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Abstract

In thisthesisexperimentsaredescribedwherespin-polarizedatomichydrogengaswasstud-

ied in the100mK temperaturerangewith continuous-wave electron-spinresonance(ESR)

at 129 GHz. The chief interestof this work is two-dimensional(2D) H gasadsorbedon

the surfaceof super�uid 4He. Interatomicinteractionsanda possibility to observe super-

�uidity in this 2D systemwerestudied. For the experimentsa sensitive heterodyneESR

spectrometerwasconstructedwith its mainmm-wavecomponentsbeinginstalledinto adi-

lution refrigerator. ESRsignalsfrom bothbulk (3D) hydrogenandsurface-adsorbedatoms

weredetectedusinga semi-confocalFabry-Perotresonator. To measurethe2D H density

we utilized the shift of the surfaceESRline with respectto the bulk line positiondueto

magneticdipoleinteractionsbetweentheadsorbedH atoms.

The2D gaswascompressedthermallyon a small “cold spot” maintainedat tempera-

turesrangingfrom 50 mK to 150mK. TheESRsignalfrom thesurfaceatomswasfound

to besensitive to theESRexcitationpowersuchthathigherpowersgave riseto anonlinear

responseof thesignalthuscausingdif�culties in thedetectionof thesurfaceatomsat low

temperatures.Theline shapeof the2D gasspectrawassensitivealsoto theinhomogeneous

densitypro�le acrossthecold spot.Originsof theobserved linewidth of thesurfaceatoms

arediscussed,too.

Simultaneousmeasurementof thetime evolutionsof thebulk andsurfaceatomicden-

sitiesandof therecombinationenergy enabledusto make the�rst directdeterminationof

thesurfacethree-bodyrateconstantLs
3. Beingaboutanorderof magnitudesmallerthannu-

merousresultsreportedearlier, thevalueLs
3 = 2(1) � 10� 25 cm4s� 1 obtainedin this work

considerablydecreasesthediscrepancy betweentheexperimentsandthetheory.

Themaximumsurfacedensityreachedfor H in this work was5:5� 1012 cm� 2 corre-

spondingto the2D phase-spacedensityof 1.6. Informationextractedfrom experimentsin

differentconditionsallowedusto learnof limiting factorsto thermalcompression.Oneof

themwasan inadequateescapeof highly excited moleculesfrom the cold spotwhich re-

sultsin asigni�cant overheatingof thesurfacegas.Possibilitiesto boostthesurfacedensity

furtherevenup to theonsetof 2D super�uidity in thermallycompressedatomichydrogen

areconsidered.
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1 Intr oduction

1.1 Background

Our world is spatially three-dimensional(3D). In somecasesthe motion of particlesis

however tightly restrictedto two or even onedimension.A gasadsorbedon the walls of

a containerpresentsanexampleof a two-dimensional(2D) system.Onemayaskwhether

and how widely the low-dimensionalsystemsdiffer from the 3D onesin their physical

behaviour? Thesomewhatsurprisingansweris thatusuallyphysicsin 2D is lessstraight-

forward thanin 3D. Quitea generalexampleis the wave equationin 2D spacewherethe

Huygensprincipledoesnot hold andthepropagationof thewave is differentfrom that in

3D. An incidentcreatinga sharpwave front in 2D spaceis followedby a slowly decaying

tail [1] which canbe seenfor examplein wavestravelling on the surfaceof water. Good

examplesof theeffectof dimensionalityarealsotheintegerandfractionalquantumHall ef-

fectsoriginatingfrom thediscretequantizationof theLandaulevelsof conductionelectrons

in solidshaving 2D geometry.

Especiallyafter the �rst observationsin 1995of Bose-Einsteincondensation(BEC) in

cloudsof trappedalkali atoms[2, 3] therehasbeeninterestto observe this phenomenon

also in 2D quantumgases.BEC is a quantumstatisticaltransitionin phasespacewhere

thepopulationof thegroundstateof abosonsystembecomesmacroscopicbelow acritical

temperatureTc. (A bosonis composedof anevennumberof fermionsthushaving aninte-

gerspinandobeying Bosestatistic).Fromthequantum�eld theorypointof view BEC is a

manifestationof spontaneousbreakingof a continuousphasesymmetryat Tc. However, in

2D spacethis is not possiblefor a uniform systemat a �nite temperature,asprovedby the

Mermin-Wagner-Hohenberg theorem[4, 5, 6]. Super�uidity is in turn regardedasa mani-

festationof BEC, but in 2D theonsetof super�uidity is a topologicalphasetransition,the

so-calledBerezinskii-Kosterlitz-Thouless (BKT) transition[7, 8], which is differentfrom

BEC [9]. TheBKT transitionhasbeenobserved in thin �lms of liquid 4He [10] which are

stronglyinteractingbosonsystems.TheBKT theorypredictstheformationof super�uidity

at sL 2 = 4 dueto thebindingof vorticesinto pairsatTc [8], but it hasnever beenobserved

in any weakly interactingsystem.Heres is the2D densityof atomsandL thethermalde

Broglie wavelength.Above Tc thevortex pairsarefreeto move andprevent thesuper�uid

�o w.

Thetheoryof Popov [11] introducedtheconceptof quasi-condensate(QC)wherethere

areno density�uctuations but phase�uctuates spatially. A QC canbe visualizedbeing

divided into domainsor "blocks" which aresmallerthan the phasecoherencelengthbut

muchlargerthanthehealinglength.Thereis a truecondensateinsideeachblock but there

is nophasecorrelationbetweentheblocks[12]. Popov's theoryis furtherdevelopedin refs.
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[13, 14, 15] andMonteCarlosimulationsof 2D Bosegascanbefoundin refs. [16, 17]. A

view emergesthatbelow theBKT transitiontemperaturethe2D super�uid is characterized

by thepresenceof aQC,but it is unclearwhatis therelationbetweentheBKT andQC (or

BEC) transitions.

Theuniqueadvantageof hydrogenin attainingtheconditionsof BECwasbelievedto be

thelight atomicmass,which impliesahighBECtemperatureandpreventsthesamplefrom

becomingliquid or solid beforequantumeffectscantake place.This advantagecouldnot

easilyovercometwo disadvantagesof H atoms,their recombinationinto H2 moleculesand

theexceptionallysmall scatteringcross-section.The latterpropertymakesthermalization

of evaporation-cooledatomsin magnetictrapsby H-H collisionstedious.Actually afterthe

�rst stabilizationof spin-polarizedatomichydrogen(H#) in 1979[18] it took almosttwo

decadesuntil the �rst hydrogenBEC wasachieved by a researchteamat MIT [19] who

usedstandardcryogenicandevaporative cooling of trappedH" down to about50 µK. At

thesametime interestwasalsodirectedtowards2D H# adsorbedon thesurfaceof liquid

helium and experimentalevidenceof a quasi-condensatein this systemwas obtainedat

Turku in 1997[20]. Three-dimensionalalkali atomcondensateshave alsobeen“squeezed”

to dimensionalcrossover in 1D and2D trapsincludingopticallattices,[21] magnetictraps

[22] andevanescentwave traps[23]. Phase�uctuationshavealreadybeenseenin quasi-2D

(and3D) alkali condensates[24, 25], but theBKT transitionhasnotbeenobservedin them

yet.

In the Turku experimentthe formationof a quasi-condensatein H# wasobserved as

a drasticreductionof inelasticthree-bodycollisionswhenthe2D phase-spacedensityex-

ceededsL 2 � 3 [20]. Thesamplewascompressedatthesurfaceof super�uid 4He�lm with

thehelpof astrongmagnetic�eld gradient.Dueto distortionsof spectracausedby thevery

inhomogeneous�eld it wasnot possibleto combinemagneticcompressionwith magnetic

resonancespectroscopy of surfaceatoms.Therefore,themethodof thermalcompression,

�rst appliedto H# by T. Mizusakiandcoworkersat Kyoto University, [26] waspursuedin

thework describedin this thesis.

InteractionsbetweenH# atomsin 2D and with the helium �lm are other interesting

issues.Theexchangeinteractionisknown tobeveryimportantin elasticcollisionsof atoms.

It leadsto a shift andbroadeningof the spectrallines in masers,known asthe “clock” or

“cold collision” frequency shift. Recentlysimilar effectswerestudiedin Bose-condensed

andnormalcloudsof alkali vapourswith magneticresonancespectroscopy [27, 28, 29].

But for 2D H# gastheclockshift wasfound[30] to benegligibly smallcomparedto dipolar

shifts, causedby much weaker magneticinteractions. It is not known yet whetherthis

differenceis causedby the reduceddimensionalityor by the much larger magnetic�eld

used.
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The introductorypartof the thesisis organizedasfollows: Chapter1 includes,in ad-

dition to this generalintroduction,shortreview of interatomicinteractions,recombination,

andpropertiesof 2D and3D atomichydrogengas. Detailsof electron-spinresonanceare

alsodescribed.Chapter2 coverstheexperimentaldetailsof thework. Descriptionof differ-

entpartsof theexperimentalapparatusandof themeasurementproceduresareconsidered.

In chapter3 electron-spinresonanceline shapesandtemperatureof the surfaceadsorbed

atomsarediscussed.Limiting factorspreventingto increase2D H# densitywith thermal

compressionareestimatedat theendof thechapter. Theconclusionsof this work aresum-

marizedin chapter4.

1.2 Propertiesof H gasin 2D and 3D

1.2.1 Atomic statesand interatomic potentials

Providedthedensityof amany-bodysystemformedby thelightestelementsis suf�ciently

high, quantumeffectswill createdetectablechangesin the macroscopicpropertiesof the

systemalreadyat relatively high temperatures.Under its own vapourpressure4He does

not solidify but lique�es at 4.2 K. Exceptfor liquid 3He, which is however composedof

fermions,4Heatomsform theonly bulk liquid known to undergo atransitionto asuper�uid

stateat 2.17K. Unfortunatelythe relative stronginteratomicinteractionsin liquid helium

effectively maskthequantumeffectsandcomplicatethetheoreticalanalysisof thesystem.

Being even lighter thanHe, atomichydrogenis expectedto exhibit morepronounced

quantumeffects. It turnsout in fact that if H atomsinteractvia the triplet (or symmetric,

denotedas3S+
u ) potential[31, 32], thestatewith parallelelectronspins,thenthezero-point

energy overwhelmsthe very weak minimum of the otherwiserepulsive triplet potential.

This makesit possiblethatspin-polarizedhydrogenremainsgaseousdown to theabsolute

zerotemperature[33]. Theattractive singlet(or antisymmetric,denotedas 1S+
g ) potential

[31, 32] of antiparallelelectronspinssupportsaltogether301 rotationaland vibrational

boundstatesincludingthestableH2 moleculargroundstateasmuchas52000K� kB [34,

35] below thecontinuum.Soit is thestrongsingletinteractionthattendsto (re)combineH

atomsinto H2 moleculeswhich thensolidify alreadyat14 K.

