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Abstract

In thisthesisexperimentsaredescribedvherespin-polarizedtomichydrogergaswasstud-
iedin the 100mK temperatureéangewith continuous-wave electron-spirresonanc¢ESR)
at 129 GHz. The chief interestof this work is two-dimensional(2D) H gasadsorbedn

the surfaceof super uid “He. Interatomicinteractionsanda possibility to obsere super

uidity in this 2D systemwere studied. For the experimentsa sensitve heterodyneESR
spectrometewasconstructedvith its mainmm-wave componentdeinginstalledinto a di-

lution refrigerator ESRsignalsfrom bothbulk (3D) hydrogenandsurface-adsorbedtoms
weredetectedusinga semi-confocaFabry-Perotresonatar To measureghe 2D H density
we utilized the shift of the surface ESRline with respecto the bulk line positiondueto

magnetiadipoleinteractiondbetweertheadsorbed atoms.

The 2D gaswascompressedhermallyon a small“cold spot” maintainedat tempera-
turesrangingfrom 50 mK to 150 mK. The ESRsignalfrom the surfaceatomswasfound
to be sensitve to the ESRexcitationpower suchthathigherpowersgave riseto anonlinear
responsef the signalthuscausingdif culties in the detectionof the suriaceatomsat low
temperaturesTheline shapeof the 2D gasspectravassensitve alsoto theinhomogeneous
densitypro le acrosghe cold spot. Origins of the obsenred linewidth of the surfaceatoms
arediscussedoo.

Simultaneousneasuremenf the time evolutionsof the bulk andsuriaceatomicden-
sitiesandof the recombinatiorenegy enabledusto make the rst directdeterminatiorof
thesurfacethree-bodyateconstant 3. Beingaboutanorderof magnitudesmallerthannu-
merousresultsreportedearlier thevalueL$ = 2(1) 10 2° cnt*s ! obtainedin this work
considerablydecreasethe discrepang betweerthe experimentsandthetheory

The maximumsurfacedensityreachedor H in this work was5:5 10 cm 2 corre-
spondingto the 2D phase-spacédensityof 1.6. Informationextractedfrom experimentdn
differentconditionsallowed usto learnof limiting factorsto thermalcompressionOneof
themwasan inadequatescapeof highly excited moleculesfrom the cold spotwhich re-
sultsin asigni cant overheatingf the surfacegas.Possibilitieso boostthe surfacedensity
furthereven up to the onsetof 2D super uidity in thermallycompresseatomichydrogen
areconsidered.
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1 Intr oduction

1.1 Background

Our world is spatially three-dimensiona3D). In somecasesthe motion of particlesis
however tightly restrictedto two or even onedimension. A gasadsorbedn the walls of
a containerpresentsain exampleof a two-dimensiona(2D) system.Onemay askwhether
and how widely the low-dimensionalsystemsdiffer from the 3D onesin their physical
behaiour? The someavhat surprisingansweris thatusuallyphysicsin 2D is lessstraight-
forward thanin 3D. Quite a generalexampleis the wave equationin 2D spacewherethe
Huygensprinciple doesnot hold andthe propagatiorof the wave is differentfrom thatin
3D. An incidentcreatinga sharpwave front in 2D spacds followed by a slowly decaying
tail [1] which canbe seenfor examplein wavestravelling on the surfaceof water Good
examplesof theeffect of dimensionalityarealsotheintegerandfractionalquantunHall ef-
fectsoriginatingfrom thediscreteguantizatiorof theLandaulevelsof conductiorelectrons
in solidshaving 2D geometry

Especiallyafterthe rst obserationsin 19950f Bose-EinsteircondensatiofBEC) in
cloudsof trappedalkali atoms[2, 3] therehasbeeninterestto obsere this phenomenon
alsoin 2D quantumgases.BEC is a quantumstatisticaltransitionin phasespacewhere
the populationof the groundstateof a bosonsystembecomesnacroscopibelav acritical
temperaturd,. (A bosonis composedf anevennumberof fermionsthushaving aninte-
gerspinandobeying Bosestatistic).Fromthequantumeld theorypointof view BECis a
manifestatiorof spontaneoubreakingof a continuougphasesymmetryat T.. However, in
2D spacethisis not possiblefor a uniform systemata nite temperatureasproved by the
Mermin-WagnerHohenbey theorem[4, 5, 6]. Super uidity is in turn regardedasa mani-
festationof BEC, but in 2D the onsetof super uidity is a topologicalphaseransition,the
so-calledBerezinskii-Kosterlitz-Thalless (BKT) transition[7, 8], which is differentfrom
BEC[9]. TheBKT transitionhasbeenobseredin thin Ims of liquid *He [10] which are
stronglyinteractingbosonsystemsThe BKT theorypredictstheformationof super uidity
atsL 2 = 4 dueto thebinding of vorticesinto pairsat T [8], but it hasnever beenobsered
in any weaklyinteractingsystem.Heres is the 2D densityof atomsandL thethermalde
Broglie wavelength.Above T, the vortex pairsarefreeto move andpreventthe super uid
oW.

Thetheoryof Popw [11] introducedhe concepiof quasi-condensa{®C) wherethere
are no density uctuations but phase uctuates spatially A QC can be visualizedbeing
divided into domainsor "blocks" which are smallerthan the phasecoherencdength but
muchlargerthanthe healinglength. Thereis atrue condensatesideeachblock but there
is nophasecorrelationbetweertheblocks[12]. Popa's theoryis furtherdevelopedin refs.



[13, 14, 15 andMonte Carlosimulationsof 2D Bosegascanbefoundin refs.[16, 17]. A
view emepgesthatbelon the BKT transitiontemperaturéhe 2D super uid is characterized
by the presencef aQC, but it is unclearwhatis therelationbetweerthe BKT andQC (or
BEC) transitions.

Theuniqueadwantageof hydrogerin attainingthe conditionsof BEC wasbelievedto be
thelight atomicmasswhichimpliesa high BEC temperatur@andpreventsthesamplefrom
becomingliquid or solid beforequantumeffectscantake place. This advantagecould not
easilyovercometwo disadwantageof H atoms their recombinatiorinto H, moleculesand
the exceptionallysmall scatteringcross-sectionThe latter propertymakesthermalization
of evaporation-cooledtomsin magnetiarapsby H-H collisionstedious.Actually afterthe

rst stabilizationof spin-polarizedatomichydrogen(H#) in 1979[18] it took almosttwo
decadeantil the rst hydrogenBEC was achieved by a researcheamat MIT [19] who
usedstandarccryogenicand evaporatve cooling of trappedH" down to about50 pK. At
the sametime interestwasalsodirectedtowards2D H# adsorbedn the surfaceof liquid
helium and experimentalevidenceof a quasi-condensati® this systemwas obtainedat
Turkuin 1997[20]. Three-dimensionallkali atomcondensatelsave alsobeen‘squeezed”
to dimensionakrossweerin 1D and2D trapsincluding opticallattices,[21] magnetidraps
[22] andevanescenivave traps[23]. Phaseuctuationshave alreadybeenseenn quasi-2D
(and3D) alkali condensatejR4, 25], but the BKT transitionhasnot beenobseredin them
yet.

In the Turku experimentthe formation of a quasi-condensat® H# was obsered as
a drasticreductionof inelasticthree-bodycollisionswhenthe 2D phase-spacdensityex-
ceededL 2 3[20]. Thesamplewascompressedtthesurfaceof super uid “He Im with
thehelpof astrongmagneticeld gradient.Dueto distortionsof spectracausedy thevery
inhomogeneousld it wasnot possibleto combinemagneticcompressiomwith magnetic
resonancepectroscop of surfaceatoms. Therefore the methodof thermalcompression,
rst appliedto H# by T. Mizusakiandcoworkersat Kyoto University [26] waspursuedn
thework describedn this thesis.

InteractionsbetweenH# atomsin 2D and with the helium Im are otherinteresting
issues.Theexchangenteractiornis knownto beveryimportantin elasticcollisionsof atoms.
It leadsto a shift andbroadeningof the spectralinesin masersknown asthe “clock” or
“cold collision” frequeng shift. Recentlysimilar effectswere studiedin Bose-condensed
and normal cloudsof alkali vapourswith magneticresonancespectroscop [27, 28, 29].
But for 2D H# gasthe clock shift wasfound[30] to benggligibly smallcomparedo dipolar
shifts, causedby much wealer magneticinteractions. It is not known yet whetherthis
differenceis causedby the reduceddimensionalityor by the muchlarger magnetic eld
used.



Theintroductorypart of the thesisis organizedasfollows: Chapterl includes,in ad-
dition to this generaintroduction,shortreview of interatomicinteractionsrecombination,
and propertiesof 2D and3D atomichydrogengas. Detailsof electron-spirresonanceare
alsodescribedChapter2 coverstheexperimentaldetailsof thework. Descriptionof differ-
entpartsof the experimentalapparatusndof the measuremergroceduresreconsidered.
In chapter3 electron-spirresonancdine shapesandtemperatureof the surfaceadsorbed
atomsarediscussedLimiting factorspreventingto increase2D H# densitywith thermal
compressiorareestimatecht the endof the chapter The conclusionsof this work aresum-
marizedin chapter.

1.2 Propertiesof H gasin 2D and 3D
1.2.1 Atomic statesand interatomic potentials

Providedthe densityof a mary-body systemformedby thelightestelementss sufciently
high, quantumeffectswill createdetectablechangesn the macroscopigropertiesof the
systemalreadyat relatively high temperaturesUnderits own vapourpressure*He does
not solidify but lique es at 4.2 K. Exceptfor liquid 3He, which is however composedf
fermions,*He atomsform theonly bulk liquid known to undego atransitionto asuper uid
stateat 2.17 K. Unfortunatelythe relative stronginteratomicinteractionsin liquid helium
effectively maskthe quantumeffectsandcomplicatethetheoreticabnalysisof the system.

Being even lighter thanHe, atomichydrogenis expectedto exhibit morepronounced
guantumeffects. It turnsoutin factthatif H atomsinteractvia the triplet (or symmetric,
denotecas®S})) potential[31, 32], thestatewith parallelelectronspins, thenthe zero-point
enegy overwhelmsthe very weak minimum of the otherwiserepulsie triplet potential.
This malkesit possiblethat spin-polarizechydrogernremainsgaseousiown to the absolute
zerotemperaturg33]. The attractve singlet(or antisymmetricdenotedas lSg) potential
[31, 32] of antiparallelelectronspins supportsaltogether301 rotationaland vibrational
boundstatesncluding the stableH, moleculargroundstateasmuchas52000K kg [34,
35] belav the continuum.Soit is the strongsingletinteractionthattendsto (re)combineH
atomsinto H, moleculeswvhich thensolidify alreadyat 14 K.

