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Effective mass of a *He quasiparticle near surfaces of liquid “‘He
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{Abstract)

The effective mass of a He atom near surfaces is calculated at zero bulk pressure and zero

concentration using the model of Yim and Massey. The present is 1.32ms in good agreement with

the experimental result of Eckardt, Edwards, Fatouros, Gasparini and Shen.
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A single ®He quasiparticle near the surface
may be defined by the excitation energy, e(&,),
of the form

12k,"
)=t .

where the effective quasiparticle interaction is

€y

neglected and &, #t; and g, are, respectively,
the two-dimensional wave vector, the effective
mass and the chemical potential of a 3He
quasiparticle near the surface of the mixture
at zero concentration. Experimental result of
ms by Eckardt et al.! is 1.3ms at zero bulk
pressure, where ms3is the bare mass of a *He
atom. But no theoretical microscopic calculation
of m, has been published yet. In the previous
paper? we briefly discussed the procedure for
calculating the effective mass of a He quasi-

particle, ms, in the surface region using the

model of Yim and Massey? (YM). However,
the wave function for the bulk phase was
taken into Here,

not explicitly account.

the wave function for the bulk phase is
explicitly taken into account.

A system considered here is composed of one
SHe atom in a “He-surface region, a surface
region and the bulk phase of pure liquid ‘He.
In YM model? the Hamiltonian, H", for this
system is defined by

Hn=H,»+-H"+H;, (2

with the appropriate boundary condition and
symmetry (refer to Ref. 2), where

Hm:ll’_lz__l_giv M_+ %’, V(O“) (3)
¢ 2ms ST, 2my sy S

=2 (R
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In the above my is the mass of a ‘He atom,
coordirates 1,2 through N, and N,=1 through
in the
surface region, *He atoms in the surface region
and ‘He atoms in the bulk, and V(p) and V{(r)

N, respectively, denote a SHe atom

are two-and three-dimensional Lennard-Jones
6—12 poientials, respectively. #, BP.and P are,
respectively, the momentum operators of the
g-and z-components in the surface region and
the momentum operators in the bulk where 2z
is assumed to be positive coordinate. We assume
the translational invariance for the bulk phase
and the same symmetry and boundary condition
as in Ref. 2 for the surface region. We assume
H™l o= Eq¥om, (6)
where E¢™ and ¥¢” are the boson type ground
state-energy and-wave function of H™, respec-
tively, and %" is defined by?

Tom(F137s, e PN TN, e , 7)) =Co(z1)¢ol22)
><......§,0<2N5)gz’mop(.7)'1-‘.52' ...... , ﬁN,)Q'oB(;AgM, [
73, (D

and

f{:o(zj)if dz::fmo(z)\?dz:fll?‘"’opl‘dﬁr--dﬁu,

= [t di, eeedBy =100 (8
In the above £o(z) and ¢o{2) are, respectively,
ground state wave functions of a mass-3 boson
and a ‘He atom in z-direction, and ™, and
Yo, respectively, those of the two-dimensional
boson mixture in the surface region and pure
bulk ‘He.? In order to calculate m, we consider
only no-, one- and two-ripplon states given hy
no-ripplon states:
10 ko) =W o™(F1; 7, oeee e 3PN )
e g—knn y(g))

X 172
([1calze=an da) ™

one-ripplon states:

Q-

/)Q“FOW elkﬁx-fu e—k,1z| X(GI)
4 17
(Ns. S“’“(Q)flCo[ze‘Z”"“dm)
y

and two-ripplen states:

5 0

12, H; 2101):
0q0r o gifeiz—ghan x(a1)
(N-2 59(Q) SW0HD [10]2 eshandz, )™
®

where Q and N, are, respectively, a set of 7-

and z-components wave vectors of the surface
region and the bulk wave vector(i.e., g, #g.
and 7 (¢=(g,2+¢.2"?)) and the number of ‘He
atoms in the surface region. 75,, and 7k, are g-
and z-components of ;(kz(k,,2+k12)1/2). z2(a1)
is the spin function and pq is the density fluc-
tuation operator of *He atoms? defined by

(10)

