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STRESZCZENIE WYNIKOW

A1, A2: Wyznaczono zaleznosé¢ przejscia fazowego ze stanu
nadciektego do stanu bezszczelinowej nadcieklosci od

nierdéwnosci podtoza i grubosci warstwy 3He.(r‘ozdz.S)

A3: Zbadano wplyw nierdéwnosci powierzchni cienkiej warstwy
fermiondéw na rodzaj przejscia fazowego w polu magnetycznym ze

stanu nadcieklego typu s do stanu normalnego. (rozdz.5)

A4,A6: Zbadano wplyw potencjalu podtoza na temperature

krytyczng w cienkiej warstwie. (rozdz.2)

A5, A6: Okreslono dwuwymiarowe stany nadciektle 3He i wykazano
energetyczng stabilizacje dwuwymiarowej fazy A w obecnosci
nadcieklego pradu masy. Wyznaczono nadciekty prad krytyczny
w zaleznosci od temperatury i grubogci warstwy. Zbadano wplyw

potencjatu podioza na prad krytyczny. (rozdz.3)

A7: Okreslono wplyw nierdéwnosci powierzchni podioza na prad
i temperature krytyczng. Znaleziono zalezZznos$¢ nadcieklego

pradu krytycznego od temperatury. (rozdz.4)



WSTEP

Cienka warstwa nadcieklego 3He Jjest uktadem, w ktérym
istotne znaczenie, oprocz wyréznionego kierunku
w przestrzeni, ma oddzialywanie kwaziczastek 2z podlozem.
Hel jest adsorbowany na powierzchniach metalicznych (miedz,
srebro, stal), a takze na powierzchniach materialdéw o struk-
turze grafitu ( ang. grafoil ). W obu przypadkach
powierzchnia podloza jest uktadem niejednorodnym i od jej
lokalnego uksztaltowania zalezy grubo$é warstwy [1-3].
Ta geometryczna struktura podioza ma znaczny wpiyw na
zjawiska zachodzace w cienkiej warstwie. Male nierdéwnosci
powierzchni, czyli malte wahania grubosci warstwy, powodujg
dyfuzyjne rozpraszanie czastek 3He na granicy osrodka
i adsorbentu. Szczegdlowe okreslenie przyjetego warunku
brzegowego odpowiadajgcego temu procesowi zostanie opisane
w czesci 1 rozprawy.

Znaczny rozwéj technik dos$wiadczalnych w ciggu ostatnich
lat umozliwitl badania nadciektosci W warstwach
o grubosci rzedu statej koherencji §oﬁ80nm (dla P=0 bar),

czyli diugosci fali de Broglie’a pary Coopera w 3He [1-8].

Harrison et al. [1-3] przeprowadzili pomiary pradow
nadcieklych jsc i temperatur TE przejscia fazowego : stan
nadciekty - stan normalny dla szeregu grubosci warstwy 3He.

Powtdérzono te same doswiadczenia gdy pomiedzy 3He a podlozem

2 : 4 : : :
zna jdowata sie warstwa He i otrzymano znacznie wiegksze



wartosci krytycznego pradu nadcieklego jsc i temperatury
krytycznej Tz [1-3]. Efekt ten, zaobserwowany takze przez
Richardsona et al. [5,6], $wiadczy o duzym wplywie podloza na
stany koherentne w cienkiej warstwie.

Richardson et al. [5,6] zasugerowali, ze izolujgca warstwa
4He wygladza nierdéwnosci powierzchni i powoduje  zmiane
rozpraszania czastek 3He w tym obszarze =z dyfuzyjnego na
zwierciadlane. Zwierciadlane warunki brzegowe nie powoduja
tak duzego tlumienia nadcieklosci jak warunki dyfuzyjne i tym
samym prad jsc oraz temperatura TE osiggajg wieksze wartosci.

Warstwa 4He zmienia takze potencjal typu van der Waalsa,
w ktérym znajduje sie 3He [9,10] 1 réwniez w ten sposéb
wplywa na wielkosci mierzalne [A4-AB].

Mimo obszernego zbioru wynikéw doswiadczalnych nie byto
dotad teoretycznego opracowania z jawiska nadciektego
przeptywu masy w cienkiej warstwie 3He. Nie wyttumaczone sa
bardzo male wartosci praddéw nadcieklych jsc przy Jjednoczesnie
wzglednie duzych wartosciach temperatur Tz [1-86]. Istniejg
Jedynie fenomenologiczne modele Jacobsena i Smitha [11] oraz
Fettera i Ullaha [12] dla obszaru Ginzburga-Landaua tzn.
temperatur T = Tz , ale nie sg one odpowiednie do pordéwnania
z wynikami najnowszych pomiaréw Xu i Crookera [4], ktére
zostaty przeprowadzone w innym zakresie temperatur. Wymagalo
to ogdlniejszego, mikroskopowego opisu nadcieklosci 3He
w cienkiej warstwie, czego prébg jest ta rozprawa.

W rozdziale 1 jest przedstawiony formalizm stosowanych



przez nas modeli warstw. Wplyw 1izolujacej warstwy 4He na
temperature krytyczna TE Jjest analizowany w rozdziale 2,
a rozdziaty 3 i 4 sg poswiecone zagadnieniu nadcieklego pradu
masy 3He w cienkiej warstwie. W rozdziale 5 przedstawiamy
pewne konsekwencje niejednorodnosci podloza na przejscia
fazowe w tych uktadach.

W rozprawie opisane sg cienkie warstwy o grubosci d
ograniczonej przez §0 i odleglos¢ miedzyatomows, po—lz

po_1 «d<«§g ,

gdzie P, Jest pedem Fermiego.

Przyjeto jednostki atomowe h = kB = 1.

1. MODELE CIENKICH WARSTW

Cienka warstwa o zwierciadlanych powierzchniach

w polu van der Waalsa

Warstwa o grubosci d 1 osi 0Z prostopadiej do JeJj

powierzchni jest okre$lona potencjalem :

0 dla 0<z<d
V1(2)= (1.1)
0 dla z=0 lub z=d

Zwykle oddzialywanie atoméw z podiozem jest okreslane przez

potenc jatl Lennarda-Jonesa lub Azisa [9,10]. Metody



wariacyjne zakladajace te potencjaly jako poczatkowe prowadza
do potencjalu efektywnego o silnej czesci odpycha jacej
i wolnozmiennej, dalekozasiegowe]j czesci przyciagajacej
[9,10]. Nieregularny potencjat efektywny moze by¢

przyblizony potencjatem schodkowym :

Vv dla O=z=a
V2(2)= (1.2)
0 dla z<0 lub z>a ,

gdzie V Jjest amplituda Jjadra odpychajacego o zasiegu
oddziatywania a. Zwierciadlana warstwa 2z potencjatem typu

van der Waalsa jest okres$lona przez :

v(z) = V1(Z) o Vz(z) ; (1.3)

Wyznaczone przez Krotscheka [9] potencjaly efektywne majg
nieregularny, oscylacyjny przebieg, co prowadzi do powstania
kilku stanéw powierzchniowych [9,10]. Poniewaz rozpatrujemy
warstwy o grubosciach znacznie przewyzszajacych skale
odlegtosci miedzyatomowych i liczbie standéw duzo wiekszej od
Jjednosci, mozemy  zaniedba¢ niewielks liczbe standéw
powierzchniowych w opisie makroskopowego efektu nadciektosci.

Widmo energetyczne g, potencjatu V(z) zalezy Jjedynie od
dwéch  parametréw : d/a i V/u ; gdzie u Jjest

potencjatem chemicznym ukladu. Zajmiemy sie systemami



o ustalonym potencjale chemicznym i wybierzemy  dwa
bezwymiarowe parametry charakteryzujace cienkg warstwe V(z),
Jjako d/a i Va2 . Liczba kwantowa v ,numerujgca poziomy
energetyczne €, przyjmuje wartosci ze zbioru {1,...,vc},

a v, Jest okreslone zaleznoscig [A4-A6]
v =max{ v: € =u } . (1.4)
c 14

Przyjmujemy, zZze cienka warstwa jest jednorodna w pltaszczyznie

OXY, wiec energia kwaziczastek wynosi

2

_ P
ev(p) = o= + €, (1.5)

gdzie p=(px,py) Jest dwuwymiarowym pedem, a m - masg atomowsg
3He. Po nalozeniu warunkéw brzegowych (1.3) nastgpito
skwantowanie sfery Fermiego 1 Jjest ona zbiorem okregéw
Fermiego indeksowanych liczbami v. Ped Fermiego pF=(pr,pr)
kwazidwuwymiarowego ukladu jest zwigzany 2z pedem Fermiego

p0=(3'rt2n)1/3 uktadu tréjwymiarowego o tej samej gestosci

czastek n zaleznosgcig [A5]

v 172
C

=

— s 2

P, = P, 2pod[ 3 z sin 00 ] ; (1.8)
v=1

172

gdzie sinﬂv=( 1- sv/ﬁ ) , a M= ps/Zm Jest potencjalem

chemicznym cienkiej warstwy 3He.



Warunek brzegowy na  swobodng  powierzchnie warstwy
w potencjale (1.3) Jest duzym uproszczeniem, pominieto
napiecie powierzchniowe cieczy [13,14] i proces powstawania
pary nasyconej na granicy ciecz-gaz. Uwzglednienie tych
efektéw wymagatoby znacznej komplikacji teorii, dlatego
zakladamy najprostszy warunek (1.3).

Zmiana wartosci parametréw V i a oddziatywania Vz(z)
powoduje zmiane wartos$ci zbioru energii €, liczby V. (1.4),
a takze pedu Fermiego Pp (1.6). W dalszej czesci rozprawy
(rozdz.2 i 3) przedstawimy fizyczng interpretacje regulacji
potenc jatu V2(z) i zbadamy jej wplyw na mierzalne wielkosci
krytyczny prad nadciekty jsc i temperature przejscia
fazowego TE.

Znalezione widmo kwaziczgstkowe ev(p) (1.5) stuzy do
wprowadzenia, przez przedstawienie Lehmana [15], funkcji

Greena-Matsubary dla nie oddzialujacych fermiondéw :
-1
5o, @) = [d0 - e, +u ], o

gdzie wn=(2n+1)nT Jjest fermionowsg czestoscig Matsubary.
Nadcieklos$¢ jest analizowana przy uzyciu formalizmu funkcji
Greena dla skonczonych temperatur [15,16] przez rozwigzanie

uktadu réwnan Abrikosowa-Gorkowa :



K _ 5 2 +.0
?v(lwn,p) = §ov(1wn,P)+§ov(1wn,p)Au(p)?v (1wn,p) , (1.10)

+ . e + ;
9v (1wn,p) = ?Ov(lwn,p)Av (p)?v(1wn,p) , (1.11)
uzupeinionego samouzgodnionym réwnaniem szczeliny

energetycznej :

AT(p) = -T v p.p. | *(iw ,p) (1.12)

v P - vvl P»Pl vl 1wn»P1 ’ .

pl,vl,n

gdzie gérny indeks "-" w (1.11) oznacza operacje odbicia

czasu, a ?v(iwn,p) i ?v(iwn,p) sg funkcjami Greena dla
uktadu nadciektego. Potenc jatl Vvv(ppl) , powodu jacy
niestabilno$¢ wukladu na tworzenie st;néw par czastek,
Jjest uogdlnieniem tego typu oddziatywania z ukladﬁ‘
tréjwymiarowego dla systemu z dyskretnymi liczbami
kwantowymi v [17, 18]

~ A R .
Vvv [ P, P, ] = zg[ pp sind sind + cos® cosd ]x
1 oBy3 1 1

[6a7686 + aaaaBW] . (1.13)

gdzie cos® = ev/ﬁ .
Jest to tak zwana nadcieklo$é typu p, ktérg bedziemy tez
nazywaé¢ sparowaniem typu p. Parametr porzadku Au(p) dla tego

typu oddziatywania jest zdefiniowany Jjako [19,20]



A (p) = A( dlp,v)e )io, (1.14)

gdzie o =( 0,0 ,0 ) sg macierzami Pauliego.
X y z
Wektor d(p,v) Jjest liniowy wzgledem pedu P i Jest

reprezentowany tensorem dij [19,20]
di(p,v) = dijpjs1n0b . (1.15)

Ze wzgledu na znacznie wiekszg grubosc warstwy od
$redniej odlegtosci miedzyatomowe j d » po_1 przyJjmujemy,
ze stala g (1.13) jest wielkoscig z wuktadu tréjwymiarowego,
to znaczy, Ze nie zostaly zmienione wlasnosci oddzialywan
miedzyczastkowych [17,18].

Prad w wuktadzie jest uwzgledniony przez dokonanie

transformacji Galileusza [21]
P—p+mv, (1.18)

gdzie v Jjest predkoscia przeptywu nadcieklego. Przy zalozeniu

Jednorodnosci przestrzeni OXY i malosci predkogci nadcieklej

vV « pF/m , transformacja (1.16) Jjest réwnowazna,
z doktadnosciag do wyrazen liniowych wzgledem v ,
przeksztatceniu :

iwn——e iwn - vp (1.17)

w rdéwnaniach (1.9)-(1.12).



Cienka warstwa na niejednorodnej powierzchni

Jest to model zaproponowany przez TeSanovi¢’a 1 Vallsa
[22] w oparciu o warunki brzegowe Czaplika i Entina [23] dla

Jjednoczgstkowej funkcji falowej ¥(x,y,z)
8 -
¥(x,y,d) + u(x,y)EEW(x,y,z)zzd— 0 . (1.18)

Réwnanie (1.18) opisuje z dokladnoscig do wyrazéw liniowych
wzgledem u(x,y) znikanie funkcji falowej ¥ na nieregularne]j
powierzchni z = d + u(x,y) tzn. ¥(x,y,d+u(x,y)) = 0. Funkcja
losowa u(x,y) okresla male zmiany grubo$ci cienkiej warstwy,
spowodowane nierdéwnosciami powierzchni podioza. Zmienna
losowa u(x,y) Jjest nieskorelowanag zmienng gaussowskg o dwdch

pierwszych momentach :

<u(x,y)> =0, (1.19)

u(x,ylu(x’,y’)> = wFS(x—x’)é(y—y’) , (1.20)

Parametr w«d jest bezwzgledna, Srednig wielkoscia nierdéwnosci
podloza. Réwnania (1.18)-(1.20) opisujg powierzchnie z nies-
korelowanymi, punktowymi niejednorodnosciami. Model ten nie
uwzglednia defektéw liniowych takich jak rysy, a takze
duzych wypuklos$ci i wglebien powierzchni. Jego adekwatnosé

bedzie jeszcze dyskutowana w rozdziale 4.
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Na swobodna powierzchnie cienkiej warstwy 3He Jjest

nalozony warunek znikania jednoczastkowej funkcji falowej :

¥(x,y,0) =0 . (1.21)

Rozwigzanie rdéwnania Schrdodingera przy uzyciu  rachunku
zaburzei zblizonego do technik diagramowych [23] daje
dodatkowa energie oddzialywania kwaziczgstek z nierdéwnosciami
podtoza Zv(iwn), okreslong zgodnie z teorig
Abrikosowa-Gorkowa [24,25] domieszkowanych metali Jjako

[22,A1]

() = %[22 v’ 1% (1o p). (1.22)
L, d | s da | Zvr 9Pl L

2m2d? .
P,V

gdzie S oznacza powierzchnie prébki.
Poniewaz z;(iwn) Jjest prawie statg funkcjg czestosci
Matsubary W ,Jak to wykazuja nasze obliczenia numeryczne,

energie wzbudzen jednoczgstkowych mozna zapisaé jako :

2 2

=P ,_1|vm

ev(p) 5=+ Zm[ ] + Zu R (1.23)
gdzie Zv= Ev(Lwn) . Wielkosé ZL(Lwn) Jjest 1liczba wurojong
i zgodnie z réwnaniem (1.23) Lzu_l ma interpretacje
skonczonego czasu zycia kwaziczgstek. Réwnanie (1.22) jest

warunkiem na czes¢ urojona energii oddzialywania kwaziczagstek

11



z niejednorodnosciami podioza, jej cze$é rzeczywista zmienia

Jjedynie potencjal chemiczny pu.

; : 1 VT e . .
Wprowadzajac liczbe v, przez : m ——oa— =u 1 oznaczajac
2
€ =__l_[_23] zgodnie =z (1.4) otrzymujemy zbidér wartosci
v 2m d
liczby kwantowej v = 1,...,vc, gdzie v, Jest czescig,

calkowitag Vo Kwantowanie jest takie, Jjak w nieskonczonej
studni potencjatu.
Ze wzgledu na czeste stosowanie w dalszej czesci rozprawy,

wygodnie jest wprowadzié¢ parametr :

T
' = > '——Z v . (1.24)
2md® d° °
oraz wielkosci A0 i TCO bedace odpowiednio : przerwa

energetyczna w temperaturze T=0 i temperaturg krytyczng Tz
dla warstwy o gtadkich powierzchniach (I'=0). Krytyczna
wartosé I', dla ktérej uklad staje sie normalny , Jjest
oznaczona przez FC.

Funkcja Greena dla ukladu w stanie normalnym Jest
okreslona przez (1.9) przy uwzglednieniu (1.23). Rdwnania
(1.9)-(1.13) i (1.22)-(1.23) opisujg uklad nadciekly na
porowatej powierzchni.

W obu modelach, 2ze wzgledu na duzy wpltyw podloza,

zaniedbujemy oddzialtywania kwaziczastkowe.

12



2. WPLYW ODDZIALYWANIA VAN DER WAALSA NA TEMPERATURE

KRYTYCZNA W CIENKIEJ WARSTWIE

Temperature przejscia fazowego 2ze stanu nadcieklego do
stanu normalnego TE w cienkiej warstwie 3He wyznaczamy

na podstawie rdéwnan (1.10)-(1.12) z warunkiem A=0 [A4, AB]

v
c -1
[ 1-2pd [31! Zsinzov] ]
TCF 2wce7 ' V=1
= B (2.1)
T nT

gdzie Tg oznacza temperature przejscia fazowego w uktadzie
tréjwymiarowym, a W, Jjest energetycznym parametrem obciecia.
W obliczeniach przyjeto aE/TE=100, zgodnie z odpowiednimi
relacjami tych wielkos$ci w teorii BCS. Parametr W, powinien
byé interpretowany jako graniczna warto$é energii, dla ktérej
sg okres$lone kwaziczastki.

Krotschek et al. [9] pokazali, ze warstwa 4He zmnie jsza
oddziatywanie 3He z podlozem - gestszym pokryciom powierzchni
przez 4He odpowiadajg mniejsze wartosci efektywnego
potencjatu dziatajacego na atomy 3He. W naszej pracy role
tego potencjatu spetnia Vz(Z) (1.2). Badamy wplyw zmian
parametréw V i a (1.2) na wartosci temperatury krytycznej
(2.1). Zaleznosé TE od grubosci warstwy d , dla kilku

wartosci potencjatu Vz(z) jest przedstawiona na rys.1.

13
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Rys.1:Temperatura krytyczna Tz Jjako funkcja grubosci warstwy
d dla potencjatéw o parametrach :

1. d/a=50 , 2mVa®=2500n° , 2. d/a=40 , 2mVa°=10000m"

3. d/a=30 , 2mVa®=90000n° , &. d/a=50 , 2mVa°=100m"

s. d/a=20 , 2mVa®=100n° , e. d/a=30 , 2mVa°=100m" .