An externalmagneticeld B = jBj x esa preferentialorientationfor the spins. The
Hamiltonianfor a singlehydrogenatomin amagneticeld is

H = gelsS B+ gnlnl B+ anS I (1)

wherege andg, areelectronandnuclearg-factorsrespeciiely, u, andp, aretheBohrand
nuclearmagneton@nday, is the hyper ne interactionconstant. The Hamiltonian(1) has
four enegy eigenstatesThesehyper ne statespftenlabelledfrom a to d with increasing

10
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Figurel: Breit-Rabidiagramof hydrogerhyper ne statesandtrans\ersalESRtransitions.

enepy, areillustratedin g. 1. Dependingon the electron-spirpolarization,atomsin the
statesa andb (H #) areattractedo andin c andd (H ") repelledfrom anincreasingnag-
netic eld. Thismakesit possibleto accumulatenelectronspin-polarized # sampleg.g.,
in thecenterof asolenoid. Atomsin thesamestateinteractchie y throughthetripletinter

actionmakingthemquite stableagainstecombinationDueto the hyper ne interactionthe
statesa andc aremixed containing,in high magneticeld, thefractione an=2g9el,B of
the oppositeelectronspin state whereas andd are“doubly polarized”or "pure" Zeeman
statesrespectrely (H - andH -). Interactionsa banda aorc dandc ccon-
tain afractiont e of singletcharactemvhich leadswith nite the probabilityto exchange
recombinatiorj36, 37]. This mechanisnis notoperatve in doublypolarizedhydrogen.

In additionto Coulomb,exchangeandZeemarinteractionghereis alsoaninteraction
betweenthe magneticmomentsof H atoms. It is aboutsix ordersof magnitudewealer
thanthe exchangeinteractionandis thereforeusually neglectedin calculations.However,
in certaincaseghesedipolarinteractionscancausenotableeffectsandoneof themis the
dipolarrecombinatiori36, 38] which operategvenin thedoublypolarizedgas.Thedipolar
interactionsarealsoresponsibldor the frequeng shift betweerthe ESRIines originating
from bulk H# and surface-adsorbed#li#. The averagedipolar shift of the bulk H# line is
negligible in our experimentaldensityrangebut this is notthe casefor 2D H#. Thesuriace
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line shift, whichis linearin densityanddepend®n the orientationof the magneticeld, is
givenby therelation[30]
Bi= agdP.(cosg)s; (2

whereay is a proportionalityconstant,q is the anglebetweenB andthe suriacenormal
andP; is a Legendrepolynomial. The dipolar shift was rst obsered by Reynoldset al.
[39] and Shinkoda et al. [30], althoughtheir experimentssuffered from too high ESR
excitationpower causingnonlineareffectsin the2D line shapeln thiswork thevaluea 4 =
1:0(1) 10 2 Gcn? [P1,P7]hasbeenmeasuredipto thesurfacedensityofs 5 1012
cm 2,

1.2.2 Atomic hydrogenadsorbedon liquid helium

The surfaceof super uid “He offers uniquepropertiesfor creatingsamplesof 2D H# gas.
First, the H-He van der Waalsinteractionis one of the wealestin its class. The effective
interactionpotentialperpendiculato the He surfacewas calculatedoy Guyerand Miller
[40] andMantzandEdwards[41] who shaved thatthereis only oneboundenegy eigen-
valueE, for H on the*He surface. Trappingof H atomsinto this boundstatewill createa
2D gas,in which the averagedistanceof the atomsfrom the surfaceandthe perpendicular
delocalizationlengthly arebothabout0.6 nm. Secondlythe surfaceof “He is completely
uniform. Comparedo solidsit doesnot have ary periodicity or roughnesgo disturbthe
free particle-like motion of the H atomsalongthe surface. At temperaturesf about300
mK or less*He vapouris alreadyin the high-vacuumpressureange.

If onetakesinto accountthe elementarysurfaceexcitations, called ripplons, the “He
surfaceis not completely at. The amplitudeof thesequantizedcapillary wavesis only
about0.1nm[42, 43] andthewavelengthis muchlongerthanthe rangeof the interatomic
interaction[9]. Therefore ripplonsdo notin uence the H-H scattering.However, in the
cooling of the surface hydrogenthe ripplons do play an importantrole (seebelov). At
low suriacetemperature3g the surfacedensitys of H atomsincreasegxponentiallywith
decreasings. Thiswill increasehe numberof interatomiccollisionsandrecombination
rate. It is thereforenecessaryo have the binding of H atomsto the surfaceasweak as
possiblethusextendingthe sampléelifetime andreducingthe recombinatiorheatingof the
sample.An extremeexampleof 2D trappingis the magneticandopticalwall-free con ne-
mentappliedto alkali atoms[22, 23, 44, 45]. However, for H the optical trappingis very
dif cult to realizeandwith the magneticmethodit is dif cult to reachthe2D con nement
offeredby liquid helium suriaces.Anyhow, we may saythatthe H-He interactiongivesa
nice possibilityto createa genuine2D quantumgasof H atoms.

The 2D H gason a free liquid “He surfaceis in dynamicalequilibrium with the bulk
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gas. Continuousexchangeof atomsbetweerthe bulk andsurface-adsorbeghasesccurs
at a ratedependingexponentiallyon temperature A relationbetweenthe densitiesof the
surfaceandhbulk gasesyrespectiely s andn, in thermalequilibriumis found by equating
thechemicalpotentialsof thetwo phaseslin thehightemperatureandlow densitylimit this
will leadto thewell-known classicalkequatiorfor theadsorptiorof a Boltzmanngas:

Tb 2 Ea
sz — nLex ;
T, P e

©)

whereT, is the bulk gastemperatureand Ts is the surfacegastemperature.The prefac-
tor (Tp=Ts )3 takesinto accounthe possibletemperaturalifferencebetweerthe bulk and
surfacegaseg46]. Alternatively, s canbeexpressedy equatingheadsorbinganddesorb-
ing H atom ux es. The surfaceresidencdimet, is exponentiallyproportionalto theratio
Ea=kgTs. Takingquantumcorrelationeffectsandthe H-H interactionenegy into account
tr is given[46] by therelation

1_ksTss 1 exp( sL?) o Ea+ goUos

tr  2p~ sL? kg Ts
HereU, standsfor the H-H mean eld interactionenegy, g, is a two-body correlation
functionands 0:33 Ts K 1[47, 48] is the sticking probability of H atomsto the “He
surface. For non-dgeneratadenticalbosonsg, = 2 andfor non-identicalor degenerate
bosonsg, = 1. For low densitiesof s < 102 cm ? andtemperaturesf about100 mK
tr 1.4 ms. The exponentialgrowth of s, proportionalto E;=kgTs, is essentiafor the
thermalcompressiommethodusedin this work to compres2D H# gas. In anideal case
a compressioriactorof about100is achiered whenthetemperaturés lowered,e.g.,from
100mK to 70 mK.

Eq. (3) alsoyieldsTs providedE,, s and,n areknown. Theadsorptiorenegy will not
be affectedby the solid substratébeneattthe liquid “He layer unlessthe latter is thinner
thanabout20 monolayerg49] (thesaturatedm is 110monolayers)Thereis somescatter
in the experimentalvaluesof E, for H on liquid “He rangingfrom 0.9 K to 1.15K [30,
50, 51, 52, 53]. Thevaluesextractedfrom ts to decayrate equationsjncluding multiple
tting parametersare consideredo be lessaccuratethanthoseobtainedfrom magnetic
resonancexperiments.The experimentalresultsobtainedin the presenwork supportthe
valueE;=kg = 1:14(1) K [P1,P2].

Adsorbedhydrogenatomsarein thermalequilibrium with the ripplon systemof the
super uid helium surface. This is becauseéhe momentumof an adsorbedatomis relaxed
in atimet , dueto emissionandscatteringof ripplons.At 100mK thevaluet ,= 3 10 8
s [54] is much shorterthan the surfaceresidencetime t;, ensuringthermalequilibrium

(4)
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betweerH andripplons. Theripplonsarein weakthermalcontactwith the phononsystem
of theliquid, from which heatis eventuallytransferredo the samplecell body Thelarge

thermalresistanc®etweertheripplonsandthephononof the*He Im createsibottleneck
in the cooling of the 2D H gas. For the phononsystemat a temperaturd pn the maximum
coolingpower hasbeencalculatedo be

Pp= Grp(TE7° T3 (5)

whereG,p = 0:84Wcm 2K29= js theheatconductancef theripplon-phonorcontact55].
The cooling pawer is stronglytemperaturelependenand G, is smallerthanthe Kapitza
conductanceacrossge.g.,metalfHe interfacesbelav 100mK [56].

The propertiesof a weakly interacting2D Bosegaslike H# are characterizedby four
length scales. First thereis the 3D s-wave scatteringlength agp which de nes the 3D
mean- eld interactionenegy Uz = 4p~%azp=m betweenthe particlesof massm at low
temperaturesThe secondengthis the effective rangeof interactionRe, whichis generally
not equalto azp [12, 57]. Thethird characteristidistanceis the de Broglie wavelength
L. WhenL R thesystemis in the s-wave scatteringimit. The fourth lengthscaleis
thedelocalizatiodengthly = ~2=mE; [12] in the surface-normatlirection.In atruly 2D
systemlg=asp . 1 andparticlescatteringis strongly affectedby the con nementmaking
the interactionalwaysrepulsve [58]. Scatterings three-dimensionaf |y=agp & 10[57].
Theintermediateegion may be calleda quasi-2Dregion wherecollisionscanbedescribed
by purely 2D scatteringbut the interactionstrengthdependson |4 [58]. The condition
for weakly interactinggasin the quasi-2Dcaseis jaj g [12]. For H on “He surface
agp 0:07 nm [59, andreferencegherein]andlq=asp  10. This shawvs that2D H is a
weaklyinteractingsystemandthatshort-rangenteractionsarestill three-dimensionalThis
is alsoseenn the2D meaneld interactionenegy whichin thequasi-2Drangeis givenby

[12] p__
4p~2? 1 2 2p~?agp
U2 = —_—

m P 2_pld=a3D + In(0:291E,=Ey) m lq
whereEy is thethermalenegy of motionin theplane.For 2D H at100mK E;=Ex 114
andthe logarithmictermin eq. (6) is only about5 % which shavs that the scatterings
essentially3D assaidabore. Eq. (6) givesU,=kg 3 10 '®Kcm? in agreementvith
refs. [43, 60]. It is interestingto notethatif agp < 0 the signof U, could be changedy
modifyinglq [61].