An externalmagnetic�eld B = jBj �x esa preferentialorientationfor the spins. The

Hamiltonianfor a singlehydrogenatomin amagnetic�eld is

Ĥ = geµbS� B + gnµnI � B + ahS� I ; (1)

wherege andgn areelectronandnuclearg-factors,respectively, µb andµn aretheBohrand

nuclearmagnetonsandah is the hyper�ne interactionconstant.The Hamiltonian(1) has

four energy eigenstates.Thesehyper�ne states,oftenlabelledfrom a to d with increasing

10
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Figure1: Breit-Rabidiagramof hydrogenhyper�ne statesandtransversalESRtransitions.

energy, areillustratedin �g. 1. Dependingon theelectron-spinpolarization,atomsin the

statesa andb (H #) areattractedto andin c andd (H " ) repelledfrom anincreasingmag-

netic�eld. Thismakesit possibleto accumulateanelectronspin-polarizedH # sample,e.g.,

in thecenterof asolenoid.Atomsin thesamestateinteractchie�y throughthetriplet inter-

actionmakingthemquitestableagainstrecombination.Dueto thehyper�ne interactionthe

statesa andc aremixedcontaining,in high magnetic�eld, the fractione � ah=2geµbB of

theoppositeelectronspinstate,whereasb andd are“doubly polarized”or "pure" Zeeman

states,respectively (H� - andH� -). Interactionsa � b anda � a or c � d and c� c con-

tain a fractionµ e of singletcharacterwhich leadswith �nite theprobability to exchange

recombination[36, 37]. Thismechanismis notoperative in doublypolarizedhydrogen.

In additionto Coulomb,exchange,andZeemaninteractionsthereis alsoaninteraction

betweenthe magneticmomentsof H atoms. It is aboutsix ordersof magnitudeweaker

thantheexchangeinteractionandis thereforeusuallyneglectedin calculations.However,

in certaincasesthesedipolar interactionscancausenotableeffectsandoneof themis the

dipolarrecombination[36, 38] whichoperatesevenin thedoublypolarizedgas.Thedipolar

interactionsarealsoresponsiblefor the frequency shift betweentheESRlinesoriginating

from bulk H# andsurface-adsorbedH#. The averagedipolar shift of the bulk H# line is

negligible in ourexperimentaldensityrangebut this is not thecasefor 2D H#. Thesurface
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line shift, which is linearin densityanddependson theorientationof themagnetic�eld, is

givenby therelation[30]

Bd = � adP2(cosq)s; (2)

wheread is a proportionalityconstant,q is the anglebetweenB andthe surfacenormal

andP2 is a Legendrepolynomial. The dipolar shift was�rst observed by Reynoldset al.

[39] and Shinkoda et al. [30], althoughtheir experimentssuffered from too high ESR

excitationpowercausingnonlineareffectsin the2D line shape.In thiswork thevaluea d =

1:0(1) � 10� 12 G cm2 [P1,P7]hasbeenmeasuredupto thesurfacedensityof s � 5� 1012

cm� 2.

1.2.2 Atomic hydrogenadsorbedon liquid helium

Thesurfaceof super�uid 4He offersuniquepropertiesfor creatingsamplesof 2D H# gas.

First, theH-He van der Waalsinteractionis oneof theweakestin its class.Theeffective

interactionpotentialperpendicularto the He surfacewascalculatedby GuyerandMiller

[40] andMantzandEdwards[41] who showedthat thereis only oneboundenergy eigen-

valueEa for H on the4He surface.Trappingof H atomsinto this boundstatewill createa

2D gas,in which theaveragedistanceof theatomsfrom thesurfaceandtheperpendicular

delocalizationlengthld arebothabout0.6nm. Secondly, thesurfaceof 4He is completely

uniform. Comparedto solidsit doesnot have any periodicity or roughnessto disturbthe

free particle-like motion of the H atomsalongthe surface. At temperaturesof about300

mK or less4Hevapouris alreadyin thehigh-vacuumpressurerange.

If one takes into accountthe elementarysurfaceexcitations,calledripplons, the 4He

surfaceis not completely�at. The amplitudeof thesequantizedcapillary waves is only

about0.1nm [42, 43] andthewavelengthis muchlongerthantherangeof theinteratomic

interaction[9]. Therefore,ripplonsdo not in�uence the H-H scattering.However, in the

cooling of the surfacehydrogenthe ripplons do play an importantrole (seebelow). At

low surfacetemperaturesTs thesurfacedensitys of H atomsincreasesexponentiallywith

decreasingTs . This will increasethenumberof interatomiccollisionsandrecombination

rate. It is thereforenecessaryto have the binding of H atomsto the surfaceas weakas

possiblethusextendingthesamplelifetime andreducingtherecombinationheatingof the

sample.An extremeexampleof 2D trappingis themagneticandopticalwall-freecon�ne-

mentappliedto alkali atoms[22, 23, 44, 45]. However, for H theoptical trappingis very

dif�cult to realizeandwith themagneticmethodit is dif�cult to reachthe2D con�nement

offeredby liquid heliumsurfaces.Anyhow, we maysaythat theH-He interactiongivesa

nicepossibilityto createa genuine2D quantumgasof H atoms.

The 2D H gason a free liquid 4He surfaceis in dynamicalequilibrium with the bulk
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gas.Continuousexchangeof atomsbetweenthebulk andsurface-adsorbedphasesoccurs

at a ratedependingexponentiallyon temperature.A relationbetweenthedensitiesof the

surfaceandbulk gases,respectively s andn, in thermalequilibrium is foundby equating

thechemicalpotentialsof thetwo phases.In thehightemperatureandlow densitylimit this

will leadto thewell-known classicalequationfor theadsorptionof aBoltzmanngas:

s =
�

Tb

Ts

� 3
2

nL exp
�

Ea

kBTs

�
; (3)

whereTb is the bulk gastemperatureandTs is the surfacegastemperature.The prefac-

tor (Tb=Ts )3=2 takesinto accountthepossibletemperaturedifferencebetweenthebulk and

surfacegases[46]. Alternatively, s canbeexpressedby equatingtheadsorbinganddesorb-

ing H atom�ux es. Thesurfaceresidencetime t r is exponentiallyproportionalto theratio

Ea=kBTs . TakingquantumcorrelationeffectsandtheH-H interactionenergy into account

t r is given[46] by therelation

1
t r

=
kBTss
2p~

�
1� exp(� sL 2)

sL 2 exp
�

� Ea + g2U2s
kBTs

�
: (4)

HereU2 standsfor the H-H mean�eld interactionenergy, g2 is a two-body correlation

functionands � 0:33� Ts K � 1 [47, 48] is thestickingprobabilityof H atomsto the 4He

surface. For non-degenerateidenticalbosonsg2 = 2 andfor non-identicalor degenerate

bosonsg2 = 1. For low densitiesof s < 1013 cm� 2 andtemperaturesof about100 mK

t r � 1:4 ms. The exponentialgrowth of s, proportionalto Ea=kBTs , is essentialfor the

thermalcompressionmethodusedin this work to compress2D H# gas. In an ideal case

a compressionfactorof about100is achievedwhenthetemperatureis lowered,e.g.,from

100mK to 70 mK.

Eq. (3) alsoyieldsTs providedEa, s and,n areknown. Theadsorptionenergy will not

be affectedby the solid substratebeneaththe liquid 4He layer unlessthe latter is thinner

thanabout20monolayers[49] (thesaturated�lm is 110monolayers).Thereis somescatter

in the experimentalvaluesof Ea for H on liquid 4He rangingfrom 0.9 K to 1.15 K [30,

50, 51, 52, 53]. Thevaluesextractedfrom �ts to decayrateequations,includingmultiple

�tting parameters,areconsideredto be lessaccuratethan thoseobtainedfrom magnetic

resonanceexperiments.Theexperimentalresultsobtainedin thepresentwork supportthe

valueEa=kB = 1:14(1) K [P1,P2].

Adsorbedhydrogenatomsare in thermalequilibrium with the ripplon systemof the

super�uid heliumsurface. This is becausethemomentumof anadsorbedatomis relaxed

in a time t p dueto emissionandscatteringof ripplons.At 100mK thevaluet p = 3� 10� 8

s [54] is much shorterthan the surfaceresidencetime t r , ensuringthermalequilibrium

13



betweenH andripplons.Theripplonsarein weakthermalcontactwith thephononsystem

of the liquid, from which heatis eventuallytransferredto thesamplecell body. The large

thermalresistancebetweentheripplonsandthephononsof the4He�lm createsabottleneck

in thecoolingof the2D H gas.For thephononsystemat a temperatureTph themaximum

coolingpower hasbeencalculatedto be

Pr p = Gr p(T
20=3

s � T20=3
ph ); (5)

whereGr p = 0:84Wcm� 2K20=3 is theheatconductanceof theripplon-phononcontact[55].

Thecoolingpower is stronglytemperaturedependentandGr p is smallerthantheKapitza

conductanceacross,e.g.,metal/4Heinterfacesbelow 100mK [56].

Thepropertiesof a weakly interacting2D Bosegaslike H# arecharacterizedby four

length scales. First there is the 3D s-wave scatteringlength a3D which de�nes the 3D

mean-�eld interactionenergy U3 = 4p~2a3D=m betweenthe particlesof massm at low

temperatures.Thesecondlengthis theeffective rangeof interactionRe, which is generally

not equalto a3D [12, 57]. The third characteristicdistanceis the de Broglie wavelength

L . WhenL � Re the systemis in the s-wave scatteringlimit. The fourth lengthscaleis

thedelocalizationlengthld =
p

~2=mEa [12] in thesurface-normaldirection.In a truly 2D

systemld=a3D . 1 andparticlescatteringis stronglyaffectedby the con�nementmaking

the interactionalwaysrepulsive [58]. Scatteringis three-dimensionalif ld=a3D & 10 [57].

Theintermediateregionmaybecalledaquasi-2Dregionwherecollisionscanbedescribed

by purely 2D scatteringbut the interactionstrengthdependson ld [58]. The condition

for weakly interactinggasin the quasi-2Dcaseis jaj � ld [12]. For H on 4He surface

a3D � 0:07 nm [59, andreferencestherein]andld=a3D � 10. This shows that 2D H is a

weaklyinteractingsystemandthatshort-rangeinteractionsarestill three-dimensional.This

is alsoseenin the2D mean�eld interactionenergy which in thequasi-2Drangeis givenby

[12]

U2 =
4p~2

m
1

p
2pld=a3D + ln(0:291Ea=Ek)

�
2
p

2p~2

m
a3D

ld
(6)

whereEk is thethermalenergy of motionin theplane.For 2D H at 100mK Ea=Ek � 11:4

andthe logarithmicterm in eq. (6) is only about5 % which shows that the scatteringis

essentially3D assaidabove. Eq. (6) givesU2=kB � 3 � 10� 15 Kcm2 in agreementwith

refs. [43, 60]. It is interestingto notethat if a3D < 0 thesignof U2 couldbe changedby

modifying ld [61].

