincludingnumericalevaluationsof theintegrals.Theeval-
uationof thedoubleintegral in equation12.3canbevery timeconsuming.It will
beshown in section12.2thatequation12.3mightberewrittensothattherepeated
evaluationof thedoubleintegral(e.g.in afitting routine)canbespeededupsignif-
icantly. In somecases,though,it will beconvenientto haveanapproximationthat
canbeused.For thesubstratealone(i.e. κL Õ 0 in equation12.3)the following
expansioncanbeused[Behrenset al., n.d.]:

Z̃S Þ 1

A ë iΩκ̃Sc̃S ó 1 Ò 2
π ô D̃S

iΩ
ð 1

L
é 1

W òöõ Ü for LD á 1
3
W (12.4)

If W æ L, thenthe term Ð 1Î L Ñ canbe ignored. In chapter16 it will be shown
thatequation12.4breakdown at low frequencies.If thedeviationsfrom equation

2Thecalculationsareratherlengthyandcomplicated,andwill not begivenhere.
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12.4mustbe within Þ 1% it canbe useddown to frequenciesaroundwhereLD

becomes1Î 3 of theheaterwidth.

For theheaterwith liquid equation12.3mustbeexpandedandit becomesmore
complicated[Behrenset al., n.d.]:

Z̃LS Þ 1

A ë iΩ ÷øë κ̃Sc̃S
é ë κ̃Lc̃L ù ð 1 Ò 2

π ë iΩ
ð 1

W
é 1

L ò F ò Ü (12.5)

for LD á 1
3
W, andwhere:

F Õ�ú è κ̃Sc̃S
é è κ̃Lc̃L ûýü κ̃Sc̃L Ò κ̃Lc̃S

κ̃Lc̃L Ò κ̃Sc̃S

ë κ̃Sκ̃Lè Ð κ̃Lc̃L Ò κ̃Sc̃SÑ Ð κ̃Sc̃L Ò κ̃Lc̃SÑ
ln ó Ð c̃S

é c̃L Ñ ë κ̃Sκ̃L
é è Ð κ̃Lc̃L Ò κ̃Sc̃SÑ Ð κ̃Sc̃L Ò κ̃Lc̃SÑÐ κ̃S

é κ̃L Ñ ë c̃Sc̃L
õé κ̃L Ò κ̃S

κ̃Lc̃L Ò κ̃Sc̃S þ
As mentionedseveralauthorshave usedequation12.1anda simpleadditionhy-
pothesisin orderto treatthemeasureddata.It is assumedthatequation12.1can
beusedbothfor ỸS aswell asfor ỸL, andtheadditionhypothesis:ỸLS Õ ỸL

é ỸS,
correspondingto equation7.22,page45. Of courseif equation12.1is valid for a
substrateit alsovalid if thesubstrateis replacedby a liquid. But, asmentionedin
section7.3,equation7.22is not valid if theheatdiffusionis notone–dimensional
(or the thermalparametersof the liquid andsubstrateareequal)(sinceheatcan
flow acrossthe liquid substrateinterface).Thusthis way of treatingthedataare
not entirelycorrect.As mentionedthis problemis referredto asa boundarymis-
matchin [Moon et al., 1996,p. 31].

Further, disregardingthis boundarymismatchproblem,theexpressionsgiven in
[Birge et al., 1997,p. 60] and[Menon,1996,p. 5251] seemsto be not entirely
correct. Using theadditionhypothesis,equation12.4with W æ L, anddefining
Ỹx ÿ 1d Ï A ë iΩc̃xκ̃x (wherex is eitherSor L):

ỸLS Õ ỸSÿ 1d ó 1 é 2
πW ô D̃S

iΩ õ é ỸL ÿ 1d ó 1 é 2
πW ô D̃L

iΩ õÕ ỸSÿ 1d
é ỸL ÿ 1d

é 2A
πW

Ð κ̃S
é κ̃L ÑÕ Ð ỸSÿ 1d

é ỸL ÿ 1d Ñ ð 1 é 2
π

A
W

κ̃S
é κ̃L

ỸSÿ 1d
é ỸL ÿ 1d

ò
In thecorrespondingequationin [Birgeet al., 1997,p. 60] and[Menon,1996,p.
5251]thefactor2Î π is missing.
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12.1 Data analysis:Approximation

In this sectionthedataanalysisusingtheapproximateequations(12.4and12.5)
will beconsidered.In thenext sectionthedataanalysisusingtheexactexpressions
will beconsidered.

To analyzethedatameasuredwithout liquid equation12.4canbe used.For the
substrateκS andcS is expectedto befrequency–independent.Thus,equation12.4
gives:

Z̃SA ë iΩ Þ 1ë κScS ó 1 Ò ë 2 Ð 1 Ò i Ñ
π ë Ω

ð 1
L
é 1

W ò ô κS

cS
õ� ���� RE � Z̃SA ë iΩ � Þ 1�

κScS
ú 1 Ò �

2
π
�

Ω
÷ 1

L
é 1

W ù ñ κS
cS
û

IM � Z̃SA ë iΩ � Þ �
2

π
�

Ω
÷ 1
L
é 1

W ù 1
cS

(12.6)

From equation12.6 it is seenthat, if the real andimaginarypart of Z̃SA ë iΩ is
plottedasfunctionof

�
2

π
�

Ω
÷ 1

L
é 1

W ù , thenfor the realpart the intersectionon the

ordinateaxiswill beonedividedwith theeffusivity (1Î eS Õ�Ð κScSÑ × 1� 2) andthe
slope Ò 1Î cS, while for theimaginaryparttheslopewill be1Î cS andit will point
towards Ð 0 Ü 0Ñ (whenΩ ê ∞). Thus from sucha plot κS andcS canbe found.
Furthermore,theplot canbeusedto evaluatewhereequation12.4breaksdown,
namelywheredeviationsfrom straightlinesis seen.

Note that whentheseedgeeffectsbecomeimportantandaretaken into account
not just theeffusivity canbefound(asis thecaseif theone–dimensionalmodelis
adequate),but theheatcapacityandthermalconductivity canbefoundseparately.
At first glancethis seemsasanadvantage,but dependingon experimentaluncer-
taintiesthe separationof heatcapacityandthermalconductivity may be subject
to largeerrors.This is not surprising,sincetheseparationof thetwo is basedon
equations(12.4 and12.5) that take deviations from the onedimensionalmodel
into account. At high frequenciesthesedeviationsaresmall and the equations
breakdown whenthedeviationsbecomeslarge(this will beshown for realmea-
surementsin chapter16).

For the analysisof datameasuredwith liquid it is interestingto look at Z̃LSÎ Z̃S.
Fromequations6.18and6.19it follow thatif themeasurementswith andwithout
liquid aremadeunderthesamecircumstancesthen:

Z̃LS

Z̃S
Õ Ṽ3c ÿ LS

Ṽ3c ÿ S Ï Ṽ3c ÿ rel (12.7)
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Usingthis andequations12.4and12.5:3

V3c ÿ rel Þ 1

1 é ë κ̃c̃
ð 1 Ò 2

π ë iΩ
ð 1

W
é 1

L ò ú F Ò è D̃Sû ò Ü (12.8)

whereκ̃ Ï κ̃L

κ̃S
Ü c̃ Ï c̃L

c̃S

If κL canbe found in the literatureandκS andcS are found asdescribed,then
equation12.8canbeusedto find c̃L. SincecL cannotbeisolatedin equation12.8
this mustbedonewith afitting routine.4

12.2 Data analysis: Integral

As mentionedtherepeatedevaluationof thedoubleintegral (equation12.3) in a
fitting routinemight bevery timeconsuming.

If the heateris squarethenW Õ L. Setting1Î 2W equalto 1 (which just corre-
spondsto measurelengthin unitsof 1Î 2W in steadof meters)equation12.3can
berewritten:

Z̃LS Ï 1
A

W
2

1
κ̃S

Z̃n Õ 1
2Wκ̃S

Z̃n, where: (12.9)

Z̃n Õ ð 2
π ò 2 ç ∞

0 ç ∞

0

sin2 Ð uÑ sin2 Ð vÑ dudv

u2v2 ð ñ u2 é v2 é ξ̃S
é ñ κ̃2 Ð u2 é v2 Ñ é κ̃c̃ξ̃Sò Ü (12.10)

ξ̃S Ï iΩ
Ω̃S

Ü
Ω̃S Ï κ̃S

c̃S Ð 12W Ñ 2 Õ 4κ̃S

c̃SA
, and(asabove): κ̃ Ï κ̃L

κ̃S
Ü c̃ Ï c̃L

c̃S

1Î κ̃S is takenoutsidetheintegralandreappearsin equation12.9makingZn with-
out dimension.ThefactorW Î 2 convertsbackfrom measuringlengthin termsof
1Î 2W to meters.

3And usingtheexpansion:

1 	 ε1

1 	 ε2 
 1 	 ε1 � ε2, for ε1 � ε2  1

4I haveusedMatlabsfminsearchroutine.
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Equation12.10canberewritten in polarcoordinateswith:

r2 Õ u2 é v2 Ü tanθ Õ v
u

u Õ r cosÐ θ Ñ Ü v Õ r sinÐ θ Ñ Ü
anddudv is givenby thedeterminantof theJacobian(e.g.[Chow, 2000,p. 29]):

dudv Õ������
∂u
∂r

∂v
∂r

∂u
∂θ

∂v
∂θ
����� drdθ Õ ���� cosÐ θ Ñ sinÐ θ ÑÒ r sinÐ θ Ñ r cosÐ θ Ñ ���� drdθ Õ r drdθ

andthus:

Zn Õ ð 2
π ò 2 ç ∞

0 ç π
2

0

sin2 Ð r cosθ Ñ sin2 Ð r sinθ Ñ dθdr

r3cos2 Ð θ Ñ sin2 Ð θ Ñ ð ñ r2 é ξ̃S
é ñ κ̃2r2 é κ̃c̃ξ̃Sò Ü�

Zn Õ ð 2
π ò ç ∞

0

g Ð r Ñ dr

r2 ð ñ r2 é ξ̃S
é ñ κ̃2r2 é κ̃c̃ξ̃Sò , where: (12.11)

g Ð r Ñ Ï ð 2
πr ò ç π

2

0

ð sinÐ r cosθ Ñ sinÐ r sinθ Ñ
cosÐ θ Ñ sinÐ θ Ñ ò 2

dθ (12.12)

g Ð r Ñ can be solved numericalfor a large array of r ’s onceand for all. There
after the evaluationof the doubleintegral is reducedto solving a singleintegral
(equation12.11). This canbedonenumerical(on a computer)muchfasterthan
evaluatingthedoubleintegral.

For thesubstratealoneequation12.11canbeusedwith κ̃L Õ 0. Fromsuchdata
κ̃S and c̃S canbe found(detailsaregiven in chapter16) andmeasurementswith
liquid canbeanalyzedin termof Ṽ3c ÿ rel (c.f equation12.7)usingequation12.11
to calculateZ̃LS andZ̃S.

12.3 Numerical tools

Equations12.2/12.4,12.3/12.5,and12.11offers waysto interpretthe dataeven
whenedgeeffectsmustbetakeninto account.But still theseequationsdonotdeal
with the thermo–mechanicalproblemand they do not take the exact geometry
of the setupinto account,e.g. the glasscylinder containingthe liquid and the
electrodesarenotdealtwith.
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It will probablynot bepossibleto take all thesethingsinto accountanalytically.
But, numericaltools exists, that canbe usedto do this. The programFemlabis
sucha tool andit caneasilycommunicatewith Matlab. I have not myself used
thisprogram,but EvaUhre(amasterstudentattheinstitute)andTageChristensen
have usedthis program(e.g. Tagehasusedtheprogramto checkequations12.2
and12.3). It seemsthateventuallyit will beanadvantageto usea programlike
this. It will thenbe possibleto modelthe exactgeometryof the setup,andalso
to take thethermo–mechanicalprobleminto account,thatis, usethefull thermo–
visco–elasticequationsfor thesystem.This is, though,beyondthescopeof this
work.
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Fabrication of the heater
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13 Electron beamevaporation
chamber

The thin films that were usedin the experimentsdescribedin this report were
madein a electronbeamevaporationchamber. Thedealtableandelectronbeam
sourceare“Edwardssix positionelectronbeamsource,E09037000,E09086000”
driven by an “Edwardsebspower supply”. In this chapter, the principlesand
designof thechamberwill bedescribed.In chapter14, theexactprocedureused
to fabricatethefilms will bedescribed.