The mean eld interactionbetweenatomsin different spin statesis known to shift
the radio-frequeng resonancdines [28, 27]. This clock or cold collision frequeng shift

is causedby the differencesof the mean eld enegy (eq. (6)) betweendifferent spin

(6)
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states.Theresonancérequeny is alsoshifteddifferentlyfor condensedndnon-condensed
bosong28]. If the clock shift is larger thanthe resonancdinewidth it canbe usedasan
indicatorof the the quasi-condensatio For 2D H - the cold collision frequeng shift cal-
culatedfrom eq. (6) is aboutan orderof magnituddargerthanthedipolarshift [P7] given
by eq.(2). Theobseredshiftis smallerthanthe calculatedne. Theclock shiftis isotropic
andshiftstheline towardshigherfrequenciesthedirectionbeingthe sameasfor thedipolar
shift onthe planeperpendiculato the polarizing eld. Usingthisinformationandthedata
of ref. [30] we may concludethatthe clock shift is at most0.4 timesthe dipolar shift given

by eq. (2).

1.2.3 Recombinationand relaxation

The stability of H# is determinedy the rateof recombinatiorof atomsinto H, molecules
in bothbulk andsurfacephasesNumerousexperimentalandtheoreticaktudieshave been
devotedto the decaykineticsof H# [34, 38, 51, 53]. Recombinatiorandthe large amount
of enepgy releasedn it (4.48eV perevent)tendto preventthe attainmeniof high enough
densitiesatlow enoughtemperatureseededor theoccurrencef quantundegenerag. On
the otherhand,valuableinformationon the intrinsic processesf the gascanbe obtained
by monitoringthe densitydecayof the H# sampleand asa matterof factthis hasbeena
very fruitful methodof studyingH#. At densitiesn. 10'® cm 3 andtemperatures 200
mK bulk recombinatioris negligible and only surfacerecombinatioris signi cant. This
is becauseconseration of momentumandenegy in all recombinatioreventsrequiresat
leastthreeparticipatingbodies. Accordingto our knowledgeno detaileddescriptionof H
recombinatiorexiststhatwouldtake into accounthedynamicpropertiesof theHe surface.
If onesimply assumeshatthereis no enegy exchangebetweerthe colliding pair andthe
surface,the centerof massmomentumalongthe surfaceis consered andrecombination
canonly take placeif themoleculeis desorbedtthe sametime [34].

Whenthe gasis spin-polarizedrecombinatiorkineticsis considerablysimpli ed and
only two recombinatiorchannelsareimportant. Theseare surfacetwo-bodyexchangere-
combinationandthree-bodydipolarrecombinationTheformeroccursonly if thecolliding
H atomsinteractthroughthesingletpotential. Thisimpliesthatonlya aanda b (seeg.
1) collisionscaninduceexchangeecombinatiorandtherateof this processlecreasewith
increasingnagneticeld ase? u B 2. In apureb-state(H -) samplethereis no exchange
recombinationandthethree-bodydipolar processs the main sourceof recombinatiorbut
only at high densities. The dipolar interactionis importantwhenthe initial threeparticle
statehasno singletcharacter Whena pair of atomscollide in the dipolar eld of a third
atomthevariationsof themagneticeld inducea singletcomponentinto theinteractionof
thepair[36, 38]. This mayleadto recombinatiorand,dependingpnwhetherthethird atom
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change®r doesnotchangets electron-spirorientation theeventis calledsingle-or double
spin- ip procesg34, 62]. In thelatterthethird atomwill recombinen a collision with a
fourth atom. In experimentsve measurehetotal lossrateof atomsandcannotdistinguish
betweerthe singleanddoublespin- ip mechanismén H -.

In additionto the recombinationdecayof H# is in uenced by the nuclearrelaxation
ratebetweera- andb-states.Two surfacerelaxationprocessesanbe metin experiments:
impurity inducedone-bodyrelaxationandintrinsic two-bodyrelaxation[34]. Theformer
is aconsequencef smallspatial uctuationsin themagneticeld causedy magnetiana-
terialse.g. small grainsof iron embeddedn the walls during machining. The magnetic
momentsof the atomscanalsoinduceeddy currentsin a highly conductingsurfacelead-
ing to the relaxation. Impurity relaxationcanbe reducedto a negligible level by careful
fabricationof the cell from nonmagnetianaterialsand by covering the cell walls with a
dielectriclayer Suchalayercanbe grown from solid H, by keepingthe hydrogenlling
ux on continuouslyfor a long enoughtime. The two-body surfacerelaxationprocesss
anisotropicsuchthatits rateis zerofor a surfaceorientedperpendiculato the polarizing
eld [34]. In the samplecells usedin the presentwork thereare no walls with high H#
surfacedensityparallelto the polarizing eld andthetwo-bodyrelaxationwasfoundto be
of noimportance.

Therecombinatiorkineticsis describedy rateequationsvhich arecoupled rst-order
differentialequationsTherateconstanbf one-bodyrelaxationis usuallymarkedasG, the
two-bodyrecombinatiorasK, andthe three-bodyrecombinatiorlossrate constantasL 3.
For H# theequationsare

a= G%a b) KSab 2Kg&a?

: 7
b= G%a b) K§ab Lgb3 0

wherea andb arethe partial bulk densitiesof the correspondindiyper ne statesandwe
have negglectedthree-bodyprocessesvhich include the a-state. Here, the superscripte
standsfor effective bulk rate constantd34] usedto transformthe intrinsic surface rates
(superscripts) to the effective bulk onesthroughthe adsorptionisothermeq. (3). The
effective rateconstantsregivenby

- Tp\ 3= =
Ge = \%L(T_:)g 2GSgEa~*aTs
KS = QLA Kb t)
Lg — \A%:L3(¥—:)9:2L363E3:k3-r5;
where A, andV,, arethe areaand volume of the samplecell. Valuesof the surfacere-
combinationrateconstant@regivenin tablel. Dueto thelarge exponentiafactorssurface
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Tablel: Experimentalaluesof two- andthree-bodysurfacerecombinatiorrateconstants
of H#on*HeatB 4TandT 250mK.

| Coefcient | Value \ Units | Reference]
KS, 0:41) 10 7 T=B? | cnPs 'K 212 | [53,34]
KS, 0:4(1) 10 'T32=B? | cnPs K 277 [53]

LS 2:0(7) 10 25 cnfs 1 [P6]

* Valuemeasuredn a eld of 4.6T

recombinations effectively reducedy increasinghesurfacetemperatureln thermalequi-
libriumatT 40 mK the a-statepopulationshouldbe nearlyequalto that of the b-state.
However, if G€ is small,the a-statedensityis exhaustedn thea aanda b recombina-
tions [34], andthe sampleevolves from H# to H - on a timescaleof (KE,a) 1, whichin
the preseniork is aboutl00s at 170mK. Then,recombinatiorof H - is possibleonly by
a b surfacerelaxationandthethree-bodyprocesslf the surfacedensityis smallenough,
thethree-bodytermcanbe ngylectedandthe densitydecayis exponential.

A recombinationevent on the surfacereleasesa large amountof enegy. However,
liquid heliumdoesnotabsorhall therecombinatiorenegy atonceandonly afractionf . 2
% is releasedlirectly at the recombinatiorsite [63, 64, 65]. Therestis evenly distributed
on the samplecell walls by excited H, moleculeselaxingtowardstheir groundstate. The
ideaof local compressionakes adwantageof sucha spreadingof the recombinatiorheat.
Recombinatiorproductscarry away mostof theheat,providedthey canfreely escapdrom
the compressiomegion. Coolingonly asmallcold spot(CS)on thewall of the samplecell
to alow temperaturanakesit possibleto compresgshe 2D H gaslocally. In sucha case
the total heatabsorbedy the cold spotis stronglyreduced.In additionto the fraction f
of three-bodyrecombinatiorenegy therearetwo otherimportantsourcesof heat. Oneis
associateavith the one-bodyrelaxationon the samplecell walls, andthe seconds dueto
thethermalaccommodatiof the bulk gas.In g. 2 thecontributionsof differentheating
processeatthe experimentakonditionsof thiswork arepresenteésafunctionof thecold
spottemperaturds. Thesurfacedensityis x edto 3 102 cm 2 andthe bulk densityis
calculatedrom eq. (3). To avoid large thermalaccommodatiomeatingit is betterto work
atn< 10 cm 3. Then,thevalueof s is setby the balancebetweerthe directthree-body
recombinatiorheatingandcoolingof thecold spot(eq. (5)).

Three-bodyecombinatiorcanbealsousedasaprobeof theappearancef quantunde-
generag. The probability of three-bodyecombinatioris proportionalto the three-particle
correlationfunction. In a condensatéhe density uctuations aresuppressedndthethree-
body correlationfunction decreaseby a factorof 3! [66, 67]. Whetherthis appliesalso
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Figure 2: Calculatedheatingof a small surface spotfrom differentsourcesasa function
of the spottemperaturedirectthree-bodyrecombinatiorheating,one-bodyrelaxationon
the samplecell walls, andthermalaccommodatiomf the bulk gas. The surfacedensityis
3 10 cm 2 andthebulk densityis calculatedrom eq. (3) at T, = 170mK. Thelowest
experimentalvalueG® = 8 10 ° s ! of this work was usedto calculatethe relaxation
heating.

to the 2D case,is not so cleay andtheoriespredictdifferentreductionsof L3 [15, 60]. A
somavhatlarger (but yetwithin theerrorbar)thana 3! fold decreasef L wasobseredin
the magneticcompressiorxperimentsat Turku [20] andthereseemso be a possibility to
distinguishthe effect from dimensionalityon the three-bodyecombinatiorrate.

1.2.4 Electron-spinresonanceon H gas

For atomic hydrogentwo transwersely excited ESR transitionsare allowed: a) d and
b) caspresentedn g. 1. Theirfrequenciesn high magneticelds B 50 mT are
wr ( 1=2ap+ gelB)=~= 2p( 0:71+ 28 B/T)s . Foralinearlypolarizedexcitation
eld B;coswt thetime-dependemnperturbatiortheorygivesanESRtransitionrate[68]

Y

Pe = ggeBEd(B Bo); (9)
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whereg: is the electrongyromagnetiaatio andBy  wr=g: is the eld at resonanceln
practice,dueto relaxationprocessef the spinsystemthe deltafunctionin eq. (9) needs
to bereplacedby anintrinsic line shapefunction f;. Theintrinsic relaxationprocessesf
bulk H# arevery slow, andthe obseredline shapéds determinedy inhomogeneitiesf the
local magneticeld [69, 70, 71]. Yurke etal. [72] found,whenconsideringdifferentline
broadeningnechanismsthat the largestcontritution to the bulk H# line shapeis dueto
radiationdamping[70, 73] yielding a constantine amplitudeanda linewidth proportional
to thedensity In our experimentghis effectis negligibly smallfor n. 10 cm 3.