Sa, tu réwniez zaznaczone doswiadczalne wyniki
Harrisona et al. [2-3] dla cienkiej warstwy 3He
zna jdujacej sie bezposrednio na powierzchni adsorbentu (puste
kwadraty) i izolowanej od podloza warstwg 4He (krzyzyki).
Pokrycie powierzchni przez 4He znacznie zwieksza wartosci
temperatur Tz - sg one prawie réwne temperaturze krytycznej

TE . Zmnie jszenie potencjatu Vz(z) prowadzi takze do tego

14



samego efektu, swiadczag o tym krzywe otrzymane teoretycznie
(rys.1). Jednakze, w przedstawionym modelu niemozliwe jest
osiagniecie mierzonej zaleznosci Ti od grubosgci warstwy.
Na rysunku 1 przedstawilismy roéwniez rezultaty pomiaréw
Xu i Crookera [4], sg one zaznaczone pelnymi kwadratami.
TeSanovié i Valls znalezli temperature TZ Jjako funkcje
grubosci warstwy na nieregularnym podtozu [22]. Takze i ta ,
teoretycznie otrzymana zalezno$é nie odzwierciedla wynikéw
doswiadczalnych [1,22,26]. Istnieje fenomenologiczny model
KKR [27], ktéry daje rezultat bardzo bliski do wynikéw
Xu i Crookera [4], jednak odbiega od zaleznogci otrzymanych
przez Harrisona et al. [1-3]. Charakterystyczna jest duza
zalezno$¢ mierzonej temperatury przejscia fazowego od rodzaju
przygotowanego podloza [1-4]. Komplikuje to opracowanie
teoretycznego modelu, nie zawierajacego zbyt wielu

parametroéw.
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3. NADCIEKLY PRAD MASY W CIENKIEJ WARSTWIE 3He

PRZY UWZGLEDNIENIU ODDZIALYWAN VAN DER WAALSA
Parametr porzadku

Para kwaziczastek utworzona przez wzajemne oddzialywanie
typu p ma moment pedu L=1 i spin S=1 [19,20]. Parametr
porzadku Jjest reprezentowany przez tensory sferyczne |J,m),
gdzie J=L+S jest calkowitym momentem pedu pary Coopera,
a m -jego rzutem na o$ 0Z. Dwuwymiarowos¢ pedu sprawia,
ze rzut momentu pedu m na o$ prostopadla do powierzchni
warstwy (o$ 0Z) przyjmuje tylko dwie wartosci o = *1. Dlatego
parametr porzadku Au(p) Jjest reprezentowany przez szesé

tensoréw sferycznych |J,m) :
A (p) = A sim‘}v[ ao,0|o,o) + a1’0|1,0> + a1’1|1,1> +
a, L1171 +a |2,2) +a 2,-2) ] . @

co na mocy (1.15) prowadzi do reprezentacji tensora dij :

d =-1a 5 +1a [56s5-53 |+
ij @ 0,0 ij @ 1,0 iy jx ix jy

—l—ia 1) 8 + id + —ia 1S) 8§ - id +
2 1,1 iz jx jy 2 1,-1 iz jx jy

16



——a [6-1’8 ][3-1‘8]. (3.2)
2 2,-2 ix iy jx jy

Réwnanie na szczeline (1.12) moze by¢ zapisane w uproszczonej
postaci przy uzyciu tensora di' :

~

dijpjclic; = T;Tdkl;;okIOQ : {(3.3)
gdzie T Jjest operatorem dzialajacym po prawej stronie
réwnania (1.12), gérne indeksy sa indeksami  spinowymi,
a dolne odpowiadaja indeksom orbitalnym. Gdy wuktad nie
znajduje sie w zewnetrznym polu magnetycznym, operator T nie

zalezy od zmiennych spinowych :

ik T 3 (3.4)
j1 j1 1k

i réwnanie na szczeline (3.3) redukuje sie do :

d p =T .d p . (3.5)
Znalezlismy dwa  tensory dij postaci (3.2) bedace
niezmiennikami  rdéwnania  (3.5). Odpowiadajg one  dwdm

dwuwymiarowym fazom nadciektego 3He,

dwuwymiarowej fazie A :
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d = , (3.8)
A iA
1 2
Av(p)= V1.5 51nﬁv[ Alpx + 1A2py ]o;lfy (3.7)
i dwuwymiarowej fazie B :
A -A
1 2
d = A, 4 , (3.8)
0 0

A (p)= V1.5 sino [Alfnx— Aai;y]crx+ [A2§x+ Alﬁy]cry my .
(3.9)
Parametry A1’A2 sg okre$lone przez réwnanie na szczeline
(3.5) i dla kazdej fazy mogg przyjmowaé¢ inne wartosci.
Rozpatrywane stany nadciekle (3.6)-(3.9) sa wuogdlnieniem
dwuwymiarowych faz otrzymanych przez Briusowa i Popowa [28]
na uktad bez symetrii obrotowej. Prad w ptaszczyzZnie warstwy
lamie symetrie wzgledem obrotéw wokdét osi prostopadiej do
powierzchni warstwy. Mimo to, kazdej fazie odpowiada inna
liczba kwantowa m rzutu calkowitego momentu pedu na o$ 02Z,
tak jak w przypadku ukladu zachowujacego symetrie obrotows
wzgledem osi 0Z. Na rysunkach 2a-b jest przedstawiony
parametr porzadku dwuwymiarowej fazy A (3.7), Jjako funkcja

predkosci pradu nadcieklego v.
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Rys.2:Parametr porzadku (A1’Az) dwuwymiarowe j fazy A
w funkcji predkosci przepiywu nadciekitego v dla :
(a) T=0.1Tz , (b) T=0.9T§ w warstwie o grubosci p0d=100

i potencjale zadanym parametrami d/a=100 , 2mV a®=n".
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Obserwujemy pojawienie sie dwuwymiarowej fazy polarnej
(linia przerywana) gdy parametr A1=0. Prze jscie  fazowe
z dwuwymiarowej fazy A (A1¢0, A2¢0) do dwuwymiarowej fazy
polarnej (A1=O) Jjest przejsciem fazowym pierwszego rodzaju
dla niskich temperatur (rys.2a), a drugiego rodzaju dla
wysokich temperatur (rys.2b).

Zalezno$¢ przerwy energetycznej w dwuwymiarowym stanie nad-

ciektym B (3.9) od predkosci v jest przedstawiona na rys.3.

A/ Ao

1.00

0.80

0.60

0.40

0.20

Loy s e ber eyl g sl rra a1

0.00 |G L G S LU B L L U L T A L

0.00 0.40 0.80 1.20 1.60

VpFA&o

Rys.3 Zaleznos¢ parametru porzgdku A dwuwymiarowej fazy B od

predkosci przeptywu nadcieklego v dla temperatur :

1. T=0.1T" , 2. T=0.3T" , 3. T=0.5T" ,s. T=0.7T" , s. T=0.9T"
c c c c c

w warstwie z rys.2
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Dwuwymiarowe fazy A i B sg stabilne 1 2zdegenerowane, gdy
w ukladzie nie ma pradu [28]. W A5 wykazalismy, ze prad
nadciekly stabilizuje dwuwymiarowa faze A i dwuwymiarowg faze

polarng.

Nadciekly prad masy

Nadciekly prad masy j_ Jjest okreslony jako [21]:
& s

Jg= i TE::—%—(p + mv) ?v(iwn,p) ; (3.10)
P,V,n

gdzie v jest objetoscia proébki.
W pracy A5 wykazano, ze maksymalny prad nadciektlty jsc ’
nazywany pradem krytycznym, Jjest osiagany w dwuwymiarowej
fazie A. Zgodnie 2z naszg hipotezg z rozdz.2, pokrywanie
podioza warstwami 4He zmnie jsza wielkos¢ oddzialywania typu
van der Waalsa (1.2) atoméw 3He z powierzchnig adsorbentu.
Prowadzi to do wigkszych wartosci prgdéw krytycznych, ktére
przedstawiamy na rys.4. Krzywym od 1 do 4 odpowiadajg rosngce

wielkosci potencjatu Vz(z).

21



jse/ 1 B0

0.20
11
0.15
12
0.10
0.05 4.3
]\\j
0.00—Ill"\'lli[l177’l’!'[T7'Tlllll]lllllllll
0.00 0.20 0.40 0.60 0.80

T/Te"

Rys.4 Krytyczny prad nadciekty w funkcji temperatury dla
p,d=100 i 1. d/a=10, 2mVa®=100n° , 2. d/a=5, 2mVa’=400m° ,
3. d/a=2.9, 2mVa®=1225n° , a. d/a=2, 2mVa°=2500n° ;

Ag Jjest przerwg energetyczng uktadu tréjwymiarowego w T=0.

W pracy A6 otrzymalismy nadciekly prad krytyczny, jako

funkc je grubosci warstwy 3He dla T=0 :

v

ve e ve
Jsc=(3/8") ( 5;3 z sin"® ) Aon , (3.11)
v=1

gdzie AO=A(v=0,T=0) Jest parametrem porzadku cienkiej warstwy
nadptynnego 3He bez nadcieklego pradu masy w T=0 1 jest
zwigzany z przerwa energetyczna Ag z uktadu tréjwymiarowego

dla T=0 :
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v

c -1
[1—2p0d [31:2 sinzﬁv] ]

A0 1/2 ZwCeW v=1
— =(2/3) exp(—<1n(51nﬂv)>) — ,
nT
o c
(3.12)
)
v c
¢ g 2
a <ln(sin® )>= ( Z sin“® ) sin“® 1n(sin® )
v L ) E v v
V=1

Zaleznos¢ (3.11) dla kilku wartosci potencjalu V2(z) Jjest

przedstawiona na rys.5S.

. 2/3, B
Jsc/n Ao
0.40 ~
. 1
. 2
0.30 3
: 4
0.20 E e
0.10 -
0.00“IIIIITIIlllllTllI]llTllllll[lllllll!l
0.00 100.00  200.00  300.00  400.00
Pod

Rys.5 Krytyczny prad nadciekty w T=0, jako funkcja grubosci
warstwy dla potencjatdéw : 1. d/a=100 , 2mVa2=0.11t2 ,
2. d/a=100 , 2mVa°=0.5n° , 3. d/a=100 , 2mVa’=10m>

4. d/a=50 , 2mVa°=50m° , s. d/a=10 , 2mVa=50m>
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Poréwnanie rys.5 z rys.6, prezentujacym wyniki
doswiadczalne [3], uwidacznia podobny wplyw potencjalu Vz(z)

i pokryé podtoza przez 4He na zmiane jsc z gruboscig warstwy.

1 I 1 LIRS N B
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- 000 A8 ° |
| a0 8 o |
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110 120 130 150 170 200
dlnm]

Rys.6 Nadciekly przeptyw 3He w zaleznosci od grubosci
warstwy dla czystego 3He (czarne symbole) i 3He
izolowanego atomowg warstwg 4He od powierzchni podioza

(biate symbole) [3].

Préobe odtworzenia wynikéw dogwiadczalnych Harrisona et
al. [1,2] oraz Xu i Crookera [4] przedstawiamy na rys.7 i 8.
Wyniki teoretyczne sg o rzad wielkos$ci wieksze niz rezultaty
doswiadczalne. W rozleglym obszarze temperatur (od TzO.ZTz
do T=T§ ) nadciekly prad krytyczny jsc mozna przyblizyé

zaleznoscig [AB] (rys.7)
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T 3/2
J. [ 1- — ] , (3.13)
SC T

oM

Jjest ona zgodna z wynikami pomiaréw [1,2,4]. Ta sama funkcja
potegowa zostala otrzymana w obszarze Ginzburga-Landaua

przez Jacobsena i Smitha [11].
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Rys.7 Krytyczny prad nadciekty w funkcji temperatury dla
warstw o grubosci d i temperaturze krytycznej TZ :

1. d=1200 A , T /T, =0.94
2. d=1100 A , T /T
3. d=1000 A , T /T

s

=0.84 ,
=0.78 .

om0 T
O WO w
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Gestosé fazy nadciektej Pec » zdefiniowana przez :

» (3.18)

[
]

vp

SC SC

Jest wykreslona na rys.8. W jednostkach przyjetych na rysunku
otrzymujemy uniwersalng krzywa, niezalezna od wyboru
potencjatu V2(z). Poniewaz oddzialywanie =z  potencjalem
podtoza zmienia jedynie wartosci pozioméw energetycznych €,
i nie jest efektem zaburzajgcym koherencje par Coopera,

w temperaturze T=0 caly uklad jest nadciekly - P =P (rys.8).
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Rys.8 Gestos¢ fazy nadciektej w zaleznos$ci od temperatury.

W pomiarach Xu i Crookera [4] kazdej warstwie, o grubosci
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i temperaturze Tz takiej jak w warstwach z rys.8, odpowiada
inna krzywa zaleznosci nadcieklego pradu krytycznego jsc od
temperatury (rys.9). Swiadczy to o innym efekcie powodujacym

znaczne obnizenie wartosci pradu nadcieklego.
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Rys.9 Mierzona gestos$é¢ fazy nadciektej [4].

W A5 przyjelismy uproszczony model potencjatu Vz(z) (1.2),
ale nawet potencjaly bardziej zbliZone do rzeczywistego
oddzialywania z podlozem dadzg prad krytyczny tego samego
rzedu. Wynika to z ogdélnosci zastosowanej metody - rezultaty
zalezg tylko od spektrum €, (1.5),(1.9). Prady krytyczne
zostaly wyznaczone dla $cisle okreslonych temperatur Tz
(rys.7 i 8), a wiec dla ustalonych wartosci pozioméw
energetycznych €, Dowolny potencjal, aby odtworzyé =zadang
temperature TZ (2.1) musi dawaé¢ widmo €, zblizZone do
otrzymanego przy uzyciu potencjalu Vz(z), a w konsekwencji

prawie ten sam prad krytyczny Jsc'
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4. NADCIEKLY PRAD MASY 3He W CIENKIEJ

WARSTWIE NA NIEJEDNORODNYM PODLOZU

Nieregularnosci podloza prowadzg do skonczonego czasu
zycia kwaziczgstek (rozdz.1). Jest to efekt powodujacy
rozrywanie par Coopera.

W pracy A7 przeprowadzilismy analize wptywu oddzialtywania
kwaziczgstek 3He z niejednorodnos$ciami podloza na nadcieklosé
w cienkiej warstwie. Do zbadania wlasnosci faz opisanych
w rozdz.3 wykorzystalismy model przedstawiony w rozdz.l1.
Metoda postepowania przy obliczaniu pradéw nadciektych,
zostala przedstawiona w cze$ci 3 rozprawy. W przypadku uktadu
o porowatej powierzchni wystepuje jedynie ta roéznica,
ze ze wzgledu na istnienie wielkosci Zb(iwn) (1.22)-(1.23)
niemozliwe jest analityczne wykonanie sumy po czestosciach
Matsubary w réwn. (1.12) i (3.10). Z tego wzgledu analitycznie
catkujemy po pedach, a sumy po czestosciach W wykonu jemy
numerycznie [A1-A3,A7].

Na rys. 10 przedstawiono wplyw wielkosci niejednorodnosci
podloza (parametr I') na krytyczny prad nadciekly. Parametr T
(1.24) Jest proporcjonalny do  bezwzglednej wartosci
nieréwnosci powierzchni w (1.20), czyli mniejszym wartosciom
I' odpowiadajg gladsze powierzchnie. W rzeczywistosci podloze
Jjest wygtadzane przez pokrywanie warstwami 4He. Wraz ze
wzrostem gestosci powierzchniowe j 4He zapelniane S3

wglebienia powierzchni i tworzona jest Jjednorodna struktura
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podtoza [2,3,5,6]. Jest to drugie =zjawisko, oprécz zmiany
potencjalu adsorbentu (rozdz.2 i 3), wywolane wprowadzeniem
izolujacej warstwy 4He. Zmiana wartosci parametru I' odpowiada

efektowi pokrywania podtoza przez 4He.

Jse

//Z§0ﬁ32/a3
0.00 0.08 0.16 0.24 0.32

00 02 04 06 08 1.0
[/l

Rys.10 Krytyczny prad nadciekly w funkcji niejednorodnosci
powierzchni podtoza I' dla temperatur T = O, O.ZTZ 4 0.4T§ 5
0.6T§ i grubosci warstwy pod=100.

Na rys.11 i 12 prezentujemy wyniki teoretyczne otrzymane
w tym formalizmie dla warstw doswiadczalnie badanych przez
Harrisona et al.[1-3] (rys.11) oraz Xu i Crookera [4]

(rys.12). Tak, Jjak W przypadku modelu zawierajacego
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oddziatywanie typu van der Waalsa (rozdz.3) otrzymujemy
wyniki o rzad wartosci wieksze od mierzonych. Zachowana jest

ta sama przyblizona zaleznosé Jsc od temperatury T (3.13).

(Jse/P)?/3 [mMmm/sec]?/3
0.0 2.0 4.0 6.0 8.0 10.0

0.2 04 0.6 0.8 1.0
T [mK]

(=)
(@]

Rys.11 Krytyczny prad nadciekty jSC w funkcji temperatury
dla warstw o grubosciach d i temperaturach krytycznych Tz

okreslonych na rys.7 oraz d=900A i TE/TE =0.68 .
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Rys. 12 Gestosé fazy nadciektej Pec VW zaleznosci od
temperatury dla warstw o grubosciach i temperaturach

krytycznych zgodnych z rys.9 .

W odréznieniu od uniwersalnej =zaleznosci z rys.8, kazdej
warstwie z niejednorodnosciami powierzchni odpowiada inna
krzywa na rys.12, tak Jjak w wynikach dos$wiadczalnych [4]
(rys.9). Jednak efekt rozpraszania na matych
nie jednorodnosciach podloza nie powoduje tak znacznego,
Jjak obserwowane, obnizenia wartos$ci prgdéw nadciektych [1-6].
Pomiary daja duze wartosci temperatur przejsé fazowych Tg
(rys.1), przy jednoczes$nie malych wartoéciach pradéw [1-6]
(rys.9). Sugeruje to istnienie innego, oprécz rozpraszania na
matych niejednorodnosciach podtoza , =zjawiska duzego oporu
cienkiej warstwy na przeplyw nadcieklego pradu masy. Moze to
by¢ zwigzane 2z duzymi, skorelowanymi niejednorodnoéciami,

powodujacymi lokalne zwezenia warstwy 3He. Takie obszary
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o matej grubosci moglyby obnizaé przeptyw pradu nadciektego ,
a ze wzgledu na maltg objetos$é zawartej w nich cieczy, nie
miatyby prawie wplywu na stan nadciekly ukladu, czyli na Tz.
Nieregularno$¢ podtoza moze réwniez powodowaé powstawanie
wiréw, ktérych dynamika moze wptyngé na wartosci pradéw
nadciektych [1,6,29].

Wszystkie do$wiadczenia [1-7], o ktérych pisalis$my, dotycza
warstw o grubosciach rzedu stalej koherencji zaleznej od
temperatury  £€(T) i wiekszych od zakresu grubosci
rozpatrywanych w przyjetych modelach dwuwymiarowe j
nadciektosci (rozdz.1). Jednak ze wzgledu na silne
oddzialtywanie uktadu nadcieklego z podiozem [30,31], parametr
porzadku moze by¢é przyblizony parametrem  dwuwymiarowym
i nasze teoretyczne rozwazania moga, by¢ poréwnywane
z wynikami doswiadczalnymi, Jak to zostalo zrobione

W rozdz.2-4.
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5. WPLYW NIEJEDNORODNOSCI PODLOZA NA PRZEJSCIA

FAZOWE W CIENKICH WARSTWACH NADCIEKLEGO 3He

Bezszczelinowa nadcieklos$é dwuwymiarowej fazy A

W 1986 roku TesSanovié¢ i Valls [22] zauwazyli, Ze w cienkich
warstwach nadcieklego 3He na porowatym podiozu mozliwe jest
z jawisko bezszczelinowe j nadcieklosci. Stan ten
charakteryzuje brak przerwy energetycznej w widmie wzbudzen
Jjednoczastkowych, przy Jjednoczesnym istnieniu stanéw
koherentnych par kwaziczastek, czyli par Coopera. Jest to
zjawisko znane z domieszkowanych ukladéw nadprzewodzacych,
dla ktérych zostalo opracowane teoretycznie przez Abrikosowa
i Gorkowa [24,25]. W przypadku nadciekloéci typu p , anomalna
funkcja Greena ¥ jest funkcjg nieparzystg pedu i tym samym
parametr porzadku A nie jest zmieniany bezposrednio przez
oddzialywanie z centrami rozpraszajacymi, ale tylko poprzez
renormalizacje wzbudzen jednoczastkowych (1.23) [22,32,33].
Oddzialywanie z nierdéwnosciami podioza  prowadzi do
nie jednakowej renormalizacji czestos$ci Matsubary i parametru
porzadku A [22,Al1], analogicznie do wukladéw ze zlamang
symetrig odbicia czasu [34]. Konsekwencja tego Jjest
bezszczelinowa nadcieklo$é. W pracach Al 1 A3 postulujemy
takze mozliwo$é¢ bezszczelinowej nadciekloséci typu s (5.4)
w cienkich warstwach. Taki typ nadcieklosci 3He moze wystgpicé

dla pewnych koncentracji 3He w mieszaninach z 4He [35].
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Rozpraszanie na nie jednorodnosciach podioza zostalo
wprowadzone przez warunki brzegowe (1.18) i (1.21), ktére
majg wptyw jedynie na dynamike tréjwymiarowych swobodnych
fermiondw. Przyjmujemy, Jjako konsekwenc je nierdéwnosci
w«d= €0 (rozdz.1), ze nadciekly kondensat jest $cisle
dwuwymiarowy i nie naktadamy na niego zZadnych dodatkowych
warunkéw brzegowych. To znaczy, ze anomalna energia wlasna A
nie jest bezposrednio zmieniona przez rozpraszanie na granicy
warstwy. Prowadzi to do nie jednakowe j renormalizacji
czestosci W i parametru  porzadku A, czyli do
bezszczelinowosci widma wzbudzenn jednoczgstkowych.