The basicprinciple of the chamberis very simple. In the chamberthere is a
vacuum( Þ 10× 5mbar). A largepotentialdifference( Þ 4kV) betweena glowing
filamentand the metal to be evaporateddriveselectronsfrom the filament into
themetal1. Themetalis therebyheatedandevaporatesthrougha mask(with the
desiredfilm pattern)ontothesubstrate.

13.1 Inside the chamber

The basicsof the chamberareshown on figure 13.1, the detailsof the filament
surroundingson figure13.2,andthedetailsof thesubstrateandmaskholderon
figure13.3.

Themaskholderis thebottomcopperpartin figure13.3.It is placedon thelarge
roundcopperplate(with diameter270mm) in the chamber(seefigure13.1)and
alignedby threesmall, cone–shapedfeet that fit into holds in the large copper
plate.This way theholein thelargecopperplateis exactly below theholein the
maskholder. The0 Ô 25mmthick brassmasksfit exactly into themaskholder. The
maskto the left (figure13.3) is usedfirst whenthefilm materialis depositedon
the substrate,andthe maskto the right is usedfor making the electrodes.The
masksaremadethin in orderto avoid any shadow effects. On top of themaskis

1Of course,thefilamentis at electrical“-” comparedto themetal,sinceelectronsmove from
“-” to “+”, thoughby definitionaelectricalcurrentrunsfrom “+” to “-”.
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88 Electron beamevaporation chamber

placedthe40mm Ö 40mmcopperblock. This block keepsthemaskin place,and
alignstheglasssubstratethatfit into thehole in themiddleof theblock. Behind
the substrateis placedanothercopperblock. This servestwo purposes.Firstly,
it leadssomeof theheataway from thesubstrate.Secondly, if it is not there,the
substratecanbelifted or simply “blown” awayby thebeamof materialhitting it.

Thechambermustbeopenedin orderto changethemask.Of course,it is possible
to designamaskandsubstrateholderin suchaway thatthemaskcanbechanged
without openingthechamber(e.g. themaskcouldbemovedby a electricmotor,
controlledfrom outsideof thechamber).

~55mm

Hv1

Bolts

Filament seen from top

Hv2

270mm

~70mm
Filament

Electrical ground

High voltage 1

Copper

10mm

High voltage 2Metal e.g. gold

Carbon deal

~20mm

Substrate

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

10mm 10mm 10mm

Figure 13.1 Theprinciplesof theelectronbeamevaporationchamberis simple.There
is a voltagedifferencebetweenthe two endsof the filament labeled“High voltage 1
(Hv1)” and“High voltage 2 (Hv2)”. This voltagedifferencedrivesa currentthrough
the filament,andmakesthe filamentglow. But, still thereis a muchlarger potential
differencebetweenthefilamentasaholeandthedealatelectricalground.Thus,electrons
aredrivenfrom thefilamentinto themetalontopof thedeal.Themetalis therebyheated,
andevaporatesthroughtheholein thelargecopperplate,throughthepatternin themask,
just below thesubstrate,andontothesubstrate.As canbeseenin theinsertto theright,
thefilamenthasa shapesothat it doesnot block theevaporatedmetalon its way to the
substrate.Thefilamentsurroundingsis shown in moredetailon figure13.2.

Thetypeof dealshown onfigure13.1is usedwhenmetalis evaporated.Thedeal
is shown in moredetailon figure13.4(A andB). Thedealis madeof carbonand
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Filament cover

Beam shield

14.5mm

16.0mm

13.5mm
5.5mm

4.0mm

Hv1 Hv2

Filament

Figure 13.2 This figureshows how thefilamentcover andbeamshieldareplacedabove
andbelow thefilament(seenfrom theside). Theouterdiameterof the roundfilament
cover is 53å 0mm, andof thebeamshield50å 0mm. The thicknessof thefilamentcover
material(somealloy) is 1mm, thus,thebeamshieldfixesthefilamentcover in position,
andtherebyensuresthat it doesnot short–circuitthefilament. Thefilamentcover and
beamshieldareontheHv1 potential.Thefilamentis shown in moredetailonfigure13.1.

is concave in the top wherethemetalsource(i.e. themetalto be evaporated)is
placed.

Whenthe carbonfilms aremadeanothertype of dealis used. I have tried with
several typesof dealsandshapesof the carbonsource(that areto be deposited
on thesubstrate).Thetwo mostsuccessfultypesareshown on figure13.4(C and
D). Thecarbonis not really evaporated.It is morea processwherethecarbonis
torn in small pieces.The electronbeam“digs” a hole in thecarbonsource,and
“ejects” thematerialaway from thehole.

To begin with, I usedacarbonsourceliketheoneshown onfigure13.4(C) but flat
at thetop (insteadof thecone).But it wasdifficult to predictwheretheelectron
beamwould start “digging”. Sometimesthe beamhit the carbonsourceon the
side,andmostof thecarbonwas“ejected”out horizontally. Therefore,thecone
shapedtip wasmade,andasa result the beamalmostalwayshits in the center
of the tip (probablybecausethe coneshapedtip focusesthe electric field: the
equipotentialsurfacesarecloserto eachothernearthetip). Theproblemwith this
shapeof thecarbonsourceis thatastheholebecomesdeeperanddeeperlessand
lessmaterialis ejectedoutof theholeperunit time. And soit maybenecessaryto
usetwoor moreof thesecarbonsources,in orderto getthedesiredthicknessof the
carbonfilm. Thisproblemis moreor lesssolvedwith thetypeof sourceshown on
figure13.4(D). Thissourceis sothin Ð 3 Ô 3mmÑ thatin mostcasesthesourcesimply
becomesshorterasthebeamejectsmaterialfrom it. Thus,all thatis neededis to
move it closerto thefilamentduringtheprocess(this is easilydonefrom outside
thechamber).In somecases,theelectronbeammayleaveonesideof this carbon
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Glass substrate
15mm x 15mm

10mm

10mm

or

40mm x 40mm

40mm x 40mm

60mm x 60mm

15mm

15mm x 15mmCopper

Brass

6mm10mm

6mm

Figure 13.3 On theleft sideof this figureis shows a crosssectionof thedifferentparts
of thesubstrateandmaskholder, asseenfrom theside.Ontheright eachpartis shown as
seenfrom thetop. Thesubstrateandmaskholderis designedsothateverythingfit tight
together. This way themasksarealwaysplacedin thesamepositionwith respectto the
substrate,whichof courseis importantwhenthemasksarechanged.

sourcestandingasa thin “wall” only “digging” away half of thesource.In such
a case,the carbonbeammay be asymmetric,andin someinstancesalmostnon
of thecarbonhits thesubstrate,andin othersthefilm is clearlymadewith a non
uniform thickness. Probablya sourcewith a smallerdiameter(maybe2 Ô 5mm)
wouldsolve this minor problem.

13.2 Outside the chamber

In this chamber, thereis room for 6 dealson a table, that can be rotatedfrom
outsidethechamber(seefigure13.5).Thus,changingmaterialto bedepositedon
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14mm
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Carbon source

Carbon deal Carbon deal

Carbon deal
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Seen from the side:

12.4mm
4.6mm
8.5mm
4.5mm

12.0mm
4.6mm

~25mm

Seen from the side:

Seen from the top:

C

3.3mm 8.8mm

D

B

Carbon source

Metal source

9.5mm

25.3mm

12.7mm

A

Figure 13.4 Thedifferenttypesof deals.

thesubstratecanbedonewithout openingthechamber. Thedealtablecanalso
be raisedandloweredfrom outsidethechamber, andthus,thedistancebetween
thedealandfilamentcanbecontrolled.

Besidesthisonly two othervariablesarecontrolledoutsidethechamber:thevolt-
ageacrossthefilament,andthehigh–voltagebetweenthefilamentanddeal.The
high–voltageis monitoredby an analogvoltmeter, andcanbe setby turning a
nobto maximum6kV, but whenthefilamentvoltageis turnedupandthefilament
startsto glow, themaximumhigh–voltageis about5kV. Thefilamentvoltageis
controlledby turninganothernob,but is notmonitored.Insteadthecurrentof the
electronbeamis monitoredby ananalogammeter.

Thepressureis kept low in thechamberby a combinationof a rotarypumpand
a diffusion pump. An EdwardsPirani andan EdwardsPenningmetermonitor
the pressureat the rotary pumpandin the chamber, respectively. The pressures
givenin thisreportaretheonesreadfrom thesemeters.Therotarypumptakesthe
pressuredown to just below 10× 1mbar, andthen,by turninga setof valves,the
diffusionpumpandrotarypumpcanbesetin series(thediffusionpumpclosest



92 Electron beamevaporation chamber

to the chamber),andthe pressurecanbe pumpeddown to somewherebetween
10× 5mbar and10× 6mbar. A cold finger, in the top of the chamber(seefigure
13.5), canbe filled with liquid N2, and the pressurecanusuallycomedown to
10× 6mbaror a bit lower. During thefabricationof thefilms, thepressuremaybe
significantlyhigher(usuallybetween10× 3mbarand10× 5mbar).

Everythingin thechambermustbekeptclean,andnothingshouldbetouchedby
hand(glovesor cleantweezersmustbeused).If I needto usenew copperparts
or similar, I alwaysfirst cleanthemcarefully (e.g. with 2–propanol),and“bake”
themin a vacuumovenat Þ 350Ó C, and Þ 10× 1mbar, for 24 hoursor so,before
putting theminto thechamber. Elseit will take too long beforethepressurecan
beaslow asdesired.For exampleif just onesmall,not well cleaned,copperpart
is placedin the chamber, it may take several weeksbeforethe pressurecanbe
pumpeddown below 10× 5mbar, andonetouchby handcanlengthenthis pump
timewith severaldays.
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Handle to turn, lower and raise deal tablePenning

=Stanles steel

High voltage connections

Rotary pump
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Figure 13.5 Theelectronbeamevaporationchamberandpumpsystem.Valve 1, in the
bottomleft sideof thechamber(next to thepenning),is usedto let air into thechamber,
whenthechamberneedsto beopened.Valve 2 openandclosestheconnectionbetween
thechamberandthediffusionpump.Whenvalve3 is in “back” position,therotarypump
pumpsin theendof thediffusion pump,andwhenit is in “rough” position,it pumps
directlyon thechamber.
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14 Fabrication of the thin films

Thischapterdescribesthefabricationof thecarbonthin films andgoldelectrodes.
It is thereforeprimarily of interestto thosewho wish to fabricatethesametypes
of films. Thecarbonfilms aredepositedfirst andthegoldelectrodesafterwards.