The mean�eld interactionbetweenatomsin different spin statesis known to shift

the radio-frequency resonancelines [28, 27]. This clock or cold collision frequency shift

is causedby the differencesof the mean�eld energy (eq. (6)) betweendifferent spin
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states.Theresonancefrequency is alsoshifteddifferentlyfor condensedandnon-condensed

bosons[28]. If the clock shift is larger thanthe resonancelinewidth it canbe usedasan

indicatorof thethequasi-condensation. For 2D H� - thecold collision frequency shift cal-

culatedfrom eq. (6) is aboutanorderof magnitudelarger thanthedipolarshift [P7] given

by eq.(2). Theobservedshift is smallerthanthecalculatedone.Theclockshift is isotropic

andshiftstheline towardshigherfrequencies,thedirectionbeingthesameasfor thedipolar

shift on theplaneperpendicularto thepolarizing�eld. Usingthis informationandthedata

of ref. [30] wemayconcludethattheclockshift is atmost0.4timesthedipolarshift given

by eq. (2).

1.2.3 Recombinationand relaxation

Thestability of H# is determinedby therateof recombinationof atomsinto H2 molecules

in bothbulk andsurfacephases.Numerousexperimentalandtheoreticalstudieshave been

devotedto thedecaykineticsof H# [34, 38, 51, 53]. Recombinationandthelargeamount

of energy releasedin it (4.48eV perevent) tendto prevent theattainmentof high enough

densitiesat low enoughtemperaturesneededfor theoccurrenceof quantumdegeneracy. On

the otherhand,valuableinformationon the intrinsic processesof thegascanbeobtained

by monitoringthedensitydecayof the H# sampleandasa matterof fact this hasbeena

very fruitful methodof studyingH#. At densitiesn . 1016 cm� 3 andtemperatures� 200

mK bulk recombinationis negligible andonly surfacerecombinationis signi�cant. This

is becauseconservation of momentumandenergy in all recombinationeventsrequiresat

leastthreeparticipatingbodies.Accordingto our knowledgeno detaileddescriptionof H

recombinationexiststhatwouldtake into accountthedynamicpropertiesof theHesurface.

If onesimply assumesthat thereis no energy exchangebetweenthecolliding pair andthe

surface,the centerof massmomentumalongthe surfaceis conserved andrecombination

canonly take placeif themoleculeis desorbedat thesametime [34].

Whenthe gasis spin-polarized,recombinationkineticsis considerablysimpli�ed and

only two recombinationchannelsareimportant.Thesearesurfacetwo-bodyexchangere-

combinationandthree-bodydipolarrecombination.Theformeroccursonly if thecolliding

H atomsinteractthroughthesingletpotential.Thisimpliesthatonly a� a anda� b (see�g.

1) collisionscaninduceexchangerecombinationandtherateof thisprocessdecreaseswith

increasingmagnetic�eld ase2 µ B� 2. In a pureb-state(H� -) samplethereis no exchange

recombination,andthethree-bodydipolarprocessis themainsourceof recombinationbut

only at high densities.The dipolar interactionis importantwhenthe initial threeparticle

statehasno singletcharacter. Whena pair of atomscollide in the dipolar �eld of a third

atomthevariationsof themagnetic�eld inducea singletcomponentinto theinteractionof

thepair [36, 38]. Thismayleadto recombinationand,dependingonwhetherthethird atom
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changesor doesnotchangeits electron-spinorientation,theeventis calledsingle-or double

spin-�ip process[34, 62]. In the latter the third atomwill recombinein a collision with a

fourth atom.In experimentswe measurethetotal lossrateof atomsandcannotdistinguish

betweenthesingleanddoublespin-�ip mechanismsin H� -.

In additionto the recombination,decayof H# is in�uenced by the nuclearrelaxation

ratebetweena- andb-states.Two surfacerelaxationprocessescanbemet in experiments:

impurity inducedone-bodyrelaxationandintrinsic two-bodyrelaxation[34]. The former

is aconsequenceof smallspatial�uctuationsin themagnetic�eld causedby magneticma-

terialse.g. small grainsof iron embeddedin the walls during machining. The magnetic

momentsof theatomscanalsoinduceeddycurrentsin a highly conductingsurfacelead-

ing to the relaxation. Impurity relaxationcanbe reducedto a negligible level by careful

fabricationof the cell from nonmagneticmaterialsandby covering the cell walls with a

dielectriclayer. Sucha layercanbegrown from solid H2 by keepingthehydrogen�lling

�ux on continuouslyfor a long enoughtime. The two-bodysurfacerelaxationprocessis

anisotropicsuchthat its rateis zerofor a surfaceorientedperpendicularto the polarizing

�eld [34]. In the samplecells usedin the presentwork thereareno walls with high H#

surfacedensityparallelto thepolarizing�eld andthetwo-bodyrelaxationwasfoundto be

of no importance.

Therecombinationkineticsis describedby rateequationswhicharecoupled�rst-order

differentialequations.Therateconstantof one-bodyrelaxationis usuallymarkedasG, the

two-bodyrecombinationasK, andthe three-bodyrecombinationlossrateconstantasL3.

For H# theequationsare

�a = � Ge(a� b) � Ke
abab� 2Ke

aaa
2

�b = Ge(a� b) � Ke
abab� Le

3b3
; (7)

wherea andb arethepartialbulk densitiesof thecorrespondinghyper�ne states,andwe

have neglectedthree-bodyprocesseswhich include the a-state. Here, the superscripte

standsfor effective bulk rate constants[34] usedto transformthe intrinsic surfacerates

(superscripts) to the effective bulk onesthroughthe adsorptionisothermeq. (3). The

effective rateconstantsaregivenby

Ge = Ah
Vh

L( Tb
Ts

)3=2GseEa=kBTs

Ke
i j = Ah

Vh
L 2( Tb

Ts
)3Ks

i je
2Ea=kBTs

Le
3 = Ah

Vh
L 3( Tb

Ts
)9=2Ls

3e3Ea=kBTs ;

(8)

whereAh andVh are the areaand volume of the samplecell. Valuesof the surfacere-

combinationrateconstantsaregivenin table1. Dueto thelargeexponentialfactorssurface
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Table1: Experimentalvaluesof two- andthree-bodysurfacerecombinationrateconstants
of H# on 4Heat B � 4 T andT � 250mK.

Coef�cient Value Units Reference

Ks
aa 0:4(1) � 10� 7

p
T=B2 cm2s� 1K � 1=2T2 [53, 34]

Ks
ab 0:4(1) � 10� 7T3=2=B2 cm2s� 1K � 3=2T2 [53]

Ls
3 2:0(7) � 10� 25 cm4s� 1 [P6]*

* Valuemeasuredin a �eld of 4.6T

recombinationis effectively reducedby increasingthesurfacetemperature.In thermalequi-

librium at T � 40 mK thea-statepopulationshouldbenearlyequalto thatof theb-state.

However, if Ge is small, thea-statedensityis exhaustedin thea� a anda� b recombina-

tions [34], andthe sampleevolves from H# to H� - on a timescaleof (Ke
aaa)� 1, which in

thepresentwork is about100s at170mK. Then,recombinationof H� - is possibleonly by

a� b surfacerelaxationandthethree-bodyprocess.If thesurfacedensityis smallenough,

thethree-bodytermcanbeneglectedandthedensitydecayis exponential.

A recombinationevent on the surfacereleasesa large amountof energy. However,

liquid heliumdoesnotabsorball therecombinationenergy atonceandonly afraction f . 2

% is releaseddirectly at the recombinationsite [63, 64, 65]. Therestis evenly distributed

on thesamplecell walls by excitedH�
2 moleculesrelaxingtowardstheir groundstate.The

ideaof local compressiontakesadvantageof sucha spreadingof the recombinationheat.

Recombinationproductscarryawaymostof theheat,providedthey canfreelyescapefrom

thecompressionregion. Coolingonly asmallcoldspot(CS)on thewall of thesamplecell

to a low temperaturemakesit possibleto compressthe 2D H gaslocally. In sucha case

the total heatabsorbedby the cold spotis stronglyreduced.In additionto the fraction f

of three-bodyrecombinationenergy therearetwo otherimportantsourcesof heat.Oneis

associatedwith theone-bodyrelaxationon thesamplecell walls, andthesecondis dueto

thethermalaccommodationof thebulk gas.In �g. 2 thecontributionsof differentheating

processesat theexperimentalconditionsof thiswork arepresentedasafunctionof thecold

spottemperatureTs . Thesurfacedensityis �x edto 3� 1012 cm� 2 andthebulk densityis

calculatedfrom eq. (3). To avoid largethermalaccommodationheatingit is betterto work

at n < 1016 cm� 3. Then,thevalueof s is setby thebalancebetweenthedirect three-body

recombinationheatingandcoolingof thecold spot(eq. (5)).

Three-bodyrecombinationcanbealsousedasaprobeof theappearanceof quantumde-

generacy. Theprobabilityof three-bodyrecombinationis proportionalto thethree-particle

correlationfunction. In a condensatethedensity�uctuationsaresuppressedandthethree-

body correlationfunction decreasesby a factorof 3! [66, 67]. Whetherthis appliesalso
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Figure2: Calculatedheatingof a small surfacespot from differentsourcesasa function
of the spottemperature:direct three-bodyrecombinationheating,one-bodyrelaxationon
thesamplecell walls, andthermalaccommodationof thebulk gas.Thesurfacedensityis
3� 1012 cm� 2 andthebulk densityis calculatedfrom eq. (3) at Tb = 170mK. Thelowest
experimentalvalueGe = 8 � 10� 5 s� 1 of this work was usedto calculatethe relaxation
heating.

to the2D case,is not so clear, andtheoriespredictdifferentreductionsof Ls
3 [15, 60]. A

somewhatlarger(but yetwithin theerrorbar)thana3! fold decreaseof Ls
3 wasobservedin

themagneticcompressionexperimentsat Turku [20] andthereseemsto bea possibilityto

distinguishtheeffect from dimensionalityon thethree-bodyrecombinationrate.

1.2.4 Electron-spin resonanceon H gas

For atomic hydrogentwo transverselyexcited ESR transitionsare allowed: a ) d and

b ) c aspresentedin �g. 1. Their frequenciesin high magnetic�elds B � 50 mT are

wR � (� 1=2ah + geµbB)=~ = 2p(� 0:71+ 28� B/T) s� 1. For a linearlypolarizedexcitation

�eld B1coswt thetime-dependentperturbationtheorygivesanESRtransitionrate[68]

PE =
p
8

geB2
1d(B� B0); (9)

18



wherege is the electrongyromagneticratio andB0 � wR=ge is the �eld at resonance.In

practice,dueto relaxationprocessesin thespinsystem,thedeltafunctionin eq. (9) needs

to be replacedby an intrinsic line shapefunction f i . The intrinsic relaxationprocessesof

bulk H# areveryslow, andtheobservedline shapeis determinedby inhomogeneitiesof the

local magnetic�eld [69, 70, 71]. Yurke et al. [72] found,whenconsideringdifferentline

broadeningmechanisms,that the largestcontribution to the bulk H# line shapeis dueto

radiationdamping[70, 73] yielding a constantline amplitudeanda linewidth proportional

to thedensity. In ourexperimentsthis effect is negligibly smallfor n . 1015 cm� 3.