Thepower absorbedn unit volumefrom time dependentnagneticeld in alossypara-
magneticsampleis expressedvith the help of the complex susceptibilityc(w) = cqw)
ic%w) as[74]

p= %co%z; (10)

wherely is the vacuumpermeability Comparingequationg9) and(10) it is noticedthat
¢ nf;, andthedensityof paramagnetiparticlescanbe extractedas

4 2

¥
SioE o c%w)dw: (11)

n=

In theseESRexperimentghe signalis detectedata x edfrequeng wo wheretheresonator
is tuned. By sweepingw or B the ESRIine is measured.Therelationbetweenc andthe
obsered ESRsignalSin anopenFabry-Perotresonatois derived belov. Optical Fabry-
Perotresonatoraremorecorvenientlydescribedy the so-calledcoupledmodeapproach,
found e.g. in ref. [75], thanthe equivalent RLC-circuit approach74] usedfor closed
resonatorsHowever, following thecouplednodeapproacheventuallygivesthesameresult
asderivedfor the RLC-circuit.

In the coupledmode approachthe so-calledmode amplitudeu(t) is de ned. It is a
comple variablenormalizedn suchawaythatuu  juj? equalgheenegy in theresonatar
Theresonancdrequenyg of the modeis wp: Theresonatois coupledto anincidentwave
s exp(iwt) whichis normalizedn suchaway thatjs;j? is the power carriedby theincident
wave. Theenegy in theresonatodissipategausinga decayof themodeamplitude.There
aretwo differenttypesof power dissipation.Therateof intrinsic dissipatiort Lis related
to the power absorbednsidetheresonatgrandtherateof externaldissipatiort . * is dueto
aholecouplingtheincidentwave to theresonatarThequality factorof theloadedresonator
canbe expressedvith thedecayratesasQ, = swo(t, '+t 1) L.

The time dependencef u coupledto the incidentdriving eld, provided the power
lossesaresmall,is givenby theequation75]
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1 2wt

: 1
u=iwgu (—+ —)u+ —se™; (12)
tO te te
In asteadystatethe solutionof eq. (12) is
q_— .
L5e"
us= ° ; (13)

tol+ tel+i(w wp)

In ESRexperimentsare ectedwave s; from the cavity is measuredTherelationbetween
5 ands is expressedy there ection coefcient of theresonatof75]

te! tol i(w wp)
tel+tyl+i(w wp)

S
G —= 14

03 (14)
When a lossy magneticsampleis placedinto the resonatoiit changedhe resonancdre-
queny andabsorbsinamountwc®w)juj? of power. This changeshemodedecayrateand
theresonancérequeng accordingto

tol+ ted! tol+ tel+ Jwhcofw)

Wo! wo= 1+ hcqw): (13)

The lling factorh isde nedin theusualway astheratiobetweerthemagneticeld square
integratedover the samplevolume and over the whole resonatof74]. Whenthe changes
in eq. (15) areincludedin eq. (14) the re ection coefcient at the centerof the cavity

resonancés givenby
_ Go ihQ|C(W)_

= I+ hoew) (16)

where assumingmallhc® anapproximation(1+ hcq{w)) ¥ 1 hc%:2 hasbeenused.
Theobsered ESRsignalSis proportionako thechangeén there ectedvoltage(G  Gg)s
from theresonatarTherelative changed of thevoltagere ection coefcient is givenby
G Go 2to ihQc(w)

4 G Tt tg 1+ihacw) (17
This resultis identicalto the resultobtainedfor a closedcavity e.g. in ref. [69]. Thereal
(imaginary)partsof d areproportionalto the absorptiorand(dispersion)partsof S. From
eg.(11) it is foundfor smalln that

4

te to_ 2 Rgd]dB: (18)

to  PHo~GhQ
For higher n the relation betweenc®and Rgd] is not linear arymore, andn hasto be
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extractedfrom thedispersiorsignal[76] or by usingthe Kramers-Kronigrelations[69].

2 Experimentson2DH #

2.1 Experimental apparatus
2.1.1 Cryogenicsetup

Theexperimentsverecarriedout in atop-loadingcryostatwith two home-madeefrigera-
tors, a dilution refrigerator(DR) anda 3He refrigerator The former coolsthe samplecell
(SC)andthelatteralow-temperatur@issociatomsillustratedin g. 3. Thedissociatoiis a
H atomsourcesimilarto thatusedby theAmsterdangroup[77]. It is ahelicalresonatobp-
eratingat 348 MHz atabout700mK wherethe He refrigeratorhasa larger cooling power
thanthe still of the DR. The basetemperaturef the DR is 30 mK andits cooling power
at 100 mK is 150 uW. The samplecell (SC)is locatedin the centerof a superconduote
magnetperatingat4.6 T.

Thesamplecell is thermallylinkedto the mixing chambeMC) of theDR, but thelink
is weakenoughto malke it possibleto measurehe recombinatiorpower accurately Due
to therelatively long distanceof about40 cm from the MC to the SC mechanicathermal
anchorings notcorvenientfor coolingasmallcold spotin thecell. Thereforeve emplo/ed
thedilute 3He “He streamof the DR from the mixing chamberasa “coolant” of the cold
spot(CS). At atypical circulationrate of 100 pmoles/sthe mixture hasa relatvely large
speci ¢ heatandit o ws at the speedof 2 cm/sin a 1.5 mm diametertube. It allows us
to changethe CStemperaturén afew second$y heatingtheincomingcoolant. The ESR
resonatoiin the SCis connectedo the cryogenicmm-wave componenblock of the ESR
spectrometeP4] with standard-bandwaveguide. A pieceof CuNi waveguideis installed
to ensurethermalinsulation. The block is thermallyanchoredo the 1K pot of the DR. A
thermalaccommodatoof theH ux from thedissociatomandthe buffer volumefor H# gas
arecooledby a stepheatexchangeiof the DR.

Temperaturesf the mixing chamberthe samplecell (Tse), the buffer volumeandthe
cold spotcoolant(Tjiq) are measuredvith RuO, chip resistorscalibratedagainstthe 3He
melting curve thermometemand NBS SRM 768 superconductingk ed-pointdevice. The
calibrationsare estimatedo be accurateo within 1 mK. Temperatureare monitoredand
adjustedvith a.c.resistancdridgesandtemperatureontrollers(RV-ElektroniikkaOy) and
computercontrolledlock-in ampli ers (StanfordResearctsystems).

If thewholedilute streanof theDR would beusedto coolthecold spot,theoperatiorof
the DR would be seriouslydisturbedat high Tjiq. Thereforethe streamis dividedinto two
approximatelyequalpartsasillustratedin g. 4. Oneof the streamss takenin a1.5mm
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Figure4: Cooling of the cold spotandthe samplecell. The cold spottemperaturés setby
the coolingliquid temperature A stableoperationof the refrigeratoris maintainedby the
by-pasdoopin thedilute stream.

diameterstainlesssteeltubeto the cold spotasdescribecabore. Theother o wsthrougha
by-pasdoop. Beforeenteringthe DR heatexchangeithe two streamamege. In this way
we canraiseT,iq up to 300 mK while still beingableto keepthe SCandMC temperatures
belav 50 mK.

The calibrationof the H# bulk densityn is madecalorimetricallyby measuringhere-
combinationheatliberatedin the samplecell. A decrease/increase the recombination
power is compensatetty the SC temperaturecontroller which keepsTs constantoy in-
creasing/decreagjrthe heatingpower P to thesamplecell. In g. 5P is shavn for several
decaysatdifferentT;iq. Thetime variationof thebulk densityis givenby therelation

2 4¥ .
nM=gp , P PO (19)

whereV; is the volume of the samplecell, D = 4:478 eV is the dissociationenegy of a
singlehydrogenmolecule[35] andPy  P(¥) is the stabilizationpower without H# The
inaccurag andthe slow drift of Py arethe main sourcef errorof the densitycalibration.
Forn= 10"*cm 3 theerroris about10 %.
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Figure5: Signalsrecordedby the temperaturecontrolleron the total heatingpower P(t)
with SCll atTsc= 178mK for differentcold spotcoolanttemperatures;iq rangingfrom 98
mK to 162mK. For thelowermosttracethetime scaleis multiplied by 2.

2.1.2 Samplecellsand ESR spectrometer

Two versionsof the samplecell, hereinaftercalled SCl and SCII, were usedin this work.
The maindifferencebetweenSCl and SCll is the sizeandpositionof the cold spotin the
ESRresonatar Schematiarawings of the cellsareshavn in g. 6. In bothvariantsthe
resonatois of theopengeometryFabry-Perotype,whichis similarto the opticalresonator
usedin laserq78]. Theopengeometrywaschoserno ensureafreeescapef recombination
productsfrom the CS. The uppermirror of the resonatolis hemisphericalvith 6.5 mm
radiusof curvature,while the lower mirror is planar The coupling of mm-wave enegy
betweenthe SC anda standardectangulaD-bandwaveguideis througha 0.5 mm diam.
ori ce in the centerof the sphericalmirror. Both cells were madeof high-purity Cu and
carefully etchedin orderto reduceimpurity-inducedb a relaxation. The othermaterials
usedwere high-purity gold, indium, Kapton and Mylar polymer Ims, te on tubesand
Stycastl266epoxy

Whendesigningthe samplecell for thermalcompressiorexperimentswve were aware
of the high three-bodyrecombinatiorrate on the CS leadingto a fastdensitydecayand
consequenstrongrecombinatiorheatingof the sample. Estimatesof theseeffectswere
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basedontheexperimentavalueL = 2 10 2*cmf's 1 [51, 52, 79] of thethree-bodyloss
rateconstantasknown atthetime of thedesignof SCI. Togethemwith thebuffer volumeof
38.5¢cn this x edtheoptimalchoiceof the CSdiameterto 1.5 mm, sothatthelifetime of
the samplewould still beof theorder10® s.

In SClthecold spotis locatedin thecenterof the at mirror of theresonatowherealso
the maximumof the ESR excitation eld B? lies. The resonatooperatesn the TEMgg;
modewith Q;  2700. The 3.2 mm diameterof the ESRexcitation eld is largerthanthe
CSsize,which allows the detectionof surfaceatomsoutsidethe CS.The at mirror of the
ESRresonatois madeof a 1 um thick gold layerevaporatedn a 13 um thick Kaptonfoil.
The latteris gluedon a 0.6 mm thick epoxy disk which hasa 1.5 mm diameterhole in
the center In the holetherearetwo concentricthin-walled coppertubesin which the *He-
“He mixture stream o ws to andfrom the lower surfaceof the foil to cool the CS region.
To avoid distortionsof the ESRIine shapedueto too large a numberof H atoms[76] the
volume of the bulk gasis restrictedby anotherKaptonfoil placed0.8 mm above the at
mirror. Hydrogenatomsare fed from the buffer volumeto the SC througha 5 cm long
Te on tube. The buffer volume temperaturds kept at about350 mK, which is ideal for
storingH# atoms.