14.1 Preparations

Thedistancebetweenthecarbonsourceandthesubstrateis important.Duringthe
depositingprocess,piecesof carbonof differentsizeswill betorn off thecarbon
source.But thelargerpieceswill notbeableto travel sofarupwardsasthesmaller
ones.Thiscaneasilybeseenby thenakedeye looking at theprocessthroughthe
lower inspectionwindow (seefigure 13.5). If the distancebetweenthe carbon
sourceandthesubstrateis madesmaller, the larger piecesof carbonwill hit the
substrateandthefilm maybecome“rugged”or holed.If thedistancebecomestoo
large,nonor only a small partof thecarbonwill hit thesubstrate.Thedistance
I found to be optimal was Þ 80mmbetweenthe filamentandthe substrate(see
figure 13.1). The vertical distancebetweenthe filamentandsourceis adjusted
during theprocess(seebelow) but is probablylessthan10mm. Thesedistances
arealsowell suitedfor fabricatingthegoldelectrodes.

Beforefabricatingthecarbonfilms, thesubstratemustbecleaned.More or less
advancedmethodsfor thisexists,but I havefoundthefollowing simplemethodto
besufficientin mostcases.In afew cases,though,wherethecarbonfilms arevery
thick (resistancebelow 150Ω 7 square),they have“curledoff ” whentheheaterhas
beencooled.This is probablydueto a differencein expansioncoefficient of the
films andof theglass.Whetheror not this problemcanbesolvedby cleaningthe
substratemoreefficiently, I donotknow.

ThecleaningprocedurethatI haveusedis to washthesubstratewith detergentand
rinsewith plentyof distilledwater. (Tapwatercanleavemineralsonthesubstrate,
andthetapwaterin Denmarkin particularcontainsa lot of lime.) Thesubstrateis
thendriedwith cleancompressedair. This is usuallyenough,but if thesubstrate
doesnot look cleanit is wipedwith 2–propanolor similarandwashedagain.

95



96 Fabrication of the thin films

Themask,substrate,dealandsourcearefitted in theright positionsandthecham-
ber is closedandevacuated.The evacuationof the chambertakesseveralhours
(switchingfrom the rotary pumpaloneto the diffusion pumpin serieswith the
rotarypumpafter Þ 10min). Whenthepressureis below 5 Ö 10× 6mbar liquid N2

is filled in thecoldfinger.

Beforestartingthe actualfilm–makingprocess,it is a goodidea to turn on the
filamentfor Þ 1min. This usuallymakesthe pressurerise quite a lot (to around
10× 4mbar). After this, it is necessaryto wait a few minuteswith the filament
turnedoff until the pressureis low again. After this procedure,thefilamentcan
usuallybeturnedon without sucha largepressureincrease;thefilament(andits
nearsurroundings)hasbeencleaned.If necessary, thecold finger is refilled and
theactualfilm–makingprocesscanbestarted.

14.2 Fabrication procedure for the carbon films

Fabricatingthecarbonfilms is notalwayssimple.For example,in somecasesit is
difficult to controlthebeamcurrent:it is eitherhigh (e.g.300mA) or zero.Below
I presenttheoptimumandthendescribewhatproblemsmayariseandhow they
canusuallybesolved.

With the deal table in the lowest position, the high–voltagesourceis enabled
andthevoltagesetto 4kV. Thefilamentis turnedon andthe voltageacrossthe
filamentis slowly setto themaximumvalue. Thehigh–voltagetherebydropstoÞ 3 Ô 5kV. At this stage,thereshouldbe no beamcurrent. The carbonsourceis
thenslowly raised(by raisingthedealtable)until thebeamcurrentis 45 Ò 50mA.
This beamcurrentis maintainedfor sometime Ð tb 8 by continuouslyraisingthe
source. If it is not raised,the beamcurrentwill drop asthe beamshortensthe
carbonsource.After about8 Ô 5min, someof theoutsideof thechamberstartsto be
sowarmthat it canhardlybetouchedby hand,andsomeof the innerpartsmust
bemuchwarmer. ThereforeI neverhave thechamberrunninglongerthanthat. If
tb Õ 8 Ô 5min is notenoughto reachthedesiredthicknessor resistanceof thefilm, I
wait for about1 hourandstartagain.If thegoalis afilm of around100Ω 7 square,
tb Þ 3 Ö 8 Ô 5min. This is summarizedin figure14.1.

As mentioned,it may not alwaysbe possibleto keepthe beamcurrentat 45 Ò
50mA. Sometimesit is eithervery high ( Þ 300mA) or zero. For example,I have
experiencedthatthebeamcurrentwaszero,andwhenI raisedthecarbonsource
thensuddenlyit becameÞ 300mA for maybe3s, andthenzerountil I raisedthe
sourceagain(and so fourth). I think that when this happens,it is most likely
becausethegeometryof thesetuphaschanged.Usuallytheproblemis thatafter
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HVof f 4kV
Vf Max.
HVon Þ 3 Ô 5kV
Beamcurrent 45 Ò 50mA
tb 3 Ö 8 Ô 5min

Figure 14.1 Possible values used when fabricating a carbon thin film
of 9 100Ω : square. HVof f and HVon is the value of the high–voltage
with the filament turned off and on, respectively (HVon is not adjusted,
but just the value that HVof f drops to when the filament is turned on).
Vf is the voltage across the filament, and tb is the time the process is
running.

thechamberhasbeenusedseveraltimes,material(e.g.carbonandgold)hasbeen
depositedon the beamshieldandfilamentcover (seefigure 13.2),andthe hole
is thensmallerthan is shouldbe. If this is the case,it mustbe dismantledand
cleaned.

In othercasesI have hadproblemswith gettingany beamcurrentat all (or it was
only possibleto get 30mA or lower). No matterhow high the voltage,andhow
closethefilamentandcarbonsourcewasnothinghappened.This probablyhave
thesameexplanationasgivenabove. But I have alsonoticedthatsometimesan
old filament works betterthan a new one. Therefore,I have tried to make the
filament“old” fast.This canbedone,but it is notalwayssuccessful,andin some
casesthe filament is broken (thus, it is worth first to try andcleanthe filament
cover and beamshield). What I have doneis to let air into the chamber, and
thenusetherotarypumpto lower thepressureto around5 ; 10< 1mbar, just low
enoughso that the pressurecontrolledswitch allows the filament to be turned
on (for securityreasonsthereis an automaticpressurecontrolledswitch in the
chamber, that ensuresthat the power cannotbe turnedon unlessthe pressureis= 5 ; 10< 1mbar or lower). ThenI have turnedon thefilamentat maximumfor= 10s. After this procedureit is easyto seethatmaterialform thefilamenthave
beencastaway andontothefilamentcover andbeamshield(andthey mayneed
cleaning).

Also, asmentionedin chapter13, the chambermustbe kept clean. If for some
reasonthis is not thecase,andthepressureis 10< 5mbaror higherbeforestarting
theprocess,thebeamcurrentmaybetotally uncontrollable.
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Finally sometimesmaterialshort–circuitssomewherein the chamber. This can
happenif, for example,a flake of materialthat hasbeendepositedon the large
copperplatein the chamber(with diameter270mmseefigure 13.1) falls off. If
thereis a short–circuit,it canbeeseenfrom the fact that the ammetershows a
currentasthe high–voltageis turnedon, even thoughthe filament is not turned
on. Usually thematerialjust burnsaway, asthehigh–voltageis raisedto a high
enoughvalue.

14.3 Fabrication procedure for gold electrodes

Fabricatingthegold electrodesis moresimplethanfabricatingthecarbonheater.
But of course,theneedfor cleaningthefilamentcoverandbeamshield,oncein a
while, applyhereaswell.

The procedureis a little different than when fabricatingthe carbonthin films.
First, thedealis raisedto a certainlevel, thenthehigh–voltageis set,andthefil-
amentvoltageis turnedon andup until a certainbeamcurrentis obtained.This
beamcurrentis keptat thespecifiedvalueduringtheevaporationprocessby con-
tinuouslyadjustingthevoltageacrossthefilament.TheprocedurethatI haveused
asastandardfor theelectrodesis summarizedin figure14.2.

Deallevel 33
4 t.f.b.

HVof f 5kV
Vf Adjusted
HVon

= 4 > 5kV
Beamcurrent 45 ? 50mA
tb 5 > 5min

Figure 14.2 The standard values used when fabricating the gold
electrodes. Deal level is measured in “turns from bottom” (“t.f.b.”,
see text). HVof f and HVon is the value of the high–voltage with the
filament turned off and on, respectively (HVon is not adjusted, but just
the value that HVof f drops to when the filament is turned on). Vf

is the voltage across the filament and are adjusted to give the right
beam current. tb is the time the process is running. The electrodes
have a resistance of less than 0 @ 05Ω : square.
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Thedeallevel given in figure14.2is measuredin “turns from bottom” (“t.f.b.”).
This is to be understoodas how many turns the nob that raisesthe deal table
are turnedfrom the lowestposition. 1 turn raisesthe deal = 3 > 2mm. 33

4 t.f.b.
correspondsto a verticaldistancebetweenthetop of thedealandthefilamentof= 4 > 0mm.

Thegold that I have usedis 2 > 0mmthick wire with a purity of 99> 5% (24 carat).
To my experience,it is bestto have thedealwell filled with gold from thestartof
theevaporation.I bendthegold wire a few times,sothatit fits on top of thedeal
(andmaybeaddthesmallchunkof gold,thatis leftoverfrom earlierevaporation).
Beforestartingtheactualevaporation,I melt thegoldinto onechunk.This is done
by startingwith the deal in the lowestposition. Turning on the high–voltageto
5kV. Slowly turning on the filamentto maximum. Slowly raisingthedealuntil
the gold is melted(which is controlledby looking throughthe lower inspection
window (seefigure13.5)).

14.4 Other metal films and techniques

Metal Melting point AK B
Al 993
Cr 2160
In 430
Ni 1726
Pt 2042
Ag 1234
Au 1336

Figure 14.3 Melting point of selected metals at 1bar [Nordling and
Österman, 1996, p. 28-29].

As mentionedin chapter11, I have also madethin films of aluminum (Al),
chromium(Cr), indium (In), nickel (Ni), platinum (Pt), and silver (Ag). The
procedurefor producingthesefilms is the sameas that of producingthe gold
electrodesdescribedabove, thoughthesettingsaredifferentfor differentmetals.
For examplegold andsilver evaporateeasierthanchromium,sincetheir melting
points are significantly lower. The melting points of thesemetalsare given in
figure14.3.
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In figure 14.4somepossiblesettingsaregiven for the differenttypesof metals.
Also, the resultingresistanceof the thin films is given in thecaseswhereI have
measuredthis. Thesettingsarenot optimizedin thesameway asfor thecarbon
andgoldthin films,but canbetakenasroughguidelines.For all themetals,except
chromium,all themetalin thedealmeltsduringtheprocess.Thechromiumseems
only to melt very locally, exactlywheretheelectronbeamhits.