Thepowerabsorbedin unit volumefrom timedependentmagnetic�eld in a lossypara-

magneticsampleis expressedwith thehelpof thecomplex susceptibilityc(w) = c0(w) �

ic00(w) as[74]

P =
w

2µ0
c00B2

1; (10)

whereµ0 is thevacuumpermeability. Comparingequations(9) and(10) it is noticedthat

c00µ nfi , andthedensityof paramagneticparticlescanbeextractedas

n =
4

pµ0~g2
e

Z ¥

0
c00(w)dw: (11)

In theseESRexperimentsthesignalis detectedata �x edfrequency w0 wheretheresonator

is tuned. By sweepingw or B the ESRline is measured.The relationbetweenc andthe

observed ESRsignalS in anopenFabry-Perotresonatoris derived below. OpticalFabry-

Perotresonatorsaremoreconvenientlydescribedby theso-calledcoupledmodeapproach,

found e.g. in ref. [75], than the equivalent RLC-circuit approach[74] usedfor closed

resonators.However, following thecoupledmodeapproacheventuallygivesthesameresult

asderivedfor theRLC-circuit.

In the coupledmodeapproachthe so-calledmodeamplitudeu(t) is de�ned. It is a

complex variablenormalizedin suchawaythatuu� � juj2 equalstheenergy in theresonator.

The resonancefrequency of themodeis w0: Theresonatoris coupledto an incidentwave

si exp(iwt) which is normalizedin sucha way thatjsi j2 is thepower carriedby theincident

wave. Theenergy in theresonatordissipatescausingadecayof themodeamplitude.There

aretwo differenttypesof power dissipation.Therateof intrinsic dissipationt � 1
0 is related

to thepowerabsorbedinsidetheresonator, andtherateof externaldissipationt � 1
e is dueto

aholecouplingtheincidentwaveto theresonator. Thequalityfactorof theloadedresonator

canbeexpressedwith thedecayratesasQl = 1
2w0(t � 1

0 +t � 1
e )� 1.

The time dependenceof u coupledto the incident driving �eld, provided the power

lossesaresmall,is givenby theequation[75]
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�u = iw0u� (
1
t 0

+
1
t e

)u+

r
2
t e

sieiwt ; (12)

In asteadystatethesolutionof eq. (12) is

u =

q
2
t e

sieiwt

t � 1
0 + t � 1

e + i(w� w0)
: (13)

In ESRexperimentsa re�ectedwave sr from thecavity is measured.Therelationbetween

si andsr is expressedby there�ection coef�cient of theresonator[75]

G0 �
sr

si
=

t � 1
e � t � 1

0 � i(w� w0)

t � 1
e + t � 1

0 + i(w� w0)
: (14)

Whena lossymagneticsampleis placedinto the resonatorit changesthe resonancefre-

quency andabsorbsanamountwc00(w)juj2 of power. Thischangesthemodedecayrateand

theresonancefrequency accordingto

t � 1
0 + t � 1

e ! t � 1
0 + t � 1

e + 1
2whc00(w)

w0 ! w0=
p

1+ hc0(w):
(15)

The�lling factorh is de�ned in theusualwayastheratiobetweenthemagnetic�eld square

integratedover thesamplevolumeandover thewhole resonator[74]. Whenthe changes

in eq. (15) are includedin eq. (14) the re�ection coef�cient at the centerof the cavity

resonanceis givenby

G =
G0 � ihQl c(w)
1+ ihQlc(w)

; (16)

where,assumingsmallhc0, anapproximation(1+ hc0(w)) � 1=2 � 1� hc0=2 hasbeenused.

TheobservedESRsignalSis proportionalto thechangesin there�ectedvoltage(G � G0)si

from theresonator. Therelative changed of thevoltagere�ection coef�cient is givenby

d �
G � G0

G0
=

2t 0

t e � t 0
�

ihQlc(w)
1+ ihQl c(w)

: (17)

This resultis identicalto theresultobtainedfor a closedcavity e.g. in ref. [69]. Thereal

(imaginary)partsof d areproportionalto theabsorptionand(dispersion)partsof S. From

eq.(11) it is foundfor smalln that

n �
t e � t 0

t 0

2
pµ0~gehQl

Z
Re[d]dB: (18)

For higher n the relation betweenc00and Re[d] is not linear anymore, and n has to be
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extractedfrom thedispersionsignal[76] or by usingtheKramers-Kronigrelations[69].

2 Experimentson 2D H #

2.1 Experimental apparatus

2.1.1 Cryogenicsetup

Theexperimentswerecarriedout in a top-loadingcryostatwith two home-maderefrigera-

tors,a dilution refrigerator(DR) anda 3He refrigerator. Theformercoolsthesamplecell

(SC)andthelattera low-temperaturedissociatorasillustratedin �g. 3. Thedissociatoris a

H atomsourcesimilarto thatusedby theAmsterdamgroup[77]. It is ahelicalresonatorop-

eratingat348MHz at about700mK wherethe3Herefrigeratorhasa largercoolingpower

thanthestill of theDR. The basetemperatureof the DR is 30 mK andits cooling power

at 100 mK is 150 µW. The samplecell (SC) is locatedin the centerof a superconductive

magnetoperatingat4.6T.

Thesamplecell is thermallylinkedto themixing chamber(MC) of theDR, but thelink

is weakenoughto make it possibleto measurethe recombinationpower accurately. Due

to therelatively long distanceof about40 cm from theMC to theSCmechanicalthermal

anchoringis notconvenientfor coolingasmallcoldspotin thecell. Thereforeweemployed

thedilute 3He� 4 He streamof theDR from themixing chamberasa “coolant” of thecold

spot(CS).At a typical circulationrateof 100 µmoles/sthe mixture hasa relatively large

speci�c heatandit �o ws at the speedof 2 cm/s in a 1.5 mm diametertube. It allows us

to changetheCStemperaturein a few secondsby heatingtheincomingcoolant.TheESR

resonatorin theSCis connectedto thecryogenicmm-wave componentblock of theESR

spectrometer[P4] with standardD-bandwaveguide.A pieceof CuNi waveguideis installed

to ensurethermalinsulation.Theblock is thermallyanchoredto the1K pot of theDR. A

thermalaccommodatorof theH �ux from thedissociatorandthebuffer volumefor H# gas

arecooledby astepheatexchangerof theDR.

Temperaturesof themixing chamber, thesamplecell (Tsc), thebuffer volumeandthe

cold spotcoolant(Tl iq) aremeasuredwith RuO2 chip resistorscalibratedagainstthe 3He

melting curve thermometerandNBS SRM 768 superconducting�x ed-pointdevice. The

calibrationsareestimatedto beaccurateto within 1 mK. Temperaturesaremonitoredand

adjustedwith a.c.resistancebridgesandtemperaturecontrollers(RV-ElektroniikkaOy) and

computer-controlledlock-in ampli�ers (StanfordResearchSystems).

If thewholedilutestreamof theDR wouldbeusedto coolthecoldspot,theoperationof

theDR would beseriouslydisturbedat high Tl iq. Therefore,thestreamis dividedinto two

approximatelyequalpartsasillustratedin �g. 4. Oneof thestreamsis taken in a 1.5 mm
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Figure3: Schemeof cryogenicpartsof thesetupincludingsamplecell (versionSCI),buffer
volumeanddissociator. Thedashedline indicatesthevalueof themainmagnetic�eld.
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Figure4: Coolingof thecold spotandthesamplecell. Thecold spottemperatureis setby
thecooling liquid temperature.A stableoperationof therefrigeratoris maintainedby the
by-passloop in thedilutestream.

diameterstainlesssteeltubeto thecold spotasdescribedabove. Theother�o ws througha

by-passloop. BeforeenteringtheDR heatexchangerthe two streamsmerge. In this way

we canraiseTl iq up to 300mK while still beingableto keeptheSCandMC temperatures

below 50 mK.

Thecalibrationof theH# bulk densityn is madecalorimetricallyby measuringthere-

combinationheatliberatedin the samplecell. A decrease/increasein the recombination

power is compensatedby the SC temperaturecontroller, which keepsTsc constantby in-

creasing/decreasing theheatingpower P to thesamplecell. In �g. 5 P is shown for several

decaysatdifferentTl iq. Thetimevariationof thebulk densityis givenby therelation

n(t) =
2

VhD

Z ¥

t
[P0 � P(t0)]dt0; (19)

whereVh is the volumeof the samplecell, D = 4:478 eV is the dissociationenergy of a

singlehydrogenmolecule[35] andP0 � P(¥ ) is thestabilizationpower without H#. The

inaccuracy andtheslow drift of P0 arethemainsourcesof errorof thedensitycalibration.

For n = 1014 cm� 3 theerroris about10%.
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2.1.2 Samplecellsand ESR spectrometer

Two versionsof thesamplecell, hereinaftercalledSCI andSCII, wereusedin this work.

ThemaindifferencebetweenSCI andSCII is thesizeandpositionof thecold spotin the

ESRresonator. Schematicdrawings of the cells areshown in �g. 6. In both variantsthe

resonatoris of theopengeometryFabry-Perottype,which is similar to theopticalresonator

usedin lasers[78]. Theopengeometrywaschosento ensureafreeescapeof recombination

productsfrom the CS. The uppermirror of the resonatoris hemisphericalwith 6.5 mm

radiusof curvature,while the lower mirror is planar. The couplingof mm-wave energy

betweentheSCanda standardrectangularD-bandwaveguideis througha 0.5 mm diam.

ori�ce in the centerof the sphericalmirror. Both cells weremadeof high-purity Cu and

carefullyetchedin orderto reduceimpurity-inducedb� a relaxation.Theothermaterials

usedwere high-purity gold, indium, Kapton and Mylar polymer �lms, te�on tubesand

Stycast1266epoxy.

Whendesigningthesamplecell for thermalcompressionexperimentswe wereaware

of the high three-bodyrecombinationrateon the CS leadingto a fastdensitydecayand

consequentstrongrecombinationheatingof the sample. Estimatesof theseeffectswere
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basedon theexperimentalvalueLs
3 = 2� 10� 24 cm4s� 1 [51, 52, 79] of thethree-bodyloss

rateconstant,asknown at thetimeof thedesignof SCI.Togetherwith thebuffer volumeof

38.5cm3 this �x edtheoptimalchoiceof theCSdiameterto 1.5mm,sothatthelifetime of

thesamplewouldstill beof theorder103 s.

In SCI thecoldspotis locatedin thecenterof the�at mirror of theresonatorwherealso

the maximumof the ESRexcitation �eld B2
1 lies. The resonatoroperatesin the TEM002

modewith Ql � 2700. The3.2 mm diameterof theESRexcitation�eld is larger thanthe

CSsize,which allows thedetectionof surfaceatomsoutsidetheCS.The�at mirror of the

ESRresonatoris madeof a1 µm thick gold layerevaporatedon a13µm thick Kaptonfoil.

The latter is gluedon a 0.6 mm thick epoxydisk which hasa 1.5 mm diameterhole in

thecenter. In theholetherearetwo concentricthin-walledcoppertubesin which the 3He-
4He mixturestream�o ws to andfrom the lower surfaceof the foil to cool theCSregion.