Ne o .
=3 PeTi L 5T o'y,
I=2 J=N+1

and S+ (Q) is defined by
S“’”(Q):T}s—f[il'omlzlpqlzd;l"‘d;w~ an

In the above ¢. is a function of ¢, and &, a
function of £,. Under the Lowdin transforma-
tion the correlated basis functions, Eq. (9), can
be transformed into orthogonalized basis func-
tions. (Refer for details to Ref. 3.) Using the
orthogonalized basis functions one renormalized-
ripplon states can be represented as follow:
1QsFro1} = Qi Fron> -
—0 r. T, ’
P o T s

where the renormalized-ripplon spectrum, w(Q)

is assumed to be the ripplon spectrum, w(g,),
calculated in Ref. 4, wo(Q) is one bare ripplon
spectrum, |-} and |--> represent the renor-
malized and the orthogonalized states, respec-
tively and Wy,  is defined by

Wao' =Q—Q, Qska|W|Q: ko,
However,

13
the explicit expression of W-vertex
is not important, here. Now, the Hamiltonian,
H™, using the ground state and one renormalized-
ripplon states reads
H"‘:Eo+2§.:aeo(k) a/?a+a/?q+QZa)(Q)ﬁQ+,9Q
+ Y ofq tco @Rt H.C. e, (14)

where when the negative sign operates on Q,
it makes the sign of §,, only changed, e)(%) is

h2k?
eo(k) = 2ms

s
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(1=5%9(Q)) (en(Q)+wo(Q))
2(N,.S(4,4)(Q))1/2
and
Eo=Eg"-+ 4 X2 (e(@)-+ ool @X(S 49 (Q)~
12/SED(Q)+--reer s (15)

In the above N, is the number of *He atoms
in the surface region and S%4%(Q) is defined by

SH3€Q)—1=Rans )12 (g3 (0)—1)€' 7,00,
xXdg, (16)

(a

where 7, and 7., are number densities of 3He
atoms and ‘He atoms in the surface region and
Corpaand g®¥(p) are defined by

t= [ 16212 eoe dz,

gaq.:f lpo(2))? e~ dz,

and

Roatteg @9 (0, )= NulNsf (U, 1dremee-d i
an

)

Fig. (a). Self-energy of a He induced by one-renormalized ripplon; (b). Effective
interaction between two *He quasiparticles induced by one-renormalized ripplon.

Using the above Hamiltonian the effective
mass, #,, can be easily calculated by consi-
dering the self energy diagram shown in Figure
(Here, we only consider *He-one renormalized-
ripplon vertices as in the bulk mixture®® and
also shown is the effective interaction between
two 3He quasiparticles®® induced by one renor-

malized-ripplon), i.e.,

e(B)=eo(B)+ 52 1¥ql®
e (eo(B)—eo(| Q1) —aw(Q))
(18)
where
e(my="E (19

The leading term in Eq. (18) gives a constant
contribution to e(%) and the summation over
% recovers Eo to E¢". Since g. is the function
of g, and k. the function of %, keeping the
term O(k2) of e(k,) gives the effective mass,
ms, as follows:

mo/ms=(1—-1 [dg, g

Ceo(gp)+awo(g,))? (1—S®3(g,))2 !
X SO g ) Ceog) F g )P > - (20)

where 7. is the area number density of a-atoms
and « can be either 3 or 4. The present result
of m is 1.32mg at zero bulk pressure and zero
concentration using the results of YM24 and
pure “He liquid structure function, So(g,), in
good agreement with the result of Eckardt et
al.! (roton contribution to m in the present
calculation is about 1%),
estimated from Ref. 4 by

where So(g,) is

SOCq,,)=—-——~h2(‘g‘;;jaf(‘gfgﬁ . (21)

The present effective interaction between two
3He quasiparticles induced by one renormalized-
ripplon, as ¢, goes to zero, seems to be zero
different from the bulk mixture.® We also note
the long-wavelength effective interaction bet-
ween two 3He quasiparticles and the volume
excess parameter near surfaces at constant
pressure are approxXimately 0.8 °X/#, and 0.226
at zero bulk pressure and zero concentration,
respectively, where #,=1s 7.
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