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SUPERFLOW IN 3He-B IN THE PRESENCEOF A MAGNETIC FIELD AT ALL TEMPERATURES ~
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We calculategapfunctions,superfluid densities,critical currents,andsusceptibilitiesfor the B phaseof 3He in the
presenceof currentsanda magneticfield. Thedistortionof thegapfunction is properly takeninto account.

As laboratoriesbeginexploring theflow propertiesof superfluid3He [1], externalmagneticfields play a sig-
nificant role in modifyingexperimentalconditions.It isthereforedesirableto understandtheoreticallytheinter-
play of flow Jand field H. ForT � T~,thishasbeendonesometime ago [2]. ForarbitraryT< Tc only theflow
atH = 0 hasbeentreatedwithout [3] andnow alsoincludingthedistortionof theenergygap [4,5].

It is thepurposeof this noteto completethe pictureby studyingthe situationwithbothJ � 0 andH ~� 0.

Neglectingfluctuationsin the orderparameterAai of 3He, the freeenergydensitymay be written as

f —~T~ [tr
4~4log G~((.~)n,p)] + (3g)

1IAaiJ2 + const., (1)
W~

where

_1j~n_P2I2m+I2~2a(7a/2 Aaioa!3i
G(w I (2)

U A;iaa~i iwn+p2/2m11+cZaaaI2J

is theGreen’sfunction of the quasiparticles(~p,iu~~,V)[6] in the presenceof amagneticfield Ha ~a’7 anda
constantmeanpair field Aaj [7,8]. [‘y 2.04X 10~(Gs)1 is themagneticmomentof 3He atoms.]Diagonalizing
G1 we find i~ ±E~,iw,~±E alongthe diagonalw\ith the quasiparticleenergies(~p2 /2m —

= [~2 ~ + ±tt1I(~2+ I~2aAai!iI2)112P”2. (3)

Flowis establishedby addingto thequasiparticlehamiltoniananexternalsourceterm

—V ~i~iVli~—Vp, (4)

which entersintof with — Vp alongthe diagonalof G~[7—9],i.e.it simply changesw,~to ~ + i Vp c~nin all
formulas.Becauseof the invariance,off underorbital andspinrotationswe may chooseu andH alongthez-axis.
(Notice,however,that fluctuations[10] will be sensitiveto therelativeanglebetweenu andH.) Thentheconstant
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meanpair field Aaj in the B phasecanbe assumedto be of theform

Aai = diag.(~1,AL’ ~) (5)

allowing thegapparameter~ parallelto the flow to differ from theorthogonalone ~. Denoting theparameter

of gapdistortionby
(6)

the quasiparticleenergiesare

~ (7)

The caser = 1 reducesto theplanarphaseE~= [(~±~l)2 + z~(1— Z
2 )]~I~, which at the BCSlevel undercon-

siderationis degeneratewith the A phase[which is obtainedfrom eq.(3) by insertingA~j= ~a(~i + ij~
1)].

With eq.(7), thefree energy densitybecomessimply

g f — VP= — ~T ~ { [log(i~~ — E~)+ (E~-~ —E
1)] + [~l -~ —&2] } + (3g)~(2~ + ~) + const. (8)

wn,p

Derivativeswith respectto ~ and leadto theorthogonalandlongitudinal gapequations

log~-r] g~[~(l_z2)) (6

with thegap functions

Re jd~(!-_fl 1 ~ Re[ (~~~2~h1 (10)
—~ d~ x~2+~2 6n’O L~~+i~“ ii~r / X~J

where

c~~(x~ —ivz)2+ 1 —r2z2 , d,~..(~2+~~2+g2)2 —-4g2[~2+(l—r2)z2]

~ ‘{,~ —c~±2~[(1—r2)z2_c~]h/2}h/2 (11)

Herewe haveintroducedthe dimensionlessvariables

6 = AL/irT, p VPF/~I, ,< yH/2L~
1= ~ x,~ wa/AL = 2nH/6 , (12)

for convenience.
ForT~Tc, x,~becomesvery largeandwe canpick up the leading1/x~termsin thegap equations(9), obtain-

ing

T r ~(2p
2—r2) 1l_~_~62[1+ ~ — j~(3)+...~ (13)

c
5(2~

2 r2)+2K2

which reducesto [with ~ ir~T~[8/7~(3)](1 —

1 — 3u2 — 6h2 , /~ 1 + , (14)

in agreementwith the Ginzburg—Landaucalculationsof refs. [2,4]. In eqs.(14)we haveusedv2 = V2/V~(1
— T/Tc) andh2 ~H2/H~(1 — T/Tc),whereV

0 = (2m*~o)_l 6.3cm/sandH0 =pF/m*~o7 16.4 kG are
naturalunitsfor the velocity and themagneticfield with ~o [7~(3)/48ir