14.5 Sputtering

Othertechniquesthanusinga electronbeamevaporationchambercanbeusedto
fabricatethin films, e.g. sputtering. The techniquewill not be describedhere,
sinceit plays no role for the rest of this report. I just want to mentionthat I
have tried fabricatingthin films with a “Bal–TecSDC005Cool SputterCoater”.
The metal films can be sputtered,but I have not beenable to fabricatecarbon
films of any significantthickness(I could not even make themthick enoughto
be electricallyconducting). For the metal films this techniquemay have some
advantages:it doesnot heatthe substrateasmuch,and it is thereforepossible
to usesubstratesthat cannotwithstandhigh temperatures.Also it is possibleto
controlthestressin thefilms by adjustingthepressureandthesubstrateto source
(target)distance[HudsonandSomekh,1992].
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Metal Aluminum (Al)
Deallevel 33

4 t.f.b.
HVof f 6kV
Beamcurrent 30mA
tb 10s
Resistance 2Ω C square

Metal Chromium (Cr)
Deallevel 33

4 t.f.b.
HVof f 3kV
Beamcurrent 20mA
tb 17s
Resistance 8Ω C square

Metal Indium (In)
Deallevel 5 t.f.b.
HVof f 3kV
Beamcurrent 30mA
tb 40s
Comment Pourattachment

Metal Platinum (Pt)
Deallevel 5 t.f.b.
HVof f 6kV
Beamcurrent 60 ? 70mA
tb 120s
Resistance 14Ω C square

Metal Silver (Ag)
Deallevel 4 t.f.b.
HVof f 6kV
Beamcurrent 70mA
tb 17s

Metal Chromium (Cr)
Deallevel 33

4 t.f.b.
HVof f 3kV
Beamcurrent 20mA
tb 7s
Resistance 20Ω C square

Metal Chromium (Cr)
Deallevel 33

4 t.f.b.
HVof f 3kV
Beamcurrent 20mA
tb 30s
Resistance 4Ω C square

Metal Nickel (Ni)
Deallevel 43

4 t.f.b.
HVof f 6kV
Beamcurrent 25 ? 30mA
tb 12s
Resistance 14Ω C square

Metal Platinum (Pt)
Deallevel 43

4 t.f.b.
HVof f 6kV
Beamcurrent 50 ? 60mA
tb 40s
Resistance 150Ω C square

Figure 14.4 Possible settings for the different types of metals. The
resistance is at room temperature. In all cases is the filament voltageD
Vf E adjusted to give the desired beam current.
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15 Hardware

In this chaptera brief descriptionof thehardwareusedin theexperimentalsetup
will begiven.

Relay box

F F F F F F F F F F FF F F F F F F F F F FF F F F F F F F F F FF F F F F F F F F F FF F F F F F F F F F FG G G G G G G G G G GG G G G G G G G G G GG G G G G G G G G G GG G G G G G G G G G GG G G G G G G G G G GH H H H H H H HH H H H H H H HH H H H H H H HH H H H H H H HI I I I I I I II I I I I I I II I I I I I I II I I I I I I I

HP 3458 A
Multimeter

CryoTiger

Frequency

C
ry

os
ta

t

Computer

Temp.
control generator

Figure 15.1 The technicalsetupconsistsof a home–build cryostate,cooledby a
CryoTiger, a home–build temperaturecontrol,controllingtheCryoTiger andtheheating
stageinsidethecryostate,a home–build frequency generator, a home–build relaybox,
a HP 3458 A multimeter, anda computercontrolling the measurements.The two
connectionsbetweenthecryostateandtheCryoTigerbox arethetwo gastubes.

On figure15.1thetechnicalsetupis shown, andon figure15.2theelectricalcon-
nections.

A CryoTiger from APD CryogeneticsINC cools the cryostate. The CryoTiger
works basicallylike a refrigerator, thus, the cooling effect comesfrom the ex-
pansionof a gas1. The CryoTiger, anda heatingstageinsidethe cryostate,are

1Information on the CryoTiger, could when this report was written, be found on
http://www.apdcryogenics.com/.
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TRpRf

Frequency
Generator

Cryostate

Relay box

1
0

−
+

HP 3458 A

Figure 15.2 The electricalconnectionsof the setup. The dottedlines are the outer
concentricshieldof the coaxial cables,and the solid lines are the inner core. The
cryostateandrelaybox areshieldedby connectingto theshieldof thecoaxialcables,as
indicatedby the“dots”. In orderto avoid having a loop, theshieldof thecoaxialcable
from thegeneratorto therelaybox is not connectedto therelaybox.

controlledby thetemperaturecontrol.

Thefrequency generatorcangeneratefrequenciesin theinterval A 1mHz;1kHzB (16
discretevaluesperdecade).Theoutputvoltagecanbevariedfrom 0 ? 10V (256
discretevalues),andthemaximumpower is 1W. Thefrequency generatorsends
triggersto the HP 3458A multimeter(now calledAgilent Technologies3458A
multimeter),andhadoriginally threemodes:512,256and128, referringto the
numberof triggerssendperperiod.Lessthan2 weeksbeforeturningin thisreport
anew modifiedfrequency generatorwasfinishedby theelectronicworkshopwith
modes16, 32, 64, 128,256and512. Unlessexplicitly notedmode128areused
in theexperimentsreportedhere.Thereasonfor thisnew developmentis twofold.

Firstly: thenumberof digits availablein themultimeterdependon thesampling
rate.At high ratesdigitsarelost. Thusloweringthenumberof triggersperperiod
increasethenumberof digitsat high frequencies.

Secondly: the multimetersamples50k (50000)timesper second,andthus, the
maximumfrequency that canbe usedis 50ks< 1 C mode = 98Hz, 195Hz, 391Hz,
781Hz, 1 > 6kHz , 3 > 1kHz for the512,256,128,64, 32 and16 moderespectively.
This is the high frequency limits of the currentsetup,but it canbe extendedby
letting the multimeterusesub–sampling.In sub–samplingthe multimeteruses
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more than oneperiod for eachmeasurement,and samplesdifferentpart of the
signaleachperiod. With 50k samplesper second,the time betweenthe triggers
is 20µs, with sub–samplingthis time caneffectively bemade1000timesshorter
[Aglient, 2000,p. 139-141]2.

Therelaybox is just asimpleswitchthatsetsthemultimeterto measureV across
theheater(insidethecryostate)or theinputvoltageU directly from thefrequency
generator. Thesetupis designedsuchthatU is measuredunderthesamecondi-
tionsasV, thatis theloadon frequency generatoris thesame.

The computersetsthe temperaturecontrol, frequency generator, andrelay box.
Thecomputeralsocommunicateswith themultimeter, andcontrolswhena mea-
surementis made,andreceivesthemeasureddata.

The temperaturecontrol, frequency generator, relay box, andcryostate(except
of coursetheCryoTiger) arehomemadeby thepeopleat the instituteworkshop
(IMFUFA, RoskildeUniversity).

The software usedon the computeris the rather old and somewhat outdated
“Asyst”. It works very well, but it takesa while to learnhow to useit. Also,
the computeris blocked while the measuringprogramruns,andthe settingsof
the programcannotbe changedafter the programhasbeenstarted.It would be
convenientif it waspossibleto changesettings,suchasatwhattemperaturesthere
shall be measured,after startingthe measuringprogram. A switch to a modern
program(probablyMatlab)is on its way.

15.1 Making a fr equencyscan

The computerprogramthat controlsthemeasurementsis madesuchthatbefore
measuringat thefirst frequency, in a frequency scan,it waitsat least4 periods(at
thefirst frequency) beforestartingthescan.During a frequency scanit waits at
least3 periodsafterchangingthefrequency beforemeasuring.

The different harmonicsare found by Fast Fourier Transformof the measured
input or output–voltage(FFT AU B or FFT AV B ). In mode512eachfrequency mea-
surementis in principle a measurementof only oneperiod. But above 1Hz ten
suchmeasurementsaremade(waiting at least1 periodbetweeneach),andthe
averageis taken asthe measuredvalue. The setupandmeasuringprogramwas
originally designedto work in mode512.As mentionedI haveusedmode128for
the measurementspresentedhere. Of coursethe programscould just have been

2Whenthisreportwaswritten,amanualcouldbedownloadedvia Agilent Technologieshome-
page:http://we.home.agilent.com.
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changed,suchthat the multimeterstill just would measuredoneperiod,which
wouldmeanthatameasurementwouldconsistof 128samples.Insteadthemulti-
meterstill samples512timesfor eachmeasurement,which meansthat4 periods
aremeasuredinsteadof 1. Thus,below 1Hz, eachmeasurementsis ameasurement
of 4 periods,andabove,eachmeasurementis aaverageof 10suchmeasurements
(everyoneof the10beingameasurementof 4 periods).Vn is thusnolongerfound
asFT AV J nB but asFT AV J n K 4B (andsimilar for U ).

TheFastFourierTransform(FFT) of thedatais madein Asyst,but after this the
datais exportedto anothercomputer, wheretherestof thedatatreatmentis made
in Matlab.

15.2 Prosand cons

It is an advantagethat the temperaturecontrol andthe frequency generatorrun
independentlyof the computer, e.g. the temperatureis not changedunlessthe
temperaturecontrol receivesa messagefrom thecomputerto do so. This means
thatall thesettings(i.e. temperature,frequency andinput–voltage)aremaintained
alsoif thecomputeris restartedor usedfor somethingelse.

The CryoTiger cooledcryostathasobvious advantagesover a nitrogen–cooled
cryostate.It canin principlerunforever, andnodisturbances(mechanical/acoustic
or thermal)aremadewhile filling nitrogen.Occasionally, therehave beenprob-
lemswith theCryoTiger. Probablythishasbeendueto theformationof smallice
crystalsin thecoldend(wheretheexpansionof thegastakesplace).Addingafil-
terthatdriesthegas(aParkerLiquid line Filter Dryermodel756S)hasminimized
theseproblems.Thecoldendhasnomechanicalpartsandlow vibration.

One disadvantagesof the presentsetupis the programusedin the computer
(Asyst)but asmentionedaswitchto anotherprogramis on its way.

Thehighfrequency limit of thesetupis 1kHz. In orderto goto higherfrequencies
than1kHz a new frequency generatormustbe build. For the multimeterto go
higher than3 > 1kHz it mustusesub–sampling.(If sub–samplingis alsousedat
lower frequenciesit is possibleto samplesmorethan16 timesper period. It is
worth to test whetherthis is a advantageor not). It is desirableto be able to
measureup to, at least,10kHz.

Oneotherpossibilitywouldbeto useadigital lock-in amplifier(suchastheStan-
ford ResearchSystemsSR830DSPor SR850DSP)3 andaWheatstonebridge,as

3Informationon thesecould,whenthis reportwaswritten,befoundat:
http://www.thinksrs.com/html/sr830.html and
http://www.thinksrs.com/html/sr850.html.
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it is donein mostof theexperimentsreportedin theliterature(e.g.[Menon,1996,
p. 5248]). Actually theKoreangroupusesa digital voltmeterfor measurements
below 1Hz anda lock-in above, e.g. [Moon et al., 1996,p. 479], [Junget al.,
1992,p. 479]. TheWheatstonebridgecancelsor minimizesV1. Thiswill compli-
catethemeasurementsa little, sincethebridgeneedsto bebalanced.In principle,
though,the lock-in shouldbeableto give goodquality data,but unfortunatelyI
havenothadtheopportunityto checkthis.

It is alsopossiblecancelor minimizeV1 in thecurrentsetupusingthe(HP 3458
A) multimeteranda push–pullvoltagesupply. If this is donethemultimetercan
besetin the1V rangein steadof the10V range,andthis will giveonemoredigit
resolutionin measuringthe 3ω voltagecomponentdue to the heater. In order
to let the multimetermeasurea voltagedifferencerelative to ground(andnot a
“floating” voltagedifferenceasin a Wheatstonebridge)the frequency generator
musthavetwo channelsgiving signalswith a relativephaseshift of 180L (apush–
pull voltagesupply).Theoutputsmustbeconnectedto thetwo resistors(Rf and
Rp) asdescribedin figure15.3below.

TRpRf

C

A B

Figure 15.3 The two outputchannels(with a relative phaseshift of 180M ) from the
frequency generatormustbeconnectedto A andB. Themultimetermeasuresthevoltage
betweenC andground. If Rf N Rp andthe two outputsareperfectlyasymmetricthe
measuredsignalwill bezeroexecptfrom thehigherharmonicsthatareproduced(e.g.a
3ω signalfrom Rp).

If the setupis perfectly balanced(i.e. Rf O Rp and the two input signalsare
perfectlyasymmetric)the1ω and3ω component(andotherharmonics)from the
frequency generatorwill be eliminated(in thesignalbetweenC andground,cf.
figure15.3),andonly theharmonicsdueto theheaterwill bemeasured.