3He Jjest ukladem, ktdérego nie mozna zanieczyscié¢ i w ten
sposdéb otrzymaé bezszczelinowej nadcieklosci. Dlatego cienkie
warstwy stwarzaja unikalng mozliwos$é obserwacji tego zjawiska
W 3He. Warunki przejscia fazowego do stanu bezszczelinowego
sg okreslone przez grubosé warstwy d i wielkosé nierdwnosci
podloza - parametr w (1.20). Dlatego istotnym jest =zbadanie
wplywu tych dwéch parametréw na  wystepowanie fazy
bezszczelinowej nadcieklosci. Warunkiem bezszczelinowosci
widma wzbudzen Jjednoczastkowych Jjest dodatnioéé  funkcji

gestosci stanéw N(w) na powierzchni Fermiego:

N(w=0) >0 . (5.1)
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Z (5.1) otrzymujemy warunek na bezszczelinowa nadcieklosé

[A1] typu p :
- v
c
Z 4 2 2 4 -1z
1=—Zcosﬂ [sinﬂ +§Uzcosﬂ]
v, v v 2 v
< v=1 (5.2)
Uu>>o
2
-
i typu s:
- v
C
Z 4 2 4 12
1=2= E:: cos ¢ [ 1 +C Uzcos 9 ]
v v 2 v
{ v=1 . (5.3)

Parametr ¢ = I'/A opisuje nieregularnos¢ podioza. Minimalna
wartosé  spetniajaca warunki (5.2),(5.3) okresla krytyczng
wartos¢ nierdéwnosci podiloza w (1.20), przy ktérej uktad
przechodzi w stan bezszczelinowej nadcieklosci. Otrzymane
numerycznie wartosci w w zaleznosci od grubosci warstwy d sg
przedstawione na rys.13(a)-(b) (dla sparowania typu p)
i rys.14(a)-(b) (dla sparowania typu s). Oscylacyjny
charakter krzywych (rys.13(a) i 14(a) ) wynika z dyskretnosci
powierzchni Fermiego w cienkiej warstwie (rozdz.1). Jest to
odpowiednik efektu de Haasa-van Alphena, przy zastgpieniu
kwantujgcego dziatania pola magnetycznego skonczong gruboscig

ukladu. Dla nadcieklos$ci typu p istnieje pewna nieokreslonosé
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wyznaczenia dolnej krzywej z rys.13(b) [A1l].

e
&0 52 00 L 2
Po pu
A A
LS0- O/U ////////// i o/u
-
3004 750}
150
1 1 1 | 1 1 Il
) 50 5% 60 65 0 S0 100 150
pod : Pod

(a) (b)
Rys.13 (a) Oscylacje krytycznej niejednorodnoéci powierzchni
podioza ze zmiang grubosci warstwy, dla temperatury T=0.01T2

(nadciektosé typu p). (b) Obwiednia funkcji z rys.13(a).

3000,

Ly)2
1000 N7

7
o Sl
1750

1500}

700

750}~
60C

500

!
pd 0 50 100 150
0 %d

(a) (b)
Rys. 14 (a) Krytyczna niejednorodno$é powierzchni podioza dla
nadciektosci typu s w temperaturze T=0.01T§ .

(b) Obwiednia krzywej z rys.14(a).
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Cienka warstwa nadcieklego gazu fermiondw

w polu magnetycznym

Pole magnetyczne, poprzez efekt paramagnetyzmu Pauliego,
zmienia rodzaj przejscia fazowego ze stanu nadprzewodzgacego
do stanu normalnego [36,37]. Maki i Tsuneto zwrdécili uwage na
zalezno$é rzedu przejscia fazowego od koncentracji domieszek
w uktadzie nadprzewodzacym [36,37]. Jacak i Krzyzanowski [38]
zbadali to zjawisko Jjako funkcje wielkosci oddziatywan
kwaziczastkowych dla nadcieklego 3He.

W pracy A3 badamy wplyw nierdéwnosci podloza cienkiej
warstwy nadcieklego gazu fermionéw na efekt zmiany rodzaju
przejscia fazowego w polu magnetycznym. Rozpatrujemy

nadciektosé typu s :

=1 -
Veors = 5 & [ Sr85 ~ Sas’es ] (5.4)

Jest to rodzaj nadcieklosci 3He, dotad nie potwierdzonej
doswiadczalnie, moggcej wystepowaé w mieszaninach 3He i 4He
[35].

Typowy diagram fazowy, otrzymany przez nas dla warstwy
o idealnie gladkich powierzchniami tzn. TI'=0 (1.24), Jjest
przedstawiony na rys.15. Linia AB przedstawia pole
magnetycznego "“przechtodzenia", a BC - pole magnetycznego

"przegrzania" fazy nadciektej. W obszarze ABC parametr

porzadku A jest dwuwartosciowa funkcjg pola magnetycznego
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i przejscie fazowe jest pierwszego rodzaju. Pozostala czesé
krzywej przedstawia przejscie fazowe drugiego rodzaju.
Wspdéirzedne wspélnego punktu tych dwéch obszardéw oznaczono
( T: ; h: ), sg to wspdlrzedne punktu zmiany rodzaju

przejscia fazowego.

1-0 T T T T

h/ho
0.6 | 1

0.2 1

0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

T/Te

Rys.15 Diagram fazowy dla I'’=0 i grubos$ci warstwy pod=100.

Znalezlismy wplyw nierdéwnoséci podtoza, zdefiniowanych

Jjako :

p4 w’ n4v v (v +1) (v +0.5)

F oc ¢ c
- = A~ (5.5)
0 Ao/“ 3(p0d)
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* *
na Tc i hc (rys.16 i 17). Na obu wykresach przerywane linie
oznaczajg : temperature krytyczna w polu magnetycznym h=0
(rys.16) i pole krytyczne przejscia fazowego drugiego rodzaju

w temperaturze T=0 (rys.17).

1.0
0.8
Te/bo
0.6

0.4

0.2

0.0

>
Rys.16 Temperatura krytyczna (linia przerywana) i Tc

(linia ciggta) w funkcji niejednorodnoéci podtoza I’ .

Numerycznie wykazano [A3] istnienie fazy nadcieklej dla
nierdéwnosci podtoza nie przekraczajacych F’/Aoﬁ3.4
(rys.16-17). Dopdki uklad Jest nadciekly, zachodzi zmiana
rodzaju przejscia fazowego, to znaczy, punkt ( T: 5 hC )

zna jduje sie na wykresie fazowym (rys.16-17).

W przeciwienstwie do domieszkowanych nadprzewodnikéw [36,37],
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nie mozna usung¢ obszaru przejscia fazowego pierwszego

rodzaju przez zwigkszenie nierdéwnosci podloza.

0.8
he/B
0.6

0.4

0.2

0.0

Rys.17 Pole magnetyczne przemiany fazowej drugiego rzedu

>
w T=0 (linia przerywana) i hc w zaleznosci od T’.

Brak tadunku elektrycznego w ukladzie sprawia,
ze przeprowadzone rozwazania sa stuszne dla warstw o dowolnej
grubosci, zgodnej z ograniczeniami modelu ( d = §oz 60nm ),
w przeciwienstwie do nadprzewodnikéw, gdzie ze wzgledu na
silny diamagnetyzm, obserwacje sa mozliwe tylko w bardzo
cienkich warstwach ( d =« 10A ) [36,37].

W czystym 3He pole magnetyczne orientuje parametr porzadku

[19,39] i zjawisko zmiany rodzaju przejscia fazowego moze
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wystgpié jedynie w niskich polach h = 20G 1 temperaturach
duzo nizszych od temperatury krytycznej Tz [19,40]. Lepszym
ukladem do obserwacji tego zjawiska jest cienka warstwa 3He

z nadcieklym prgdem masy [A7].
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ZAKONCZENIE

Opisane w rozprawie zagadnienia dotycza wplywu podiozZza na
zjawisko nadcieklosci 3He w cienkich warstwach. Zastosowane
modele uwzgledniaja dwa typy oddzialywan kwaziczastek 3He

z podlozem :

- oddziatywanie z indukowanym przez podtoze potencjatem

typu van der Waalsa,

- rozpraszanie na losowych, punktowych niejednorodnos$ciach

powierzchni.
Rozpatrywalismy uklady, ktérych grubosé jest rzedu skali
odlegtosci Eo charakteryzujgcej stan nadciekty. Daje to
mozliwosé obserwacji, przy zmianie  grubosci warstwy,
przejscia od troéjwymiarowej do dwuwymiarowe j dynamiki
kondensatu. Jednak procesy zwiazane z nadciektoscig
w cienkich warstwach sg znacznie zaburzane przez
oddzialywanie 2z podlozem, ktérego obecnosci nie mozna
uniknaé. Z tego wzgledu niezmiernie waznym Jjest poznanie
zjawisk zachodzgacych w obszarze stycznosci badanego ukiadu
z cialtem statym. Pordéwnanie otrzymanych wynikéw z rezultatami
doswiadczalnymi wskazuje na  koniecznogé doktadnie jszego
przyblizenia skomplikowanej struktury powierzchni.Trudno jest
Jjednak uwzglednié¢ tak zlozony element bez wprowadzania do
teorii duzej liczby parametréw. Naturalnym, ze wzgledu na
losowos$¢é uksztaltowania powierzchni podtoza, wydaje sie

zastosowanie metod probabilistycznych. Powinny one braé¢ pod
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uwage wystepowanie kilku skal dtugosci opisujacych
nie jednorodno$é podtoza [1].

Mamy nadzieje, W przysztosci kontynuowaé  poznawanie
zJjawisk zachodzacych w bezposredniej bliskogéci powierzchni
ciat statych, nie ograniczajac sie Jjedynie do probleméw

nadcieklosci 3He.

43



LITERATURA

Al.

A3.

Ad.

AS.

AB.

AT.

"On the gapless superfluidity in 3He films",

G.Haran, L.Jacak, L.Borkowski, Physica B 159 (1983) 223
"Oscillations of critical parameters in thin films of
3He ", L.S.Borkowski, G.Haran, L.Jacak,

w Quantum Fluids and Solids - 1989, Gainesville,

AIP Conference Proceedings 194, New York, str.219
“Thin film of a superfluid Fermi system in a magnetic
field" , G.Haran, L.S.Borkowski,

Acta Physica Polonica A 80 (1991) 47

“The influence of van der Waals forces on Tc in thin
films of 3He ", G.Haran, L.S.Borkowski, L.Jacak,
Physica B 165 & 166 (1990) 679

"Influence of van der Waals forces on 3He—A superfluid

film flow at T=0 " , G.Haran, L.Jacak, L.S.Borkowski,

przyjgto do druku w Physics Letters A

"Theory of superflow in two-dimensional states of 3He in
an arbitrary potential well" , G.Haran, L.Jacak,

wystano do druku w J.Phys.:Cond.Matter

"Flow in thin films of superfluid 3He on rough surfaces"
L.S.Borkowski, G.Haran, L.Jacak, wystano do druku

w J.Phys. :Cond. Matter

44



10.

11,

12.

13.

14.

15.

J.G.Daunt, R.F. Harris-Lowe, J. P. Harrison, A. Sachra jda, S. Steel,

R.R. Turkington, P. Zawadzki, J.Low Temp.Phys.70 (1988) 547
S.C.Steel, P. Zawadzki, J.P. Harrison, and A.Sachrajda,
Physica B 185 & 166 (1990) 599
J.P.Harrison, A. Sachrajda,S.C.Steel, and P.Zawadzki,

w Excitations in Two-Dimensional and Three-Dimensional

Quantum Fluids, Edited by A.G.F.Wyatt and H.J.Lauter,

Plenum Press, New York, 1991, p.239

J.Xu and B.C.Crooker, Phys.Rev.Lett. 65 (1930) 3005

M.R.Freeman,R.S. Germain, E. V. Thuneberg, and R.C.Richardson,

Phys.Rev.Lett. 60 (1988) 596

M.R.Freeman,R.C.Richardson, Phys.Rev. B 41 (1990) 11011
J.C.Davis, A. Amar, J.P. Pekola, and R.E.Packard,
Phys.Rev.Lett. 60 (1988) 302

J.P.Pekola,J.C.Davis, and R.E.Packard,

J.Low Temp.Phys. 71 (1988) 141

E.Krotschek, M. Saarela, and J.L.Epstein,

Phys.Rev. B 38 (1988) 111

N.Pavloff and J.Treiner, J.Low Temp.Phys. 83 (1991) 331
K.W.Jacobsen and H.Smith, J.Low Temp.Phys. 67 (1987) 83
A.L.Fetter and S.Ullah, J.Low Temp.Phys. 70 (1988) 515
R.E.Salvino and R.D.Puff, Phys.Rev. B 34 (1986) 6351
R.E.Salvino, Phys.Rev. B 38 (1988) 2394
A.L.Fetter,J.D.Walecka, Kwantowa Teoria Ukladdéw Wielu

Czastek, PWN, Warszawa 1982

45



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

A.A. Abrikosov,L.P.Gorkov, and I.E.Dzyaloshinski,

Methods of Quantum Field Theory in Statistical Physics,

Dover, NY 1975

Z.Tesanovié and 0.T.Valls, Phys.Rev. B 31 (1985) 1374

Z.TeSanovi¢ and 0.T.Valls, Phys.Rev. B 33 (1986) 3139

A.J.Leggett, Rev.Mod.Phys.

47 (1975) 331

D.Vollhardt,P.Wslfle, The Superfluid Phases of Helium 3,

Taylor & Francis, 1990, Philadelphia, USA

A.V.Svidzinski, Przestrzennie niejednorodne problemy

teorii nadprzewodnictwa, Nauka, Moskwa 1982

Z.Tesanovié¢ and 0.T.Valls, Phys.Rev. B 34 (1986) 7610

A.V.Czaplik,M.V.Entin, Zh.Eksp.Teor.Fiz.

A. A. Abrikosov and L.P. Gorkov,

Zh. Eksp.Teor.Fiz. 35 (1958) 1558

A. A. Abrikosov and L.P.Gorkov,

Zh. Eksp.Teor.Fiz. 39 (1960) 1781

55 (1968) 990

R.Gonczarek and I.H.Krzyzanowski, Phys.Stat.Sol. B 165

(1991) K5

L.H.Kjaldman, J. Kurki jarvi, and D.Rainer,

J.Low Temp.Phys. 33 (1978) 577

P.N.Brusov and V.N.Popov,

1564

Zh. Eksp. Teor.Fiz.

D.A.Ritchie, J. Saunders, and D.F.Brewer,

Phys.Rev.Lett. 59 (1987) 465

V. Ambegaokar,P.G. de Gennes, and D.Rainer,

Phys.Rev. A 9 (1974) 2676

46

80 (1981)



31.

32.

33.

34.

35.

36.

37

38.

38.

40.

L.J.Buchholtz, Physica B 165 & 166 (1990) 657
R.Balian and N.R.Werthamer, Phys.Rev. 131 (1963) 1553
K.Ueda and T.M.Rice, J.Magn.Magn.Mat. 54-57 (1986) 409
K.Maki w Superconductivity, ed. R.D.Parks, Dekker,
New York 1969, 1035

A.E.Meyerovich w Progress in Low Temperature Physics,
vol.XI , ed. D.F.Brewer, Elsevier 1987

K.Maki and T.Tsuneto, Prog.Theor.Phys. 31 (1964) 945
K.Maki, Prog.Theor.Phys. 32 (1964) 29

L.Jacak, J.Phys.:Cond.Matter 1 (1989) 3523

S.Takagi, J.Phys. C8 (1975) 1507

V. Ambegaokar and N.D.Mermin, Phys.Rev.Lett. 30 (1973) 81

a7



TEKSTY PRAC OPUBLIKOWANYCH I WYSLANYCH DO DRUKU

48



Physica B 159 (1989) 223-233
North-Holland, Amsterdam

ON THE GAPLESS SUPERFLUIDITY IN *He FILMS
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The transition from the superfluid to the gapless superfluid state in "He films is studied. The equations for the energy ga
are derived and solved numerically. The influence of surface roughness and film thickness on this transition is discussec
Phase transition curves are found.

1. Introduction

Recently, considerable progress in experimental research on confined geometries of 'He has bee
made [1-9]. Especially interesting is the discovery of the superfluid transition in a simple geometry ¢
an adsorbed liquid film [6]. The interface liquid—substrate in such a system is of basic importanc
[8-13], and the surface irregularities should be included in the theoretical description.

This problem was originally studied by Z. Tesanovi¢ and O.T. Valls [14]. They indicated th
possibility of existence of a gapless superfluid phase for sufficiently rough substrates. This phenomeno
is analogous to the nonergodic case in the ordinary “dirty” superconductors [15, 16].

Regarding the recent experimental advances with flat geometries of superfluid "He, it is quit
probable that we will have the unique opportunity to control the transition superfluid phase—gaples
superfluid phase by the film thickness and the substrate roughness. Hence, it is interesting to investigat
this problem more thoroughly in order to find the transition curve as a function of these tw
parameters.

2. Formalism

In this paper we study the usual p-paired *He film and the s-paired system. Note, that the latte
could be treated as a model for a hypothetical superfluidity of a "He subsystem in a film consisting of
mixture of 'He and ‘He, where the bosonic medium of ‘He atoms makes the triplet pairin
inconvenient.

We consider the thickness regime p;.' <d < &,, where p. = (3n’n)'"" is the bulk Fermi momentun
n is the bulk density and &, ~400 A (40 nm) is the zero-temperature coherence length, i.e., the d
Broglie length of the Cooper pair. For this thickness range we deal with the three-dimensional dynamic
of unpaired fermions (*He atoms) affected by the boundary conditions and the two-dimension:
behavior of the superfluid component.

' Present address: Institute for Low Temperature and Structure Research, Polish Academy of Sciences, 50-950 Wroctaw, P.C
Box 937, Poland. .

0921-4526/89/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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In the limit of perfectly smooth surfaces the energy spectrum of normal fermions is [17]:

2 b J
_p 1 (ﬂ)
£,(p) 2m t 2m \ d ’ 2.1)

where p is the two-dimensional momentum and v=1,2,...,r indicate the quantum numbers
associated with the boundary condition of an infinite potential square well, v. =[], i.e., v is the
nearest integer less than y,. v, = [2mdil/'n'2]”2 and p is the chemical potential [17-20]. Hence, instead
of the usual Fermi sphere, we have a set of parallel Fermi circles, similar to the de Haas — van Alphen
effect. The influence of substrate irregularities is taken into account here, as in the work of A. Chaplik
and M. Entin [21, 14]. Their method is based on an assumption of a diffusive type of reflection from the
porous surface and is given by the boundary condition for the single-particle wave function [21]:

d
Y(x, y,d)+ u(x, y) 35 Y(x,y,2),.4=0. (2.2)

u(x, y) describes the irregular thickness of the film and is modeled by the Gaussian random function
(14]

(u(x, y)) =0, (2.3)
(u(x, yyu(x', y')) = w's(x — x")8(y — y') . (2.4)

These equations express the assumption of totally uncorrelated irregularities. This simple distribu-
tion simulates an amorphous substrate, e.g. a grafoil surface.
The free liquid surface is an infinite potential well:

Y(x, y,0)=0. (2.5)

This condition for the free surface of the film is a great simplification and represents an ideal
liquid—solid boundary rather than an interface liquid—gas. In principle, one should consider here a free
surface with surface tension and vaporization as well. However, it does not look simple to include
surface tension through a local modification of the boundary condition for ¥. Therefore, we use a
simpler condition (2.5).

The boundary conditions (2.2) and (2.5) lead to an imaginary term in the self-energy of quasiparti-
cles. It corresponds to the finite lifetime of single-quasiparticle excitations. Although the physical
picture of this effect differs from that of bulk systems with impurities, the formal structure of obtained
equations turns out to be equivalent to the well known Abrikosov—Gorkov theory for alloys [22].

For the superfluid *He film we apply the conditions (2.2) and (2.5) to the normal (unpaired)
component. As a consequence of the inequality w <¢ £, the superfluid counterpart does not directly
interact with substrate irregularities. The roughness influences the Cooper’s condensate in some indirect
way via the unpaired fermions. In the case of the p-pairing this argument is not necessary, because the
anomalous Green’s function F is an odd function with respect to p and the scattering renormalization of
A is excluded for general symmetry reasons [25].