A seriesof experimentscarriedout [P1, P2] led to a betterunderstandingf the be-
haviour of 2D H gasand revealedcertaindisadwantagesn the constructionof SCI. The
mostimportantresultwasthatthethree-bodyecombinatiorrateon the CSturnedoutto be
muchsmallerthanexpected.Three-bodyrecombinatiorwasnot dominatingthe decayand
in factthe contritution of the CSwashardly discerniblefrom the one-bodyrelaxationrate
on the samplecell and buffer volumewalls. By "switching" the thermalcompressioron
andoff duringthedecaysve extractedanupperlimit estimateL. 2 10 ®cnt's 1 [P2],
whichis 10timessmallerthanexpected Also thethermalcontactbetweerthe spotandthe
cellin SClwastoo strong,notallowing to work with alarge enoughtemperaturelifference
betweerthe CSandthe SC. Lowering Ts. stronglyincreasedhe one-bodyrelaxationrate.
Anotherdravback wasthat the ESRIine shapeof 2D hydrogenon the CS wasdistorted
by the inhomogeneoudensitydistribution, which dependson the temperaturalifference
betweerthe spotandthecell.

In the later versionof the samplecell, SCII (g. 6b), the CSradiusis increasedo 3
mm. The"ceiling" of theH volumeis a20 um Mylar Im. An epoxyring togethemith the
sphericalmirror is gluedon the top of the centerof the Mylar foil, outsidethe H volume,
forming a spacelled with circulating ®*He-*He mixture. This constructionmprovesthe
thermalinsulationbetweerthe CSandthe SC. The horizontalextentof the ESRexcitation

eld onthe CSis smallerthanthe cold spotwhich makesthe ESR signal originatefrom
the centralpartof the CSonly. Thisdecreasetheline broadeninglueto a possibledensity
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inhomogeneityand gives an opportunityto study the intrinsic line shape. Due to good
thermalisolationbetweernthe CSandthe SCwe areableto work athighercell temperatures.
This madeit alsopossibleto remove the buffer volumeandto increasehe volume of the
cell to 40 cm®. The cell geometryis designedo be simple, makingit easierto cover its
inner surfaceswith a polymerfoil andepoxy Thesemeasuresllowed us to reducethe
one-bodyrelaxationrate to a nggligible level. To avoid the escapeof atomsand excited
moleculesrom the SC,we installeda *He fountainvalve into the H lling line. Thevalve
is controlledwith a heaterandthe heliumlevel is measureavith a capacitive level gauge.
The ESRresonatorsvere designedo detectboth 3D gasin the cell volume and 2D
gasadsorbedon the CS. They were constructedrelying upon the Gaussiarbeamwave
theoryfor laserresonator$78]. Whena properresonancenodewasfound, the excitation
eld proles B? 17(r) were calculatednumericallyby solving the Helmholtz equationwith
ideally conductingboundaryconditions. The calculationof B%(r) in SCI was compared
with measurementsf Bf(r) carriedout with an oversizedtestresonatofP5]. Bl(r) was
usedwhencalculatingthe effective volumeof theresonatofrom therelation

- 1 “ 20\ 43¢
Ve = ma>{B ] Bi(r)d°r, (20)
wheretheintegral is taken overthe hydrogervolumein theresonatarThe effective areaAe
of the CSis calculatedsimilarly by integratingover the areaof the at mirror. Thevalues
of Ve andA¢ areimportantin the calibrationof the ESRsignalsagainsthebulk andsuriace
densities.

Theresonatof SCIl is shavn in g. 7 togetherwith the calculatedBi(r). Theres-
onatoroperatesn the TEMgg3 modeandits Q is abouthalf of thatof SCI. The eld pro le
in the resonatotis distortedby the dielectric Stycastpartandit is not very well described
by the Gaussiarbeamwave theory Thesedisturbancesanbeseernin thetwo lowestnodes
in g. 7. Threequartersof theresonatois lled with the coolantliquid whosedielectric
constantl.05dependslightly on the *He/*He concentratiorratio which togethemwith the
resonatofrequenyg depend®ntemperaturefFortunatelythis dependencis ratherweakat
Tiig - 100mK anddoesnot noticeablydisturbthe stability of the ESRsignal. On the other
hand,by heatingthe coolantto temperaturesf the orderof 1K leadsto an ESRresonator
frequeng shift of about50 MHz andhelpsto nd the resonancdrequeng afterthe cool
down of the spectrometefrom roomtemperature.The ESR spectrometeis a home-luilt
129 GHz cryogenicheterodynesystem.lts technicaldetailsaredescribedn ref. [P4]. The
spectrometeis capableof detectingsimultaneouslypothabsorptioranddispersiorsignals
with the detectiorsensitvity of about10° spins/Gfor 20 pW mm-wave excitation power.

27



Figure 7: Resonatoiin SCII and contourplot of the calculatedexcitation eld intensity
Bf(r). The contoursaredrawn for every 1/20intensitychange.The volumefor the hydro-
gengasin theresonatois limited betweerthe at mirror andthe CS. The spacebetween
the sphericamirror andthe Mylar foil is lled with *He-*He coolantmixture.

2.2 Measurementprocedures
2.2.1 Production and decayof atomic hydrogen

PulsedRF dischage is usedto dissociateH, moleculesinto H atomsin a dischage cell
calleddissociatar Beforethe actualexperimentthe dissociatoris loadedfrom roomtem-
peraturewith H, gasthroughathermallyinsulatedcapillaryto form alayerof solid H, on
the walls of the dissociatar During the measurementihe walls of the dissociatorandthe
SCarelined alsowith asuper uid helium Im. Applying 1 mslong0.1W RF pulsego the
dissociatorat a repetitionrateof 100 Hz yieldsa H# ux of about2 102 atoms/go the
samplecell. It takesusuallyabout2000s to reachthe saturatiorbulk densityof about10t®
cm 2. Duringtheaccumulatiorof the H# samplethe MC andthe SCareoverheatediueto
heliumvapourrecondensingndhydrogenrecombiningn the lling line. After switching
off thedissociatoa-stateatomsdisappearm afew minutesandtheH - samplds ready At
the sametime themixing chambersamplecell, andCS coolanttemperaturearestabilized
to theirdesiredvalues.

Most experimentsin this work were measurementsf the densitydecay The exper
imental conditionscould be changedfrom one decayto another including Tsc and Tjiq,
thicknesse®f the*He Im andof the solid H, layer on the cell walls aswell asthe ESR
excitationpower. Dueto thelarge surfaceareaof thecell thebulk gastemperaturf, Tsc.
The feedbackpower of the temperaturecontrollersand the ESR spectrawere registered
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Figure8: %Gep Ty, plottedversusl=Ty, with differentaccumulatiortimesfor the solid H,
layer Theclosedcirclesarethe saturatedraluesafteraccumulatingor 300 hoursor more.
Thedashedine is anexponential t to the saturatedralues.The opencirclesshaw results
for shorteraccumulationimesasindicated.Thedottedlinesdisplaythetemporalsequence
in which the opencirclesweremeasured.

duringthedecay In orderto determinethe powver Py neededn the densitycalibration(eq.
(19)) thedatacollectionwascontinueduntil theatomichydrogensignalhadbecomecom-
pletely extinct. The spectrawere obtainedby sweepinghe magneticeld acrosshe bulk
andsurfaceb cresonances.

The ESRexcitation power could be variedwithin four ordersof magnitude. The ESR-
inducedrecombinatiorof the samplewas usedto estimatethe absolutevalue of the eld
B: (eq.(9))in the resonatar At the highestexcitation levels we obsered B; 10 2 G.
Whenthe excitation wasloweredby an orderof magnitude the destructionof the sample
dueto ESRwasnegligible comparedo the naturaldecayrate. However, anotherorderof
magnitudedecreaseavasrequiredto avoid theinstability effectsin the2D ESRsignalgP1].

Therateof b anuclearelaxationis in uencedby thequality of the samplecell walls.
Althoughmuchcarewastakento reducetheamountof possiblemagnetidmpuritiesin the
walls, the relaxationrate wasalways high in the beginning of eachseriesof experiments.
Thereforewe usedthe well-knovn method[80] to build up a layer of solid H, onthe SC
wallsby keepingtheH# ux continuouslyonevenfor aweek.Thisdecreasetherelaxation
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Figure9: Decayof b-statedensityextractedfrom ESRspectraln SClat Tsc= 124mK, N-
Tiig= 45mK, -Tjig= 124mK.In SCllatTsc= 178mK, -Tjig= 78mK, -Tjjq= 133mK.
Thesolid line with errorbarsis from a calorimetricdensitycalibration thedashedinesare
exponential ts to ESRdatapoints. The decayat Tji; = 78 mK in SCIl is not exponential
becausef the high three-bodyrecombinatiorrateon the CS.

rate by an orderof magnitude.Theintrinsic one-bodyrelaxationrate ultimately obtained
in both samplecells waslowestever reportedfor atomic hydrogenexperimentg51, 81].

The changeof the relaxationratein SCII after differentH, coatingtimesis presentedn

g. 8. Thedensityof a H, monolayeris about10'® cm 2 which givesan estimateof 0.15
nm/h for the growth of the H, layer The relaxationrate appeardo saturateat the value
Gé=16 107 \%p Tp 1exp(0:78=Tb) after 200 hoursof coatingwhentheH, layeris
about30 nm thick.

Examplesof raw dataobtainedin decaysof H - aftersaturatiorH, coatingareshavn
in g. 9. Anin uence of Tjjq onthetotal decayrateof the samplein SClandSCll is well
demonstratedThedifferencebetweerthe “warm” and“cold” spotdecayss very smallfor
SCI, which is dueto the unexpectedlyslow three-bodyrecombinatiorandthe small area
of the CS.In SCII mostof theatomsarerecombiningon the CS,the areaof whichis only
0.3% of the total surface. For the absolutecalibrationof the ESR signalwe needto nd
the proportionalitycoefcient (C; in eq. (21)) betweerthe densityandintegralsof the ESR
peaks.Thisis foundby multiplying thewholesetof ESRdatapoints(peakintegrals)by the

30



constanC; and tting it to theintegratedtemperatureontrollersignalwith C; beingafree
parameter Decayswith the warm spotare very well describedby exponentialfunctions.
This implies thatthe temperaturef the cell walls remainsconstanduring the decaysand
thatthedecaysareof the rst orderin densityascausedy one-bodyrelaxation.

2.2.2 ESRspectrumof bulk and surfacehydrogengas

In thiswork ESRspectraof H - wererecordedoy repetitively sweepinghe magneticeld
throughthesurfaceandbulk b! ¢ resonancesThesampledecaysn atimeof 103 10*s
which allows to collect50-100spectrausingsweeptimesfrom 50to 200s. Whenthe CSis
warm, only onepeakoriginatingfrom the bulk gasis visible in the spectrum A peakfrom
thesuriaceadsorbeditoms shiftedto highersweepeld valuesappearsfteractivation of
the thermalcompressionThis is seenin the rst spectrumof g. 10 asasmallersurface
peakshift, whenthe CSis still coolingto a propertemperatureThe separatiorof the peaks
is proportionalto the densityaccordingto eq. (2). The densitiesof the bulk andsurface
sampledecaywith time andthe surfacepeakmovestowardsthe bulk one.