If thesetupis not perfectlybalancedthesecomponentswill not be totally elimi-
nated.This is not a problemaslong asthevoltagebetweenC andgroundis still
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below 1V, andtheresidualof the3ω componentfrom thefrequency generatoris
negligible comparedto the3ω componentdueto theheater. If the former is not
the casethe multimetercannot work in the 1V range,andif the later is not the
casethe 3ω componentfrom the frequency generatormustbe measuredandin
doingthis themultimetercannotwork in the1V range.

15.3 Temperaturestability

The bestway to checkthe temperaturestability of the setupis to usethe pla-
narheaterasthe temperaturecensor. It hasa high accuracy, andit measuresthe
temperatureexactly whereit is most interestingandwhereit mustbe very sta-
ble. Besidesthetemperaturestability, thetime it takesthetemperatureto become
stableafter a changeof the cryostatesettemperature(TS) andafter a changeof
the input–voltage(U ), mustbeknown in orderto find theneededwaiting times:
tT ; thetime onemustwait (beforemeasuring)afterchangingTS, andtU ; thetime
onemustwait afterchangingU . Here,only theheaterwill beconsidered,but of
coursewhenmeasurementsaremadewith liquid, thesewaitingtimesmaybecome
significantlylongerdependingon therelaxationtimeof theliquid.

Measuringonceevery minute(totalO 4095min = 68hours) thefollowing experi-
menthasbeenperformed:

U1 AV B TS AK B Time [hours]

3 > 873 215 3
3 > 873 210 3
7 > 744 210 62> 25

TS is the set temperatureof the cryostate.The experimentwasstartedapproxi-
mately1 > 5 hourafterchangingTS from 290K to 215K.

The resultof the experimentis shown on figure 15.4. To investigatethesedata
morecareful,two areasof theplot is shown enlargedon figure15.5(page113).
Fromthetop plot in figure15.5it is seenthatthereis a long time drift of Tpm (Tk

doesof coursenot show this drift, sinceTk is usedin the temperaturecontrol).
This drift is probablydueto heatconductionthroughwiresandthethin stainless
steelcylinder, from the measuringcell to the top of thecryostate(seefigure9.1
page55). Thereis a tendency that the samepatternis repeatedevery 24 hours,
correspondingto thechangeof dayandnight temperatureof thelab (thelab tem-
peratureis notcontrolledaccurately).A frequency scanfrom 1mHz to 1kHz takes
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Figure 15.4 Thetop curve shows the temperatureof theheater(Tpm), andthebottom
curve thetemperatureof thecryostateTk. Theshift after3 hours,is dueto thechangeof
TS from 215K to 210K. Theshift in Tpm after6 hours,is dueto thechangeof U1 from
3 @ 873V to 7 @ 744V

about11 hours,anda frequency scanfrom 10mHz to 1kHz takesabout2 hours
(in mode128,cf. page106).

Also, from the top plot in figure 15.5, it is seenthat a temperaturestability of
approximately0 > 02K and 0 > 01K can be expectedfor the long and short scan,
respectively. From the sameplot, it is seenthat the temperatureof the heateris
stableafteronly a few minutes,afterchangingU . Thuswhenmeasurementsare
madewithout liquid, tU is only a few minutes. From the bottomplot in figure
15.5, it is seenthat if the stability of the temperaturemustbe 0 > 01K over a few
hours,tT is a little lessthan1hour.

The conclusionfrom thesecurves is that the temperaturestability is = 0 > 02K
(over11hours),andthattU Pmin O 10min, andtT Pmin O 1hour, wheresubscriptmin
indicatesthat this is the minimum waiting times. If measurementsaremadeon
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a liquid, with relaxationtime τ, thenthereis a further requirement:tT J tU Q xτ,
wherex dependontheresolutionof theexperimentandmustbefoundexperimen-
tally, but x is probablyaround10. Thus,this is somethingonemustbeawareof
whenmeasurementsaremadeat low temperatures,from aroundwhereτ Q 100s
(correspondingto a losspeakfrequency of 10mHz).
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Figure15.5 Thetopplot shows Tpm afterthechangeof U1 from 3 @ 873V to 7 @ 744V while
thebottomplot shows Tpm afterthechangeof TS from 215K to 210K.
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I would like to emphasizethat no data points have beensortedaway and no
smoothingof the datahave beenperformed,except if explicit statedor if the
pointslie outsidethezoomlevel in thedataplots(andbesidestakingtheaverage
of severalmeasurementsasdescribedin section15.1).

16.1 Calibration of the heater

In order to translatefrom the resistanceR Rp S of the heaterto the temperatureR Tp S of theheater(andliquid), andin orderto find α for theheater, a calibration
procedureis needed:Rp mustbefoundfor differentTp. SinceTk T Tp whenV Q 0
(aswill be thecasewhenRp is measured),it is not possibledirectly to measure
setsof Rp, Tp. InsteadRp mustbemeasuredfor differentvaluesof V at eachTk,
andaextrapolationto V O 0 (whereTk O Tp) mustbemade.

From equation5.1 (page21) it is seenthat ∆T O Tp ? Tk O ZT PDCITm. For the
nickel heaterR Ni S equation6.25(page33) mustbeused:

Rp O ATp U B O A R Tk U ∆T SVU B O R Rp S Tk U A∆T O R Rp S Tk U AZT PDCITm J
where R Rp S Tk is Rp atTp O Tk. Thus R Rp S Tk canbefoundin aplot of Rp asfunction
of ITm extrapolatingto Itm O 0.

For thecarbonheaterR C S equation6.22(page33) mustbeused:

Rp
= R Rp S Tk UXW ∂Rp

∂T Y Tk

∆T O R Rp S Tk W 1 ? T0

T2
k

∆T Y O R Rp S Tk W 1 ? T0

T2
k

ZT PDCITmY
Thus,asfor theNi heater, R Rp S Tk canbefoundin a plot of Rp asfunctionof ITm

extrapolatingto Itm O 0.
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Examplesof this is shown in figure16.1. For boththeNi andC heatera straight
line is fitted1 to thedata,and R Rp S Tk is foundwherethe line crossestheordinate
axis. (In order to distinguishthe differentheatersthey are given a name: e.g.
the carbonheateron figure 16.1 is “T7 C”, where“T” is short for “Thick glass
substrate:R 6mmS ”, and“C” is shortfor “Carbon”.)

The extrapolatedvaluesfor Rp are plotted as function of Tp for the Ni heater
(equation6.25),while lnRp is plottedasfunction of 1C Tp for the carbonheater
(equation6.22).Examplesof this is shown in figure16.2.Again a straightline is
fitted to thedata.This fit givesA andB in equation6.25for theNi heater, andT0

andlnR0 in equation6.22for theC heater.

Equation6.27andequation6.23show:

αNi O 1CZR Tp U BC AS J for theNi heater

αC O ? T0 C T2
p J for theC heater

In figure16.3αNi andαC is plottedasfunctionof Tp.

1I useMatlabsleast–square“polyfit” routine.
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Figure 16.1 Thetop plot shows Rpm asfunctionof ITm for the “T3 Ni” nickel heater.
Thelower plot shows Rpm asfunctionof ITm for the“T7 C” carbonheater.
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Figure 16.3 The top andbottomplot shows αNi for “T3 Ni”, andαC for “T7 C”,
respectively, asfunctionof Tp. Thestarsmarkthetemperaturesusedto measureα.
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16.2 Data analysis:Phase

In the following the equations(12.2, 12.3 and 12.11) that fully take the edge
effects into accountwill be referredto as “integral” equations. The equations
(equations12.4and12.5) thatareapproximationsof thesewill be referredto as
“approximate”.

If the one–dimensionalmodelis valid the expression1C Z̃ O Ỹ O]\ iΩκ̃c̃ canbe
used(equation7.5). Fromthis expressionit is seenthat if κ̃ andc̃ arefrequency
independentthenthephase(χ) of Z̃ (seeequation5.4 page22) is ^ π C 4 or ^ 45L
(since \ i O eiπ _ 4). Sincetheone–dimensionalmodelwill be valid for high fre-
quenciesit is expectedthatχ mustapproacĥ 45L as2 f ` ∞.

Thephaseof Z̃S (measuredwithout liquid) is shown in figure16.4. As expected
thephaseseemsto approacĥ 45L athighfrequencies.Thedeviationsfrom ^ 45L
at low frequenciesaredueto theedgeeffects.(NotethatI plot thedataasfunction
of 2 f O Ω CZR 2π SaO ω C π. This choiceis madein orderto easethecomparisonto
literaturedata,wherethis choiceis themostcommonone.)

In figure 16.4 therearetwo setsof solid lines: the upperandlower (at low fre-
quencies).Thoughit is not seenon this figure therearein factfive lines in each
setcorrespondingto differentvaluesof κS andcS. Thereasonfor this is explained
in section16.3. The (lower) solid lines that fit thedatawell over the whole fre-
quency rangearecalculationsusingequation12.11(integral). The (upper)solid
linesthatdeviatefrom thedataat low frequenciesarecalculationsusingequation
12.4(approximation).

It is clearly seenthat theone–dimensionalmodelis insufficient to analyzethese
datasincethephasedeviatessignificantlyfrom ^ 45L . Theapproximateequation
(equation12.4) fits the datawell at high frequencies(above 2 f = 5Hz) but fail
at low. The integral equation(equation12.11)fits the datawell over the whole
frequency rangethoughthephase(of thedata)seemsto bea little two highat the
highestfrequencies.

Fromfigure16.4it is obviousthattheintegral equationsmustbeusedin orderto
describethedatawell. In section16.3themeasureddatais analyzedusingthein-
tegral equations(equation12.11).To illustratetheimportanceof takingtheedge
effect into accountthedatais analyzedusingtheapproximateexpressions(equa-
tions 12.4 and12.5) in section16.4 and the one–dimensionalmodel in section
16.5.
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Figure 16.4 The phaseof the thermalimpedanceasfunction of 2 f . All 5 measured
temperaturesareshown (U1 N 9 b 9V). Therearetwo setsof solid lines: theupperand
lower (at low frequencies).Thoughit is not seenon this figuretherearein factfive lines
in eachset(seesection16.3for details).The(lower) solid linesthatfit thedatawell over
thewholefrequency rangearecalculationsusingequation12.11(integral). The(upper)
solid linesthatdeviate from thedataat low frequenciesarecalculationsusingequation
12.4(approximation).

16.3 Data analysis: integral

Figure16.5show aCole–Coleplot (aplot of theimaginarypartasfunctionof the
realpart)of theeffusivity functionfor thesubstrateẼS definedas:

ẼS c 1

Z̃SA \ iΩ

It is given the nameeffusivity function sinceit is equalto the effusivity if the
one–dimensionalmodelis correct.

Fits using the integral equation(equation12.11) is also shown in figure 16.5.
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Thoughnot perfect,the fits arequite good. The thermalparametersκS andcS

aredeterminedfrom thesefits andplotted in figure 16.6. As mentionedin the
previoussectiontherearein factfive curvesplottedon top of eachotherin each
setof solid lines in figure16.4. Thesefive curvescorrespondthe thefive values
of κS andcS determinedfrom figure16.5. Thevariationsof theseparametersare
suchthatit is notpossibleto distinguishthefivecurvesin figure16.4.
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Figure 16.5 Cole–Coleplot of the effusivity function (ẼS) at the five measured
temperatures(measurementswithout liquid). Thesolid linesarefits usingthe integral
equation12.11. The thermalparametersκS andcS aredeterminedfrom thesefits.
(U1 d 9 b 9V).

16.3.1 Measurementson glycerol

Besidesthe thermalparametersof the substratefound as describedabove also
the thermalconductivity of glycerol (κGlycerol) is neededin order to extract the
heat capacityof glycerol. κGlycerol is by Sandberg et al. [1977] measuredto
0 e 29WK f 1mf 1 in thetemperatureinterval g 130K;300K h [Sandberg etal.,1977,p.
475] andthevalue0 e 285WK f 1mf 1 at 292K is givenin [Nordling andÖsterman,
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Figure 16.6 κS andcS determinedfrom the fits shown in figure 16.5asfunction of
temperaturei Tp j .
1996,p. 37]. Now I usethevalueκGlycerol k 0 e 29WK f 1mf 1. Later I will show
how theextractedheatcapacityis influencedby this choice.