For the ABM phase of superfluid *He which is stable in the thin film [7], the two-dimensional gap
parameter has the following form:

A, =4,d(p, v)o)io,), (2.6)

where o = (0., 0, 0,) are Pauli matrices.
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In the proximity of the boundary (distance less than &,) the angular momentum [ of the Cooper p:
is oriented perpendicularly to the surface [23,24] and we have

d,(p,v)=(3)""d,(p, +ip,)sin6,, (2.
ld(p, v)|=(3)"*sin6, . (2.

Here, sin 6, = (1 — (v/y,)*)'"* and d is the unit vector in the spin space.

Let us note that considering here a free film of thickness of the order ¢, (correlation length) 1
assume that the angular momentum vector of the Cooper pair is perpendicular to the surface. This
reflected in eqs. (2.7) and (2.8). It is an approximation, since the finite thickness of the film with t
porous substrate is certainly causing some deviation of / from the direction normal to the boundaries.
principle, one should treat this problem 3-dimensionally with the restriction of the thin film geomet
which implies dealing with difficult problems of textures in *He. In our approach we introduce son
smoothing out in the orientation of I by imposing a lower limit on sin 6, in (2.7), namely

sin 6, =sin 6, . (2.

This condition means that we remove zeroes in the definition of the gap parameter d, (2.7). This
turn implies that sums over v in the equations for normal (2.13) and anomalous (2.14) self-energies a
limited by the inequalities » <, (1 —sin” 6.)"'? instead of v < 1,. Since in numerical calculations
need a specific value of sin 6. we take sin . = 0.1, which is equivalent to v <V0.99 y,. This effecti
smoothing out of the order parameter allows to avoid a non-physical behavior of some of the results.
we let sin 6, =0 we will find, e.g. a gapless superfluidity for certain thicknesses of the film without a
irregularities on the boundary, i.e., without a scattering mechanism. This is demonstrated in fig.
where the dashed line refers to sin §, =0 and the solid line represents sin 6, = 0.1. In other worc
zeroes of the order parameter (2.7) would result in that the oscillations of the critical parameter { wou
reach zero for some values of the film thickness. To avoid this non-physical, as it seems, behavior
smooth out the order parameter, as discussed above. We address this problem again in our discussion
numerical results.

For the s-paired superfluid thin film the order parameter does not depend on space dimensional
and equals

A= Afio,). 21

VA
idds

| SV TR PN IO, UL, SO TOUN” "SR AL U TRV O 1 Lo
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~

Fig. 1. ¢ critical as a function of layer thickness; 1, singlet paired state and 2, triplet paired state.
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We use the Abrikosov—Gorkov equations for the Green’s functions G, (iw,, p) and F,(iw,, p):

Gv(iwn‘ p) = G(hv(ia)n’ p) + G(hr(iwu’ p)An(p)F: (iwrﬂ p) ’ (211
F: (iwn’ p) = _G(;,(i(l)", p)A:(p)Gv(lwrﬂ p) ’ (212

completed by two following self-consistent equations for the normal ¥, (iw,) and anomalous A, parts ¢
the self-energy (spin indices are suppressed):

2 2 2
. w v\ 1 <V’1r) .
_ 2 rm , 13
30 = 500 () 1 2 (5F) Gution. ), @
Ay ==T 2 V,.(p, p)F (i, p'), (2.14
p'.v'\n
where
: . A o p2 1 v\’ .
Gy, (iw,, p) =liw, — £, — A, — 3,(i0,)] ", §,= m Mo Ay = sm\a ) > (2.15,

is the zeroth order Matsubara—Green function, o, is the Matsubara frequency, the superscript ‘—
denotes the time inversion and s is the surface area of the film;

(p-pairing)  V,,.(p, P')apys = 38/ P1(PP' sin 6, sin 0,. + cos 6, cos 6,.)(8,, 8,5 + 8,585,) . (2.16
and

(s-pairing) V,,.(p, P )apys = %g()(sayaﬂé = 8,50p,) - (2.17
Let us underline that equations (2.11)—(2.15) are formally equivalent to the corresponding ones fo
dirty superconductors in the nonergodic regime [22].

After performing the summation over p in (2.13) and (2.14) one obtains for the p-paired an
s-paired states, respectively:

. o,(v')
=w + I cos’ 0 cos’ 0, — “ s 2.18
w,,(V) w, v co%%,,r v [wi(V') 4 AZ sin2 0,,,]”2 (
2 2
™A sin” 6,
1=T7T3 ; =3 - ) 2.19
? ped ?1 [@2(v)+ A%sin® 0,]""? (
. w,(v")
®,(v)=w, + I' cos’ 6, Zo cos? 6, IR (2.20
A 1
1=7 T2 (2.21

ped o [@2(v) + A7)V

where o, (v)=w, +i% (iw,), A, = Nyg, A\ = N,8y» 8§ and g, are bulk coupling parameters, an
r=(w'12md*)(w’ld*)v,.

Equations (2.18)—(2.21) contain the required information about the superfluid film on a roug
substrate.
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3. Gapless superfluidity

In order to discuss the gapless superfluidity we introduce the density of states

1 .
N(@) = =2 1m 2 G, ({0, Plio, -0 1

m w,
N, — Imz — for the s-pairing ,
B 0 pod - [Az—w,z,]uz p g .
- N, — Imz Dy for the p-pairin e
0 ped ~ [Azsinz 6,,—(0,2,]”2 ) pP-P g-
In the above w, is the analytical continuation of iw,(v):
o, =i0,(v)|ivw, = o +i8
2 2 @, o
o + I cos” 6, >, cos 0, — 73, s-pairing ,
cos 0, [A - w,,']
- ® (3.2
2 2 v’ . e
o + I cos” 6, C(%y'cos 0, (4% sin? 0 - wi,]”z , Pp-pairing .
2 v\’ 1
Here cos®0,=(—] , E—Z,
L cos 6, W v
and N, is the bulk density of states at the Fermi surface.
To evaluate the above equations it is useful to introduce the function U(w/A) [14]:
g _o 2 (2)
A2 + {cos” O,U A/
where ¢ = I'/A. Then, egs. (3.1) and (3.2) are
. §+{00520VU<§>
N(w) = N, sam p T (3.3
T (- (Freestau(g)))
(1 (A+{cos 0,U A

(0]

2 4 w
cos” 0, + { cos BVU(—)
U<§)= 3 - 2. (3.4

T (§reeoran ()
= Z+{cos 6,U A

for the s-paired state, and

2+{cos7‘() U(—‘g>
N(w) =N, —— Im 2, 4 = , (3.5

prd 5 2\ 1/2
' (sin2 Ov—(':‘)'*'{COSZ BVU< )) )

(SRS
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w 2 4 w
— cos” 6, + { cos 0,,U(—>
o(5)-3 et .

cosf, [, _[_‘l_) 2 (9)]2)”7
ésm 0, A + {cos” 6,U A

for the p-paired system.

The numerical solutions of (3.3) and (3.4) for several values of { are plotted in fig. 2. There exists
critical roughness {. above which a finite density of states appears at the Fermi level. One observes tl
characteristic gapless behavior, similar to that in superconductors with paramagnetic impurities [26, 15
The same effect is observed in p-paired superfluids and the shape of the function N(w) is demonstrate
in [14].

Our main objective is to find the critical value of ¢ which leads to the transition from the superflu
to the gapless superfluid phase.

At the Fermi level (o =0), egs. (3.4) and (3.6) are

U, = Z < COS],O,Z [U,(1+cos ¢,)""> + a,Uy(1 - cos ¢,)'"?], (32
2 { COS],G:Z [U,(1 + cos ¢, )”2 a,U,(1 - cos ¢,.)”2], (3.¢

where U= U, +iU,,

14+ (3(U2-U?%cos' 6,) +4¢'UU% cos® 0,]'?, s-pairing ,
2 1 v 1¥ 2 v p (3(
[sin® 6, + {* (U3~ U})cos* 6,)" +4£*'UUL cos® 6,]',  p-pairing , :
1+ (U3 - U?)cos' 6, ..
; , s-pairing ,
= ’ 3.1
cos 4. sin” 0, + {*(U2— U?)cos* 0, .. (
, p-pairing ,
ZU
20 ?
Z

\ : 1
0 05 10 15 ola 20

Fig. 2. The density of states of quasiparticle excitations for the s-paired system; 1, { =2;2, {=4;3,{=6;4,(=10;5, (=
here p.d = 63.
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_ | —sign(U,U,), forU,U,#0,
-1, for U, U, =0. (3.11

It is easy to find out that the system of eqs. (3.7) and (3.8) has the following solutions only:
U=(,,0), (3.12
U=(0,U,). (3:12

After a straightforward calculation one can see that the solution (3.12) does not lead to a finite densit

of states on the Fermi surface. Only when U = iU, and U, # 0 we have the gapless superfluidity. As

consequence, combining (3.13) and (3.8), we get the following condition for the studied transition i
the s- and p-paired states, respectively:

1=¢ > ot 0, s-pairin (3.14
coss, [14+ {*UScos' 6,17 pairing )

1=¢ 3 cos’ airin (3.1¢
cos, [sin” 6, + £*U2 cos’ 6,]'" e RS o

These equations are to be solved numerically. The smallest value of ¢ which leads to the nonzerot
solutions for U, in (3.14) and (3.15) is the searched for critical parameter.

In the next section we present the numerical solutions of (3.14) and (3.15). Having solved the ga
equations (2.19) and (2.21) we evaluate the dimensionless parameter pyw’ being the direct measure ¢
this critical substrate roughness in units of interatomic distance

4. Numerical results

The evolution of the critical value of the parameter ¢ with the film thickness is presented in fig. !
For the two considered types of potential (s-wave, p-wave) one observes the characteristic oscillator
behavior of { (fig. 1). This effect is strictly connected with the discrete spectrum of single-quasipartic
excitations and resembles the de Haas—van Alphen effect. The difference is that here we control th
number of the energy levels inside the Fermi sphere by the thickness of the film.

L 1 L e
100 200 300 ‘fMRZ d

Fig. 3. The envelopes of the oscillations presented in fig. 1, long range behavior; 1, s- and 2, p-pairing.
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On the long range scale the oscillatory amplitude of ¢{ is suppressed (fig. 3). The dashed line in fig. 1
represents the { oscillations in a system without the cutoff ansatz (eq. (2.9)). It seems impossible that
for some thicknesses there would exist the gapless superfluidity in the limit of perfectly smooth
boundaries ({ =0), i.e., a pair breaking mechanism in a system without impurities. That is why in this
simple mathematical model the cutoff operation is performed.

In order to draw the phase dlagram we have to solve the gap eqs. (2.19) and (2.21) with the critical
value of /.

Following standard methods we transform these equations into:

7.+ (5 -1 )m(1n32) -
7+ (0~ 1) {113 32 ) =

c

TIT
3561 L s ) . (4.1)

Al v wZow (((2n+1)TIT. 2 2 Son+1/27
((—178+{Ucos 0) +1)

A/A,
for the s-paired system, and
ln—TTL+< a2 —1)1n(1.13%)=
¢ “a/(ped) 2, sin’ 6, :
' T/T, in” 6 1
21 03564‘/4c B 2n+1)T/T, o 2 2 Sy +172”
0 n=0,v n=0
sin’ ((% 1.78 + { U cos’ Ou) + sin’ OV)
0

(4.2)
for the p-pairing.
Simultaneously with the gap equations, we solve the equations for U, where

“7"4("’) = (25 +Al)"T + {U( )cos 0, , (4.3)

and the renormalizing eqs. (2.18) and (2.20) have the form

@2n+ 1) TIT,
T 178+ LU () cos®6,
( ) 2 cos’ 6, ° : (4.4)
o ((—(2"+1)T/T°178+ U( ) 0)2+1>“2
A/A, ¢U\z)cos

2n+ 1)T/T
(—n——)———°178+§U(A>cos 0,

A/A
U(-w—)= >, cos’ 0, . = (4.5)
A/ Gee (((2;1+1)T/Tc P U( ) 0>2+ . 20)
A4, + cos sin” 6,

c

zero-temperature gap parameter, w, is the BCS cutoff parameter. In the numerical calculations we have
taken w, =100 T.. Figures 4 and 5 present the solution of eq. (4.1). The gap parameter for the

for s-pairing and p-pairing, respectively. Here T_ is the bulk critical temperature, A, the bulk
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Fig. 4. The energy gap as a function of the film thickness for Fig. 5. The envelope of the gap vs. film thickness depen
the s-paired state; here T=10.01 T_. dence in fig. 4; here also 7=0.01 7.
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Fig. 6. The energy gap as a function of p.d for the p-paired Fig. 7. The envelope of the graph A/A; vs. p.d in fig. 6;
state; 7=0.01T,. T=001T,.

p-paired state is plotted in figs. 6 and 7. The graphs of obtained solutions are similar to those in the
limit of perfectly smooth boundaries [17-19].

As a final result we plotted the phase diagram for the transition superfluid—gapless superfluid phase
figs. 8—11, where we used the formula

;wz _ (de)(‘ A { (4.6
A(,/p, 174’/(5) A” ’ -V,

Pes 1, 4, T. are bulk values.

5. Conclusions

As can be seen from figs. 8-11, there are characteristic oscillations of the critical roughnes:
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Fig. 8. The oscillations of the critical surface roughness
parameter (3.21), p-pairing; 7=0.01 T_.

Fig. 9. The envelope for the function in fig. 8; T=0.01 T
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Fig. 10. The critical surface roughness vs. film thickness,
s-pairing; 7=0.01 7.

Fig. 11. The envelope to the fig. 10; T=0.01 7.

parameter. The amplitude of these oscillations increases with the layer thickness for the triplet stat
(figs. 8 and 9) and remains almost unchanged for the singlet state (figs. 10 and 11). Note also that the
system with s-pairing is less sensitive to surface roughness than the p-paired one (compare figs. 9 anc
11).

The position of the lower envelope in p-wave, fig. 9, depends on our choice of cutoff operation anc
here is some room for discussion and a proper choice of the cutoff threshold in sin 6, (eq. (2.9)).

If we put no restrictions on sin 6, we would have the situation where for certain values of filn
thickness £ — 0.

Figures 8 and 10 resemble the typical characteristics of the de Haas—van Alphen effect.

The oscillations of ¢, fig. 3, are smaller for the s-pairing and their amplitude is decreasing faster witl
layer thickness than in the case of the p-pairing.

The main result of this work is that we can control the superfluid phase transition by changing th
film thickness and choosing a substrate.
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For very thin films, i.e., when v, < 10, the theory presented here should not be taken seriously, sin
in this range the model breaks down [18-20, 14].
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OSCILLATIONS OF CRITICAL PARAMETERS IN THIN

FILMS OF 3He
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In this paper we consider some aspects of thin films (pgkzdsgo)
3

of "He. d is the film's thickness and £y - the correlation length of
the Cooper pair. We investigate the influence of surface roughness
on the superfluid transition. It was suggested that in thin films of

He on a rough substrate there may exist a gapless superfluid phase1
due to a diffusive scattering at the boundary. The peculiar feature
of the gapless state is that we may have both an energy gap and a
nonzero density of states at the Fermi surface.

We consider the ABM phase which was found to be stable in thin
film in this thickness rangez. The boundary conditions imposed on a
single-particle wave function are

¥(x,y,d) + u(x,y)j%; W(x,y.2)|z=d =0, Y¥(xy,0) =0, (1)

Here u(x,y) represents height of the irregularities on the surface
liquid-solid and is a gaussian random function with a zero mean and
a 6-type correlation. The second of eqs. (1) means an infinite po-
tential wall at the othér boundary.

Following standard methods of the Abrikosov-Gorkov theory we
obtain the gap equation as a function of film thickness and degree
of surface roughness. Details of this derivation can be found else-

where3. Solving the gap equation for the parameter of the critical
surface roughness ¢ giving the transition to a nonzero density of
states at the Fermi surface, we arrive at
L
cos ev
1=7z

20 +r202cogte 1% )
cosev [sin 6V+c Uccos ev]

vwhere cosev=-eL , V being the number of one of the parallel Fermi
0

2md? 7%
circles, vg = 5 p| and u is the chemical potential. We look
™

for the smallest value of ¢ leading to a nonzero solution for U.
Figs. 1-4 present results of numerical calculations.
The final result is the phase diagram for the transition: su-

perfluid-gapless superfluid phase, Figs. 3 and 4, where we use the
formula

) 6
°F = (de) 2 4 (3)
Ap/u 24y5 Do !

© 1989 American Institute of Physics
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Fig. 3. The critical sur-
face roughness as a func-
tion of film thickness.

Fig. 4. The envelope of
oscillations in Fig. 3.

Here Pps My Ap and Tc are bulk values. p; w? is a direct measure of

the critical surface roughness in units of interatomic distance, w
denotes the average height of 'bumps'. Our calculations are perfor-

med for T =

0.01 T . Let us note that Fig. 3 resembles typical cha-

racteristics of the“de Haas - van Alphen effect. It is worth mentio-
ning in this context that this and other interesting effects also

appear in thin films of 3He in magnetic fields, and we plan to re-

port on it in near future.
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We study the problem of a thin film of neutral fermions in the presence of a
magnetic field and scattering on random, uncorrelated irregularities at the
boundaries of the film. An attractive interaction of s-wave type is assumed.
We solve the equation for the energy gap and demonstrate its dependence
on both the field and the scattering strength. The phase diagram is found.
There exists a critical point (T, H?). For temperatures below T the phase
transition is of the first order and of the second order above it. As expected,
the surface scattering significantly reduces the values of the critical field H.
and temperature Tc. The critical point changes its position with increasing
scattering rate but is not removed from the phase diagram until superfluidity
is destroyed.

PACS numbers: 67.50.Fi

1. Introduction

In this paper we describe the behavior of a thin film of a superfluid Fermi
liquid with s-wave pairing in magnetic field. We consider the film thickness range
pp! < d < &, where pp = (37%n)'/3 is the bulk Fermi momentum, n is the
bulk density and &, =~ 15 to 40 nm is the zero temperature coherence length, i.e.
de Broglie length of the Cooper pair. For this thickness range we deal with the
three-dimensional dynamics of unpaired fermions affected by the boundry condi-
tions and the two-dimensional behavior of the superfluid component. The field is

(47)
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assumed here to be strong, i.e. ugH ~ kpT. < p, where T is the critical tem-
perature of the normal-superfluid transition at zero field, ; denotes the chemical
potential, up is the Bohr magneton and kg is the Boltzmann’s constant. We dis-
cuss in detail the phase transitions due to the magnetic field including effects of
restricted geometry. These effects in superconductors were originally studied by
Maki and Tsuneto [1, 2] who found the change of the order of the superconducting
transition resulting from Pauli paramagnetism and its dependence on the concen-
tration of impurities. Also, there appeared a detailed theory of Fermi liquids in
a magnetic field by Jacak and Krzyzanowski [3]. They showed the dependence of
the critical parameters (critical magnetic field He, critical temperature 7¢) and
the order of the superfluid phase transition on Fermi liquid interactions between
quasiparticles.

The motivation for this work comes from a number of recent experimental
studies of various aspects of superfluidity in confined geometries [4-7]. The effect of
the substrate and its irregularities on properties of superfluid thin films is impor-
tant from both experimental [4-7] and theoretical [8-13] points of view. Our aim
was to investigate the influence of substrate’s roughness on the phase transition
in the s-paired superfluid. This system may be adequate to describe the expected
superfluidity of 2Ile in mixtures of 2Ile and *lle [14] (for some concentrations of
311e). The approach presented here may also serve as a guide in doing similar cal-
culations for anisotropic superfluids which are already investigated experimentally
[4-7] in the thickness range of about 100 nm, i.e. a little above the thickness limit
studied here. As far as we know, at present there are no experimental results for
a critical temperature of these 3Ile films in magnetic field.

In our analysis we neglect the Fermi liquid interactions between quasipar-
ticles and treat the system as a Fermi gas, expecting the interactions with the
substrate to be more significant in the thin film geometry.

2. Formulation of the problem

We use the model of a thin film proposed by Tesanovié¢ and Valls [13] which
takes into account the substrate’s roughness via-a random Gaussian height function

u(z,y):
(u(z,y)) =0, (1)
(u(z,y)u(z’,y')) = ws(z — z')6(y — ¥'). (2)

The parameter w describes the absolute magnitude of the irregularities. This de-
scription [13] is equivalent to the well-known Abrikosov and Gorkov [15] method
of studying superconductors with impurities. There is however one difference here.
The interaction with the substrate’s irregularities is introduced by suitable bound-
ary conditions [18] for the single-particle fermion wave function ¥ (z, y, dtu(z, y)) =
0, and ¥(z,y,0) = 0, which affect only the dynamics of the three-dimensional un-
paired fermions. As a consequence of the inequality w < d < &, we consider the
superfluid component as purely two-dimensional and do not impose any additional
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constraints on it. This means that the energy of one-particle excitations is renor-
malized as in Eq. (5), whereas the anomalous self-energy A is not directly changed
by the scattering at the boundaries. In other words we treat the particle-particle
interaction differently from the particle-hole interaction, as in the case of the time
reversal symmetry breaking perturbation or a spatial variation of the order pa-
rameter [19]. This situation causes the gapless behavior of the system [12, 19].