Both the absorptioranddispersioncomponent®f the ESRsignalwererecorded.For
a linear systemthey arerelatedthroughthe well-knowvn Kramers-Kronigrelations. The
ceaseof the Kramers-Kronigrelationsbetweerthe signalcomponentsevealedall nonlin-
eardistortionsof the signal. At the densities 10 cm 2 the bulk line shaperemains
unchangedandits amplitudeis proportionalto the densityof the bulk atomsn. The shape
of thebulk line is determinedyy theinhomogeneityof the mainmagneticeld. Usingtwo
shimcoils mountedon the still radiationshieldof the DR we wereableto reducethe axial
inhomogeneityto about0.1 G/mm.

The equationobtainedfrom eq. (10) describingthe bulk absorptiorline shapes given
by z

Sh(B)=Cy nB(r)f(B(r) Bp)d®r (21)

wheretheconstantC; is extractedfrom the calorimetriccalibrationeq. (19) andB(r) is the
polarizing eld including possibleinhomogeneitiesThe function f is the normalizedine
shapdunctionwhich is a convolution of theintrinsic line shapef; (discussedh 3.1.2)and
the spectraline of the mm-wave sourcef,

z
f(wo) = filwo w)fe(w)dw: (22)

If the function f is narrav enough,it canbe approximatedoy a deltafunction andthen

eq. (21) givesa possibilityto imagethe mm-wave eld B%(r) in theresonatoby applying
the known gradientsof the polarizing eld B(r). In g. 11theresponsef theline to the

31



Bulk line

Surface line

0 N
A

e

1000 2

WNWW\\WWW,WMWW
e P S|

Time [s]

2000+

3000 ‘ I \ \
1 2 3 4 5 6 7 8

Sweep field [G]

Figurel0: Evolutionofb! cabsorptiorspectraecordedatlow excitationpowerwith SCII
atTsc= 178 mK andTjiqg = 78 mK. Every curwe is a single sweepthroughthe resonance
completedn 50s. Thedelaybetweerthesweepss 200s. Thestartingtime for eachsweep
is indicatedon the verticalaxis. Thetemperaturés notyet stabilizedduringthe rst sweep
whichis thereasorfor the smallersurfacedensityin this case.

appliedmagneticeld gradientis demonstratedThe bulk line is split into two peaks.The
left onecorrespondto theB? antinodenearthe CSandtheright oneto theantinodecloseto
the at mirror. Thesurfaceline is notin uencedby theaxialgradient.Thebulk peakswere
integratedseparatehandthe valueswerecomparedo theintegralsover the corresponding
B2(r) eld antinodesrom the numericalcalculations(g. 7). The resonatoilengthand
the position of the Kaptonfoil were variedto get the bestcorrespondenceetweenthe
calculationsandthe measuredalues.In thisway the valuesof A andVe for SCII couldbe
extractedmorereliably.

The equationdescribingthe surfaceline shapeis similar to eq. (21), but the volume
integral is changedo anintegral over the CS area.We alsohave to take into accountthat
the agumentof f containsthe dipolar eld termBg(r) = agqs(r) from eq. (2). Thenthe
equationfor the surfaceline shapds

z
S(B)=C1 sBY(r)f(B(r)+ Ba(r) Bo)dr: (23)

The surfaceresonancdine canbe broadenedy an inhomogeneouslensity distribution
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Figurell: Absorptionanddispersiorspectraecordedvith SCll at Tsc= 138mK andT,jq =
78 mK. Thedensityof bulk andsurfaceatomsisn= 6:3 10 cm 2ands = 3:1 10%
cm 2, respectiely. In the lower pair of spectraan axial magnetic eld gradientof 0.37
G/mmis appliedto split the bulk peakinto two partsoriginatingfrom two differenth(r)
antinodes.

s(r). Thiswasclearly obsered in the experimentsn SCI wherethe spatialextentof the
Bf(r) eld antinodewaslargerthanthe CSdiametefP2].

3 Results

3.1 ESRIline shapeof adsorbedhydrogen
3.1.1 ESRinstability

The rst ESRexperimentson 2D H# wereperformedat the University of British Columbia
by Hardy and coworkers[30]. They obsered thatthe ESR line of adsorbedatomswas
asymmetricand muchbroaderthanthe bulk line. As oneof the possibleexplanationsfor
theobseredline shapeshey suggestetheso-calledESRinstabilityfoundin ferromagnetic
resonancexperimentf solidsin strongmagneticelds [82, 83]. However, a quantitatve
study of the line shapeswvas not possibledue to fast recombinationof the H# samples
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Figurel2: Surfacedensitys (solidline) andESRsignal(dashedine) calculatedor ahigh

excitationpower asafunctionof themagneticeld sweepDB. Thearrovs shav thejump-

like responsef the surfacedensityand ESR signalfor differentdirectionsof the sweep
eld. The parametersisedin this calculationwere: Ts = 90 mK, B; = 0:35mG, G= 40
mGandn= 103 cm 3. Theundisturbedesonancéine positionis 1:84 G. Thenumbersl,

2,and3 correspondo differentrootsof eq. (24) (seetext).

andlow sensitvity of detection. Similar 2D line shapesvere obsered alsoin this work
for comparatiely large ESR excitation powers[P1]. Whenthe ESR excitation level was
decreasethe asymmetnydisappearedyhich indicatedthattheline shapevasmodi ed by
theexcitation eld disturbingthe magnetizatiorof the 2D spinsystem.

The changeof surfacedensitycanbe written asthe differencebetweerthe adsorbing
anddesorbingux esof atoms.Theformer ux is simply (1=4)nvs wheres s the sticking
probability andthe desorbing ux is proportionalto eq. (4). Including also the ESR-
inducedrecombinationimet gsr we get

1 1 1
== —+ —)s; 24
S 4nvs (tr tESR)s, (24)

wheret e = ZEgEB%f(DB aqgs) follows from eq. (9) whenthed functionis replacedoy
the normalizedline shapefunction f andagys is theintrinsic meandipolar eld given by
ed. (2). Thelinewidth Gof surfaceatomsis of theorderof 50 mG whichgivestgsgr  t; at
100mK for By  1:6 mG correspondingdo the excitation power of about3 nW. Thuseven
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guiteasmallESRexcitationcandisturbthe dynamicequilibriumbetweerbulk andsurface
atoms.

To get a betterunderstandingf the connectionbetweenthe line shapeandthe ESR
excitation oneshouldexamineeq. (24) moreclosely The undisturbedine shapefunction
f of the surlaceatomsis assumedo be Lorentzianas supportedoy the measurementat
low excitation power. In equilibriums = 0 ands hasthreedifferentrootsdenotedoy the
numbersl to 3in g. 12andsg s(DB) whentgsz = 0. Becausdahe analyticsolutions
arequitelengthy it is moreinformatie to presenthequalitative behaior of s(DB) instead.
Whentheconditiontesg  t,isvalid,s(DB) sgandtheresonanteld ays(DB) is moved
closerto the bulk line positionat DB = 0. If B; is still rathersmall, eq. (24) hasonly two
roots,solutionsl and3in g. 12. Thesurfacelineis pulledtowardsthebulk line but thereis
no hysteresisA furtherincreaseof B; resultsin strongedine pulling andin theappearance
of theroot 2 asamarkof the hysteresi®f thespectrumTheresponsef s (DB) is different
for differentsweepdirections(cp. g. 12).

For amorequantitatve picturewe extracts (DB) justatthe“tip” betweerthe solutions
2and3in g. 12.Solvingeq.(24)yieldstherelation

B2,
2G
wherethe intrinsic line shapeof width Gis assumedo be Lorentzian. The positionof the
ESRsignal“jump” for a sweeptowardsthe bulk line is s;aq. Theamountof line pulling
is determinedby the combinationof threequantitiesB?, G andt,. The rst oneis rather
clear a strongexcitationproducedarger pulling. Theeffect of Gmeanghatfor a narraver
atomicresonancei:SR-inducedecombinatioris larger, ascanbe seenfrom thede nition
of tesr. Thethird quantity t, determinediow long theatomresidesonthesurface.If t, is
largethenthe ESRtransitionis moreprobable Thereforan acoldergasthe ESRinstability

setsin atalower B;. Thecritical excitationpower for theinstability to shav up is

St = So(1+ ) 5 (25)

2 GZ

B2& — — 26
17 agsogty (26)

whenthe line pulling is aboutG=2. This conditionde nes the maximumESR excitation
eld for detectingthe naturalline shapeof surfaceatoms.The appearancef aninstability
canalsobe seernif boththe absorptioranddispersiorpartsof the ESRsignalaredetected.
As mentionedabore thesesignalsarerelatedthroughthe Kramers-Kronigrelationwhichis
valid for a linear system. The correlationbetweerthe absorptionand dispersionsignalis
lostwhentheinstability takesplace.
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Figure 13: ESRIine shapeof 2D H with s = 10'? cm 2 andTjig = 78 mK measuredn
SCII. Thetwo lower linesaredistortedby the appliedradialmagneticeld gradientsequal
in amplitudebut oppositen polarity Theuppermostine is measureavithout gradientand
thedashedine is a tted Lorentzianfunction.

3.1.2 Line broadeningdueto magnetic eld inhomogeneities

Next we considertheinhomogeneityof the magneticeld andthefrequeng instability of

the mm-wave source(MWS) asthe origin for the ESRIine broadeningn thelimit of small
excitationpower. The eld inhomogeneitycanoriginatefrom thatof the externalmagnetic
eld andfrom theinternaldipolar eld whichis inhomogeneoudueto theunevendensity
distribution of H atomsadsorbedon the cold spot. Thesedo not only contritute to the
linewidth but alsomalke the line asymmetric.The surlaceESRIine shapes describedby

eq. (23), whereaccordingto eq. (22) the line shapefunction f is a convolution of the
intrinsic line shapeandthe frequenyg spectrumof the MWS. We found that the width of

the MWS spectrumdependedn the operatingfrequeng: In someexperimentalrunsits

contrikution to thelinewidth wasdiscerniblebut in mostcasesnsigni cantly small.