Theheatcapacityof glycerol is extractedform thedatain a point by point inver-
sionalgorithm.Fromequation6.17andequation6.19:

Zrel c Z̃T l S
Z̃T l LS

k Ṽ3c l S
Ṽ3c l LS

k ỸLS

ỸS
(16.1)

For eachpoint Zrel is calculatedusingequation12.11andfitted to themeasured
Zrel (therealandimaginarypartof cGlycerol is thefit parameters)2.

Theextractedheatcapacityof glycerolis shown in figure16.7.
2Theintegral in equation12.12is solvedusingmatlabs“quadL” routine.Theintegral in equa-

tion 12.11is thensolvedusinga “homewritten” Simpsonintegration(e.g.[Chow, 2000,p. 469])
routine in matlab. (On my computerthe inversionof the completedataset takesabout3 min-
utes.If thedoubleintegral(equation12.3)wereusedtheinversionprocedurewouldprobablytake
severaldays,possiblemore.)
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Figure 16.7 Theextractedheatcapacityof glycerol(U1 d 9 m 9V). ThevalueκGlycerol d
0 m 29WK n 1mn 1 hasbeenused. (The cryostatetemperatureswas: 210m 0K, 205m 0K,
200m 0K, 195m 0K, 190m 0K).

The extractedheatcapacityin figure 16.7 doesnot look entirely correct. E.g.
for Tp k 208e 3K the realpartbenddownwardsat low frequenciesandthe imag-
inary part becomesnegative. This might have to do with the chosenvalue
κGlycerol k 0 e 29WK f 1mf 1. To illustrate this also the heatcapacityis extracted
using κGlycerol k 0 e 25WK f 1mf 1 and κGlycerol k 0 e 35WK f 1mf 1. The results
areshown on figure 16.8 andfigure 16.9 respectively. It is seenthat the value
κGlycerol k 0 e 25WK f 1mf 1 seemsto give a betterresultandthevalueκGlycerol k
0 e 35WK f 1mf 1 aworseone.Obviouslyit wouldbeeninterestingto actuallyknow
thevaluefor the liquid I have measured– it might be temperaturedependentas
well, unfortunatelyI donot have thatinformation.

In order to comparethesemeasurementswith the onesreportedby Birge and
Nagel[1985] / Birge [1986] considerthefollowing (they reportdatafor e2

Glycerol
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Figure 16.8 Theextractedheatcapacityof glycerol(U1 d 9 m 9V). ThevalueκGlycerol d
0 m 25WK n 1mn 1 hasbeenused.

andI divide their datawith κGlycerol k 0 e 29WK f 1mf 1). They find3,4:

c∞ o 1 e 45 p 106JK f 1mf 3

c0 o 2 e 93 p 106JK f 1mf 3

cq�qmax o 4 e 83 p 105JK f 1mf 3

fp r 203e 9K s o 2Hz (ona2f axis)

cq�qmax

∆c o 0 e 35t
wherec∞ andc0 is theheatcapacityin thelimits 2 f u ∞ and2 f u 0, respectively,

3In theseoriginal measurementsby Birgeet al. no correctionsweremadefor theedgeeffects.
But sincetheir heateris muchlarger (6mm v 20mm) thanthe oneI have used(3mm v 3mm) the
edgeeffectsin theirmeasurementsis notaslarge.This is shown in moredetail in section16.5.

4Note that thescaleon thefigure in [BirgeandNagel,1985,p. 2675]mustbe multiplied byw 1 x 5 accordingto [Birge,1986,p. 1635].
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Figure 16.9 Theextractedheatcapacityof glycerol(U1 d 9 m 9V). ThevalueκGlycerol d
0 m 35WK n 1mn 1 hasbeenused.

cq�qmax and fp are the maximumvalue of the imaginarypart of cGlycerol and the
correspondingfrequency (losspeakfrequency, ona2 f axis)and∆c c c0 y c∞.

Comparingthiswith figure16.7it is seenthatthereis agreementon thelosspeak
frequency but not on the absolutevaluesof cGlycerol . Also I find cq�qmaxz ∆c o 0 e 4
which is a little higherthanthe valuethey find. Anotherway of comparingthe
datais to look at themin aCole–Coleplot.

If time–temperature–superposition(TTS) is fulfilled it meansthattheshapeof the
curvesdoesnot changewith temperature(e.g. [Olsenet al., 2000], [Olsenet al.,
2001]). Therefore,if TTS is fulfilled the curve composedof datafor the differ-
ent temperaturesin a Cole–Coleplot, will representthe shapeof the relaxation
spectrumat all thetemperatures.

ThenormalizedheatcapacitycN is definedas[Christensen,1985,p. 636]:

cN c c r 2 f t T s y c∞ r T s
∆c

t ∆c k c0 r T s y c∞ r T s{t
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Figure16.10 Cole–Coleplot of theextractedheatcapacityof glycerol(with U1 d 9 m 9V).
ThetreesolidcurvesaretheCole–Davidsonfunctionwith βCD d 0 m 62(topcurve),βCD d
0 m 52, andβCD d 0 m 28 (lower curve). c0 | 10n 6 d 2 m 18} 2 m 26} 2 m 30} 2 m 40} 2 m 50JK n 1mn 3

at Tp d 213m 6 } 208m 3 } 203m 1 } 198m 0 } 193m 0K respectively andc∞ d 1 m 46 | 106JK n 1mn 3.
Thedataextractedwith κGlycerol d 0 m 29WK n 1mn 1 hasbeenused.This curve doesnot
changesignificantlyif thedataextractedwith κGlycerol d 0 m 25WK n 1mn 1 or κGlycerol d
0 m 35WK n 1mn 1 is usedonly thevaluesof c0 andc∞ arechanged.

Figure16.10showsaCole–Coleplot of r cN s (thesamedataasfigure16.7).Only
datain the frequency range g 0 e 7;17e 3h Hz hasbeenused. The treesolid curves
are the Cole–Davidson function with βCD k 0 e 62 (top curve), βCD k 0 e 52, and
βCD k 0 e 28(lowercurve),givenby:

cCD c c∞ ~ ∆c�
1 ~ i

�
f
fp ��� βCD

t
(thevalueof fp playsno role for thecurvesin this plot (figure16.10)).

The Cole–Davidsonfunction with βCD k 0 e 62 fit the datain figure 16.10. The
accuracy of thedataarenot thathigh but at leastβCD k 0 e 62 � 0 e 02 judgedfrom
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figure16.10. This finding is not in agreementwith thevalueβCD k 0 e 51 � 0 e 03
[Birge,1986,p. 1637]. Thedataarein disagreementwith thevalueβCD k 0 e 28
which correspondsclosely to the datameasuredby Christensen[1985] (Chris-
tensen[1989]).
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16.4 Data analysis: approximation

From figure 16.4 it is clear that the approximateequations(equations12.4 and
12.5)do not accuratelydescribethedata.In this sectionI will show theresultof
analyzingthedatawith theseequationsdespitethis fact.

κS andcS canbefoundfrom measurementswithout liquid asdescribedin section
12.1. Theresultsof suchmeasurementsareshown in figure16.11.Straightlines
arefitted to thedataat high frequencies(to theleft). Thetwo solid vertical lines
show thefit–range(thedata–rangeusedfor thefit). Thehighestfrequenciesare
not used,sincethey arevery noisy, andthelower frequenciesarenot used,since
they deviatefrom thestraightline asaconsequenceof thebreakdown of equation
12.6. For eachof the temperaturesTp k 214e 4K andTp k 209e 1K (andfor both
therealandimaginarypart)onenoisypoint in thefit–rangehavenotbeenusedfor
thefit (it is easyto seethepointsin thefigure). Theverticaldot–and–dash–lines
markwhere2 f k 100Hzt 10Hzt 1Hz (high frequenciesto theleft).

In figure16.11is 1z eS foundwheretherealpart intersectstheordinateaxis,andy 1z cS and1z cS is the slopeof the fitted lines for the real and imaginarypart,
respectively (as describedin section12.1). The fitted valuesfor eS and cs are
shown in figure16.12.Oneproblemwith thisanalysisis thatthefoundvaluesare
dependenton the chosenfit range(which just show that the usedequationdoes
not describethedatawell). E.g. theresultof usinga muchnarrower fit range(5
pointsonly in theinterval g 26;48h Hz) is shown on figure16.13.This “improves”
the result in the sensethat thereis closeragreementbetweenthe values(of cS)
found from the real and imaginarypart but, also the “noise” on the points are
larger.

Thevaluesfoundfrom figure16.13are(eS andκS is listedin orderof decreasing
temperature):

eS o 1135e 4 t 1127e 8 t 1119e 2 t 1109e 8 t 1098e 0 JK f 1mf 2sf 1� 2
cS o 1 e 28106 JK f 1mf 3�
κS o 0 e 94t 0 e 96t 0 e 98t 0 e 99t 1 e 01 WK f 1mf 1

(For cS theaverageis takenof thevaluefoundfrom therealandimaginarypart.)
Thesevaluearenot in total agreementwith thevaluesfoundusingthe“integral”
analysisc.f. figure16.6.
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Figure16.12 Thetopplot show theextrapolatedvaluesfor eS foundin figure16.11.The
bottomplot show thefoundvaluesfor cS, wherethecirclesandstarsrepresentthevalues
foundusingtherealandimaginarypart,respectively. Thestraightlinesarebestfit to the
points(assumingcS constant).
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Figure 16.13 As in figure16.12thetopplot show theextrapolatedvaluesfor eS andthe
bottomplot show thefoundvaluesfor cS, wherethecirclesandstarsrepresentthevalues
foundusingtherealandimaginarypart,respectively. Thefit rangeusedis narrower (5
pointsonly in theinterval � 26;48� Hz) thantheoneusedin figure16.12.



16.4 Data analysis:approximation 133

Using theabove valuesfor κS andcS (page129)andκGlycerol k 0 e 29WK f 1mf 1

the datahasbeeninverted5 using the samepoint by point inversionstrategy as
describedin section16.3(seepage123)but with theuseof equation12.8in stead
of equation12.11.Theresultis shown onfigure16.14.
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Figure 16.14 The extractedheatcapacityof glycerol (with U1 d 9 m 9V) using the
“approximate”equation.ThevalueκGlycerol d 0 m 29WK n 1mn 1 hasbeenused.Comparing
thiswith figure16.7it is clearthatthe“integral” equationdoesabetterjob, asexpected.

Also the inversionhasbeendoneusingκGlycerol k 0 e 25WK f 1mf 1. Theresultis
shown on figure16.15.Fromthecomparisonof figure16.14and16.7andfigure
16.15and16.8 it is clear that the “integral” equationdoesa betterjob thanthe
“approximate”equation(this showsupclearlyat low frequenciesasexpected).

5On my computertheinversionof thecompletedatasettakesabout20 seconds.
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Figure 16.15 The extractedheatcapacityof glycerol (with U1 d 9 m 9V) using the
“approximate”equation.ThevalueκGlycerol d 0 m 25WK n 1mn 1 hasbeenused.Comparing
thiswith figure16.8it is clearthatthe“integral” equationdoesabetterjob, asexpected.

16.5 One–dimensionalmodel

In orderto visualizetheimportanceof correctingfor theedgeeffect thedatacan
betreatedassumingtheone–dimensionalmodel.Herethreeapproachesto this is
discussed.