The boundary conditions written above lead to the quantization of the en-
ergy levels in the film. The Fermi sphere degenerates into a set of Fermi circles.
Further below we make use of v, the total number of Fermi circles below the
chemical potential and vy = [2md?u/72]'/2. v. is the nearest integer less than vq.
Refs. [8, 12, 13] contain a more detailed description of the problem.

In the equations below v = 1, ..., v, denotes one of the v, Fermi circles. We
begin by writing the Abrikosov—Gorkov equations [15] including the Pauli terms:

G,,(iw,,, P) = GOv(iwm p) + GOu(i‘-‘-’m P)A(I’)FJ(iwm P), (3)

FJ(iwn, p) = —G¥; (iwn, p) A (9) G\ (iwn, ), (4)

(the spin indices are suppressed here — they will be used elsewhere il confusion
might arise), completed by two self-consistent equations for the normal L, (iw,)
and anomalous A parts of the self-energy [12]:

. w? vm\?2 1 vr\? .
Z’,,(lw,,) == m (—J‘) 3‘ pzyl (T) GV'("“""H p)’ (5)
Al = 2T S L o0(6arb05 — 6asbpr)FL (wm, p) (6)
af— Z 5.‘70( ay8ps — Sasbpy) u»,o(‘wml’ .
Pwvn

Gov(iwn, p) is the normal Matsubara-Green function [3]:
Ggulaﬁ(iw,,,p) = [iwn — & — Ay — Z(iwn)]dap — h"a:;ﬁ, (7)

where & = (p?/2m) — pt, A, = (1/2m) (vr/d)?, wy is the Matsubara frequency,
the superscript "¢—"in Eq.(4) denotes the time inversion and S is the surface area
of the film. G, (iwy,, p) and F,(iwn,p) are the normal and anomalous superfluid
Matsubara-Green functions respectively, h = pug H, go — the bulk s-wave coupling
parameter. For each Fermi circle v we have a coupled set of equations (3), (4), (5)
and (6). Solving Eqs. (3) and (4) we find

G;l(iwm p) = [iwn — 5, (iwp) — &,(p) — iwy, — Eu(};n) +&(p) A2] i

_ (1 o _ﬁi) Bt (8)
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F}=1(iwn, p) =

% {liwn — Zu(iwn)] - E2(p) = A7 + B2 = 2[iwy — Zy(iwn)] Ko’ } (ey), (9)

where R? = (iwn — T, (iwn) + &€,(p))? — k%, &(p) = & + A,. After performing
summation over p in Eqgs. (5) and (6) we obtain

n? _1 .. p(n,v)
l:goNo;F—JTglz.J i'sm——i—, (10)

Uiwn) = ) cos® 0y 2|4 {[wn + U () cos?0, ] sin £02) )

cos @,
+sign(wn + I'U(iwy) cos? 8, )h cos @}’ (11)
where

2,3 = —ir'v(i 20 _ o w? g

y(iwn) = —iI'U(iwp) cos® 0, I' = v

v\? 1
cos2 0, = (_._> , =), 19
2] = {((wn + I'U(iwp) cos? 0, )* + A% — h?)?
2 S 9, 1213

+4h? [wy + I'U (iwy) cos? 0, | } , (13)
cos p(n,v) = |z,|™! {— [ + I'U(iwn) cos?6,]” — A2 + h?} , (14)

et /1+cos2¢(n,u), an ) | [Tmemplnn) )

No = (m/m)prSd is the bulk density of states at the Fermi surface. Equations (10)
and (11) contain all the required information about the superfluid film on a rough
substrate in magnetic field. The gap equation in zero field was found in Ref. [12].

3. The gap equation near the continuous phase transition

Assuming continuous change of the order parameter A we expand the gap
equation (10), or rather its form more convenient for this purpose:

1

_ 72, 1 1
L= 5T90N017r_3'§ (\ﬂia»,,(u) +h)2 - A? * V(i@n(v) — h)2 - Az) (16)
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in powers of A around A = 0;&,(v) is defined here as: @ (v) =w,+I'U(iwy,) cos? 8,
We also assume particle-hole symmetry and that surface imperfections do not spoil
this symmetry (see Appendix A). Thus, for small values of A we obtain

(5 D)4 8) ) (5 ) (64 o
where
(5 4)= (oo (14) ()

By
S|

:.‘
> gl ©
Tl
e
1

1 r 1 24 ©
Ve
<Re (11-{-5-}-,7,,) > 27!’7‘1/0 <RCCOS v "+2+Pu) > ) ,(19)
1 =2

( {<Re n+4— +p,, > <Rec0520,,(n+§+p,,) >

-4 -3

I' v, 4 1
<Rccos (n+ +p,,) >27r’1'u0 3<Recos 0, (n+§+p.,) >
-2 2 2
& Ve

<Rccos (n+ +l)u) > (m) (;o-) }, (20)

I'"cos®0, ih 1 P l/c(l/c + D(ve +1)
o= top )= Z( 303 2y

3
v
o

>

=}~

ey

N—
Il

3

> &)

v=1

¥(z) is the digamma function. T¢g is the critical temperature at zero field and in
the limit of ideally smooth boundaries, i.e. w = 0. It is given by

2wce? prd prd
= —_ ) =1 _). 22
Two - exp ( . Nado 1.13 we exp 0. Nabo (22)

wc is the energy cut-off parameter. It is easy to show the relation between T¢o and
Te, the critical temperature of the bulk liquid:

Teo prd wc
In—=(1- In({1.13+ ). 23
o ( Ve ! T. (23)
Equation (17) resembles the gap equation in the vicinity of the second order
phase transition for superconductors with impurities [2]. Let us note that when
the film thickness d increases to infinity or when the measure of the irregularities
on the surface w is vanishingly small, then

4 2
s w® g

T mazdi 0 0, (2)
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ih

Pl/_'p:mv

(25)

and the functions fy, fi and f, reach the same limits as for clean superconductors
in Ref. [1].

The critical field at the phase transition of second order is obtained from Eq.
(17) by setting A = 0. Then (17) becomes simplified:

ln%=—<new (%+py)—¢(%)>. (26)

4. The order of the phase transition

We find the free energy from the formula [15]:

F,—F,,:/OAdG> A2, (27)

where d (l) is determined by Egs. (16) and (17),

1 TV I h A 3 I h A3
d (3) = NOde (—fl (—7—: ’T) Ty + §f2 (T ,5:) W) dA. (28)

Performing integration in (27) we get

e |1 I h At 1 I' h AS

P o= 025 (20 (7 07) gy - 1 (7 1) @] €9
In the Landau and Liftshitz theory the change of the order of the phase transition
follows from the change of sign of the function f;. For f; > 0 the transition is of
second order, whereas for f; < 0 it is of first order. In the region where the phase
transition is of first order the gap equation has two solutions. Figure 1(a)-(d)
shows the phase diagrams for different values of I'" (see Appendix B). For I'' = 0
the coordinates of the critical point are T = 0.561 T¢o and hf = 0.610 Ag, where
Ag is the magnitude of the order parameter at zero field (h = 0) and in the limit
of smooth boundaries (I = 0). We investigate the influence of the substrate’s
irregularities on the critical point (T, h?), i.e. we find solution to the equation
fi = 0 for different values of I (see Eq. (19) and Appendix B). The diffuse
scattering significantly reduces both the critical field and temperature as can be
seen in Figs. 2 and 3. There is a critical value of I'!, I'! ~ 3.4 Ay above which
only the normal fluid can exist. Our numerical solution shows the existence of the
first order phase transition for all values I'" < 3.4 A,. The critical point is present
on the phase diagram until the superfluidity is destroyed by the surface scattering
(solid lines on Figs. 2 and 3).

Due to the quantization of energy levels, the coordinates T and h} of
the critical point are discontinuous functions of the film’s thickness. We illus-
trate this in Fig. 4. Hlere we use the parameter of the absolute surface roughness

Q
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piw?/(Ao/ ) which is a measure of surface irregularities in units of interatomic
distance:

I _ prw? mvive(ve + 1)(ve + 1)
Ao Ao/p 3(prd)® '
Figure 5 presents the trend of oscillations of the coordinates of the critical point.

Various aspects of size effects without magnetic field were studied previously |8,
12, 13]. Finally, we present the solution of the gap equation. We find the order

(30)

parameter as a function of magnetic field, Fig. 6, and temperature, Fig 7.

1'0 T T T T 1.0 T T T T
(a) (b)
08 08
h/bo h/b
06 06
A
04 : 04 ]
0.2 02
o.o 1 1 1 1 0-0
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 08 1.0
/T /T
1.0 T T T T 1.0 T T T T
(c) (d)
08 0.8
h/bo h/ho
06 06 |
04
0.2
L L 0.0 ﬁl L L L
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 08 1.0
T/To /T
Fig. 1. The phase diagram for: (a) I""/Ao = 0.0, (b) I""/Ao = 0.5, (c) I''/ Ao = 1.0,

(d) I'"/ Ao = 2.0. The lines AB and BC represent the supercooling field and overheating
field respectively. In the region ABC the gap equation has two solutions.
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0.0
00 05 10 15 20 25 30 35 40

Fig. 2. Critical temperature at zero field (broken line) and the temperature coordinate
of the critical point T) /Tco (solid line) as a function of the scattering rate I''/Ao.
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Fig. 3. The dependence of the critical field for the second order transition at 7' = 0
(broken line) and the magnetic field coordinate of the critical point k7 /Ao (solid line)
on the scattering rate I’/ A,.
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Fig. 4. Oscillations of (a) Tt /Tco and (b) he/Ao with changing thickness. The value
of the parameter of the absolute surface roughness [13] ptw?/(Ao/u) is set to 500.
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Fig. 5. The envelope of oscillations of (a) 72" /Tco and (b) he/Ao for prw?/(Ao/pn) =
500 (1), 1000 (2), 2000 (3).



56 G. Haran, L.S. Borkowski
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06 |
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Fig. 6. The energy gap as a function of magnetic field at T'= 0.2 T.o. The lines on the
graph represent (1) I''/ Ao = 0.0, (2) I''/ Ao = 0.5, (3) I''/ Ao = 1.0, (4) "'/ Ao = 2.0.
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Fig. 7. The energy gap as a function of reduced temperature at h = 0; (1) I''/ Ao = 0.0,
(2) I/ Ao = 0.5, (3) I/ Ao = 1.0, (4) I'"] Ao = 2.0.
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5. Conclusions

We have studied the phase transition from the s-paired superfluid to the
normal state in a thin film under the influence of a magnetic field and a surface
scattering. The interaction of the fluid with the substrate modifies the spectrum
of one-particle excitations (Eq. (5)), while the particle-particle correlations are
not directly changed. Although the influence of different perturbations on the
phase transition in superconductors was extensively studied in the past, we will
summarize some of those results and compare them with ours.

Maki and Tsuneto [1] showed that due to the Pauli paramagnetism the or-
der of the phase transition in magnetic field may change from second to first when
temperature decreases. lowever, in superconductors this behavior is possible only
in a very thin film [2] (d ~ 10A) due to a strong diamagnetism. When the system
is doped with magnetic impurities the critical point (77, h?) changes its position
on the phase diagram [1]. There exists a critical concentration of impurities that
makes the phase transition of only.the second order. The scattering on magnetic
impurities breaks the time reversal symmetry. As it was stressed before, we consider
the model in which the geometrical restrictions impose in Eq. (5), (6) asymmetry
analogous to the broken time reversal symmetry [15, 19]. We found a strong de-
pendence of the order of the phase transition on the scattering rate I''/ Ay, (Fig.
1). Nevertheless our numerical analysis shows the permanent existence of the first
order phase transition, (Figs. 2 and 3). In other words the point (7, h%) is not
removed from the phase diagram. This behavior of the critical point is similar to
its dependence on the strength of the Fermi liquid interaction [3], when this latter
is taken into account. It was pointed out by Jacak and Krzyzanowski [3] that there
is still a change of the phase transition order when the value of the dimensionless
Landau amplitude F§ is in the interval —1 < F§ < 1. This resemblance is not
surprising since the inclusion of scattering on substrate’s irregularities (Eq. (5))
corresponds to the definition of the Fermi interactions between quasi-particles [3,
15]. Our model is suitable for describing neutral s-paired systems. This kind of
superfluidity (if it is realized) in a thin film (d < 40 nm) could provide an op-
portunity to study the influence of spin paramagnetism and interaction with a
substrate on the phase transition.

In the case of a thin film of fermions with p-pairing interactions, e.g. super-
fluid 31e, these effects could be observable in a low magnetic field [20], H < 20 G,
and temperature much below the critical temperature 7T, [21, 22] due to the strong
orientational influence of the external magnetic field on the order parameter [22,
23].
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Appendix A. Particle-hole symmetry

We use the assumption that the reflections of particles from the surface do
not affect the particle-hole symmetry, i.e. the scattering does not convert the
particle excitations into hole excitations and vice versa. It means that we look for
solutions of the equation:

ot !
@n(v) = wp + I'cos? b, Z cos? 9,,:—“)"(—1/)——, (31)
cos b, [‘:)721(”’) + A?]%

which in the limit A — 0 becomes
@n(V)]a=0 = wn + I cos? 0, sign(@n(v)) = wn + I cos? 0, sign wy. (32)

The second equality is possible due to our assumption of the particle-hole symme-
try. The Andreev reflection [16, 17] which reverses character of excitations might
modify somewhat the results presented here.

Appendix B

To calculate the critical magnetic field for the continuous transition we
rewrite Eq. (26)

T 1 I'cos?0, ih 1
In s =~ <Re'z’ (5 t—r 2«7’) - (§)> (33)

in a form convenient for numerical analysis:

1 2 0 20.; 2
ln _‘7:_ = —i Z (n + 12 + pl cof ”)pl COZS + p22 ) (34)
Ve 43, (n+3)[(n+ 5+ prcos?ly) + 3]
where
'/ 4 h/ Ao
= 0.281, p2= 0.281. -
Al T/Tco e P2 T/Tco ( )

First we assign a value to the parameter of relative surface roughness I'"/Aq then
at a temperature 7'/T.o Eq. (34) is solved for a critical field h/Ag. This gives the
lower curve in Fig. 1. To obtain the overheating curve in Fig. 1 we look for the
highest h, at a given temperature, for which there exists a nonzero solution of the
gap equation (16). The following form of (16) is suitable for numerical treatment:

T 1 _1 . @(n,v) 1
In — =2n— |z | %sin - ) (36)
Teo Ve v§o 2 "z?_:o n+ ';‘

where
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2] = { [((2n+ )y + %’cos"’&,U(iwn))z - (%)2 + 1]2

2 , 2y 1/2
+4 (%) [(Qn + )+ % cos? ByU(iw,,)] } , (37)
; 2 2
cos p(n,v)=|z,|! {—- [(2n+l)r)+%cos2 0.,U(iw,,)] +(—Z—) —1} ,  (38)
n= Z//Q‘; 1.78. (39)

Equation (36) is solved together with a version of (11):

2 /]
U(iwn) = Z M { [(271 + 1)+ £ cos? OVU(iw,,)] sin f—(-%’—-lil

cosf, lz‘,ll/z 4
/
+sign ((211 + 1)+ % cos? 0,,U(iw,.)) % cos 99(7;’ V)} . (40)

The critical point is found from f; = 0. For this purpose we rewrite (19) in the
following way:

Iilpr,p2) = Z (n+ 3 +p1cos®0,)? — 3p3(n + § + py cos” 0./)>
n>0 [(n+ L+ p1cos?0,)? + P%]S

3¢ <<:os2 0, [(n 55 % + p1cos?0,)? — /’%] >}

(e + (v + %)/’l [(n+14p cos"’0,,)2]2 (“n

p1 and py are defined in (35). Equation (41) is solved together with Eq. (34).
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THE INFLUENCE OF VAN DER WAALS FORCES ON Te IN THIN FILM OF He3

G.Haran, L.Borkowski™, L.Jacak

Institute of Physics,Technical University of Wroclaw, Wroclaw, Poland,
“Physics Dept.,University of Florida, Gainesville, F1 32611, USA

Recently it has been reported that

transition temperature to superfluid

state of He® in thin film 4is highly affected by various types of substratum.

In this note we try to elucidate this

effect by the inclusion of the Van der

Waals forces into consideration . Though the model used is very simplified the

proper behaviour is found.

Recently Harrison et al ) have
reported that the transition temperature
to superfluid state of He® in thin film
is higly reduced from 1its bulk value.
This suppression decreases , however,
when the substrate 1is coated with a
monolayer of He#. Some authors suggested
(2) that the absorbed He# changes the
nature of scattering on substrate from
diffuse to specular. In the present
short note we intend to check up the
influence on transition temperature in
thin He> film of the Van der Waals
forces in the range of substratum .
This forces could be also wused as the
convenient model of various types of
substrata ( with inclusion of He“ atoms
coating too). Many authors describe this
forces via the Lenhard- Jones potential
(instead of the infinite potential wall
which models the surface of the thin
film). In order to check the tendency
only we simplify highly this model and
consider the potential well in the z
direction (perpendicular to the infinite
film) according to the formula:

V(z) = ( V>0 for 0<z<=a; 0 for a<z«d
and oo for z<=0 or z>=d }.

The one-particle energy attains then the
form: ee,v=fu+P2/2m, with pP=(pPx,pPy).

The spectrum fov was found numerically by
the use of the aquasiclassical methods.
It 1is clear that instead of the
homogeneous set of Fermi circles (as for
simple well, cf. (3)) we deal now with
similar crcle set but inhomogeneous one.
Note also that, rougly speaking, in the
vicinity of substratum we deal with
some mumber (which is dependent of well
parameters) of ‘"bound states" . This
states will influence the chemical

potential of He> thin film syste
There is easy also to calculate t
transition temperature to superfluid

- phase in such described thin film .

The gap equation has the form:

c Cc
T /TO_
08} A=S
06
0.4}
| NUA = 400
02
| | 1 | 1 1
0 100 200 300
de
Figure 1

Te versus the thickness of the film f
two types of Van der Waals forces
( A=2mVaz2/w 2 )

0921-4526/90/$03.50 (© 1990 — Elsevier Science Publishers B.V. (North-Holland)
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c sin?6. Ev
I = 3gmS/2wy [ de ----- tanh ----
v 0 Ev 2T

with

Ev = ( 92+A28‘in29v Jyrs2
sinBy = (1-fo/p)172,

where p is the chemical potential in
thin film for the same density of He3 as
in bulk; S is the area of the film; g
is the pairing constant;c is energetical
cut-off parameter.

For the transition
folowing formula holds:

temperature the

Te/TCo = exp((l~l/(Sw/(prd)EZsinzgv))*
In(2ce? /mT<s)),

where T, is the transition temperature
to superfluid state in the bulk and pe
is the Fermi radius in the bulk.

Ihe results for the transition
temperature Te in the thin film of He3
are presented in the Figs 1 and 2, for
several values of parameters for the

model potential. In calculations we have
assumed ¢/To¢ = 100 taking in mind
that the cut-off parameter in the thin
film can differ from its value in the
bulk. In the Fig.l we present the
decrease of Te with the decrease of the
film thicness. Note that the curve for
A+t (where A=2mVa?/n?) is similar to the
Te dependence for the substratum coated
with He# , while A-400 coincides better
with clean substratum. In the Fig.2 Te
is presented as the function of
parameter a which imitates the "radius"
of Van der Waals forces.

c/tC
T /TO_
0.8}
de = 3135
0.6
04}
0.2}
1 1 1 L 1 1 1
0 10 20 30 40
o/oo
Figure 2
Te versus parameters of the Van d

Waals forces ( 2mVao2=47?2 ).
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Abstract
The superfluid A phase of 3He in thin films is studied at
temperature T=0.A simple model of van der Waals interaction
between the superfluid and the substrate is proposed. The
influence of this interaction on the critical superflow for

film thicknesses d =< Eo is analyzed.
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1.Introduction

A remarkable progress in low temperature experimental

techniques has made possible studies of superfluid 3He
confined to lengths of the order of the coherence length ¥CTD
[1-5]. Almost all measurements focused on the maximal critical
current are carried out in a wide range of temperature,not
only near TC.Despite that,previous theoretical studies were
limited to the Ginzburg-Landau region only [9].Especially the
most recent experiments of Xu and Crooker [5] are beyond the
range of validity of theories presented so far.
In this communication we consider the superflow and the
effect of the substrate potential on superflow in the
opposite temperature 1limit T=0. This 1is the first of
the forthcomming microscopical studies of superfluidity in
thin films [185].