In comparisorto the bulk line, the surfaceline is sensitve only to radial gradientsof
themagneticeld. Thegradientsarecausedy eld inhomogeneitie®f the main magnet
andthe ESR sweepcoil and by the variousmagnetizatiorof materialsin the vicinity of
the CS. An uneven densitydistribution alsoleadsto an inhomogeneoutrinsic dipolar
eld ags(r) overthecold spot. Changesn temperature,0 w of atomson the surface,and
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Figurel4: Surfacelinewidth (FWHH) measuredt two differentsamplecell temperatures.
Alinear t tothevaluesbelov 3 10 cm 2 (solidline) indicatesa zerodensitylinewidth
of 115 mG anda broadeningof 2.5 10 4s Gcn?. The zerodensitylinewidth in this
measuremens probablycausedy theresidualinhomogeneityf themainpolarizing eld,
combinedwith thefrequeng spectrumof the mm-wave source.Theinsetsshavs two line
shapesisexamplesdlemonstratingheappearancef theasymmetrysamehorizontalscale).

surfaceroughnessn uence s(r) andleadto changesn the internaldipolar eld andline

shapeduring the decayof the H density[P2]. In SCI thermalisolation of the cold spot
wasinadequateandinsteadof a step-like changeof temperaturenearthe edgeof the CS

therewasatemperaturgro le whichdependednthemagnitudeof Tjiq  Ts. Thesmallest
surfacelinewidth wasabout50 mG obsered at Tiji;  Ts. On the otherhand,dueto the

smallsizeof the CS,we wereableto extracts (r) from theobseredline shapegP2].

In SCII the sensitve ESR region was larger, which for a given eld inhomogeneity
gave atwice largerlinewidth thanfor SCI. To compensatéheradial eld inhomogeneitya
gradientcoil wasinstalledinto SCII. The coil waswoundaroundthe CSandit wascapable
of producingaradialgradient% of about240mG/(mmA). Fig. 13demonstratetheeffect
of theappliedgradienton the surfaceline shape.The spectravererecordedor alow and
relatively uniform adsorbed density Withoutthe gradientwe gota symmetricline shape
closeto a Lorentzianasshavn in gs. 13 and16. Thegradientmadethe line asymmetric
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Figure15: Schemeof the CS overheatingin SCIl anda calculatedux of H, molecules
bouncingbetweertheCSandthe at mirror dividedby thenumberof recombinatiorevents.

suchthattheasymmetrydependean thedirectionof the currentin thecoil.
Asillustratedin g. 14 we studiedalsothe dependencef theline shapeonthesurface
density At smalldensitiess < 3 10 cm 2, thelinewidth is alinear functionof s but
whenthe surfacedensityexceeds3 102 cm 2 the surfaceline startsto broadensharply
At the sametime it becomesasymmetricyesemblinghe middle spectrumin g. 13. The
inhomogeneityof the dipolar eld discussedbore or changesn theintrinsic line shape
canbereasondor theobseredasymmetryln principleoneshouldbeableto eliminatethe
eld inhomogeneityeffect by applyinga gradientoppositeto ags(r). In factwe managed
to make the line more symmetricand narraver by applying a radial gradient% which
increasegowardsthe edgeof the spot(asshavn in the lower mostexamplein g. 13).
Suchadipolar eld meanghats(r) is smallestatthe centerandincreasesowardsthe edge
of the CS. A reasonablexplanationfor the smallersurfacedensityin the centercould be
anextraheat ux to thisregion of theCS.
Theideabehindanopen-geometrgesonatowasthatthe ux of highly excitedmolecules
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(H,), which form on the cold spot,caneasilyescapendrelaxto the groundstatein other
partsof the cell. Most of the moleculesimpinging on the helium Im arere ected since
they areestimatedo needapproximatelyl50 surfacecollisionsto releasenalf of their ro-

tationalandvibrationalenegy [63]. In SCIl the at mirror of the resonatois ata distance
of only 1 mm below the CSsurface. Moleculesscatteringrom the at mirror increasehe

numberof H, hitting thecenterof the CS. To estimatetheheat ux dueto thebouncingH,,

the moleculeswere assumedo have random ight directionsand recombinatiorsiteson

the CS. Only elasticre ections wereconsideredluringthe ight betweenthe CSandthe

at mirror asillustratedin g. 15. After reachingthe edgeof the at mirror the molecules
wereconsideredo escapeA numericalsolutiongivesa parabolicpro le of theH, ux at

thecenterof theCS.The ux is 4:8Acss cm 2 atthecenterandl.6timeslower attheedge
of the CS. The averageexcitationenegy of H, releasedn a singlewall collision is about
170K kg. Thiscauses heatingpower ux of about250K kgs cm 2, comparabléo the
directrecombinatiorheatingof the surface,andit canherebysigni cantly alterthe suriace
densitypro le. To reducethe heatingof bouncingmoleculeswe modi ed the resonator
of SCII by increasinghe gapbetweernthe CSandthe at mirror. The preliminaryresults
shavedthatthis removedthe sudderline broadeningffect. Themodi cation alsoallowed

us to increasethe surfacedensityby a factorof 1.5t0 5:5 10 cm 2 at which point a

linewidth of about0.3G wasmeasured.

3.1.3 Intrinsic broadeningdueto interatomic collisions

Theintrinsic broadeningf themagnetiacesonancsignalresultsfrom a transitionbetween
two spinstatesvhich arenot sharplyde ned andhave a nite relaxationtime. In this work

the intrinsic line shapef; is de ned asa line shapedetectedwith a monochromatianm-
wave sourcein a uniform magneticeld anddensity Theintrinsic ESRlinewidth for H -

surfaceatomsdiffersfrom thatof atomsin thebulk. Thisis becausé¢he collisionsof atoms,
which perturbthe resonancdrequeng of a free atom,areabout10° timesmorefrequent
onthesurfacethanin thebulk.

Oneof thereasondor the broadeningf theresonancdine is theinteratomicmagnetic
dipoleinteractiondiscussedn ref. [30]. In arandomdistribution of motionlessatomsthis
interactionleadsto a Gaussiarine shapebecauseachatomfeelsa differentdipolar eld
and,accordinglythe spinswill resonatet differentfrequenciesHowever, in a uid or gas
theatomsarein constantnotionandeachspinwill sampleover mary differentdipolar eld
values.If themotionis fastenoughthis averagingcompensatethedipolarline broadening
andgivesaline shapecloseto Lorentzian[84]. OurH - samplecanbe modelledwith hard
sphereof radiusa = 0:36 nm moving on a surface perpendiculato the polarizing eld.
The changeof the resonancdrequeng, Dw(t), dueto thedipolar eld during a head-on
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Figure16: Absorptionanddispersiorspectraneasuredor surfaceatomsats  1:5 10'2
cm 2. ThesolidlinesareLorentzianline shapets to thedata.

collision is given by %%g%zr(tﬁ [85], wherer(t) is the distancebetweenthe spheres.
During the collisionthe spinwill precesanadditionalphaseangleDf givenby

Z a

LT _ Mo &
Df=2  Dwt)dt= ey (27)

wherevyp = P pksT=mis the 2D relative thermalvelocity of atoms.As Df is alwaysney-
ative, the net phaseaccumulategiccordingto the atomiccollisionratet .1 (asvop). On
the averagethis shiftsthe resonancérequeny of thespinby Dft . 1, whichis temperature
independenandcloseto the dipolar shift in eq. (2). The netphasemakingrandomwalk
stepsof Df, spreads radianduringthetime T2dIIo accordingo therelation
1 Df)? -

= OD”_ g0 10 8pS cnekis L (28)

T, P te Ts
The period T2dip is the trans\ersal dipolar relaxationtime of the spins, which givesthe
linewidth 2(g.T, ") 1 30mGat100mK ands = 102 cm 2. Thentheline shapeshould
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be Lorentziansincetheconditionfor motionalnarraving, Dwt. Df  1[84], is satis ed
throughouthewhole experimentatemperatureange.

Spectrallines canbe broadenedalso by the nite lifetime of the spin states. This is
describedy thelongitudinalT; relaxationwhich resultsin anonseculaor lifetime broad-
ening proportionalto (2T,) ! [68]. The lifetime of the spin statescan be shortenecby
spontaneousmissiondesorptionrecombinatiorandrelaxation.In the experimentalcon-
ditionsof thiswork recombinations thefastesof theseprocessesTherecombinatiortiime
trecis estimatedromtheb crecombinatiorcrosslengthlyc = 0:04 T nm/K[53]. Then,
accordingto the uncertaintyprinciple

1 1 = _
= lpevaps = 6:4 10 °T%s cmeK ¥2s L (29)

rec
T1 trec

whichyieldsalinewidth of aboutfour timeslargerthanthedipolarbroadening.

Theoverall linewidth is givenby T, 1 1:T2dilo + 1=2T,"°° [68], wherebothtermsare
proportionalto the surfacedensitybut have differenttemperaturelependenciesAs canbe
seenfrom g. 14, for smalldensitiesthe linewidth is indeedproportionalto s. The pro-
portionality coefcient extractedfromthe t to thedatais of theorderof T, ! asestimated
above. Thetemperaturaependencef the linewidth could not be clari ed in the experi-
ments.Narrover lineswereobseredatlowertemperaturesndicatingthatthecontritution
of the 1=2T,"®¢ termis dominant.However, a contrilution of the densityinhomogeneityto
this obseration could not be ruled out completely To unravel the sourcesof line broad-
eningoneneeddurther experimentswvheretheinstrumentalinewidth is narraver andthe
temperaturegangewider.

3.2 Determination of surfacegastemperature

In orderto nd outthedegreeof 2D quantumdegenerag v , reachedn theexperimentone
needgo know thetemperaturds of theadsorbed gas.Understandablyhereis no direct
meango measuredlg, but it canbe extractedfrom the bulk andsurfacegasdensitiesusing
theadsorptiorisothermeq. (3). This methodis describedn ref. [P2] for the dataobtained
in thesamplecell versionSCI. Herewe present similar resultfor datameasureét higher
celltemperature$sc with SCII. Fig. 17shavs s asafunctionof n measureatdifferentTiq.
WhenTjq is highenough,Ts andT, areconstanbecauséhe recombinatioroverheatings
small. Thenthe surfacedensityincreasedinearly with n, as expectedaccordingto eq.
(3), with the slopeproportionalto L (Ty=Ts )32 exp(Ea=Ts). Usingthe adsorptionenegy
Ea=kg = 1:14(1) K [53] we calculatedfrom the slopethe surface gastemperaturéls. It
deviatedlessthan1 mK from the coolanttemperatureTjiq. This differenceis within the
accurag of our thermometry To our knowledgethis is the rst experimentalcheck of
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Figure 17: Measuredsurfacedensityplottedasa function of bulk densityfor several de-
caysat differentTjiqg andTsc in SCII. The surfacetemperaturd is extractedby tting the
adsorptiorisothermto thelinearpartof thedata(solid lines).

the adsorptionisothermin the caseof differentbulk andsurfacegastemperaturesDue to
a muchsmallertemperaturalifferenceT, Ts this wasnot possiblein experimentswith
SCI. At high s the quantumstatisticsandthe interatomicinteractionshave to betakeninto
accountwhenthe surfacegastemperaturés extracted(eq. (4)). The obsered levelling of
s with increasingn in g. 17 pointsto overheatingof the surlacegaswhich begins at a
smallern thelower Tjjq is.