To avoid distortionsof theESRline shapedueto too large a numberof H atoms[76] the

volumeof the bulk gasis restrictedby anotherKaptonfoil placed0.8 mm above the �at

mirror. Hydrogenatomsare fed from the buffer volume to the SC througha 5 cm long

Te�on tube. The buffer volumetemperatureis kept at about350 mK, which is ideal for

storingH# atoms.

A seriesof experimentscarriedout [P1, P2] led to a betterunderstandingof the be-

haviour of 2D H gasandrevealedcertaindisadvantagesin the constructionof SCI. The

mostimportantresultwasthatthethree-bodyrecombinationrateontheCSturnedout to be

muchsmallerthanexpected.Three-bodyrecombinationwasnotdominatingthedecayand

in fact thecontribution of theCSwashardlydiscerniblefrom theone-bodyrelaxationrate

on the samplecell andbuffer volumewalls. By "switching" the thermalcompressionon

andoff duringthedecaysweextractedanupperlimit estimateLs
3 . 2� 10� 25 cm4s� 1 [P2],

which is 10 timessmallerthanexpected.Also thethermalcontactbetweenthespotandthe

cell in SCIwastoostrong,notallowing to work with a largeenoughtemperaturedifference

betweentheCSandtheSC.LoweringTsc stronglyincreasedtheone-bodyrelaxationrate.

Anotherdrawbackwasthat the ESRline shapeof 2D hydrogenon the CS wasdistorted

by the inhomogeneousdensitydistribution, which dependson the temperaturedifference

betweenthespotandthecell.

In the later versionof the samplecell, SCII (�g. 6b), the CS radiusis increasedto 3

mm. The"ceiling" of theH volumeis a20µm Mylar �lm. An epoxyring togetherwith the

sphericalmirror is gluedon the top of thecenterof theMylar foil, outsidetheH volume,

forming a space�lled with circulating 3He-4He mixture. This constructionimproves the

thermalinsulationbetweentheCSandtheSC.Thehorizontalextentof theESRexcitation

�eld on the CS is smallerthanthe cold spotwhich makesthe ESRsignaloriginatefrom

thecentralpartof theCSonly. Thisdecreasestheline broadeningdueto apossibledensity
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inhomogeneityand gives an opportunityto study the intrinsic line shape. Due to good

thermalisolationbetweentheCSandtheSCweareabletowork athighercell temperatures.

This madeit alsopossibleto remove thebuffer volumeandto increasethevolumeof the

cell to 40 cm3. The cell geometryis designedto be simple,makingit easierto cover its

inner surfaceswith a polymer foil andepoxy. Thesemeasuresallowed us to reducethe

one-bodyrelaxationrate to a negligible level. To avoid the escapeof atomsandexcited

moleculesfrom theSC,we installeda 4He fountainvalve into theH �lling line. Thevalve

is controlledwith aheaterandtheheliumlevel is measuredwith acapacitive level gauge.

The ESRresonatorsweredesignedto detectboth 3D gasin the cell volumeand2D

gasadsorbedon the CS. They were constructedrelying upon the Gaussianbeamwave

theoryfor laserresonators[78]. Whena properresonancemodewasfound,theexcitation

�eld pro�les B2
1(r ) werecalculatednumericallyby solving the Helmholtzequationwith

ideally conductingboundaryconditions. The calculationof B2
1(r ) in SCI wascompared

with measurementsof B2
1(r ) carriedout with an oversizedtestresonator[P5]. B2

1(r ) was

usedwhencalculatingtheeffective volumeof theresonatorfrom therelation

Ve =
1

max[B2
1]

Z
B2

1(r )d3r; (20)

wheretheintegral is takenover thehydrogenvolumein theresonator. Theeffective areaAe

of theCSis calculatedsimilarly by integratingover theareaof the �at mirror. Thevalues

of Ve andAe areimportantin thecalibrationof theESRsignalsagainstthebulk andsurface

densities.

The resonatorof SCII is shown in �g. 7 togetherwith thecalculatedB2
1(r ). The res-

onatoroperatesin theTEM003 modeandits Ql is abouthalf of thatof SCI.The�eld pro�le

in theresonatoris distortedby thedielectricStycastpartandit is not very well described

by theGaussianbeamwavetheory. Thesedisturbancescanbeseenin thetwo lowestnodes

in �g. 7. Threequartersof the resonatoris �lled with thecoolantliquid whosedielectric

constant1.05dependsslightly on the 3He/4He concentrationratio which togetherwith the

resonatorfrequency dependson temperature.Fortunatelythisdependenceis ratherweakat

Tl iq . 100mK anddoesnotnoticeablydisturbthestabilityof theESRsignal.On theother

hand,by heatingthecoolantto temperaturesof theorderof 1K leadsto anESRresonator

frequency shift of about50 MHz andhelpsto �nd the resonancefrequency after thecool

down of thespectrometerfrom roomtemperature.TheESRspectrometeris a home-built

129GHz cryogenicheterodynesystem.Its technicaldetailsaredescribedin ref. [P4]. The

spectrometeris capableof detectingsimultaneouslybothabsorptionanddispersionsignals

with thedetectionsensitivity of about109 spins/Gfor 20 pW mm-waveexcitationpower.
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Figure 7: Resonatorin SCII andcontourplot of the calculatedexcitation �eld intensity
B2

1(r ). Thecontoursaredrawn for every 1/20intensitychange.Thevolumefor thehydro-
gengasin theresonatoris limited betweenthe �at mirror andtheCS.Thespacebetween
thesphericalmirror andtheMylar foil is �lled with 3He-4Hecoolantmixture.

2.2 Measurementprocedures

2.2.1 Production and decayof atomic hydrogen

PulsedRF discharge is usedto dissociateH2 moleculesinto H atomsin a discharge cell

calleddissociator. Beforethe actualexperimentthedissociatoris loadedfrom roomtem-

peraturewith H2 gasthrougha thermallyinsulatedcapillaryto form a layerof solid H2 on

thewalls of thedissociator. During themeasurementsthewalls of thedissociatorandthe

SCarelinedalsowith asuper�uid helium�lm. Applying 1 mslong0.1W RFpulsesto the

dissociatorat a repetitionrateof 100Hz yieldsa H# �ux of about2� 1013 atoms/sto the

samplecell. It takesusuallyabout2000s to reachthesaturationbulk densityof about1015

cm� 3. During theaccumulationof theH# sampletheMC andtheSCareoverheateddueto

heliumvapourrecondensingandhydrogenrecombiningin the�lling line. After switching

off thedissociatora-stateatomsdisappearsin afew minutesandtheH� - sampleis ready. At

thesametime themixing chamber, samplecell, andCScoolanttemperaturesarestabilized

to theirdesiredvalues.

Most experimentsin this work weremeasurementsof the densitydecay. The exper-

imental conditionscould be changedfrom one decayto another, including Tsc and Tl iq,

thicknessesof the 4He �lm andof thesolid H2 layeron thecell walls aswell astheESR

excitationpower. Dueto thelargesurfaceareaof thecell thebulk gastemperatureTb � Tsc.

The feedbackpower of the temperaturecontrollersand the ESR spectrawere registered
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in which theopencirclesweremeasured.

duringthedecay. In orderto determinethepower P0 neededin thedensitycalibration(eq.

(19)) thedatacollectionwascontinueduntil theatomichydrogensignalhadbecomecom-

pletelyextinct. Thespectrawereobtainedby sweepingthemagnetic�eld acrossthebulk

andsurfaceb� c resonances.

TheESRexcitationpower couldbevariedwithin four ordersof magnitude.TheESR-

inducedrecombinationof the samplewasusedto estimatethe absolutevalueof the �eld

B1 (eq.(9)) in the resonator. At the highestexcitation levels we observed B1 � 10� 2 G.

Whentheexcitationwasloweredby anorderof magnitude,thedestructionof thesample

dueto ESRwasnegligible comparedto thenaturaldecayrate. However, anotherorderof

magnitudedecreasewasrequiredto avoid theinstabilityeffectsin the2D ESRsignals[P1].

Therateof b� a nuclearrelaxationis in�uencedby thequalityof thesamplecell walls.

Althoughmuchcarewastakento reducetheamountof possiblemagneticimpuritiesin the

walls, the relaxationratewasalwayshigh in thebeginningof eachseriesof experiments.

Thereforewe usedthewell-known method[80] to build up a layerof solid H2 on theSC

wallsby keepingtheH# �ux continuouslyonevenfor aweek.Thisdecreasedtherelaxation
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Figure9: Decayof b-statedensityextractedfrom ESRspectra.In SCIatTsc = 124mK, N-
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Thesolid line with errorbarsis from acalorimetricdensitycalibration,thedashedlinesare
exponential�ts to ESRdatapoints. Thedecayat Tl iq = 78 mK in SCII is not exponential
becauseof thehigh three-bodyrecombinationrateon theCS.

rateby an orderof magnitude.The intrinsic one-bodyrelaxationrateultimatelyobtained

in both samplecells waslowestever reportedfor atomichydrogenexperiments[51, 81].

The changeof the relaxationrate in SCII after differentH2 coatingtimesis presentedin

�g. 8. Thedensityof a H2 monolayeris about1015 cm� 2 which givesanestimateof 0.15

nm/h for the growth of the H2 layer. The relaxationrateappearsto saturateat the value

Ge = 1:6� 10� 7 � Ah
Vh

p
Tb

� 1exp(0:78=Tb) after200hoursof coatingwhentheH2 layer is

about30 nmthick.

Examplesof raw dataobtainedin decaysof H� - aftersaturationH2 coatingareshown

in �g. 9. An in�uence of Tl iq on thetotal decayrateof thesamplein SCI andSCII is well

demonstrated.Thedifferencebetweenthe“warm” and“cold” spotdecaysis verysmallfor

SCI, which is dueto the unexpectedlyslow three-bodyrecombinationandthe small area

of theCS.In SCII mostof theatomsarerecombiningon theCS,theareaof which is only

0.3%of the total surface. For the absolutecalibrationof the ESRsignalwe needto �nd

theproportionalitycoef�cient (C1 in eq. (21))betweenthedensityandintegralsof theESR

peaks.Thisis foundby multiplying thewholesetof ESRdatapoints(peakintegrals)by the
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constantC1 and�tting it to theintegratedtemperaturecontrollersignalwith C1 beinga free

parameter. Decayswith the warm spotarevery well describedby exponentialfunctions.

This implies that the temperatureof thecell walls remainsconstantduring thedecaysand

thatthedecaysareof the�rst orderin densityascausedby one-bodyrelaxation.

2.2.2 ESR spectrumof bulk and surfacehydrogengas

In this work ESRspectraof H� - wererecordedby repetitively sweepingthemagnetic�eld

throughthesurfaceandbulk b ! c resonances.Thesampledecaysin a timeof 103 � 104 s

whichallows to collect50-100spectrausingsweeptimesfrom 50to 200s. WhentheCSis

warm,only onepeakoriginatingfrom thebulk gasis visible in thespectrum.A peakfrom

thesurfaceadsorbedatoms,shiftedto highersweep�eld values,appearsafteractivationof

the thermalcompression.This is seenin the �rst spectrumof �g. 10 asa smallersurface

peakshift, whentheCSis still coolingto apropertemperature.Theseparationof thepeaks

is proportionalto the densityaccordingto eq. (2). The densitiesof the bulk andsurface

sampledecaywith timeandthesurfacepeakmovestowardsthebulk one.