In their recent experiments ,Steel et al. [1,2] found strong
dependence of the transition temperature and the c¢ritical
superfluid current on the properties of the interface between
the superfluid and the solid. The presence of 4He adsorbed at
the substrate’s surface increased substantially TC and the
superflow which remained reduced however from their bulk
values. Apparently the adsorbed 4He reduces pairbreaking at

the interface and changes the character of scattering from



strongly diffuse to specular.In addition the van der Waals
interaction of 3He quasiparticles with the substrate is
changed [14]1.The superfluid system is isoclated by 4He
atoms from the adsorbent.

The latter effect is studied in this letter.
Following our former report [B] we use a potential step
to simulate the Lennard-Jones potential in a film of
thickness d

VCzd={ V>0 for 0O<z=a

O for a<z<d oo for z<O0 or z2>2d>, c1>

> >

a and V are substrate-dependent parameters

This perturbation allows for a drastic change of the single
particle energy spectrum compared with the case of the
infinite potential well usually used for thin films
[8,10).Instead of the ordinary homogenous set of Fermi
circles we have unequally-spaced energy levels characterized

by the single particle energy spectrum [6]:

e =f+ 2 =)

where m 1is the 3He atomic mass,p 1is a two-dimensional



momentum and f‘,L Ci=1,2,...,vc) is a discrete energy spectrum
of the potential well VCz).The number of Fermi circles is
denoted by L2=integeero),where L is related to the Fermi

energy M : fv = u. For further details see [8,101].
]

2.Basic relations

Symmetry considerations vield the form of the order

parameter A for the A phase in two dimensions [9]:

[

A=c32% Ap + iAp Do io , ¢
1 x 2"y 3 2

where o£(i=1,8,3) — are Pauli matrices.
Taking the energy spectrum {ept} as a set of one particle
Matsubara-Green function’s poles and after following standard

methods [5,8] ,the gap equation in the presence of the

superfluid flow v is obtained:



v w n/e

c 2
_ T 2 d¢ cos ¢ + -
A1—3gNod—p A 2 sin8, J‘ de j -~ E [tgh(E,L/aT)+tgh(Ei/2T)] .
(o] . L
i=1 O O
C4
v w /e
2 i 2 d¢ sin2¢ + -
A2—3gNoa—E— A, z sin"8, j de f - & [t,gh (E_L/BT)+tgh (E,L/ET)] ;
(o] . 1
i=1 O O
s

where
2 3,2 2 2 2 2 vz
Eiz(g + é-(:A’.o::os ¢ + Azsin @POsin Si.) 5

ET(_)= E +C-Ovp sin® cos¢ , si nzs, =1 - E«. .

i i f v i M

T is a temperature, No represents the bulk density of states
at the Fermi surface, P, denotes the Fermi momentum and g,w
are the bulk coupling constant and the energetical cut-off
parameter respectively. Pe is the two—-dimensional Fermi
momentum [6] determined by the three-dimensional Fermi
moment um Py

v

L]
3 2 1/2
p,= (@p2d C 3n231 n*s.) : €6

i=1



Standard methods [7] of calculating the superfluid current j
-]

lead to
12"
C
J_=3rH ™ n* % (vp _ Loy 2 sin®, C7d
s o dp s i
o d X
L=41
w a2
de . i
x fds f — cos¢[t,gh (E_L/BT) -t gh (EIL/F_.’T)]) "
O -n-2

2

1 l)<: > 1/
where sd=(p-—°d—ZSin 9. ) )
i=4

Free energy of the superfluid state relative to the normal

state is found by appropriate integration [7] of equations

4> and (B5).Unfortunately,cumbersome numerical evaluations

are required in order to solve all these equations.The

problem is much simpler in the limit T=O.

At temperature T=0 the gap equation (4),(5) reduces to a

convenient form for further numerical calculations



v w w

A ¢ A cosz¢
[ ‘] = 3gN —1 zsinzs, I dé fds[ - ]
A o 8p, v f® A_sin®g
2 i=1 0 O 2
1
x E[ 1 + @CE,L—vpfsinS,Lcos¢) = @Cvpfsinsicoszp = Ei.)] > c8d
1

The superflow is now :

12 2 12,2
JE,:C 281 1/<ssdnz/s [vpr-—EC vp,~C1.5) 1/2A1) ca-3>"7" "¢ fo) 32> A1

cachf>2/3 + A: - Af)‘/z‘

o
and the free energy AF at T=0 is given by:
o Cvp f32—1 . SAf
A F =[Vp (ve,~ECvp, —C1.8>7""A D )
et f L ccvpdZ+l . BA%-1 . BATH Y2
& 2 1
-~ O.75CA2+A2)]><O. SgN _ns” ,
1 2 (o] d
C10D



3.Results

The solution of the gap equation (8) at T=0 is presented in
Fig.1.It should be emphasized that this diagram is universal
for every film thickness and potential V(zD. All information
about the real film parameters (i.e.thickness and potentiald
enters this relation through A0=ACv=O,T=O) and P, (B). We find
two superfluid phases
the A-like phase CA1>O, A8>OD and the Polar-like phase CA1=O).
The first order transition between these two phases takes
place at VP 1.O7A0 (Fig.2).It can be seen from the Fig.1
that the relation between the order parameter CAi’A2) and the
superfluid velocity v in a thin film is very similar to that
of the bulk B phase [7].

The superflow as a function of superfluid wvelocity v is
obtained from (9) and shown in Fig.3.Here we introduced a
quantity A_=s A_,whereas n=p2/3rt2 is a total S He bulk
density. This diagram is also invariant to the changes of both
the thickness of the film and the potential VC(z).

Taking into account the phase transition C(Fig.2) and
superflow drawn in Fig.3 we can determine the critical

Ci.e.maximald superflow jsc at T=0 as Jsc=jszpf=1.07Ao).


Fig.l.It
CFig.2D.lt

The resulting superfluid current which is given by the
formula:

J_. =c3.8m" GABnZ/ = €11d
is presented for a wide range of film thicknesses in Fig.4.1It
is easy to notice that the potential V(z) simulating the van
der Waals field of a substrate substantially changes values
of superfluid currents.Not only the field but mainly finite
dimensions depress superfluidity. There is a critical
thickness of the film at which the superflow vanishes. This
critical value depends on the potential V(z).We can conclude
that this study proves that the superflow is strongly reduced
by a van der Waals field.

To give our results some experimental background we present
in Fig.5 the results of measurements of Steel et al.These
experiments compare the 3He superfluid flow rates in a film
covering a substrate with a layer of 4He adsorbed at the
interface with those on a bare metallic surface.There is a
qualitative agreement of our calculations with the
experimental results.However,due to not compatible defini-
tions of flow rates and slightly different temperature range

a direct comparison is not possible yet.Several measurements



of supeflows on various surfaces carried out by Harrison et
al.[1,2] resulted in a statement that small critical currents
support other evidence for an alternate dissipation mechanism
that comes in before pair-breaking [1].We suggest that the
interaction considered in this communication may be a
candidate for such a mechanism.

We have discussed a very simple model of a thin film. The
assumption of a constant film thickness led us to the
one di mensional quantum well approximation for this
system. The van der Waals-like field was also chosen as a
uniform function of the distance from the adsorbent.It is
obvious that in real systems these assumptions do not hold
and as a result the density of 3He atoms changes when
approaching the substrate’s surface.This implies that the
phase transition from the normal to the superfluid state
does not occur immediately in a whole sample but appears
progressively in different regions of a film.This effect
should be taken 1into account by considering additional
interfaces between phases.However our studies are mainly
devoted to films of thickness equal or smaller than the
zero—temperature coherence length Eo and in this 1limit the

complications mentioned above are not relevant.In so chosen

10
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geometrical regime the two-dimensional superfluid phases
should occur.It was shown by Brusov and Popov [12] that there
are two degenerate phases :A- and B-like which minimize the
free energy,but the A-like phase is stabilized by a superflow
[11] and there is no need to consider the B-like phase as far
as the determination of a critical superflow is concerned.

Although our model is quite simple we have obtained the
results consistent with available experimental data.

Finally we would like to add ,that due to the orientational
effects [13], films with thickness of a several Eo can also

be analyzed within this model.
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5.Figure captions

Fig.1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig.B.

The order parameter at T=0 as a function of superfluid
velocity v for the A-like phase (the solid lined:

AZ* the longitudinal,Ai— the transversal amplitudes

and for the polar-like phase Cthe dashed lineD.

The free energy at T=0 of the A-like phase (the sol
lined and the polar-like phase C(the dashed line) versus
superfluid velocity wv.

The superflow Je at T=0 as a function of superflu
velocity v for the A-like phase C(the solid line) and the
polar—-like phase (the dashed line)D.

The critical suprflow jac at T=0 as a function of film
thickness for five different potentials

1> V°=O.1 ,d a=100

cad V°=O.S »d a=100

3D V°=1O »d a=100

c4> V°=50 , d7a=50

CBD V°=SO ,d a=10

where

V°=8mVa2/n2. and d is the maximum thickness.

A: is the bulk gap at T=O0.

Flow rate versus film thickness for pure 3He Cthe bla
symbols) and with 4He monolayer C(the white symbol

measured by Steel et al [2].
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ABSTRACT

Two-dimensional superfluid states of 3He are studied
within a microscopic model, including effects of a
substrate potential and the superflow. The energetical
stability of these states 1is analyzed. The phase
transition temperature and the critical superflow are
found and compared to experiment. The effect of

substrate coating with 4He is discussed.



1. INTRODUCTION

Recent progress 1in experimental 1low temperature
techniques during the last few years allowed several
groups [1-7] to obtain superfluid 3He in confined
geometries. They reported existence of superfluid
currents in thin films with thickness d approaching the
zero-temperature coherence length EOE 65nm (at P=0 bar)
[1-7]. Although experimental efforts focused on
determination of the superfluid density and the critical
temperature Tz of the superfluid transition, the
theoretical description of these phenomena is still not
sufficient. There are studies by Fetter and Ullah [8]
and Jacobsen and Smith [9] in which the superflow is
calculated, but in the Ginzburg-Landau regime only. Some
experiments are carried out in a different temperature
limit [2] and it is not possible to compare them with
these theoretical predictions. In this paper
the superfluidity is studied within the microscopical
theory and results obtained are valid for all
temperatures. As it was mentioned in our first paper
[10] for the T=0 1limit, our aim is to investigate the
influence of the substrate potential on the superfluid
state. One of the experimental groups [1,4,5] reported
that both the superflow and the critical temperature
strongly depend on the kind of substrate. These two
quantities are considerably enhanced when the adsorbent

is coated with 4He. Freeman et al.[B] suggested that 4He



atoms smooth out the substrate irregularities and change
the scattering of 3He quasiparticles off the wall from
diffuse to specular. In our work we want to describe
another effect caused by covering the substrate with

4He. We suggest that not only the kind of substrate

scattering but also the interaction of 3He
quasiparticles with the substrate through the van der
Waals forces is weakened by isolating layers of 4He.
Using a simple model with a substrate potential we find
the measurable quantities like the maximal superflow jsc
and the «critical temperature Tz . We study the
two-dimensional states. Therefore our results are
correct for films not thicker than Eo’ a little thinner
than those experimentally accessible now. However as it
is explained further in the text, our analysis may also
be relevant for films with thickness d of the order of
the temperature dependent coherence 1length €&(T),
especially at low temperatures which is the 1limit not
covered in a literature so far. The other thickness
limit for this model is d » po_a where p0=(3112n)1/3

the bulk Fermi momentum and n is the bulk density of
3He. This condition ensures that the interactions
between quasiparticles are almost the same as for

the bulk system.

In this paper we use the atomic units h=kB=1.



2. MODEL

We discuss a thin film of a constant thickness d.
The z-axis 1is chosen orthogonal to the film surface.
This system is approximated by the infinite potential

well [11]

0 for 0<z<d
V1(2)= (2.1)
0 for z=0 or z=d

In order to study the influence of the substrate forces
on the adsorbed fluid we add the van der Waals-like

field [12]

\' for O=z=a
V2(2)= (2.2)
0 for z<0 or z>a ,

where V and a are the amplitude and the range of the
potential respectively.
The potential modelling the thin film is a superposition

of V and V_:
1 2

v(z) = Vl(z) + Vz(z) . (2.3)

This simple potential takes the repulsive part of the
substrate field into account, whereas the almost flat
long range attractive part is approximated by the bottom
of the well. This approximation is consistent with
potentials calculated by means of variational methods
[13,14] and based on the well known Lennard-Jones or

Azis formulas. As it was shown by Krotscheck et al. [13]



4He layers isolate 3He from the substrate and displace
it to the region of a weaker potential. The point in our
approximation is to simulate by a step potential the
effect of coating the substrate with 4He. Different
values of the potential Vz(z) correspond to different
4He coverages of the surface. It should be added that
potentials calculated in [13,14] have rather intricate
oscillatory shape and lead to existence of some surface
states. Fortunately we deal with films of thickness much
larger than the interatomic distance (d » po_l) and the
number of states substantially exceeds this very limited
number of bound states. That is we can neglect the
surface states in a macroscopic effect like
superfluidity . The potential V(z) may be treated as the
simplified effective mean field acting on the
superfluid.

Simple considerations show that the only parameters,
which characterize the quasiparticle energy spectrum
are d/a and V/u, where p is the chemical potential of
the system. In Figs.1l and 2 we show the single particle
energy spectrum €, for such a potential and its
dependence on the above parameters for fixed p. From now
on this field will be given by two dimensionless
parameters d/a and va®.

The energy spectrum of that system is :

2

. _
sv(p) =s-*tE, v 1,...,vC , (2.4)



where vc=max{ vie =p } s p=(px,py) is the
two-dimensional momentum and m is the mass of 3He atom.
The Fermi momentum of the quantum state number v is

beie . The inclusion of

stinGv , where sinﬁv=( 1- €,/ )
the potential V2(z) makes the energy levels unequally

spaced.

For a given density n, the two-dimensional Fermi

momentum P and the bulk Fermi momentum p0=(23112n)1/3 are
connected by :
v 1/2
c 5 -1
P, = po[ 2p0d[ 3n z sin o, ] ] : (2.5)
v=1

3. FORMALISM

We introduce the Matsubara-Green function for
noninteracting system of fermions in a thin film

[11,15]:
-1
?ou(iwn,p) = [ iwn - cv(p) + ] - (3.1)

where wn=(2n+1)nT and ev(p) is defined by Eq. (2.4).

The Green functions ?v(iwn,p) and 9v(iw ,p) for a
n

superfluid state are determined by Abrikosov-Gorkov

equations [16]:



. B . . +,
?v(lwn,p) = ?Ov(lwn,p)+§ov(1wn,p)Au(p)?v (1wn,p), (3.2)
7 *(iv ,p) = - § “(iw,p)A " (p)§ (iw,p) . (3.3)
p Pl = op 19 P8, 1PIT,LI0LPI ’

The order parameter Av(p) is found from the following

self-consistent gap equation :

+ ~on + .
Av (p) = -T }:: Vm)1 [ P, P, ]?vl(lwn,pl) , (3.4)

PI»V1,D

where

S _ 3 N .
Vvv [ P, P, ] = zg[ pp1s1nﬂvs1nﬁv ks cosﬂvcosﬂv ]x
1 aBy3S 1 1

[aayaﬁé + 6&6637] (3.5)

is the p-pairing interaction for thin films [11,15],
g is the bulk coupling constant, the superscript ’-’ in
Eq. (3.3) denotes the time inversion.

The presence of a superflow in a system is introduced
by a Galilean transformation [17, 18]

Pp—p+mv, (3.6)
where v is a superfluid velocity and is assumed to be
independent of spatial coordinates. With accuracy to
linear terms in v , which is consistent with the

assumption that v « pF/m , this transformation implies

a shift of Matsubara frequencies :



iv — iw - vp . (3.7)
n n
Since we have restricted our considerations to films of
thickness dSEo , the order parameter Av(p) is not
a function of z and superfluidity is two-dimensional.
The order parameter will be discussed more thoroughly

further in the paper.

4. TRANSITION TEMPERATURE

The superfluid transition temperature TZ [12] is

obtained from Egs. (3.2)-(3.4)

v
c -1
[ 1 - 2pd [31: ZSinzﬁv] ]
TcF ZwCe7 v=1
_ = — (4.1)
T nT
c c ,

where Ti is the bulk critical temperature and A is the
energy cut-off parameter . In calculations we have
assumed wC/TCB = 100 according to appropriate BCS
relations. W, should be interpreted as the limit upper
value of definite quasiparticle excitations in a system.

The critical temperature Tz as a function of
film thickness for some values of potential V(z) is
shown in Fig.3. There is a qualitative agreement between
presented relations and the experimental results [2,3].
As it is seen from Fig.3, the van der Waals field

substantially reduces Tz . This is consistent with the



experimental results of Harrison et al. [1,4], when
different 4He coverages of the surface correspond to
different values of the potential V(z). However, it is
not possible to fit the measured transition temperature
as a function of thickness with a simple V(z)
field. The small jumps in theoretically calculated Tz
(see Fig.3) are due to quantum size effects. The
similar behavior of measured Tz [2,3] is of the same
origin, however in some cases it can be associated to

experimental errors.

5. SUPERFLUID PHASES

Now we turn our attention to the order parameter
Av(p) . Note that both the angular momentum L and the
spin S of a pair of quasiparticles are unit vectors. The
order parameter Av(p) is represented by the spherical
tensors |J,m) [19] with J denoting the total angular
momentum of a Cooper pair and m its projection on the
z-axis. It 1is obvious that for the two-dimensional
momentum p the angular momentum projection mL attains
only two values m = +*1 and simple considerations lead to
the representation of Av(p) by six spherical tensors

|J,m> g



A, (p) = A sinﬁv[ a0,0|0,0) + a1’0|1,0) + a1’1|1,1) +
al’_1|1,—1) + a2’2|2,2) - az,_2|2,—2) ] . (5:1)

The order parameter for a p-paired system Iis

conventionally defined as [20]
Av(p) = A( d(p,v)e )1a§ , (5.2)

where o =( o ,0 ,0 ) are Pauli matrices.
X y z

The vector d(p,v) is represented by a tensor dij [20]
di(p,v) = dijpjs1nﬁv . (5.3)

Using the explicit form of the tensor |J,m) we can write

d =—a & +—a 8§ 8§ -8 38, +
ij ‘/:-; 0,0 ij \/i 1,0 iy jx ix jy

—a [ 3 - id ][ 8 - id8. ] . (5.4)
2 2,-2 ix iy jx jy

This general form of the tensor dij can also be obtained
by setting pz=0 in d(p) for a three-dimensional

superfluid [21].



The gap equation (3.4) can be written in a convenient

form [19]

dij;)jtriio*y = T;‘l‘dm;;akmy , (5.5)
where T is the operator acting on the right side of
Eq. (3.4) , the upper and lower indices refer to spin and
orbital degrees of freedom respectively. In absence of a
magnetic field the tensor T;? is independent of spin

indices :
ka1 8 . (5.8)

j1 jl ik

Then the gap equation (5.5) reduces to :
d p =T .d p . (5.7)

We obtain two main unitary phases which are invariants
of the Eq. (5.7) -

the two-dimensional A phase (2-A)

(5.8)
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and the two-dimensional B phase (2-B)

( Lao B, ==, oajx]aiy . (5.9)
v3 v2

It is convenient to transform these tensors and write

the order parameter as :

0o o
a= [ 2. (5.10)

A iA

1 2

Av(p)= V1.5 51nﬁv[ A1px + 1A2py ]0;10& (5.11)

for the 2-A state and

A -A)
1 2
a= | % =S, (5.12)
o o

Av(p)= V1.5 sino [A1§x~ Azf)y]O'; :A25x+ Alf)y] o icry
(5.13)
for the 2-B state.
The amplitudes A1’A2 are determined by the gap equation
(3.4) and usually are different for each phase. The
above phases (5.10)-(5.13) are generalization to

the case with broken rotational symmetry of

11



two-dimensional phases obtained by Brusov and Popov
[22]. The superflow in the plane of the film breaks the
symmetry of the system with respect to rotations about
the z-axis. However, each phase corresponds to
a different quantum number m ( the z-component of the
total angular momentum ), namely the 2-A phase
corresponds to m=1 whereas the 2-B one is associated
with m=0, as in the case of an unbroken rotational
symmetry. The first of these phases may be also
interpreted as the bulk phase in a proximity of the
substrate surface with the angular momentum vector 1
orthogonal to the surface plane [20,23,24]. That is
the superfluid state in films with thickness d = &(T)
is approximated at low temperature by the
two-dimensional A phase (5.10)-(5.11). Also the bulk
B phase, due to the orientational wall effects, can be
thought of as the two-dimensional B phase (5.12)-(5.13)
in a proximity of the surface [25].