Usingequation7.22(page45) for ỸLS in equation16.1:

ỸL k ỸS � Ṽ3c l S
Ṽ3c l LS

y 1� (16.2)

If theone–dimensionalmodelis adequatethenỸS andỸL is givenby:

Ỹx k A � iΩκxc̃x (16.3)
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(c.f. equation7.5page38).

If ỸS is givenit canbeusedin equation16.2togetherwith themeasureddatafor
Ṽ3c l S andṼ3c l LS. If thetherebyobtainedỸL is put into equation16.3togetherwith
a tablevaluefor κL, thenavaluefor c̃L canbeobtained.

Now therearetwo approachesto ỸS:

1. It is expectedthateS k�� κScS is frequency independentandthusit is natural
to usea constantvaluefor this andcalculateỸS from equation16.3. The
constantvaluecan be found in the high frequency limit, wherethe edge
effect is insignificant,or it canbe foundasin section16.3or section16.4
(thoughthe later requiresknowledgeof the equationsthat take the edge
effect into account).This will bereferredto asthe“constantvaluemethod
1” (CVM1).

2. Another possibility is useỸS k 1z Z̃S where Z̃S is the measuredthermal
impedancefor thesubstratealone. This will of coursegive a wrongvalue
for ỸS at low frequencieswheretheedgeeffect is significant. This will be
referredto asthe“variablevaluemethod”(VVM).

Thethird method(CVM2) is to useaconstantvaluefor eS k�� κScS andcalculate
ỸS from equation16.3 (as in the CVM1) anduseỸL k ỸLS y ỸS (equation7.22)
to calculateỸL (insteadof equation16.2 as is donein CVM1) and finally use
equation16.3 to calculatec̃L from ỸL. This will be referredto as the “constant
valuemethod2” (CVM2).

In orderto studywhatshouldbeexpectedfrom usingtheCVM1, CVM2 or VVM
a setof artificial datacanbeproducedusingequation12.11. Theresultof using
this equationswith W k L k 3mm, κS k 0 e 9WK f 1mf 1, cS k 1 e 3 p 106JK f 1mf 3,
κL k 0 e 29WK f 1mf 1 (κL k 0WK f 1mf 1 for datawithout liquid) andcL k 2 e 2 p
106JK f 1mf 3 is shown in figure16.16(equation16.3andequation12.11is used
to calculateỸS in the CVM andVVM, respectively). It is seenthat a bending
downwards(of therealandimaginarypart)at low frequenciesshouldbeexpected
for theCVM1 while abendingupwardsis to beexpectedfor theCVM2 andVVM.
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Figure 16.16 In this figure the following valuesare used: κS d 0 m 9WK n 1mn 1,
cS d 1 m 3 | 106JK n 1mn 3, κL d 0 m 29WK n 1mn 1, andcL d 2 m 2 | 106JK n 1mn 3.

With thevaluesusedin figure16.16theCVM1 andVVM givesequallygood(or
poor) resultswhile the CVM2 givesa worseresult. But, if insteadthe thermal
parametersfor the substratewere closerto thoseof the liquid this will not be
so.To illustratethis thesametypeof plot is shown againin figure16.17but with
W k L k 3mm, κS k 0 e 3WK f 1mf 1, cS k 2 e 0 p 106JK f 1mf 3, κL k 0 e 29WK f 1mf 1

(κL k 0WK f 1mf 1 for datawithout liquid), andcL k 2 e 2 p 106JK f 1mf 3. In this
casetheCVM1 clearlygivesthebestresult.
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Figure 16.17 In this figure the following valuesare used: W d L d 3mm,
κS d 0 m 3WK n 1mn 1, cS d 2 m 0 | 106JK n 1mn 3, κL d 0 m 29WK n 1mn 1, and cL d
2 m 2 | 106JK n 1mn 3.
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With the sametype of plot the expectedcontribution from the edgeeffect in
the original measurementsby Birge andNagel(Birge andNagel[1985] / Birge
[1986]) can be estimated. They do not statewhat the thermalparametersof
their substratewas but, in a later article Birge et al. writes κS o 1WK f 1mf 1

and cS o 106JK f 1mf 3 [Birge et al., 1997, p. 55]. The shortestdimensions
of their heaterwere o 6mm [Birge and Nagel, 1987, p. 1466] (for the low-
est frequencies). Thus to illustrate the edgeeffect the sametype of plot is
shown againin figure16.18but with W k 6mm, L k 6mm, κS k 0 e 9WK f 1mf 1,
cS k 1 e 3 p 106JK f 1mf 3, κL k 0 e 29WK f 1mf 1 (κL k 0WK f 1mf 1 for datawithout
liquid), andcL k 2 e 2 p 106JK f 1mf 3.
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Figure 16.18 In this figure the following valuesare used: W d 6mm, L d 6mm,
κS d 0 m 9WK n 1mn 1, cS d 1 m 3 | 106JK n 1mn 3, κL d 0 m 29WK n 1mn 1, andcL d 2 m 2 |
106JK n 1mn 3.

Not surprisinglythe edgeeffect is smallerfor the 6mm p 6mmheaterin figure
16.18thanfor thesmallerheater(3mm p 3mm) in figure16.16. In fact theedge
effectshown in figure16.18is sosmallthatit will behardto detectwith thenoise
level of theBirgeet al. data.This is thereasonthecorrectionfor theedgeeffect
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wasnot ascritical for their measurements.Still, it maybepossiblethat (at least
part of) the deviationsbetweenmy dataand theirsaredue to this lack of edge
effect correction.

Both the CVM1, VVM andthe CVM2 have beenusedon the dataalsotreated
in theprevioussections.Theresultsareshown on figure16.19,16.20and16.21
respectively. As expecteda bendingdownwards(of the realandimaginarypart)
at low frequenciesis seenfor theCVM1 while a bendingupwardsis seenfor the
VVM andCVM2. As expectedtheCVM2 givesthepoorestresult.
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Figure16.19 Theextractedheatcapacityof glycerol(with U1 d 9 m 9V) usingtheCVM1.



140 Planar heatermeasurements

10
0

10
1

10
2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

x 10
6

R
ea

l(c
G

ly
ce

ro
l) 

[J
K

−
1 m

−
3 ]

One−dimensional model

10
0

10
1

10
2

0

2

4

6

8

10
x 10

5

2f [Hz]

−
Im

ag
(c

G
ly

ce
ro

l) 
[J

K
−

1 m
−

3 ]

One−dimensional model T
p
=213.6K

T
p
=208.3K

T
p
=203.1K

T
p
=198.0K

T
p
=193.0K

Figure16.20 Theextractedheatcapacityof glycerol(with U1 d 9 m 9V) usingtheVVM.

As can beenseenfrom the comparisonof figures 16.7, 16.19 and 16.20 the
edgeeffect becomesmore andmore importantas the frequency is lowered(as
expected). It looks as if the one–dimensionalmodelstartsto becomeadequate
above2 f o 50Hz. Thediffusionlengthsis at this frequency: LD l L o 0 e 02mmand
LD l S o 0 e 05mmfor glycerolandsubstrate,respectively, correspondingto o 1z 100
of W.
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16.6 Linearity

The input–voltagewas set to U1 k 9 e 9V (the maximum) in the measurements
discussedin theprevioussections.Thesamemeasurementswasperformedwith
U1 k 7 e 8V andU1 k 3 e 9V. Theresultingtemperatureamplitudesr TA s for thethree
casesis shown in figure16.22(TA is calculatedusingequation5.4).
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Figure 16.22 The temperatureamplitudeas function of 2 f shown for the lowest
measuredtemperature(Tk � 190m 0K) (T7C with glycerol). TA is a little lower for the
highertemperatures.It is thesamecurvesthat areshown in the top andbottomplot.
Given Rf � 469m 7Ω andthe calibrationof the heater(figure 16.2) ITm is calculated
(equation6.7): ITm � 0 m 004W} 0 m 017W} 0 m 028W for thethreedifferentU1.

TA is o 1 e 1K at the lowestmeasuredfrequency and o 0 e 6K at 2 f k 1Hz for the
highestinput–voltage.Thefigureclearlyshowsoneof thedilemmasof this tech-
nique:thetemperatureamplitudemustbelow in orderto stayin thelinearregime,
but in orderto make it sufficiently high at high frequencies,it becomesveryhigh
at low frequencies.Of course,theproblemcanbesolvedby choosingtheinput–
voltagedifferentfor differentfrequency ranges.But, sincetheinput–voltagealso
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determinesthe temperatureDC offset this requiresan appropriatechangeof the
cryostatetemperaturein orderto measureat thesameTp atall frequencies.I have
nothadtime to try suchanapproach.

In orderto judgewhetheror not TA is too high for U1 k 9 e 9V I have alsoplotted
the extractedheatcapacityfor the two lower input–voltages. This is shown in
figure16.23for U1 k 7 e 8V andin figure16.24for U1 k 3 e 9V.
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Figure 16.23 Theextractedheatcapacityof glycerolwith U1 � 7 m 8V .
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Figure 16.24 Theextractedheatcapacityof glycerolwith U1 � 3 m 9V.

Thedatain figure16.24areextremelynoisy, but still theglasstransitioncanbe
seen.Thedatain figure16.23aremuchbetter. Judgingfrom theseplotsit seems
asif thetemperatureamplitudefor U1 k 9 e 9V (figure16.7)is not too high (with
theexperimentaluncertaintyin thecurrentsetup),sinceno significantchangein
theextractedquantityis seenwith thechangeof TA.
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16.7 ComparisonbetweenNi and C heater

MeasurementshavebeenperformedusingtheT3Ni heater(for which calibration
curvesareshown in section16.1). Due to the lack of time, measurementshave
only beenperformedat onecryostatetemperature:Tk k 200e 0K. The resulting
temperatureamplitudeis shown in figure16.25.
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Figure 16.25 Thetemperatureamplitudeasfunctionof 2 f shown for theT3Ni heater
with glycerol (Tk � 200m 0K). It is thesamecurvesthatareshown in thetop andbottom
plot. GivenRf � 20m 2Ω andthecalibrationof theheater(figure16.2) ITm is calculated
(equation6.7): ITm � 0 m 005W} 0 m 012W} 0 m 045W for thethreedifferentU1.

Fromthecomparisonof figures16.22and16.25it is seenthat thecarbonheater
give a betterresolutionthanthe nickel heater. In orderto make the comparison
easierV3c l rel (cf. equation12.7)hasbeencalculatedfor theT3Ni measurements
with U1 k 1 e 5V t 2 e 9V (andITm k 0 e 012Wt 0 e 045W) andfor theT7C measurements
with U1 k 3 e 9V t 7 e 8V (andITm k 0 e 004Wt 0 e 017W). Theresultis shown in figures
16.26and16.27.
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Figure 16.26 V3c� rel for theT3Ni measurementswith U1 � 1 m 5V (andITm � 0 m 012W)
andfor theT7C measurementswith U1 � 3 m 9V (andITm � 0 m 004W).

In figures16.26and16.27the noiselevel is a little higher for the T3Ni heater
thanfor theT7C heater. ITm is approximately3 timeshigherfor theT3Ni heater
thanfor theT7C heaterandthusthecarbonheaterperformsbetterthanthenickel
heater(with thesametemperatureamplitudethequality of thedataobtainedwith
thecarbonheateris betterthanthoseobtainedwith thenickel heater).

This is not surprising,rememberingthat �αC � is around5 times that of αNi (at
Tp o 210K), cf. figure 16.3. Further, the relative influenceof resistancesin the
restof the setup(e.g. in wires andcontacts)influencesthe measurementof the
resistanceof T7C ( � 700Ω) muchlessthanthemeasurementof themuchsmaller
resistanceof T3Ni ( � 20Ω).



