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We reportmeasurementsof themelting pressureof solid ~He between0.36 mK and 1.2 mK. At 1.030±.005 mK we
observea first orderphasetransitionin thesolid with a lossin entropyof 0.443R1n2. Below‘—~0.6mK the melting pressure
variesas T4, in agreementwith antiferromagneticspin wavetheory.

Nuclearspininteractionsin solid 3Henearmelting changer.A concentriccylinderdisplacementcapaci-
pressuresare dominatedby theactualexchangeof tor on the cell pistonallowedusto measureandregu-
atomsbetweennearbylattice sites. Thisunusualex- latechangesin cell volume to about l0~6cm3. A
changemechanismresultsin a largeandquitecorn- capacitancepressuretransducer[9] allowedusto meas-
plex interactionwhich is not well understood[11.It urethe meltingpressure,smelt’ with a resolutionof
isknown that solid 3He nearmeltingpressuresorders about~3pB. A powderedplatinumnmr thermometer
antiferromagneticallynear TN = 1.0 mK [2—5],but allowedusto measuretemperature.The thermometer
detailsof the transitionandof the orderedstatehave and strain gaugewerecalibratedagainst the known
beenlackinguntil quite recently [6,7]. We haveper- propertiesof thesuperfluidphasesusingT~= 2752
formedthefirst direct,highresolutionmeasurements mK andPmelt(B’) — Pmelt(A) = 20.0 mB [101.The
of the meltingpressureof solid 3Hefrom slightly pulsedplatinumthermometerwascheckedfor linear-
aboveTN to 0.35 TN. Fromthesemeasurements ity and possibleoffsetsin its outputby a variety of
morepreciseknowledgeof theentropyof the solid meansandwe believeany remainingnon-linearities
phasehasbeenobtained.Our resultsshowa discon- in our thermometryscaleareless than0.5 percent.
tinuity in the entropyof solid ~ at TN equalto To measure“melt thecell wasfirst cooledto
0.443R ln2 whereR is the gasconstant.The limiting ‘-P0.5 mK with the CND device. The cell pressurewas
low temperaturebehavioris consistentwith a model thenraised5—10 mBar abovethemelting pressure,
basedon antiferromagneticspinwavesas theelemen- and a 2 ergheatpulse wasappliedto a smallheater
tary excitationsnearT= 0. Fromthe low tempera- wire situatednear the bottom of the~ chamber.
turemeltingpressuredata we are able to extractan Fromnmr studieswe found this procedurewould
averagespinwave velocity for antiferromagneticbcc nucleatefrom tento twenty seedcrystals. Thecell
3He nearzero temperature. volume wasthen decreaseduntil ~0.03 cm3 solid had

To measurethe meltingpressureto well below beenformed,after which the cell volume washeld
TN, we constructeda compressioncell basedon the constant.The cell wasthen cooledto ~—036mK by
designof Osheroffet al. [8] but one which con- loweringthe field on thecoppernuclearbundle,and
tameda sinteredsilver heatexchangerwith about 100 the systemwasallowedto equilibratefor aboutthree
m2surfacearea.Whenattachedto a coppernuclear hours.During this time thesolid would reachthermal
demagnetization(CND) device,20 cm3 of liquid 3He equilibriumanda stableconfigurationwith respect
couldbe precooledto —~0.36mK with this heatex- to melting andrecrystallization(this last processis

Presentaddress:PrincetonUniversity, Princeton,NJ08540, discussedin detail below). Datawereobtainedby

USA. raisingthe field on the coppernuclearbundleslightly,
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waiting until the meltingpressurestoppedchanging, _____________________________________

andthenmeasuring~me1tandT simultaneously. 02 -

To measure~me1taccuratelyit wasimportantthat 04 -

thedistributionof solid asa function of elevationin
thecell remainfixed: If theelevationof thesolid 06 o DEC. 1779 RUN I

changed,thepressureheadof the liquid betweenthe 0 DEC. 1779 RUN2

solid andthestraingaugewould change,causinga . DEC 18 79

variationin measuredcell pressureat constanttem- 1.2 -

perature.The hydrostaticliquid pressureheadis 1.4 . -

about0.1 mB/cm,andwhencombinedwith thehigh 1.6 0.C I

thermalconductivityof the liquid well belowTN, 02

this causessolid to migrateto lowerelevationsin the ~ 2.0 . 04

cell ratherrapidly. By waiting threehoursat the low- ~ 2.2 E 06

est temperatures,we wereable to ensureall solid mi- °- 2.4 . ~ 02

grationhadceased. 2.6 - 1.0

A potentiallymoreseriousandunexpectedprob- 2.8 1.2 -

1cm wasthetendencyfor thecell pressureto rise sub- 3.0 . ~ 1.4

stantiallyabovethemeltingpressurewhensolid was 3.2 1.6

being grown. This rise wasroughlyproportionalto 01 02 03 04 05 06 07 0~809 1.0

therateof compression,andmostseverewhenonly 3.6 . ~ IN CmK)
4

asinglecrystalof solid existedin thecell. Whensolid 38 I I I

wasgrownat therate of only 5 X i0~5cm3/secthe 0.0 0.1 02 0.3 0.4 0.5 06 0.7 08 0.9 1.0 11
TEMPERATURE IN mK