3.3 Measurementof surfacethr ee-bodyrecombinationrate

Oneof thekey parameteré the thermalcompressioof 2D H - is the surfacethree-body
recombinatiorrate constant_§. Togethemwith the cooling power via the ripplon-phonon
contact,it setsa limit to the highestattainablesurfacedensity In this work L5 hasbeen
extractedfrom independenteasurementsf therecombinatiorpower andsurfacedensity

Fromthedataobtainedwith SClwe wereableto make aroughestimateof L3, althoughthe

contrikution of the CSwasbarelydistinguishabldrom the one-bodyrelaxation.Dueto the

larger spotsizein SCII the CS contritution to the recombinatiorpower wasclearly visible

andwe could make a quantitatve studyof surfacethree-bodyrecombinatiorjP6].
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Figure18: Measuremendf the surfacethree-bodyrecombinatiorrateconstantt T, = 178
mK. Opensymbolsare beforeand closedsymbolsafter the modi cation of SCIl. Dashed
lineisa t tothecloseddatapoints.

For a highly polarizedsamplethe decayrate canbe approximatedy the decayof the
bulk densityasa sumof three-bodyrecombinatioron the CS andone-bodyrelaxationon
theSCwalls (eq. (7)). Therecombinatiorpower P, releasedn the SCis thengivenby

D
Pec DWGEn+ EACSL§S3; (30)

whereAcs = 0:3 cn? is theareaof the CS.By changingTiiq the three-bodyrecombination
termin eq. (30) canbe easilyvariedin a wide rangewithout in uencing the one-body
relaxationterm. The contritution of the CSto therecombinatiorpoweris obtainedby sub-

tractingthe one-bodyrelaxationdecaymeasuredor a high Tiq from the decaymeasured
at the lowestTjiq whens is highest. The resultis shavn in g. 18 wherethe difference
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2(Pec DW1G®n)=D is plottedasa functionof the third power of the surfacedensity The
openandclosedsymbolsreferto measurementsespectiely, beforeandafterthe modi -
cationsof thesamplecell SCII.

The upward trend of the open-symbodatafor s & 3 102 cm 2in g. 18 begins
at the samesurfacedensitywherethe ESRIine shapestartsto becomeasymmetric. This
featuremaybe accountedor by the overheatingof the CS centerby excited H, molecules
bouncingfrom the at mirror, asdiscussedh section3.1.2. TheESRsignaloriginatedrom
atomsnearthe CS centeronly. In the caseof the overheatingthe detecteds is therefore
lower thanthe averages onthe CSandthe correspondinglatapointsin g. 18 areshifted
towardslowers. ThevalueL§ = 2(1) 10% cnt's ! [P6]is extractedfrom thedatapoints
which follow a linear dependencén g. 18. The datameasuredfter the cell modi ca-
tionsis entirelylinearandup to the highestdensitiesconsistenwith the abore-mentioned
L3 value. Theresultsobtainedfor L3 in differentexperimentalrunsof the presentwork at
temperaturebetweerB5 and130mK arereproduciblebut approximatelyl0 timessmaller
thanthe previously reportedvalues(cp. e.g.refs. [51, 52, 79]). A possibleexplanationfor
this large deviation could be the indirectdeterminatiorof the surfacedensityandrecombi-
nationpower in earliermeasurementsThis importantissueis discussedn moredetailin
paperdP2] and[P6].

Theoreticaltudiesof the surfacethree-bodyrecombinatiorwereperformedby Kagan
etal. [36] andde Goey etal. [62]. Dueto the absencef exchangenteractionin mutual
collisionsof b-stateatomsthedipolemechanisnis theonly ef cient recombinatiorprocess
whichwasdiscussetby bothof theseheorygroups.Kaganetal. usedasimpli ed approach
wherethe surfacerate constantwas calculatedfrom the bulk rate constantoy scalingthe
latter to the surfaceusingtherelationL§  L3=12. De Goey etal. took the delocalization
moreaccuratelyinto accountandobtained.§ = 1:3 10 > cnf's ! at4.6 T whichis more
thananorderof magnitudesmallerthanthevaluereportedby Kaganetal. [36]. Compared
to our experimentaresultde Goey's calculationis within the error bar, which bringsdown
thelong-termdiscrepang betweertheoreticaindexperimentalvaluesof LS.

3.4 Limits of thermal compression

In this work the highestsurfacedensityobsered wasabout5:5 102 cm 2atTs 110
mK, correspondingo the 2D phase-spacdensityv , 1:6. The densesurfacegaswas
overheatedvell abore the coolanttemperatureands wasalmostindependenof the bulk
gasdensityasshavn in g. 17. The main sourceof heatwas causedlirectly by recom-
binationof the surfacegas.Neglectingothersourcesof heatexceptthethree-bodysurface
recombinationa simpleequationfor the maximumquantumdegenerag v , onthe CScan
bederived. Therecombinatiorheatabsorbedy the surfaceof the cold spotis givenby
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Pu= (F+ (1 )L (31)

whereA. is the areaof the samplecell, and f is the fraction of the heatdumpeddirectly
to thecold spotsurface(f 2 % [26, 63, 65]). The ef ciency with which this heatcanbe
removedis de ned by theripplon-phonorthermalcontact(eq. (5)). SettingPs, = P, we
getanestimateof the highestachiezablequantumdegenerag as

S
~2 2 u u
i Cro TS 22T (32)

vy sL?=
? mks  DLo(f+ (1 1A °

In g. 19 we presentthe highestv , dataobtainedin SCII togetherwith plots of the ad-
sorptionisothermat seseral surfacetemperaturesTwo setsof dataare plotted,onetaken
beforeandthe otherafterthe improvementof the H,, escapdrom the CS, asdescribedn
section3.1.2. Theresultof theimprovementcanbe clearly seenasa factorof 1.5increase
in the surfacedensity Eq. (32), togethermwith the adsorptionisotherm(3), implicitly de-
nes the maximumsuriacedensitys (n), which canbe reachedor a given bulk densityn
andtemperaturdy,. For T, = 178 mK weplots(n) in g. 19asthedottedline. Thedashed
line marksthe conditionof quasi-condensafermationv , = 3[20]. We includeanabrupt
changeof theinteractionsn 2D gas,takeninto accountby thetwo-bodycorrelatorg, in eq.
(4), whichleadsto anincreaseof s by afactorof two in thequasi-condensa{d6].

Eq. (5) predictsthatin orderto increasev , onehasto usehigherTs. Onecanestimate
thatthe conditionv, 3 requiredfor quasi-condensafermationcanbereachecdat Ty
200mK andn 10 cm 3, foundasa crossingof the dashedanddottedlinesin g. 19.
The useof sucha high bulk densitywould increasethe heatingof the surfacedueto the
thermalaccommodation,

nv3s
Pace= —-2ke(To T): (33)

The heatingP,cc becomesomparablevith the surfacethree-bodyrecombinatiorheating
if the temperaturalifferenceexceedslOOmK atn= 6 10 cm 3. Therefore afurther
increaseof n doesnot helpto reacha higherdegenerag of the surfacegas. On the other
hand,from the experimentaldataof g. 19it is evidentthatonly a twofold increaseof s

would be needed.Someincreaseof v , may be possibleby a furtherimprovementof the
escapef H,. This canbe doneby makingthe cell moreopenby usinge.g. a coarsegrid
asamirror belav the spot. Anotherway to work is to increaséhe adsorptiorenegy. This
canbe doneby utilizing a thin unsaturatedhelium Im [49] at the CS. The thinner Im

will possiblyreducethe valueof L§ [P6] andincreasehe ripplon-phonorthermalcontact.
Making a super uid helium Im locally thinneris, however, a dif cult technicalproblem
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Figure19: Thick solid lines: Calculatedsothermsof the surfacegas. Dashedine: Quasi-
condensatéormationat sL 2 = 3. Dottedline: Valuescalculatedfrom eq. (32). Experi-
mentaldata( ) and( ) areobtainedin SCll atTji; = 67 mK andTc = 178 mK. Thelatter
data( ) is measuredfterthe samplecell modi cation. The point (5 ) corresponds$o 2D
guantumdegenerag achievedin ref. [20] with magneticcompression.

andonefor which we do notknow areadysolution.

4 Conclusions

We haveinvestigatedxperimentallythepropertie®f electron-andnucleaspolarizedatomic
hydrogenH - gasadsorbedn the surfaceof super uid *He Ims attemperaturefrom 80
mK to 140mK. To minimizesuriacerecombinatiorthesurfacedensitywasincreasedypto
5,5 10%cm 2, in asmallareaonly. Thetemperaturelifferencebetweerthis small“cold
spot”andthesamplecell compressethetwo-dimensionagjasto aboutl00timeslargersur
facedensityon the spotthanon the cell walls. Both bulk andsurfaceatomsweredetected
with a cryogenicESR spectrometeoperatedat 129 GHz and connectedo a Fabry-Perot
resonatar

The surfaceline shapeis shawvn to be very sensitve to the ESR excitation powver. The
interatomicdipolarinteractionsshift theresonancé&equenyg of thesurface-con nedatoms
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from that of the 3D gas. An excitation power level aslow asa nanavatt is foundto be
sufcient to disturb the equilibrium surface densityand the intrinsic dipolar eld of the
surface atoms,resultingin a nonlinearresponseof the ESR signalwhich may be called
“ESRinstability”. This effect distortsthe ESRIlinesto almosttriangularshapeandcauses
a hysteresiof the line position. When the excitation power is reduced,the line shape
becomeanore symmetricand dependson the magnitudeand distribution of the surface
density The obsered line broadeningwvhich includesthe residualline broadeningdueto
the spectrometeagreesoughly with the estimatesof a uctuating intrinsic dipolar eld
andrecombination.

Thebulk andsuriacedensitiesvereextractedfrom the ESRspectraand,togetherwith
the measuremenrtf the recombinatiorheat,provided a directdeterminatiorof the surface
three-bodyrecombinatiorrateconstant.3. This rst independenieasurementf recom-
binationpower andsurfacedensityyieldedL$ = 2(1) 10 ?®cm “s 1, whichis anorder
of magnitudesmallerthanin previous experiments. The new result settlessomelinger
ing discrepanciedetweertheoreticaland experimentalvalues. The smallervalueis also
encouragindor furthercompressiomxperiments.

Two signi cant heatsource®f the surlacegaswereidenti ed andremoved, theimpu-
rity relaxationandthe relaxationof excited H, moleculesn the compressiomegion. The
former was eliminatedby coatingthe samplecell walls with epoxy polymerfoils, anda
solid H, layer By makingthe geometrymore openthe bouncingexcited moleculescould
easilyescapdrom theregion of the cold spot. After thesemeasureghe surfacegasdensity
couldbeincreasedby afactorof 1.5,andamaximumdensityof about5:5 102 cm 2 was
reachedcorrespondingo atwo-dimensionatiegreeof 1.6in quantumdegenerag.
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