16.7 Comparison betweenNi and C heater 147

10
0

10
1

10
2

0.5

0.55

0.6

0.65

0.7

R
ea

l(V
3c

,r
el

) 
[]

T7 C, I
Tm

=0.017W 
T3 Ni, I

Tm
=0.045W

10
0

10
1

10
2

−0.05

0

0.05

0.1

2f [Hz]

Im
ag

(V
3c

,r
el

) 
[]

Figure 16.27 V3c� rel for theT3Ni measurementswith U1 � 2 � 9V (andITm � 0 � 045W)
andfor theT7C measurementswith U1 � 7 � 8V (andITm � 0 � 017W).
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17 Summary

� Planar heaterand 3ω detectiontechnique

This reportis basedon usinga electricalconductingthin film asa planarheater
andtemperaturecensorsimultaneously. Thethin film is on a glasssubstrate,and
measurementsaremadewith andwithout liquid on theothersideof theheater. In
suchaconfigurationathermalimpedancecanbemeasuredusingthe3ω detection
technique(cf. chapters5 and6).

� Frequencydependentheat capacity

A frequency dependenceof theheatcapacitycanbefoundin highly viscousliq-
uidssuchasasuper-cooledliquid neartheglasstransition(cf. chapter3). It is the
goal to extract the frequency dependentheatcapacity(or at leastsomequantity
proportionalto this, i.e. theeffusivity) from themeasuredthermalimpedance.

� Modeling

The relationbetweenthemeasuredthermalimpedanceandthepropertiesof the
liquid andsubstratedependon theexactexperimentalconfiguration(cf. chapters
7 and12andsection10.1).

In thesimplestcaseaone–dimensionalheatdiffusionmodelcanbeassumed,and
therelationbetweenthethermalimpedanceandtheeffusivity is simple(equation
7.5).

Theone–dimensionaldiffusionmodelonly hold aslong asthe thermaldiffusion
lengthis muchshorterthanthe width of the heater(LD � W). If this is not the
case,edgeeffectswill bepresentandmustbetakeninto account.Theequations
describingtheseeffectshasbeenworkedoutby TageChristensen(cf. chapter12).
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152 Summary� Thermo–mechanicalproblem

No matterwhetheredgeeffectsplaya roleor not, it maynotbecp thatis actually
measuredin theexperiment.Theliquid expands(andcontracts)while heated(and
cooled),andthe inducedstressrelaxon thesametime scaleastheheatcapacity.
This thermo–mechanicalproblemhasonly beendescribedanddealtwith super-
ficially in this report. Still, oneimportantexperimentaldevelopmentaddressing
this problemhasbeenpresented:it is importantto getrid of theDC heatthrough
thesubstrateandnot throughthe liquid (cf. section10.1). This is ensuredin the
measuringcell usedin the measurementspresentedin this report,by gluing the
glasssubstrateontoa copperbacking,andmakingsurethatthecopperis in good
thermalcontactwith thetemperaturebath(cryostate)(cf. chapters9 and10).� New impr ovedheaters

New developmentsregardingthefabricationof theheatershasbeenpresented.It
hasbeenshown that carbonheatershave advantagesover nickel heaters:higher
resistanceandhigher(absolutevalue)temperaturecoefficient (cf. chapter11). A
fabricationprocedurefor thesefilms have beendescribed(cf. chapter14), and
it hasbeenshown that moreaccuratemeasurementscanbe madewith the car-
bonheaterscomparedto nickel heaters(cf. section16.7). Also, a procedurefor
solderingwires onto the gold electrodes,using indium basedsolder, have been
described(cf. section11.4).� Heat capacitymeasurementson glycerol

Finally, measurementsof thefrequency dependentheatcapacityof super–cooled
glycerol have beenpresented(cf. chapter16). The frequency rangeof these
measurementsis only � 2 decades.Thedataarein closeragreementwith thedata
publishedby BirgeandNagel[1985] / Birge[1986] thanwith themeasurements
by Christensen[1985] (Christensen[1989]).



18 Conclusion

Carbonthin films canbeusedin aplanarheaterexperimentemploying the3ω de-
tectiontechnique.Nickel heatersaremostcommonlyused,but thecarbonheaters
(thatI havemade)havetwo advantagesovernickel heaters:higherresistanceand
highertemperaturecoefficient(absolutevalue).This improvestheaccuracy of the
measurements.

A one–dimensionaldiffusion modelcanbe usedif the diffusion length is much
longerthanthewidth of theheater(LD � W). If this is not thecaseedgeeffects
mustbeconsidered.Thecommonway of taking theseedgeeffectsinto account
ignoresthe problemof boundarymismatchandarenot entirely correct(asdis-
cussedon page79). Equationsthattake theseedgeeffectsinto accountwithout a
boundarymismatcharegivenin chapter12.

It is importantto getrid of theDC heatthroughthesubstrateratherthanthrough
theliquid. Whenthethermo–mechanicalproblemis takeninto accountthis turns
out to be important, in order to measurea well definedquantity. This can be
ensuredby placingtheglasssubstrateonacopperbackingthatis heldatconstant
temperature.

I havepresentedmeasurementsof thefrequency dependentheatcapacityof glyc-
erol. Comparisonof thedatawith thedatapublishedby BirgeandNagel[1985] /
Birge[1986]show thatthelosspeakfrequenciesagreebut nottheabsolutevalues.
Theshapeof thecurveshave beenevaluatedfrom theCole–Coleplot of theCN.
For the Cole–Davidsonfunctionalform I find a βCD � 0 � 62 � 0 � 02. Birge et al.
find thatβCD � 0 � 51 � 0 � 03[Birge,1986,p. 1637].
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19 Outlook

Severalthingsthatoughtto belookedinto in moredetailin thefuturehavealready
beenmentionedthroughoutthis report.Here,thesewill besummarizedanda few
otherideaspresented.

• The thermo–mechanicalproblemshouldbe taken into account. This can
probablybedoneusinganumericaltool, e.g.Femlab,to extractthethermal
parametersfrom thedata.

• It is worth looking for a materialwith ahighertemperaturecoefficient than
carbon.Onpossibilitymightbeahighresistivesemiconductor. A sandwich
geometrywith electrodesoneachsideof aplanarsemiconductor(seefigure
19.1)couldbea possibility. If this canberealizedasa round(disk) heater
it will make themodelingin Femlabeasier.

Electrodes

Semiconductor

Figure 19.1 A sandwichstructurewith electrodeson eachsideof asemiconductordisk.

• Thehomogeneityof thethin films shouldbechecked.Thiscanprobablybe
doneby usingIR photography.

• Thefrequency rangeof thecurrentsetupneedsto beextended.Severalpos-
sibilities exists,andit would be interestingto comparethedifferentmeth-
ods. In orderto go up in frequency: uselessthan128samplesperperiod,
let themultimeterusesub–sampling,or usea digital lock-in amplifierand
a Wheatstonebridge. In orderto go down in frequency: usethicker glass
substrates,or useFemlabin thedatatreatment.
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• Also it wouldbeworth trying to useapush–pulltypepowersupplywith the
digital voltmeter. This wouldallow themultimeterto work in the1V range
insteadof the10V rangeandthusmakeit possibleto measureavoltagethat
is 10 timeslessthanwhatis possiblein thecurrentsetup.



A Appendix: Using two heaters

Thetemperature–independentresistorRf (seefigure6.1) canbereplacedby an-
otherheater(with thesamepropertiesasthefirst heater, i.e. thesametemperature
coefficientandresistance).Thissituationwill beconsideredin thisappendix.The
heaterreplacingRf will be calledR1, andthe otherheaterR2 (V aremeasured
acrossR2). All theotherquantitiesrelatedto theseheatersarealsolabeledwith
thesubscript1 or 2, i.e.: Rpm1, Rpm2, α1, α2, Z̃T1, Z̃T2, ĨTA1, ĨTA2, and∆T1, ∆T2.

To make the expressionssimple, in this appendixno higher harmonicsof the
input–voltage � U � areconsidered(but of coursethey canbe includedif neces-
sary):

U � 1
2 � Ũ1eiωt � Ũ  1e¡ iωt ¢ (A.1)

ThecurrentthoughR1 andR2 is thesame:

V
R2
� U

R1
� R2 £ V

U � R2

R1
� R2 ¤ (A.2)

andfor smallvariationsof their resistance:

Rj � t � � Rpmj
� ∆Rj � Rpmj � 1 � α j∆Tj �¦¥ Rpmj

� dRj ¤ for j � 1 ¤ 2 (A.3)

CombiningequationA.2 andequationA.3:

V
U
� Rpm2

� dR2

Rpm1
� dR1

� Rpm2
� dR2

� Rpm2
� dR2

Rpm1
� Rpm2

1

1 � � dR1 § dR2
Rpm1 § Rpm2

�� Rpm2

Rpm1
� Rpm2 ¨ 1 © Rpm1 � α1∆T1 © α2∆T2 �

Rpm1
� Rpm2 ª ¤ (A.4)

neglecting2nd ordertermsin ∆Tj .

Correspondingto equation6.12:

∆Tj � 1
2 � Z̃T j ĨTAje

i2ωt � Z̃  T j Ĩ  TAje¡ i2ωt ¢ ¤ for j � 1 ¤ 2
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158 Appendix: Using two heaters

Insertingthis into equationA.4 andusingtheexpressionfor U (equationA.1):

V � 1
2 � Ũ1eiωt � Ũ  1e¡ iωt ¢ Rpm2

Rpm1
� Rpm2«¬

1 © α1
1
2 � Z̃T1ĨTA1ei2ωt � Z̃  T1Ĩ  TA1e¡ i2ωt ¢ © α2

1
2 � Z̃T2ĨTA2ei2ωt � Z̃  T2Ĩ  TA2e¡ i2ωt ¢

1 � Rpm2
Rpm1

®
� 1

2 � Ũ1eiωt � Ũ  1e¡ iωt ¢ Rpm2

Rpm1
� Rpm2

© Rpm2

2 � Rpm1
� Rpm2 �°¯ 1 � Rpm2

Rpm1 ±²
α1

1
2 � Z̃T1ĨTA1Ũ1ei3ωt � Z̃  T1Ĩ  TA1Ũ1e¡ iωt � Z̃T1ĨTA1Ũ  1eiωt � Z̃  T1Ĩ  TA1Ũ  1e¡ i3ωt ¢© α2
1
2 � Z̃T2ĨTA2Ũ1ei3ωt � Z̃  T2Ĩ  TA2Ũ1e¡ iωt � Z̃T2ĨTA2Ũ  1eiωt � Z̃  T2Ĩ  TA2Ũ  1e¡ i3ωt ¢V³

The third harmoniccan thenbe written as(usingthe samenotationason page
29):

V3ω � © Rpm2

2 � Rpm1
� Rpm2 � ¯ 1 � Rpm2

Rpm1 ± ² α1
1
2 � Z̃T1ĨTA1Ũ1ei3ωt � Z̃  T1Ĩ  TA1Ũ  1e¡ i3ωt ¢

© α2
1
2 � Z̃T2ĨTA2Ũ1ei3ωt � Z̃  T2Ĩ  TA2Ũ  1e¡ i3ωt ¢´³µ

FT ¶V ¤ 3· � © Rpm2

2 � Rpm1
� Rpm2 � ¯ 1 � Rpm2

Rpm1 ± ² α1Z̃  T1Ĩ  TA1Ũ  1 © α2Z̃  T2Ĩ  TA2Ũ  1 ³
Now, if Rpm1 � Rpm2, andα1 � α2 ¥ α, thenĨ  TA1 � Ĩ  TA2 ¥ Ĩ  TA, and:

FT ¶V ¤ 3· � © αĨ  TAŨ  1
8

²
Z̃  T1 © Z̃  T2

³
Fromthis it is seenthat,if Z̃T1 � Z̃T2, thenFT ¶V ¤ 3· � 0.
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