Both theabsorptionanddispersioncomponentsof theESRsignalwererecorded.For

a linear systemthey are relatedthroughthe well-known Kramers-Kronigrelations. The

ceaseof theKramers-Kronigrelationsbetweenthesignalcomponentsrevealedall nonlin-

ear distortionsof the signal. At the densities� 1015 cm� 3 the bulk line shaperemains

unchangedandits amplitudeis proportionalto thedensityof thebulk atomsn. Theshape

of thebulk line is determinedby theinhomogeneityof themainmagnetic�eld. Usingtwo

shimcoils mountedon thestill radiationshieldof theDR we wereableto reducetheaxial

inhomogeneityto about0.1G/mm.

Theequationobtainedfrom eq. (10) describingthebulk absorptionline shapeis given

by

Sn(B) = C1

Z
nB2

1(r ) f (B(r ) � B0)d3r; (21)

wheretheconstantC1 is extractedfrom thecalorimetriccalibrationeq. (19)andB(r) is the

polarizing�eld includingpossibleinhomogeneities.Thefunction f is thenormalizedline

shapefunctionwhich is a convolution of theintrinsic line shapef i (discussedin 3.1.2)and

thespectralline of themm-wavesourcefe

f (w0) =
Z

fi(w0 � w) fe(w)dw: (22)

If the function f is narrow enough,it canbe approximatedby a delta function andthen

eq. (21) givesa possibilityto imagethemm-wave �eld B2
1(r ) in theresonatorby applying

theknown gradientsof thepolarizing�eld B(r). In �g. 11 theresponseof the line to the
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Figure10: Evolutionof b ! cabsorptionspectrarecordedatlow excitationpowerwith SCII
at Tsc = 178 mK andTl iq = 78 mK. Every curve is a singlesweepthroughthe resonance
completedin 50s. Thedelaybetweenthesweepsis 200s. Thestartingtimefor eachsweep
is indicatedon theverticalaxis.Thetemperatureis not yetstabilizedduringthe�rst sweep
which is thereasonfor thesmallersurfacedensityin thiscase.

appliedmagnetic�eld gradientis demonstrated.Thebulk line is split into two peaks.The

left onecorrespondsto theB2
1 antinodeneartheCSandtheright oneto theantinodecloseto

the�at mirror. Thesurfaceline is not in�uencedby theaxialgradient.Thebulk peakswere

integratedseparatelyandthevalueswerecomparedto theintegralsover thecorresponding

B2
1(r ) �eld antinodesfrom the numericalcalculations(�g. 7). The resonatorlengthand

the position of the Kapton foil were varied to get the bestcorrespondencebetweenthe

calculationsandthemeasuredvalues.In thisway thevaluesof Ae andVe for SCII couldbe

extractedmorereliably.

The equationdescribingthe surfaceline shapeis similar to eq. (21), but the volume

integral is changedto an integral over theCSarea.We alsohave to take into accountthat

the argumentof f containsthedipolar �eld term Bd(r ) = ads(r) from eq. (2). Thenthe

equationfor thesurfaceline shapeis

Ss (B) = C1

Z
sB2

1(r ) f (B(r ) + Bd(r ) � B0)d2r: (23)

The surfaceresonanceline can be broadenedby an inhomogeneousdensitydistribution
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cm� 2, respectively. In the lower pair of spectraan axial magnetic�eld gradientof 0.37
G/mmis appliedto split thebulk peakinto two partsoriginatingfrom two differentB2

1(r )
antinodes.

s(r). This wasclearlyobserved in theexperimentsin SCI wherethespatialextentof the

B2
1(r ) �eld antinodewaslargerthantheCSdiameter[P2].

3 Results

3.1 ESRline shapeof adsorbedhydrogen

3.1.1 ESR instability

The�rst ESRexperimentson2D H# wereperformedat theUniversityof British Columbia

by Hardy andcoworkers [30]. They observed that the ESRline of adsorbedatomswas

asymmetricandmuchbroaderthanthebulk line. As oneof thepossibleexplanationsfor

theobservedlineshapesthey suggestedtheso-calledESRinstabilityfoundin ferromagnetic

resonanceexperimentsof solidsin strongmagnetic�elds [82, 83]. However, a quantitative

study of the line shapeswas not possibledue to fast recombinationof the H# samples
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Figure12: Surfacedensitys (solid line) andESRsignal(dashedline) calculatedfor ahigh
excitationpower asa functionof themagnetic�eld sweepDB. Thearrows show thejump-
like responseof the surfacedensityandESRsignal for differentdirectionsof the sweep
�eld. The parametersusedin this calculationwere: Ts = 90 mK, B1 = 0:35 mG, G= 40
mGandn = 1013 cm� 3. Theundisturbedresonanceline positionis 1:84G. Thenumbers1,
2, and3 correspondto differentrootsof eq. (24) (seetext).

andlow sensitivity of detection.Similar 2D line shapeswereobserved alsoin this work

for comparatively large ESRexcitation powers[P1]. Whenthe ESRexcitation level was

decreasedtheasymmetrydisappeared,which indicatedthattheline shapewasmodi�ed by

theexcitation�eld disturbingthemagnetizationof the2D spinsystem.

The changeof surfacedensitycanbe written asthe differencebetweenthe adsorbing

anddesorbing�ux esof atoms.Theformer�ux is simply (1=4)nvs, wheres is thesticking

probability, and the desorbing�ux is proportionalto eq. (4). Including also the ESR-

inducedrecombinationtime t ESR we get

�s =
1
4

nvs� (
1
t r

+
1

t ESR
)s; (24)

wheret � 1
ESR = 2p

8geB2
1 f (DB� ads) follows from eq. (9) whenthed functionis replacedby

the normalizedline shapefunction f andads is the intrinsic meandipolar �eld given by

eq. (2). Thelinewidth Gof surfaceatomsis of theorderof 50mGwhichgivest ESR � t r at

100mK for B1 � 1:6 mG correspondingto theexcitationpower of about3 nW. Thuseven
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quiteasmallESRexcitationcandisturbthedynamicequilibriumbetweenbulk andsurface

atoms.

To get a betterunderstandingof the connectionbetweenthe line shapeandthe ESR

excitationoneshouldexamineeq. (24) moreclosely. Theundisturbedline shapefunction

f of the surfaceatomsis assumedto be Lorentzianassupportedby the measurementsat

low excitationpower. In equilibrium �s = 0 ands hasthreedifferentrootsdenotedby the

numbers1 to 3 in �g. 12 ands 0 � s(DB) whent ESR = 0. Becausetheanalyticsolutions

arequitelengthy, it is moreinformative to presentthequalitativebehavior of s(DB) instead.

Whentheconditiont ESR � t r is valid, s(DB) � s0 andtheresonant�eld ads(DB) is moved

closerto thebulk line positionat DB = 0. If B1 is still rathersmall,eq. (24) hasonly two

roots,solutions1 and3 in �g. 12. Thesurfaceline is pulledtowardsthebulk line but thereis

nohysteresis.A furtherincreaseof B1 resultsin strongerline pulling andin theappearance

of theroot2 asamarkof thehysteresisof thespectrum.Theresponseof s(DB) is different

for differentsweepdirections(cp. �g. 12).

For a morequantitative picturewe extracts(DB) justat the“tip” betweenthesolutions

2 and3 in �g. 12. Solvingeq.(24) yieldstherelation

s t = s0(1+
geB2

1t r

2G
)� 1; (25)

wherethe intrinsic line shapeof width Gis assumedto beLorentzian.Thepositionof the

ESRsignal“jump” for a sweeptowardsthebulk line is s tad. Theamountof line pulling

is determinedby the combinationof threequantitiesB2
1, G andt r . The �rst oneis rather

clear, astrongexcitationproduceslargerpulling. Theeffectof Gmeansthatfor a narrower

atomicresonance,ESR-inducedrecombinationis larger, ascanbeseenfrom thede�nition

of t ESR. Thethird quantity, t r , determineshow long theatomresideson thesurface.If t r is

largethentheESRtransitionis moreprobable.Thereforein acoldergastheESRinstability

setsin ata lower B1. Thecritical excitationpower for theinstability to show up is

B2
1 &

G2

ads0get r
; (26)

whenthe line pulling is aboutG=2. This conditionde�nes the maximumESRexcitation

�eld for detectingthenaturalline shapeof surfaceatoms.Theappearanceof aninstability

canalsobeseenif boththeabsorptionanddispersionpartsof theESRsignalaredetected.

As mentionedabove thesesignalsarerelatedthroughtheKramers-Kronigrelationwhich is

valid for a linearsystem.The correlationbetweentheabsorptionanddispersionsignalis

lost whentheinstability takesplace.
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Figure13: ESRline shapesof 2D H with s = 1012 cm� 2 andTl iq = 78 mK measuredin
SCII. Thetwo lower linesaredistortedby theappliedradialmagnetic�eld gradientsequal
in amplitudebut oppositein polarity. Theuppermostline is measuredwithoutgradientand
thedashedline is a �tted Lorentzianfunction.

3.1.2 Line broadeningdue to magnetic�eld inhomogeneities

Next we considerthe inhomogeneityof themagnetic�eld andthefrequency instability of

themm-wavesource(MWS) astheorigin for theESRline broadeningin thelimit of small

excitationpower. The�eld inhomogeneitycanoriginatefrom thatof theexternalmagnetic

�eld andfrom theinternaldipolar�eld which is inhomogeneousdueto theunevendensity

distribution of H atomsadsorbedon the cold spot. Thesedo not only contribute to the

linewidth but alsomake the line asymmetric.ThesurfaceESRline shapeis describedby

eq. (23), whereaccordingto eq. (22) the line shapefunction f is a convolution of the

intrinsic line shapeandthe frequency spectrumof the MWS. We found that the width of

the MWS spectrumdependedon the operatingfrequency: In someexperimentalruns its

contribution to thelinewidth wasdiscerniblebut in mostcasesinsigni�cantly small.

In comparisonto the bulk line, the surfaceline is sensitive only to radial gradientsof

themagnetic�eld. Thegradientsarecausedby �eld inhomogeneitiesof themainmagnet

andthe ESRsweepcoil andby the variousmagnetizationof materialsin the vicinity of

the CS. An uneven densitydistribution also leadsto an inhomogeneousintrinsic dipolar

�eld ads(r) over thecold spot.Changesin temperature,�o w of atomson thesurface,and
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Figure14: Surfacelinewidth (FWHH) measuredat two differentsamplecell temperatures.
A linear�t to thevaluesbelow 3� 1012 cm� 2 (solid line) indicatesazerodensitylinewidth
of 115 mG anda broadeningof 2:5 � 10� 14s Gcm2. The zerodensitylinewidth in this
measurementis probablycausedby theresidualinhomogeneityof themainpolarizing�eld,
combinedwith thefrequency spectrumof themm-wave source.Theinsetsshows two line
shapesasexamplesdemonstratingtheappearanceof theasymmetry(samehorizontalscale).

surfaceroughnessin�uence s(r) andleadto changesin the internaldipolar �eld andline

shapeduring the decayof the H density[P2]. In SCI thermalisolationof the cold spot

wasinadequate,andinsteadof a step-like changeof temperatureneartheedgeof theCS

therewasatemperaturepro�le whichdependedonthemagnitudeof Tl iq � Ts . Thesmallest

surfacelinewidth wasabout50 mG observed at Tl iq � Ts . On the otherhand,dueto the

smallsizeof theCS,we wereableto extracts(r) from theobservedline shapes[P2].