cell pressurecould rise asmuchas0.5 mB abovethe
meltingpressure.Thiswastrueevenat the lowest Fig. 1. Thedifferencein melting pressureP(T 0) — P(T)
temperatureswherethemeltingcurve wasflat andin plottedagainstT (main figure) andT4 (insert). Data from

zeromagneticfield. By measuring1~meltonly when threeseparateruns areplotted. The solid linesaregivenby

solid wasnotbeingformed,andby working with a the function~.P= 0.58T~— 1.2 T6 + 2.4 T4 — 0.002.
polycrystallinesolid sample,we couldavoid thisprob-
lem. to be7.7±0.4mB/mK. Theseslopescanbeusedto

In the figurewe showthe resultsof threemeasure- determinethe solid entropyby using the Clausius-
mentsof ~meltin whichdataweretakenupon warm- Clapeyronequationandnotingthat the liquid entropy
ing from ~0.36 mK in smallsteps.In all runsa mag- is negligiblecomparedto the solid entropybelow
neticfield of 142 Oewas appliedacrossthe sample 1mK. Using V

1 — V~= 1.309cm
3/mole asdetermined

for thermometrypurposes.Thissmallfield should by Grilly [11], we find S
5(TN>)= 0.618Rln

2 and
not influencetheresults.Althoughthemeltingpres- SS(TN<)= 0.175 R1n2. In threeseparateruns we
sureswere reproduciblefrom run to run to within found TN = 1.030±0.005mK whenwe fixed T~for
0.03mB, datafor eachwarmup wereoffsetsothat thesuperfluidtransitionat melting pressureto be
the meltingpressureat 0.36mK wasthesamefor 2.752mK. Thischangein entropycorrespondsto a
eachrun. In thefigure we haveplottedonly latentheatof 2.62mJ/mole.Undoubtedly,this large
Pmelt(T= 0) — Pmeit(T)( ~P). Themeltingpressure latentheat,coupledwith thepoorthermalconductiv-
at T = 0 was obtainedby extrapolationof the melt- ity of the solid nearTN, ensuresthat uponwarming
ingpressureplottedagainstT4 asshownin theinsert orderedsolid, thermalequilibriumwill be maintained
to the figure. uniformly throughoutmostof thesampleat TN for

The solid orderingtemperature,TN, canbeseen quite sometime.
veryclearly in themeltingcurvedata;beingdenoted Thedispersionrelationfor antiferromagneticspin
by an abruptchangein slope.We determinedthe wavesis linear overa broadrangeof energies
meltingcurveslopejustaboveTN to be27.2±0.5 ~ ~ 11w ~J, where~2~Jis thezero field resonant
mB/mK, andthe meltingcurveslopejustbelowTN frequency.In particular,this inequality shouldbe
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satisfiedfor thermalspin wavesin solid 3He well be- perature,andfind behaviorstrongly indicative of a
low TN to the lowest temperaturesattainablein our first orderphasetransitionat 1.03 mK to anantifer-
experiment.One thereforeexpectsS

5 aT
3 be analogous romagneticstate.The changein entropyat TN can

to latticephonons.Since S
1 = 0, integrationof the ultimately be usedto determinethechangein the

Clausius-Clapeyronequationshowsthat ~P should molar volume of thesolid at thefirst order transition
vary as T

4. In the insert to thefigure we haveplotted onceTN is followed to pressuresabovethe melting
LiP againstT4. As canbe seen,the meltingpressure pressure.The temperaturedependenceof LiP near
variesnearlyasT4 all the way to TN, exceptfor a zero temperatureshouldultimatelyprovidea crucial
gradualdecreasein slopeof about25%. If onefits the testfor any Hamiltonianwhich isconstructedto cx-
databelow0.55 mK to the form a + i3 T4, one finds plain thenatureof the orderedphase.
a= 209and13 + 0003.Onecanuse this coefficient
of T4 to determinea weightedaveragespinwave velo- We wish to thankW.O. Sprengerfor his technical
city from the relationship: assistance,andM.C. Crossfor many stimulatingand

useful discussions.
4~2 (.~i~~(±). (1)
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