It was proved [22] that the 2-A and the 2-B phases
are degenerate and stable when there is no flow in the
system. The problem of a superfluid current in the
Ginzburg-Landau regime for thicker films (d>£(T)), where
the bulk phases occur, was studied by Fetter and Ullah
[8].

Next we present results of the microscopical theory

for two-dimensional superfluids.
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6. THE TWO-DIMENSIONAL A PHASE

The gap equation (3.4) for the 2-A phase is :

v w m/2 .
- -
2 E E
_ T ; .. 2 d¢ cos ¢ 1% 1%
A1—3gNo 5;3 A1 sin 6vjde[ - Ev [tgh 5T + tgh—éT—],
v=1 0 0
(6.1)
v w /2 . _
2 E E
_ 4 .. 2 d¢ sin ¢ v v
A2—3gNO 5;3 Azg sin ﬁu[de[ - EU [tgh 5T + tgh_ET_]’
V=1 0
(6.2)
1/2
where E =| &%+ E[A 2cosz¢ + A 2sin2¢]sin2'8 , (6.3)
v 211 2 1%
+
E, =E, + vp sino cos¢ . (6.4)

Solution to Egs.(6.1) and (6.2) was found numerically
and is presented for some temperatures in Fig.4a-c. The
superfluid gap function for finite flow has two
nondegenerate components : the component A2
perpendicular to the flow is enhanced , the component A1
parallel to the flow is supressed. There is a phase
transition from the 2-A phase (A1¢0 and A2¢O) to
the two-dimensional polar phase (A1=O), which is
only a special case of the 2-A state (5.10)-(5.11). For

sufficiently low temperatures this transition is of the

first order and can be determined by calculating the

13



free energy FsA(A1’A2) . Let us remark that the gap

function plays the role of the order parameter in the

system, and the gap equations (6.1)-(6.2) are understood

as stationary type conditions of the free energy
a

A . A _
FS (Al’Az)' That is gles (Al,Az)—O and

a A _ SO .
EKéFs (A1’A2)_0 coincide with the Egs.(6.1) and (6.2)

respectively. Hence, the free energy P;A(Al,Az) of the
system can be obtained [17] by integrating the gap
equations. If we write the Eq.(6.1) as f1(A1’A2)=0 and
the Eq.(6.2) as fz(A1’A2)=o then the free energy

FAa ,A) is:
S 1 2

A A
1 2
A - ’ ’ ’ >
FS (Al,Az)—FN—Jfl(Al,AZ)dA1+ J.f‘z(O,Az)dA2 : (6.5)
0 0

where FN is the free energy of the normal phase. From

Eq. (6.5) we obtain :

v w Tm/2

[o] C
A L n d¢ 2 2 2 . 2
Fs (A1’A2) FN—BgNo BEEE:: IdeJ—E— [Alcos ¢ + A281n ¢]
v=1 3 o
E’ E "
% S sin 9 |tgh LAY tgh——z— .
Ev 2T 2L
. B (6.86)
E E
21 In(cosh—2—) + In(cosh—o—) -
3 2T 21

(e+vas1nﬂvcos¢))

5T - 1In(cosh

In(cosh

(e-vp_sin® cos¢)
F—>T v )]
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For the two-dimensional polar phase (2-P) we have :
F.P(a)=F *(a=0,a) . (6.7)
s 2" s 1 2

Phase diagrams calculated from Egs. (6.6) and (6.7) are
shown in Fig.ba-c. The transition from the
two-dimensional A phase to the normal state is always
through the two-dimensional polar phase.

Finally we determine the superflow js [17,18]:
j=-=T —ﬁ—(p + mv) ?v(lwn,P) , (6.8)

where v is the volume of the sample.

After straightforward algebraic evaluations we find :

1 2/3 o 2 ke
J= ~ P N b T {pod z sin 0U/Bn] X
(3n°)
v=1
v w m/2 _
Cc (o] E+ E
sine |de|-22 cos¢ltgh—2— - tgh—"— (6.9)
v T T &1 || - :
v= 0 0

This equation allows to draw the superflow js as a
function of superfluid velocity v (see Fig.6a-c)

Comparing superflows with phase diagrams (Fig.5) we
conclude that the maximal superflow Jsc is attained in
the 2-A phase . Now it is easy to find the relation

between the critical superflow Jsc and the temperature.
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This function is plotted for different values of
potential V(z) in Fig.7a and for a constant potential
and varying film thickness in Fig.7b. As could be
expected the superflow jg: changes substantially with
variations of the substrate field.

Before the eventual comparison of the theoretical
results with experimental data, we will discuss the

properties of the 2-B phase.

7. THE TWO-DIMENSIONAL B PHASE

The gap equation (3.4) for the 2-B phase is :

Al T AI
A3, 53| alX
2 0 2
v, W n/2 .
2 E E_
.2 d¢ cos ¢ v v
E sin‘s de = Eu [tgh 7 * tgh—éT—], (7.1)
V=1 0 0
1]_ T 1
= 3gNO p_d X
2 0 2
vc W /2 .
2 E E
. 2 d¢ sin ¢ v v
E sin’s |de|— E) [tgh 57— * tgh~§T—], (7.2)
v=t 0 0
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where E=| € + g[A 24 z]sinzﬂ , (7.3)
v 211 2 v

+
and E; is defined by Eq. (6.4).

Because this set of equations 1is invariant to the

transformation A1 s A2 , the only quantity we can
determine is A25A3+Az - it is presented for five
different temperatures in Fig.8 3 A has the

interpretation of the magnitude of the order parameter
for the 2-B phase .
The methods described in section 5 1lead to the

formula for free energy :

=~ f° A%sin®s
FSB(A)—FN= 3gNOLd§ de % L
po v=1 2Ev
T 0 0
E; E
[tgh 5T + tgh 5T ] =
+ _ (7.4)
E E
29 In(cosh—2—) + 1n(cosh—2—) -
3 2T 5T
ln(cosh(8+vaS;¥ﬁvcos¢)) _ 1n(cosh(e—vas;¥ﬁvcos¢))]

The superflow js (6.8) 1is given by the Eq.(6.9)
with Ev from Eq.(7.3) . From Egs.(6.9),(7.3) and (7.4)
we see that the superflow js and the free energy FgB(A)
depend on the gap magnitude A only . Comparing Eq. (6.6)

with Eq.(7.4) one  gets FEA(V=0)=FSB(V=0) since

1/



at v=0 in both phases A1= A2 for symmetry reasons. The
degeneracy of these phases is consistent with results of
Brusov and Popov [22]. In the presence of a superflow
the numerical calculations show the stability of the 2-A
phase against the 2-B phase. We present this result for
the temperature T=0.7T§ in Fig.9 . To complete this
analysis the superflow js for the two-dimensional

B phase is drawn in Fig.10 .

8. COMPARISON TO EXPERIMENT

In this chapter we compare our results with the
experimental data [1-7]. We calculate the critical
superflows for films with thicknesses and transition
temperatures measured by Daunt et al. [5]. We fit the
potential V(z) (2.3) in order to reproduce the measured
transition temperature TZ for a given film. This
procedure is single-valued. Next we find the critical
superflow jsc as a function of temperature. The obtained
results are drawn in Fig.11. The values of jsc in our
model are almost an order of magnitude higher than the
measured ones [5]. Nevertheless we have got a

characteristic temperature dependence of the superflow :

372
. 1L
JSC“ [ 1_ —— ] ) (8. 1)

which is consistent with the experimental results [3,5].
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This relation holds for temperatures from T = O.ZTE to
T = TE , that 1is almost in the entire range of
temperature (see Fig.11).

Next we calculate the critical superflows for films
investigated by Xu and Crooker [2]. In Fig.12 we draw
the superfluid densities as a function of reduced
temperature T/TE ; They are described by the
universal curve (see Fig.12). The superfluid density
Pec is an order of magnitude higher than those measured
by Xu and Crooker [2]. The conclusion is that there is
a different mechanism responsible for a strong
suppresion of the superflow in a thin film. However, the
influence of the isolating 4He layers on Tz [1,4] and
jsc [1,4,6,7] can be partially explained by a change of
a substrate field (see Figs.3 and 7a). Since the
presented microscopical model is quite general, other
kinds of potential V(z) can not change the functions
drawn in Figs.11 and 12 significantly. A potential
influences the results through the energy spectrum €,
(2.4). To reproduce a transition temperature TE
appropriate to the experiment, each kind of potential
has to give nearly the same set of energies €, (4.1) and
can not change the results. For this reason we do not

discuss the applicability of used potentials, even more

realistic ones must give almost the same results.
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9. CONCLUSION

We have considered three superfluid two-dimensional
states of 3He in a presence of a superflow. The
two-dimensional A state 1is stabilized against the
two-dimensional B state by the superflow (Fig.9). There
is a phase transition from the 2-A state to the 2-P
state when the superfluid velocity increases (Fig.5).
The maximal superflow Jsc is achieved in the 2-A state.
For a wide range of temperature jsc is described by the
power law (8.1), which is consistent with the
theoretical results of Jacobsen and Smith [9] and
Fetter and Ullah [8] in the Ginzburg-Landau limit. Our
theoretical results are about an order of magnitude
higher than the experimental ones. We have tried to
explain the lowered superfluidity by the interaction of
3He quasiparticles with the van der Waals-like field of
the adsorbent. Whereas the effect of coating a substrate
with 4He [1,4,6,7] can be partially explained by this
model, the measured superflow values can not be
obtained. In experiments [1-7] the onset of dissipation
occurs at relatively low superflows.This effect may be
due to a very complex structure of a substrate, for
instance the large scale irregularities may cause the
thinning effect of a film and lower the current. There
are always uncertainities surrounding geometric
characterization in these experiments. Some measurements

[1,4,5] are performed in the u-tube geometry of the
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film-flow apparatus. Xu and Crooker [2] estimate that
about the equivalent of 100A thick film is contained in
the scratches. This is also supported by the suggestion
in [4], that the main influence of the substrate, rough
or smooth, seems to be its influence on the film
thickness. An additional mechanism limiting the
critical current may be due to a vortex creation and
motion [4,7]. This effect is expected to be strongly
dependent on the substrate structure [26].

We have used several approximations in our method.
The superfluid velocity v and the order parameter are
assumed uniform in space [18]. Moreover, the gap
function is two-dimensional so the model is applicable
rather to films with thickness d = Eo. We do not include
the Fermi liquid forces, because we do not expect them
to play a significant role compared to the influence of
a substrate. As far as we know, there is no well-defined
Fermi 1liquid interaction in a proximity of a solid
surface. It should be added that the density of an
adsorbed 3He film is a function of a distance from the
substrate and in general is not constant, as it was
assumed in our paper. These corrections to the model
certainly will change the results. However, we do not
believe them to influence the calculated quantities
substantially.

The theory presented here can be applied to thin

films with more realistic and more complex potential of

21



the substrate. This can be done by a suitable choice
of the energy spectrum €, (2.4).

In the following paper we analyze the effect of
surface roughness on superflow and stability of the

superfluid states studied in this paper.
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FIGURE CAPTIONS

Fig.1

Fig.2

Fig.3

The single particle energy spectrum for d/a = 2
and 1. 2mVa’= 90000m° , 2. 2mVa’= 10000m° ,
3. 2mVa’= 2500n° , 4. 2mVa’= 900m ;
the dashed line represents the energy spectrum of
the infinite potential well.
The single particle energy spectrum for
2mva®= 10000n° and 1. d/a = 2 , 2. d/a = 1.5 ,
3. d/a = 1.1, 4. d/a = 50 ;
the dashed 1line : the energy spectrum of the
potential well.
The phase transition temperature Tz as a function
of film thickness d for several values of
substrate field :

2 2
1. d/a = 50 , 2mVa = 25007

2 2
2. d/a = 40 , 2mVa = 10000m

2 2
3. d/a = 30 , 2mVa = 90000m

2 2
4, d/a = 50 , 2mVa = 100m

2 2
5. d/a = 20 , 2mVa = 100w
6. d/a = 30 , 2mVa’= 100m" .
The results of Xu and Crooker are represented by
the black squares and those of Harrison et al.
by the open squares (pure 3He) and the crosses

(one 4He layer).
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Fig. 4

Fig.5

Fig.6

Fig.7

The order parameter as a function of superfluid
velocity v for the 2-A phase (the solid line) and
the 2-P phase (the dashed line) at
a) T=0.1T" ,b) T = 0.4T" ,c) T = 0.9T" ,
c c c

for the film thickness pod = 100 and potential
constants d/a = 100, 2mVa2= nz.
A= A(v = 0,T = 0).
The energy of the 2-A phase (the solid line) and
the 2-P phase (the dashed 1line) vs. the
superfluid velocity v at
a) T =0.1T_ ,b) T = 0.4T_ ,c) T = 0.9T. ,
for the film thickness pod = 100 and potential
constants d/a = 100, 2mVa2= nz.
The superflow as a function of superfluid velocity
v for the 2-A phase (the solid line) and the 2-P
phase (the dashed line) at
a) T=0.1T_ ,b) T = 0.4T_ ,c) T = 0.9T. ,
for the film thickness pod = 100 and potential
constants d/a = 100, 2mVa2= nz.
The critical superflow as a function of
temperature :
a) at a constant film thickness pod = 100 and

1. d/a =10 , 2mVa’= 100m°

5 , 2mVa®= 400m°

]

2. d/a

3. d/a = 2.9, 2mva’= 1225n°

4. d/a =2, 2mVa’= 250072,
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b) at a constant potential rate omVa®= ©° and

decreasing film thickness :

1. d/a = 100 , pod = 100
2. d/a = 25 , pod =25
= 10 .

3. d/a = 10 , pod
Ag is the bulk value of the order parameter at
v=0 and T = 0.

Fig.8 The order parameter for the 2-B phase vs. the

superfluid velocity v at

L]
L]

1. T=0.1T" , 2. T=0.3T , 3 T = O.STZ ,

o
O

4. T = 0.7TC , 5. T =0.9T_ ,

Qa o

for the film thickness pd = 100 and potential
constants d/a = 100, 2mVa2= nz.

Fig.9 The energy of the 2-B phase (the short-dashed
line), the 2-A phase (the solid line) and the 2-P
phase (the dashed 1line) vs. the superfluid
velocity v at T = 0.7TE ,for the film thickness
pod = 100 and potential constants d/a = 100,
2mVa’= m°.

Fig. 10 The superflow of the 2-B phase vs. the superfluid

velocity v at

1. T=0.1T , 2. T=0.3T" , 3 T=0.5T ,
C C C
s, T=0.7T" , 5 T =0.9T ,
G C

for the film thickness pod = 100 and potential

constants d/a = 100, 2mVa?= nz.
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Fig.11 The critical superflow as a function of

temperature for films with thickness d and

L)

critical temperature T

1200 A ,
1100 A ,

1000 A ,

T

T

T

O T 0. =" 0T

/T

/T

/T

OWoOowWOo W o

Fig.12 The superfluid density

T/TF
C
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Abstract

Superflow of *He in thin films on rough surfaces is studied using the formalism of the
microscopic theory. The gap equation is solved and the free energy and the superflow
are calculated for three two-dimensional states that may exist in films with thickness
d ~ £p. In the absence of flow the two-dimensional B state and the two-dimensional
A state are degenerate and energetically more favorable than other two-dimensional
states. In the presence of flow the two-dimensional A state has the lowest energy.
For increasing superflow, there occurs a transition from the two-dimensional A to the
two-dimensional polar state. The order of this transition depends on temperature
and the strength of pair-breaking on the surface. The theory is compared to recent

experimental results.

PACS numbers: 67.50, 67.70



1. Introduction

Superfluid *He in restricted geometries is a subject of great interest. Experi-
mental results point to nontrivial boundary effects for this system [1-6]. It is well
known that *He, being a p-wave superfluid is very sensitive to scattering off irreg-
ularities of the interface superfluid-solid [7]. The superfluid transition temperature
is significantly reduced when at least one dimension of the system is of the order of
the zero-temperature coherence length £,. It turns out, however, that the coating of
the interface with up to several layers of *He changes the character of quasiparticle
scattering from diffusive to specular.[6] In experiments [3,4] addition of *He brought
the critical temperature of the film close to T, for the bulk liquid. Since *He is pref-
erentially adsorbed on the solid surface one is led to the conclusion that even small
amount of *He adsorbed on the surface, one or more layers, considerably reduces
the pair-breaking of the surface. One possible explanation for this effect is that the
adsorbed atoms of *He smooth out irregularities of the surface. Nevertheless, it is
clear that surface roughness on larger length scales remains almost unchanged since
no more than a few layers of *He were present in experiments of [3] and [4]. This effect
remains puzzling although one might expect that spin relaxation at the boundary in
pure *He contributes to the breaking of Cooper pairs, and consequently, replacing
solidified atoms of He with *He cuts off the spin-scattering channel.

There were efforts to study the problem near 7. using the Ginzburg-Landau
formalism.[8-13] The obtained critical current [9] was found to follow the 1-
T/T,_.F):’/2 dependence, T.F being the critical temperature of the film, characteristic
of current limited by pair-breaking. However, the most interesting experiments are

currently being performed [2] beyond the GL regime. The quasiclassical method was
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also used to calculate the order parameter near surfaces [14], the critical current [15]
and the density of states.[16,17] The reader may consult any of these papers to find
more references to the quasiclassical studies.

Here we use an alternative scheme, based on the Abrikosov-Gorkov method.
Numerical calculations for the case of a thin film present no special difficulties, if one
assumes constant order parameter in the film. This should be a good approximation
for two-dimensional phases. Our scheme can be used easily in any regular restricted
geometry.

As described in [1], there are three length scales of the substrate roughness.
We use a model of rough surface that should be appropriate for small, uncorrelated
scattering centers. Since £, ~ 60nm, this should be a good approximation for ’bumps’
up to ~ 50 A in diameter. The interaction of fermions with surface inhomogeneities
is represented as 'white noise’, changing the spectrum of single-particle excitations.
This random process is called diffusive surface scattering.

In films with thickness pp=! << d ~ £y, po being the Fermi momentum of
the bulk liquid, the likely candidates for the order parameter are the two-dimensional
states considered by several authors.[18,19] In the preceding paper [20] (to be referred
to as I) we have derived the gap equations, the free energy and the superflow for
two-dimensional superfluid states in an arbitrary potential well. Here we apply this
formalism to the case of a thin film on a rough substrate. In section 2 we present
the model of this system, in section 3 we solve the gap equations and calculate the
free energy for each of the states and section 4 contains results for the superflow
and its comparison with available experimental data. We consider three states: two-

dimensional polar, two-dimensional B and two-dimensional A, all three being two-
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dimensional versions of their three-dimensional counterparts. We denote them 2-P,
2-B and 2-A, respectively. In [18] 2-A and 2-B are referred to as a and b. The 2-A
state, with A; # A,, becomes more stable than the 2-B state when the symmetry in
the plane of the film is broken by the superflow. The relative stability of the states 2-P
and 2-A depends on temperature 7', the superfluid velocity v and the pair-breaking
strength I'. Since we expect the interaction with the substrate to be the dominant
factor determining the behavior of the liquid in the thin film, we neglect the Fermi-
liquid interaction between quasiparticles and treat the system as a Fermi gas. The
pairing interaction is assumed [21] to be the same as in the bulk liquid. We assume

h = kg = 1 throughout the calculation.

2. The Model

We assume an infinite potential square well in the direction perpendicular to
the surface. The substrate’s roughness is represented by a Gaussian random height
function u(z,y) [21]:

< u(z,y) >= 0, (1)
< u(z,y),u(z',y") >=wé(z — 2')8(y — ). (2)

The parameter w describes the absolute magnitude of the surface irregularities. The
interaction with the substrate in this model is a consequence of the boundary condition
for the single-particle wave function ¥(z,y,d + u(z,y)) = 0, and ¥(z,y,0) = 0. For
sufficiently small u(z,y) this problem is essentially that of dirty superconductors and
can be solved in an analogous way. The total number of Fermi circles below the
chemical potential is v., the nearest integer less than vy, where v = [Zmdzp/wz]l/z.