In SCII the sensitive ESR region was larger, which for a given �eld inhomogeneity

gave a twice larger linewidth thanfor SCI.To compensatetheradial �eld inhomogeneitya

gradientcoil wasinstalledinto SCII. Thecoil waswoundaroundtheCSandit wascapable

of producingaradialgradient¶Bz
¶r of about240mG/(mm�A). Fig. 13demonstratestheeffect

of theappliedgradienton thesurfaceline shape.Thespectrawererecordedfor a low and

relatively uniformadsorbedH density. Without thegradientwegota symmetricline shape

closeto a Lorentzianasshown in �gs. 13 and16. Thegradientmadethe line asymmetric
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Figure15: Schemeof the CS overheatingin SCII anda calculated�ux of H �
2 molecules

bouncingbetweentheCSandthe�at mirrordividedby thenumberof recombinationevents.

suchthattheasymmetrydependedon thedirectionof thecurrentin thecoil.

As illustratedin �g. 14 we studiedalsothedependenceof theline shapeon thesurface

density. At smalldensities,s < 3� 1012 cm� 2, the linewidth is a linear functionof s but

whenthesurfacedensityexceeds3� 1012 cm� 2 thesurfaceline startsto broadensharply.

At thesametime it becomesasymmetric,resemblingthemiddlespectrumin �g. 13. The

inhomogeneityof the dipolar �eld discussedabove or changesin the intrinsic line shape

canbereasonsfor theobservedasymmetry. In principleoneshouldbeableto eliminatethe

�eld inhomogeneityeffect by applyinga gradientoppositeto a ds(r). In factwe managed

to make the line more symmetricand narrower by applyinga radial gradient ¶Bz
¶r which

increasestowardsthe edgeof the spot (asshown in the lower mostexamplein �g. 13).

Suchadipolar�eld meansthats(r) is smallestat thecenterandincreasestowardstheedge

of theCS.A reasonableexplanationfor thesmallersurfacedensityin thecentercouldbe

anextraheat�ux to this region of theCS.

Theideabehindanopen-geometryresonatorwasthatthe�ux of highlyexcitedmolecules
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(H�
2), which form on thecold spot,caneasilyescapeandrelaxto thegroundstatein other

partsof the cell. Most of the moleculesimpinging on the helium �lm arere�ected since

they areestimatedto needapproximately150surfacecollisionsto releasehalf of their ro-

tationalandvibrationalenergy [63]. In SCII the�at mirror of theresonatoris at a distance

of only 1 mm below theCSsurface.Moleculesscatteringfrom the�at mirror increasethe

numberof H�
2 hitting thecenterof theCS.To estimatetheheat�ux dueto thebouncingH �

2,

the moleculeswereassumedto have random�ight directionsandrecombinationsiteson

theCS.Only elasticre�ections wereconsideredduring the �ight betweentheCSandthe

�at mirror asillustratedin �g. 15. After reachingtheedgeof the�at mirror themolecules

wereconsideredto escape.A numericalsolutiongivesa parabolicpro�le of theH �
2 �ux at

thecenterof theCS.The�ux is 4:8ACS�s cm� 2 at thecenterand1.6timeslowerat theedge

of theCS.Theaverageexcitationenergy of H�
2 releasedin a singlewall collision is about

170K� kB. Thiscausesaheatingpower �ux of about250K � kB �s cm� 2, comparableto the

directrecombinationheatingof thesurface,andit canherebysigni�cantly alterthesurface

densitypro�le. To reducethe heatingof bouncingmolecules,we modi�ed the resonator

of SCII by increasingthegapbetweentheCSandthe �at mirror. Thepreliminaryresults

showedthatthis removedthesuddenline broadeningeffect. Themodi�cation alsoallowed

us to increasethe surfacedensityby a factorof 1.5 to 5:5 � 1012 cm� 2 at which point a

linewidth of about0.3G wasmeasured.

3.1.3 Intrinsic broadeningdue to interatomic collisions

Theintrinsicbroadeningof themagneticresonancesignalresultsfrom atransitionbetween

two spinstateswhicharenotsharplyde�ned andhave a �nite relaxationtime. In thiswork

the intrinsic line shapefi is de�ned asa line shapedetectedwith a monochromaticmm-

wave sourcein a uniform magnetic�eld anddensity. The intrinsic ESRlinewidth for H� -

surfaceatomsdiffersfrom thatof atomsin thebulk. This is becausethecollisionsof atoms,

which perturbthe resonancefrequency of a free atom,areabout105 timesmorefrequent

on thesurfacethanin thebulk.

Oneof thereasonsfor thebroadeningof theresonanceline is theinteratomicmagnetic

dipole interactiondiscussedin ref. [30]. In a randomdistribution of motionlessatomsthis

interactionleadsto a Gaussianline shapebecauseeachatomfeelsa differentdipolar �eld

and,accordingly, thespinswill resonateat differentfrequencies.However, in a �uid or gas

theatomsarein constantmotionandeachspinwill sampleovermany differentdipolar�eld

values.If themotionis fastenough,thisaveragingcompensatesthedipolarline broadening

andgivesa line shapecloseto Lorentzian[84]. OurH� - samplecanbemodelledwith hard

spheresof radiusa = 0:36 nm moving on a surfaceperpendicularto the polarizing�eld.

The changeof the resonancefrequency, Dw(t), dueto the dipolar �eld during a head-on
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Figure16: Absorptionanddispersionspectrameasuredfor surfaceatomsats � 1:5� 1012

cm� 2. Thesolid linesareLorentzianline shape�ts to thedata.

collision is given by µ0
4p

3
4~g2

e=r(t)3 [85], wherer(t) is the distancebetweenthe spheres.

During thecollision thespinwill precessanadditionalphaseangleDf givenby

Df = 2
Z a

v

� ¥
Dw(t)dt = �

µ0

4p
3~g2

e

4v2Da2 ; (27)

wherev2D =
p

pkBT=m is the2D relative thermalvelocity of atoms.As Df is alwaysneg-

ative, thenetphaseaccumulatesaccordingto theatomiccollision ratet � 1
c � (asv2D). On

theaverage,thisshiftstheresonancefrequency of thespinby Dft � 1
c , which is temperature

independentandcloseto thedipolarshift in eq. (2). Thenetphase,makingrandomwalk

stepsof Df , spreadsa radianduringthetime Tdip
2 accordingto therelation

1

T dip
2

=
(Df )2

t c
= 8:0� 10� 8 s

p
Ts

cm2K1=2s� 1: (28)

The period T dip
2 is the transversaldipolar relaxationtime of the spins,which gives the

linewidth 2(geT
dip

2 )� 1 � 30mGat100mK ands = 1012 cm� 2. Thentheline shapeshould
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beLorentziansincetheconditionfor motionalnarrowing, Dwtc � Df � 1 [84], is satis�ed

throughoutthewholeexperimentaltemperaturerange.

Spectrallines canbe broadenedalsoby the �nite lifetime of the spin states.This is

describedby thelongitudinalT1 relaxation,whichresultsin anonsecularor lifetime broad-

ening proportionalto (2T1)� 1 [68]. The lifetime of the spin statescanbe shortenedby

spontaneousemission,desorption,recombinationandrelaxation.In theexperimentalcon-

ditionsof thiswork recombinationis thefastestof theseprocesses.Therecombinationtime

t rec is estimatedfrom theb� c recombinationcrosslengthlbc = 0:04� T nm/K [53]. Then,

accordingto theuncertaintyprinciple

1
T rec

1
�

1
t rec

= lbcv2Ds = 6:4� 10� 5T3=2
s s cm2K � 3=2s� 1; (29)

whichyieldsa linewidth of aboutfour timeslargerthanthedipolarbroadening.

Theoverall linewidth is givenby T � 1
2 � 1=T dip

2 + 1=2T rec
1 [68], wherebothtermsare

proportionalto thesurfacedensitybut have differenttemperaturedependencies.As canbe

seenfrom �g. 14, for small densitiesthe linewidth is indeedproportionalto s. The pro-

portionalitycoef�cient extractedfrom the�t to thedatais of theorderof T � 1
2 asestimated

above. The temperaturedependenceof the linewidth could not be clari�ed in the experi-

ments.Narrower lineswereobservedat lower temperatures,indicatingthatthecontribution

of the1=2T rec
1 termis dominant.However, a contribution of thedensityinhomogeneityto

this observation could not be ruled out completely. To unravel the sourcesof line broad-

eningoneneedsfurtherexperimentswherethe instrumentallinewidth is narrower andthe

temperaturerangewider.

3.2 Determination of surfacegastemperature

In orderto �nd outthedegreeof 2D quantumdegeneracy v 2 reachedin theexperimentsone

needsto know thetemperatureTs of theadsorbedH gas.Understandablythereis no direct

meansto measureTs , but it canbeextractedfrom thebulk andsurfacegasdensitiesusing

theadsorptionisothermeq. (3). This methodis describedin ref. [P2] for thedataobtained

in thesamplecell versionSCI.Herewepresentasimilar resultfor datameasuredathigher

cell temperaturesTsc with SCII.Fig. 17showss asafunctionof n measuredatdifferentTl iq.

WhenTl iq is high enough,Ts andTb areconstantbecausetherecombinationoverheatingis

small. Then the surfacedensity increaseslinearly with n, as expectedaccordingto eq.

(3), with the slopeproportionalto L (Tb=Ts )3=2 exp(Ea=Ts ). Using the adsorptionenergy

Ea=kB = 1:14(1) K [53] we calculatedfrom the slopethe surfacegastemperatureTs . It

deviated lessthan1 mK from the coolanttemperatureTl iq. This differenceis within the

accuracy of our thermometry. To our knowledgethis is the �rst experimentalcheckof
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Figure17: Measuredsurfacedensityplottedasa function of bulk densityfor several de-
caysat differentTl iq andTsc in SCII. ThesurfacetemperatureTs is extractedby �tting the
adsorptionisothermto thelinearpartof thedata(solid lines).

theadsorptionisothermin thecaseof differentbulk andsurfacegastemperatures.Dueto

a muchsmallertemperaturedifferenceTb � Ts this wasnot possiblein experimentswith

SCI.At high s thequantumstatisticsandtheinteratomicinteractionshave to betakeninto

accountwhenthesurfacegastemperatureis extracted(eq. (4)). Theobserved levelling of

s with increasingn in �g. 17 points to overheatingof the surfacegaswhich begins at a

smallern thelowerTl iq is.

3.3 Measurementof surfacethree-bodyrecombinationrate

Oneof thekey parametersin thethermalcompressionof 2D H� - is thesurfacethree-body

recombinationrateconstantLs
3. Togetherwith the cooling power via the ripplon-phonon

contact,it setsa limit to the highestattainablesurfacedensity. In this work Ls
3 hasbeen

extractedfrom independentmeasurementsof therecombinationpowerandsurfacedensity.