2]“2pFIm Tc 559 A beingthe co-
herencelength,andthe numbersholding for zeropressure[11] (m* 3msHe).We cannow obtain thesuperfluid
densityp~parallelto flow and field by forming the derivativewith respectto V:
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Fig. 1. Thegapfunction ~j orthogonalto flow andfield is displayedin the form (&iJ~BcS)2(1— T/Tc11,whereABCS 1.76
asa function ofthe reducedmagneticfield (Fermi-liquiduncorrected)h2 (H/H

0)
2(1 — T/T~y1atdifferent fixedsuper-

currents/ (JjJ~)(l— T/TCY3’~.ThenaturalunitsareH
0 ~ 16.4 kG and

1o p V
0 ~ p X 6.3 cm/s.For T ~ T~,thecurvesare

straight lineslying on thetopof eachother, astheystartoutat (0, 3.02),but endingatdifferent valuesof H wherethe fixedcur-
rent becomescritical. For lower temperatures,thecurvesbecomequitedifferent.
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Fig. 2. Thegapfunction ~ parallelto flow andmagneticfield is displayedin theform (~It/~Bcs)
2(1 — T/T~Y’similarly to

fig. 1. For largervaluesofj, i~ touchestheabscissa.Thisamountsto asmoothtransitioninto the A-phasebeforereachingthe
critical current.
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Fig. 3. Thesuperfluiddensity(p~/p)(1— T/T~Y’is shown,with thesameconventionsasin fig. 1.
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Fig. 4. Themagnetizationm (M/M0)(1 — T/TCY
3’~ (x

5/xo)h(1— T/T~Y’asa functionof theuncorrectedreducedmagnetic
fieldh. For a geometricFermi-liquid correctionseethetext.
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~

p ~V pV 6v 2 n0 —= IT d~

=—-~--Re(~z EXnVZ(~~
2\~ (15)

&v -~l 2 n077~+?7 \ 71~71,- /

In theGinzburg—LandaudomainT� T~the expansionin 1/Xn leadsto

p~/p~2(1—~v2—3h2), (16)

againin agreementwith refs. [2,4].

The susceptibilityx~is obtainedin completeanalogyas

x~a(fvP)i+l2R ~ 7ci~2—c~—Ic2+2(1—r2)z2

X
0 au X0H 6 2 n0 11

=-~-Re( [~~c~+K
2—2(1—r2)z2

1 (17)6 j1 2 ~ ~+ +I7~L 77~i7~

wherex0 = 2N(0)(’y/2)
2= ~~2p/p~ is thevalue for thedegenerateelectrongas.In theGinzburg—Landaulimit

T+ TcthiS becomes

x~Ixo~ =~(1—3u2—6h2). (18)

The resultsare displayedin figs. 1—4. We haveplottedgapsandsuperfluiddensityfor fixed currentsagainstthe

magneticfield. Insteadof the susceptibility,however,we havepreferredto showthereducedmagnetization.
ssM/M

0(1 — T/T~)
312 = (x

5Ixo)(H/Ho)(1 — T/T~)—
3”2 = (x

5/xo)h(1— TITcY’

l’his hasanadvantagewhenit comesto includingFermi-liquid corrections:for thesewe haveto readthevelocities
andmagneticfields in all our formulasasthe local quantitiesV~,H~which are relatedto the physicalV, H by an
additionalmolecularfield:

{1 + ~F~[1— p~(V*,H*)/p]}V* = V, (19)

{1 +F~[1_Xs(V*,H*)/X0]}H* =H. (20)

Underthis replacement,currents [3,4] andmagnetizationsremaininvariant. Thustheplots for AL’ ~ canbe
useddirectly the waythey arein order to extractthe correctedfunctionsof currentandmagnetization.The super
fluid densityp~,on the otherhand,hasto be divided by a factor [1 + ~F~(1 — p~/p)]. Experimentally,it is usual-
ly themagneticfield which is given.Thenwe may find H* andM(H*) by writing eq.(20)as

h*(1 +F~)/F~— h/Ft = m(h*), (21)

which amountsto the following geometricconstruction:In fig. 4, drawa straightline of slope(1 +F~)/F~through
the point —h/Fe on the ordinate. The intersectionof this line with our curvesgives thereducedmagnetization
m(h*) togetherwith theuncorrectedmagneticfield h* to beusedin figs. 1—3 for readingoff gapsandsuperfluid
densities.

Notice that the Fermi-liquidcorrectedvelocitiesaresimply V= J[ 1 + ~F~(1— p~/p)/p~].By plotting curvesof
constant/we haveeliminatedthe local velocity u~.

Our resultsagreewithpreviouscalculationsat zeroH [12] andzero V [13].

We thankK. Maid for a usefuldiscussion.
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