More detailed description of the model can be found in [21] and [22]. For each of the
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Fermi circles we can now write the Abrikosov-Gorkov equations (the spin indices are

suppressed here)
G, (iwny P) = Gov(iwn, P) + Gov(iwn, p)A,(p)F, | (iwn, p), (3)

F, (wn, p) = —Goy ™ (iwn, p) AW (P) Gy (iwn, p). (4)

The superscript -’ denotes the time inversion. The Green’s function in presence

of surface scattering and superflow is

Goy ! = tw, — €& — A — Xy (twn) — VPp, (5)
where
2 2
P 1 /vm
= ——— v —_ —— So——— . 6
b=omh M=go ( d ) (6)

Ay is the single-particle spectrum of states in the potential well, p is momentum in
the plane of the film and p is the chemical potential of the system. The self-energy
¥, is due to the scattering at the surface and for each of the Fermi circles is given by

[21],[22]

) w? vr\? 1 v'r\? ) :
Bulion) = gz (7) X 52 (5F) Gulionp) @)

pyv'

S is the surface area of the film. It is convenient to introduce a function U(iw,) and

to write the self-energy in the following form
¥, (iwp) = —il'U(iw,) cos? 6, (8)

I', being a function of w, is a measure of surface roughness:

4 2
™ w 5

r = ———2mdz -EFVO . (9)
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U(iwn) turns out to be the solution of the following equation:

/2
U(iwy) = Z cos? 8, / -(-i—é|z,,|_1/2 @y, sin $n,v)
o T 2
0s 6, —x/2
+ sign(@,)vpF sinb, cos ¢ cos ﬁ’;_’gl’
where
3 2
12| = [(d:i + §A2(¢) sin? 8, — v2pp? sin® 0, cos? ¢)
1/2
+4v%pp?@2 sin? 0, cos? ¢] ,
and
cos p(n,v) = |z,|? [—d}i - gA2(¢) sin? 8, + v2pp?sin? @, cos? ¢] .
cosf, and ) _ . o, are defined as
v\’ 1
20 _ (Y _
and

@n = wp + I'U(iw, ) cos? 4,
A%($) = A1? cos?  + Ay’ sin’ ¢

3. The Gap Equations and the Free Energy

The order parameter can be written as

AL(P) = /3/25in0,(A1ps + iA2py 0,10y,

for the 2-A state, and

Au(ﬁ) = 3/2 sin eu((Alﬁz - A2ﬁy)az + (AZIS:: + Alﬁy)’y)iayv

6

(10)

(11)

(12)

(13)
(14)

(15)

(16)



for the 2-B state. In the 2-P state A; = 0 in equation (15). A; is chosen to be the
gap in the direction of the flow. The gap equation for the 2-A state is the following:

A A d¢ (cos n,v _
{A:}={A:}69N° T ), sin’f, / ¢{sz$}i ?(—2’—)lzu| 12 (17)

V,wn >0 —x/2

Above, g and N, are the superfluid coupling constant and the density of states
at the Fermi level, and py is defined in I. For A; = 0 the above equations apply to the
2-P state. The form of the gap equation used in numerical calculations is given in the
Appendix. Examples of solutions of the gap equations (17) and (21) at T' = 0.3To,
Teo being the critical temperature of the film with no pair-breaking, are shown in
figure 1. A; and A, are double-valued functions of vpr for lower temperatures. At
I' = 0 this double-valuedness is removed above T' ~ 0.5187,9. The free energy can
be found through integration of equation (17) over self-energies A; and A,;. In a
system with some form of disorder, equation (17) should also be integrated over the
self-energy due to impurities. In order to do that the equation determining U(iw,),
i.e. equation (10) must be integrated together with the gap equation. Then the free

energy of the superfluid system with disorder is expressed as
1 2
FsA(Ay,Ag) — Fy = / F1(Ar'y Mg, Uliwn))dAy' + / £2(0, 82", U(itwp))dAAy'
0 0

U(iwy)

+Z _/ f3(070’Uﬂ')dUn" (18)
Uy denotes U(iw, ) in the normal phase

ve(ve +1/2)(ve + 1)

31103 !

; 1
Ug = U(lwn)|Al=A,=o = V_o ; cos® §, = (19)



and the superscript A stands for 2-A. Functions f;, f, and f; are given in the Ap-

pendix. After some aigebra we arrive at the final result for the free energy:

. Fs#(B1,A;) — Fy =

/2
d_¢ 2 171/2 A2(4) sin #(n,v) -nl
4o [ dé #(n,v)
ViWn 20 _nx/2
4 ‘ . 2
+3wl > (U(iwn)Us + (U(iwn) — Uo) )}. (20)
w>0

Now we can analyze the relative stability of the different states. For small vpp the 2-A
state is always more stable than the 2-P state. However, for increasing vpp there is
a transition to the 2-P state. This transition is of first or second order, depending on
temperature and the strength of surface scattering I', see figure 2. For smooth walls,
I' = 0, the transition is always of second order above T' ~ 0.518T,. For larger I, the
interval of temperatures for which the first-order transition takes place is reduced.

The 2-P to normal transtion is always of second order.

The gap equation for the 2-B state is similar to equation (17):

/2
dp . ¢(n,v) —-1/2
A—3AgNo———-T Z sin’ 4, / ?-sm—2—|z,,| . (21)
V,wn >0 /2

Here |z,| and sini(—%’—'il are obtained from equations (11) and (12) by changing
A1? cos? ¢ + Ajx?sin? ¢ — A2, Equation for U(iw,) is modified accordingly. The

8



free energy of the 2-B state is found in the same way as in equation (20):

n/2
2
FsB(A) - Fy =3gNo-7r—T; Z sin? 0, / iijiAz sin Mlz,,P/z
P T 2

od V,wy, >0 —x/2
/2
d 22
"% Z /“é<|zu|_1/2sin————¢(7;’v)—wn) (22)
u,w,.zo_w/2 *

+ 3000 Y (Uliwn)Vo + (Uion) = Vo)),

wa >0

The superscript B in equation (22) refers to 2-B. For v = 0 the 2-A and 2-B state
are degenerate, but for any v > 0 the 2-A state is more stable although the energy
difference between these two state is always small. Figure 3 shows details of the phase
diagram near the first-order transition from the 2-A to the 2-P state. In general, one
cannot exclude the possibility that the relative stability of states in other theoretical
calculations will change when additional features, which influence the self-energy are

introduced into the model.

4. The Superflow

The superflow is given by

) 1 d’p p+mv ,
==TY @, (iwn D). 23
b 4 w y/ (271')2 m (l n’p) ( )

Using the Green’s function derived in section 2, we arrive at

/2
5\1/6
- 2(24‘"'. )2 p2/3T Z sin 6, / % cos ¢
(pod >, sin® 6,)1/2 o T
Vin 2 —-n/2
x|2:,,|_1/2 (vpp sinf, cosquind)(nT’V) — Wy, COS ﬂ%ﬂ) (24)

This equation holds for all three states. To apply it to the 2-B state, equation (24)

should be used with modifications of equation (10) for U(iw,) in the same way as

9



described following equation (20). To find the maximum current with increasing vpp
one has to solve the gap equations and calculate the free energy. The maximum flow
is always attained in the 2-A state. However, one must know the value of vpr at
the transition of the 2-A into 2-P, since for a certain range of 7' and I the transition
occurs before the current in the 2-A state would reach its absolute maximum. To
illustrate this point, we plot in figure 4 the current for the same parameter set as in
figures 1 and 2. Also, on comparing figures 2 and 4 we see that although the largest
flow might be achieved in the 2-B state, this state is not stable. Figure 5 shows the
depression of the critical current density j,. with increasing surface roughness. The
dependence of j,. on temperature is presented in figure 6. With exception of very
small temperatures, it follows the (1 — T'/T.F)3/2 behavior as expected when the flow
is limited by pair-breaking. Comparing the magnitude of j,. from our calculations to
experimental results in figure 10 of [1] we find a significant difference. Although the
phases seen in experiments may not be the same as the ones studied here, we think it
is fair to compare at least orders of magnitude of critical currents for a given critical
temperature in order to test the mechanism limiting critical currents in thin films.
The experimental current density is several times smaller than the one obtained from
equation (24) for a given critical temperature of the film. This discrepancy also occurs
(1] for j,c in the GL theory of [9]. Another experimentally relevant quantity is the
superfluid density p,. Comparing our result, figure 7, and figure 2 in [2] we again see
a significant difference. Finally, in figure 8 we show the dependence of the superfluid

density on I'.
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5. Conclusion

We have studied the properties of two-dimensional states of superfluid *He in
films on rough surfaces including effects of superflow.

We found that the 2-A and the 2-P states are always more stable than the 2-B
state for nonzero superflow. Apart from reducing the critical temperature of the film
and the superflow, both facts already well known, surface roughness has an important
effect on the order of the phase transition between the 2-A and the 2-P state. Increas-
ing strength of pair-breaking at the surface moves the critical point between the first-
and second-order transition line to lower temperatures. However, the critical point is
not removed from the phase diagram. With increasing I' it approaches T' = 0, but
does not disappear from the phase diagram until superfluidity is distroyed entirely.

It becomes apparent that the pair-breaking alone does not suffice to explain the
flow experiments in superfluid He films. The next logical step towards a satisfying
theory of this system is inclusion of more realistic boundary conditions for the super-
normal interface in restricted geometry, perhaps along the lines suggested recently
by two groups of authors.[23,24] Creation of vortices may also substantially reduce
critical currents.[25] We have not considered large surface irregularities which may
have significant effect on j,.. The liquid over large bumps on the surface may be
thinner and these areas may act as ’bottlenecks’ for the critical current. A related
question is the proper description of scattering processes at the interface superfluid-
solid. The addition of small amount of *He, the equivalent of only about 2 layers, to
superfluid *He films [3,4] was enough to increase T, to almost its bulk value. Since the
roughness of the liquid-solid boundary was not removed, except perhaps for bumps on

the atomic scale, it may seem that the effect of the surface in the absence of superflow

11



is mostly to break pairs through spin relaxation at the walls. So far the spin-flip
scattering at interfaces of 3He is not well characterized and the spin-relaxation times
at the boundaries of experimental cells are largely unknown. This fact was particularly
emphasized by Meyerovich [26] in the context of studies of spin-polarized normal *He.
However, in a recent experimental study of the effect of *He at surfaces with roughness
on the scale of 20 A in normal *He [27] the authors suggest that increased specularity
of surfaces coated by *He is not due to the replacement of the localized magnetic layer
of 3He. It is likely, that momentum transfer from the surface to the superfluid *He
is reduced by the presence of the *He film,[27,28] perhaps due to the superfluidity of
the *He film.[27]

Thus we can conclude that interpretation of experiments on superflow in thin
films of 3He is hindered by insufficient knowledge of processes occuring at the
superfluid-solid interface.

We would like to thank Prof. M. Salomaa for helpful comments.
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Appendix

To solve the gap equation numerically, we transform it into

T T 1 . d¢ cos _ . ¢(n,v)
] — 2 1/2 )
n(Tco) 712o‘Tco 3, sin? 4, Z Ein=Gy —xj2 T {sm2¢}| /| ST

v,n2>0

—}: n+1/2 (A1)

where the temperature and the order parameter are now scaled with respect to their
magnitudes in a film with no pair-breaking, T, and Ay, respectively. Ay is the gap at

T =0 and v = 0. Equations (10)-(12) are then rewritten with the following changes:

@pn — 1.78a(

- (A2)

A*(@) — A*($)/Ao,  vpF — vpr/Ao, (A3)

where

—1
a = exp(< Insind, >), < Insinf, >= (Z sin? 0,,) Z sin? 6, Insin @, .

(A4)

The integrands f; and f, in equation (17) are
(81,8, Uiwn) [ dg [ cos? g
f1(A1, Az, iwn) / A cos
- 29, =
{fZ(AlvAl” ("wn)) 39No 0 vaZ>0 sl f ™ Az Sin2 ¢
—m/2

X2Re(((@n + ivpr sinf, cos §)? + - A%($)sin? 6,]°}), (45)

At f; = 0 and f, = 0 these two equations are just the gap equations, written in a

form more convenient for integration. f; is given by

13



n/2
w2 1

f3(A1, 82,Uiwn)) = 6gNaT ol Uiwn) - — 5 > /

dp

™
cos 0.,_”/2

%«2Re @y, + tvpp sinb, cos ¢
[(@n + ivpF sin 6, cos §)? + 3 A2(4)sin® $)sin® §,]1/2

(46)

The numerical calculations of j, given by equation (23) are carried out using

equations (A2)-(A4).
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Figure Captions

1.

Solutions of the gap equation for phases: deformed planar (solid line), planar
(dotted line) and polar (broken line) at 7' = 0.37,¢ for several values of the
surface scattering strength I', (a) 0, (b) 0.1T, (c) 0.2T'c, (d) 0.4T.. T, is the
critical scattering strength at 7' = 0 and vpr = 0. A, is the gap at T' = 0 and
vpr = 0.

The free energy difference between the superfluid state and the normal state for
all phases with the same parameter set as in fig. 1. The lines are denoted as in
fig. 1. Here energy is scaled with respect to the energy difference between the
2-A phase and the normal state at zero temperature and no flow, AFSA(T =
0,v=0)= 3gNo(7rz/pod)AoTcF. The scale was changed in fig. (d).

Details of the phase diagram near the first-order transition at 7' = 0.3T¢ and
F=0.

The superflow for the same parameter set asin fig. 1. and with the same notation.
Note the different scale in fig. (d).

Critical current density j,. as a function of increasing surface roughness at tem-
peratures: 0, 0.27, 0.4T. and 6.6Tco.

Critical current density j,. as a function of temperature for several values of
pair-breaking strength at the surface: 0, 0.2I'c, 0.4T'. and 0.6I'.. The units for
the current density are the same as those in figure 10 of [1]. The film thickness
was also chosen to be in the range measured in [1].

Superfluid density vs. temperature. The temperature is scaled to the critical
temperature in the film. The values of I' are the same as in figure 6.
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8. Superfluid density as a function of I' at four temperatures: 0, 0.2T¢o, 0.4T, and

0.6T¢o.

18



'L OOL 80 90 0 20 00

oy /v

2.0

0.5

0.0

vpr/hg

Fig. la



! L

1

1

'L OOL 8090 +'0 0 00

oy /v

2.0

0.5

0.0

vpr/ho

Fig. 1b



; ]
Z'L O°L 880 9°0 #'0 2°0 00
oy /v

2.0

1.0
vpr/ g

0.5

0.0

Fig. lc



1

> il

s

——

'L OOL 80 90 +'O0 2°0 OO0

oy /v

2.0

0.5

0.0

vpr/hg

Fig. 1d



OO0 20— ¥ 0— 90—
(O=A'0=1)yS4V/S4V

80—

2.0

0.5

o
S

vpr/Lo

Fig. 2a



1 _ 1 1
00 20— ¥0— 90— 80—
(O=A'0=1)yS4V/S4V

2.0

1.0
vpr/Ay

0.5

=
S

Fig. 2b



2.0

1.0 1.5
vpr/ho

0.5

,
| 1 _ _ S
(@
0’0 Z'0— +'0— 90— 80—
(0O=A'0=1)yS4V/S4V

Fig. 2c



0000

S00'0—
(O=A'0=1)yS4V/S4V

0.4

0.2

O

OLO'0O—

vpr/Ao

Fig. 2d



0.94

0.90

vpr/Ao

86

0.

92°'0—

0" 0—
Aﬁu"\/.ﬁu“...._.lv<m..u_<\mun_q

0.82

e 0O—

Fig. 3



..........
......

2.0

1.0 1.5

vpr/Ag

0.5

Fig. 4a



2.0

vpr/Ao

Fig. 4b



o¢°0

2.0

1.0 1.5

vpr/Ag

0.5

Fig. 4c



0.6

0.2

OLO'0O

Fig. 4d



0 ¥2° 0 91°0 800 000
¢/z90V /5[

0.8

0.6

0.2 04

0.0

[/

Fig. 5



O 0L O8 09 O+ 0O 00
esz[29s/wiwi] o 2(9/250)

1.0

0.8

0.6
mK]

4
:

0

0.2

0.0

Fig. 6



o

L

80 9°0 #'0 20 00
d/sd

0.8

0.6
F

0.4

0.2

0.0

T/Te

Fig. 7



o

l

80 9°0 ¥'0 20 00
d /s

1.0

0.8

0.6

0.4

0.2

0.0

[/l

Fig. 8






Raport dostępności





		Nazwa pliku: 

		haran_nadcieklosc_3he_w_cienkich_warstwach_phd.pdf









		Autor raportu: 

		



		Organizacja: 

		







[Wprowadź informacje osobiste oraz dotyczące organizacji w oknie dialogowym Preferencje > Tożsamość.]



Podsumowanie



Sprawdzanie napotkało na problemy, które mogą uniemożliwić pełne wyświetlanie dokumentu.





		Wymaga sprawdzenia ręcznego: 2



		Zatwierdzono ręcznie: 0



		Odrzucono ręcznie: 0



		Pominięto: 1



		Zatwierdzono: 28



		Niepowodzenie: 1







Raport szczegółowy





		Dokument





		Nazwa reguły		Status		Opis



		Flaga przyzwolenia dostępności		Zatwierdzono		Należy ustawić flagę przyzwolenia dostępności



		PDF zawierający wyłącznie obrazy		Zatwierdzono		Dokument nie jest plikiem PDF zawierającym wyłącznie obrazy



		Oznakowany PDF		Zatwierdzono		Dokument jest oznakowanym plikiem PDF



		Logiczna kolejność odczytu		Wymaga sprawdzenia ręcznego		Struktura dokumentu zapewnia logiczną kolejność odczytu



		Język główny		Zatwierdzono		Język tekstu jest określony



		Tytuł		Zatwierdzono		Tytuł dokumentu jest wyświetlany na pasku tytułowym



		Zakładki		Niepowodzenie		W dużych dokumentach znajdują się zakładki



		Kontrast kolorów		Wymaga sprawdzenia ręcznego		Dokument ma odpowiedni kontrast kolorów



		Zawartość strony





		Nazwa reguły		Status		Opis



		Oznakowana zawartość		Zatwierdzono		Cała zawartość stron jest oznakowana



		Oznakowane adnotacje		Zatwierdzono		Wszystkie adnotacje są oznakowane



		Kolejność tabulatorów		Zatwierdzono		Kolejność tabulatorów jest zgodna z kolejnością struktury



		Kodowanie znaków		Zatwierdzono		Dostarczone jest niezawodne kodowanie znaku



		Oznakowane multimedia		Zatwierdzono		Wszystkie obiekty multimedialne są oznakowane



		Miganie ekranu		Zatwierdzono		Strona nie spowoduje migania ekranu



		Skrypty		Zatwierdzono		Brak niedostępnych skryptów



		Odpowiedzi czasowe		Zatwierdzono		Strona nie wymaga odpowiedzi czasowych



		Łącza nawigacyjne		Zatwierdzono		Łącza nawigacji nie powtarzają się



		Formularze





		Nazwa reguły		Status		Opis



		Oznakowane pola formularza		Zatwierdzono		Wszystkie pola formularza są oznakowane



		Opisy pól		Zatwierdzono		Wszystkie pola formularza mają opis



		Tekst zastępczy





		Nazwa reguły		Status		Opis



		Tekst zastępczy ilustracji		Zatwierdzono		Ilustracje wymagają tekstu zastępczego



		Zagnieżdżony tekst zastępczy		Zatwierdzono		Tekst zastępczy, który nigdy nie będzie odczytany



		Powiązane z zawartością		Zatwierdzono		Tekst zastępczy musi być powiązany z zawartością



		Ukrywa adnotacje		Zatwierdzono		Tekst zastępczy nie powinien ukrywać adnotacji



		Tekst zastępczy pozostałych elementów		Zatwierdzono		Pozostałe elementy, dla których wymagany jest tekst zastępczy



		Tabele





		Nazwa reguły		Status		Opis



		Wiersze		Zatwierdzono		TR musi być elementem potomnym Table, THead, TBody lub TFoot



		TH i TD		Zatwierdzono		TH i TD muszą być elementami potomnymi TR



		Nagłówki		Zatwierdzono		Tabele powinny mieć nagłówki



		Regularność		Zatwierdzono		Tabele muszą zawierać taką samą liczbę kolumn w każdym wierszu oraz wierszy w każdej kolumnie



		Podsumowanie		Pominięto		Tabele muszą mieć podsumowanie



		Listy





		Nazwa reguły		Status		Opis



		Elementy listy		Zatwierdzono		LI musi być elementem potomnym L



		Lbl i LBody		Zatwierdzono		Lbl i LBody muszą być elementami potomnymi LI



		Nagłówki





		Nazwa reguły		Status		Opis



		Właściwe zagnieżdżenie		Zatwierdzono		Właściwe zagnieżdżenie










Powrót w górę