Fromthedataobtainedwith SCIwewereableto makearoughestimateof Ls
3, althoughthe

contribution of theCSwasbarelydistinguishablefrom theone-bodyrelaxation.Dueto the

largerspotsizein SCII theCScontribution to therecombinationpower wasclearlyvisible

andwecouldmake aquantitative studyof surfacethree-bodyrecombination[P6].
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Figure18: Measurementof thesurfacethree-bodyrecombinationrateconstantat Tb = 178
mK. Opensymbolsarebeforeandclosedsymbolsafter themodi�cation of SCII. Dashed
line is a �t to thecloseddatapoints.

For a highly polarizedsamplethedecayratecanbeapproximatedby thedecayof the

bulk densityasa sumof three-bodyrecombinationon theCSandone-bodyrelaxationon

theSCwalls (eq. (7)). Therecombinationpower Prec releasedin theSCis thengivenby

Prec � DVhGen+
D
2

AcsLs
3s3; (30)

whereAcs = 0:3 cm2 is theareaof theCS.By changingTl iq thethree-bodyrecombination

term in eq. (30) can be easilyvaried in a wide rangewithout in�uencing the one-body

relaxationterm.Thecontribution of theCSto therecombinationpower is obtainedby sub-

tractingthe one-bodyrelaxationdecaymeasuredfor a high Tl iq from thedecaymeasured

at the lowestTl iq whens is highest. The result is shown in �g. 18 wherethe difference
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2(Prec � DVhGen)=D is plottedasa functionof thethird power of thesurfacedensity. The

openandclosedsymbolsrefer to measurements,respectively, beforeandafter themodi�-

cationsof thesamplecell SCII.

The upward trendof the open-symboldatafor s & 3 � 1012 cm� 2 in �g. 18 begins

at the samesurfacedensitywherethe ESRline shapestartsto becomeasymmetric.This

featuremaybeaccountedfor by theoverheatingof theCScenterby excitedH2 molecules

bouncingfrom the�at mirror, asdiscussedin section3.1.2.TheESRsignaloriginatesfrom

atomsnearthe CS centeronly. In the caseof the overheatingthe detecteds is therefore

lower thantheaverages on theCSandthecorrespondingdatapointsin �g. 18 areshifted

towardslower s. ThevalueLs
3 = 2(1) � 1025 cm4s� 1 [P6] is extractedfrom thedatapoints

which follow a linear dependencein �g. 18. The datameasuredafter the cell modi�ca-

tions is entirely linearandup to thehighestdensitiesconsistentwith theabove-mentioned

Ls
3 value. Theresultsobtainedfor Ls

3 in differentexperimentalrunsof thepresentwork at

temperaturesbetween85and130mK arereproduciblebut approximately10 timessmaller

thanthepreviously reportedvalues(cp. e.g. refs. [51, 52, 79]). A possibleexplanationfor

this largedeviation couldbetheindirectdeterminationof thesurfacedensityandrecombi-

nationpower in earliermeasurements.This importantissueis discussedin moredetail in

papers[P2] and[P6].

Theoreticalstudiesof thesurfacethree-bodyrecombinationwereperformedby Kagan

et al. [36] anddeGoey et al. [62]. Due to theabsenceof exchangeinteractionin mutual

collisionsof b-stateatomsthedipolemechanismis theonly ef�cient recombinationprocess

whichwasdiscussedbybothof thesetheorygroups.Kaganetal. usedasimpli�ed approach

wherethe surfacerateconstantwascalculatedfrom the bulk rateconstantby scalingthe

latter to thesurfaceusingthe relationLs
3 � Lb

3=l2
d. De Goey et al. took thedelocalization

moreaccuratelyinto account,andobtainedLs
3 = 1:3� 10� 25 cm4s� 1 at4.6T which is more

thananorderof magnitudesmallerthanthevaluereportedby Kaganetal. [36]. Compared

to our experimentalresultdeGoey's calculationis within theerrorbar, which bringsdown

thelong-termdiscrepancy betweentheoreticalandexperimentalvaluesof Ls
3.

3.4 Limits of thermal compression

In this work the highestsurfacedensityobserved wasabout5:5� 1012 cm� 2 at Ts � 110

mK, correspondingto the 2D phase-spacedensityv 2 � 1:6. The densesurfacegaswas

overheatedwell above the coolanttemperatureands wasalmostindependentof the bulk

gasdensityasshown in �g. 17. The main sourceof heatwascauseddirectly by recom-

binationof thesurfacegas.Neglectingothersourcesof heatexceptthethree-bodysurface

recombination,a simpleequationfor themaximumquantumdegeneracy v 2 on theCScan

bederived.Therecombinationheatabsorbedby thesurfaceof thecoldspotis givenby
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P3b = ( f + (1� f )
Acs

Ac
)
D
2

Ls
3s3; (31)

whereAc is the areaof the samplecell, and f is the fraction of the heatdumpeddirectly

to thecold spotsurface( f � 2 % [26, 63, 65]). Theef�ciency with which this heatcanbe

removed is de�ned by theripplon-phononthermalcontact(eq. (5)). SettingP3b = Pr p we

getanestimateof thehighestachievablequantumdegeneracy as

v 2 � sL 2 =
2p~2

mkB
3

s
2Gr p

DL3( f + (1� f ) ACS
AC

)
T

11
9

s � 22T
11
9

s : (32)

In �g. 19 we presentthe highestv 2 dataobtainedin SCII togetherwith plots of the ad-

sorptionisothermat several surfacetemperatures.Two setsof dataareplotted,onetaken

beforeandtheotherafter the improvementof theH�
2 escapefrom theCS,asdescribedin

section3.1.2.Theresultof theimprovementcanbeclearlyseenasa factorof 1.5 increase

in the surfacedensity. Eq. (32), togetherwith the adsorptionisotherm(3), implicitly de-

�nes themaximumsurfacedensitys(n), which canbereachedfor a givenbulk densityn

andtemperatureTb. For Tb = 178mK weplot s(n) in �g. 19asthedottedline. Thedashed

line markstheconditionof quasi-condensateformationv 2 = 3 [20]. We includeanabrupt

changeof theinteractionsin 2D gas,takeninto accountby thetwo-bodycorrelatorg2 in eq.

(4), which leadsto anincreaseof s by a factorof two in thequasi-condensate[46].

Eq. (5) predictsthatin orderto increasev 2 onehasto usehigherTs . Onecanestimate

that theconditionv 2 � 3 requiredfor quasi-condensateformationcanbereachedat Ts �

200mK andn � 1017 cm� 3, foundasa crossingof thedashedanddottedlinesin �g. 19.

The useof sucha high bulk densitywould increasethe heatingof the surfacedueto the

thermalaccommodation,

Pacc =
nv3s

4
2kB(Tb � Ts ): (33)

The heatingPacc becomescomparablewith the surfacethree-bodyrecombinationheating

if the temperaturedifferenceexceeds100 mK at n = 6� 1016 cm� 3. Therefore,a further

increaseof n doesnot help to reacha higherdegeneracy of thesurfacegas. On the other

hand,from theexperimentaldataof �g. 19 it is evident thatonly a twofold increaseof s

would be needed.Someincreaseof v 2 may be possibleby a further improvementof the

escapeof H�
2. This canbedoneby makingthecell moreopenby usinge.g. a coarsegrid

asa mirror below thespot.Anotherway to work is to increasetheadsorptionenergy. This

canbe doneby utilizing a thin unsaturatedhelium �lm [49] at the CS. The thinner �lm

will possiblyreducethevalueof Ls
3 [P6] andincreasetheripplon-phononthermalcontact.

Making a super�uid helium �lm locally thinneris, however, a dif�cult technicalproblem
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Figure19: Thick solid lines: Calculatedisothermsof thesurfacegas.Dashedline: Quasi-
condensateformationat sL 2 = 3. Dottedline: Valuescalculatedfrom eq. (32). Experi-
mentaldata(� ) and(� ) areobtainedin SCII at Tl iq = 67 mK andTC = 178mK. Thelatter
data(� ) is measuredafter thesamplecell modi�cation. Thepoint (5 ) correspondsto 2D
quantumdegeneracy achievedin ref. [20] with magneticcompression.

andonefor whichwe donotknow areadysolution.

4 Conclusions

Wehaveinvestigatedexperimentallythepropertiesof electron-andnuclear-polarizedatomic

hydrogenH� - gasadsorbedon thesurfaceof super�uid 4He �lms at temperaturesfrom 80

mK to 140mK. To minimizesurfacerecombinationthesurfacedensitywasincreased,upto

5:5� 1012 cm� 2, in asmallareaonly. Thetemperaturedifferencebetweenthissmall“cold

spot”andthesamplecell compressedthetwo-dimensionalgasto about100timeslargersur-

facedensityon thespotthanon thecell walls. Both bulk andsurfaceatomsweredetected

with a cryogenicESRspectrometeroperatedat 129 GHz andconnectedto a Fabry-Perot

resonator.

Thesurfaceline shapeis shown to bevery sensitive to theESRexcitationpower. The

interatomicdipolarinteractionsshift theresonancefrequency of thesurface-con�nedatoms
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from that of the 3D gas. An excitation power level as low asa nanowatt is found to be

suf�cient to disturb the equilibrium surfacedensityand the intrinsic dipolar �eld of the

surfaceatoms,resultingin a nonlinearresponseof the ESRsignalwhich may be called

“ESR instability”. This effect distortstheESRlinesto almosttriangularshapeandcauses

a hysteresisof the line position. When the excitation power is reduced,the line shape

becomesmore symmetricand dependson the magnitudeand distribution of the surface

density. Theobserved line broadeningwhich includestheresidualline broadeningdueto

the spectrometeragreesroughly with the estimatesof a �uctuating intrinsic dipolar �eld

andrecombination.

Thebulk andsurfacedensitieswereextractedfrom theESRspectraand,togetherwith

themeasurementof therecombinationheat,provideda directdeterminationof thesurface

three-bodyrecombinationrateconstantLs
3. This �rst independentmeasurementof recom-

binationpower andsurfacedensityyieldedLs
3 = 2(1) � 10� 25 cm� 4s� 1, which is anorder

of magnitudesmallerthan in previous experiments. The new result settlessomelinger-

ing discrepanciesbetweentheoreticalandexperimentalvalues. The smallervalueis also

encouragingfor furthercompressionexperiments.

Two signi�cant heatsourcesof thesurfacegaswereidenti�ed andremoved,theimpu-

rity relaxationandtherelaxationof excitedH2 moleculesin thecompressionregion. The

former waseliminatedby coatingthe samplecell walls with epoxy, polymerfoils, anda

solid H2 layer. By makingthegeometrymoreopenthebouncingexcitedmoleculescould

easilyescapefrom theregionof thecoldspot.After thesemeasuresthesurfacegasdensity

couldbeincreasedby afactorof 1.5,andamaximumdensityof about5:5� 1012 cm� 2 was

reached,correspondingto a two-dimensionaldegreeof 1.6in quantumdegeneracy.
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