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We develop a first-principles, microscopic theory of impurity atom scattering from inhomogeneous quantum
liquids such as adsorbed films, slabs, or clusteréHé. The theory is built upon a quantitative, microscopic
description of the ground state of both the host liquid as well as the impurity atom. Dynamic effects are treated
by allowing all ground-state correlation functions to be time dependent. Our description includes both the
elastic and inelastic coupling of impurity motion to the excitations of the host liquid. As a specific example, we
study the scattering ofHe atoms from adsorbedHe films. We examine the dependence of “quantum
reflection” on the substrate, and the consequences of impurity bound states, resonances, and background
excitations for scattering properties. A thorough analysis of the theoretical approach and the physical circum-
stances point towards the essential role played by inelastic processes which determine almost exclusively the
reflection probabilities. The coupling to impurity resonances within the film leads to a visible dependence of
the reflection coefficient on the direction of the impinging partit&0163-182@08)01033-9

[. INTRODUCTION phononlike and to single-particle excitations. Nevertheless
we will see that many similarities exist between the two
Dynamic scattering processes of helium atoms from lowroblems: The scattering process is dominated by inelastic
temperature liquid*He films and the bulk fluid in the vicin- channels, mostly the coupling to ripplonic excitations.
ity of a free surface continue to be a subject of considerable Generally, the impinging particle can, in the presence of
interest. Experimental information is available mostly for other particles like the film ofHe under consideration here,
“He scattering processes, connected with quantum reflecticgeatter into three types of channels:
and quantum evaporatidn? as well as the surface (1) Elastic reflection: The incoming particle, characterized
reflectivity>* Due to experimental difficulties, there are by the wave vectork,k, ), is elastically reflected with a
only few data for3He scatterind, but there is also interest probability |R|2. It creates virtual excitations of the back-
(experimental®~13 and theoreticaf~'9 in the dynamics of ground, but transfers no energy.
hydrogen atoms ortHe surfaces for which our theory also  (2) Inelastic scattering: with a probability, the particle
applies. loses some energy to an excitation of the film, and retains
This paper follows up on a line of work studying the enough energy to leave the attractive potential of the film
properties and the dynamic features of quantum liquid filmsand the substrate. The film excitation can be either a collec-
from a manifestly microscopic point of view. Most relevant tive wave(ripplon, phonoj, or a single*He that is elevated
for the present work are papers designing the theory for thebove the chemical potential, and leaves the film. The
background host liquid’ its excitations->'°and the dynam- creation of several excitations is, in principle, also included
ics of atomic impuritie$® In that work, we have used the in our theoretical description, but it is ignored in the linear-
method of correlated variational wave functions which has inzed treatment of the equations of motion.
many situations proven to be a computationally efficient, (3) Adsorption: as in the previous case, the film is excited,
precise, and robust method for the purpose of studyindput the particle is adsorbed to the film. The corresponding
strongly interacting quantum liquids. Even the simplest ap-sticking coefficient $s the probability for this process.
proximation of the theory has in the past given quite satis- These three types of processes are depicted in Fig. 1. Be-
factory results on the nature of the impurity statesheir  cause of the hermiticity of thenany-bodyHamiltonian for
effective mas$? and the impurity-impurity interactidd in N “He atoms and théHe impurity, we have
inhomogeneous geometries. The reason for ghalitative
success of the theory is that it contains a consistent treatment IR|?+Finet S=1. (1.9
of both the short- and the long-range structure of the system.
This implies that both the low- and the high-lying excitations  This work focuses on the calculation of elastic scattering
are treated accurately. because the impinging particle couples, in particular at low
The present paper complements a similar study of thenergies, predominantly to the low-lying, bound excitations
scattering of*He atoms from“*He slabs?* the problem at of the background film and the impurity atom. We shall ar-
hand is somewhat simpler since there is no need to fulhgue below that, basically for phase-space reasons, inelastic
symmetrize the wave function of the background sysé&ith  processes are expected to be less important than either elas-
the impinging particle. Another major physical difference totic, or total absorption processes.
the scattering of*He particles is that in the latter case one  Since most of the theoretical tools of the present study
might observ®2?’the coupling to the Bose-Einstein conden- have been derived in Ref. 20, we outline in Sec. Il only
sate, whereas in the present case one can couple both hoefly the theoretical methods and the basic equations to be
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vation and in particular the important verification of our the-
oretical tools have been presented in a series of previous
papers2172%we will therefore discuss the theoretical back-
ground only briefly.

A. The background liquid

In the first step, one calculates the properties of the back-
ground helium film. The only phenomenological input to the
theory is the microscopic Hamiltonian

Hy= E

1<i=<N

2

h 2
- Z_mBVi +Usut£ri)

+ 2 V(ri—ri),
1<{<j<N
2.1

whereV(|r;—r;|) is the “He-*He interaction, andJs,{r) is
the external “substrate” potential. The many-body wave
function is modeled by thdastrow-Feenberg ansatz

1
W(re, ... ,rN)=exp§

> uy(rp+ E Up(ri,ry)
N N

I<is I<i<js=
T2 U . (2.2
1<i<j<k=N

An essential part of the method is tlogtimizationof the
many-body correlations by solving the Euler equations

SEy
ou,

(rg, ... rp)=0 (n=1,2,3), 2.3
FIG. 1. The three classes of scattering channels are illustrated. ) ) .
The incoming particle can b@) scattered elasticalljtop figure, ~ WhereEy is the energy expectation value of theparticle

(b) inelastically(middle figure, or (c) adsorbed to the filnfbottom ~ Hamiltonian(2.1) with respect to the wave functioi2.2),
figure).

(o RIS« & 20 T ) 1= R T R
solved. The scattering problem will be be formulated in :J ! NN WHNT N v
terms of a nonlocal, energy-dependent “optical potential” —N 3 3 )
which depends explicitly on the coupling of the impinging dory . A PR, )
particle to background and impurity excitations. (2.9

The results of our calculations are discussed in Sec. IV_.I_h . | d using the h d KC
To cover a variety of physical situations, we will present e energy is evaluated using the hypernetted ctiahiC)

results for several of the systems that were studied exterh—'er""r_Chy of mteg_ral equations; “elementary d|agram§”
sively in our previous calculations: These will range from and triplet correlations have been treated as described in Ref.

strongly bound films on a model graphite substrate that ig - _ . . .

coverge)(; with two layers of solid hgeliupm, to a very weakly The HNC equat|.0ns also provide relationships between
bound model, described by a rather thick, metastable film off?€ correlation functions y(ry, .. . .ry) and the correspond-

a cesium substrate. We first discuss the possible excitatio}dd N-Pody densities. One of the quantities of primary inter-
of the background systems, and then present results for tHSt IS the pair-distribution functiog(r,,r;) and the associ-
surface reflectivity as a function of impact energy and angléted (real-spacpstatic structure function

encounter the ffeot of ~quantum refleciob-bios1 a8 S(r1.12)=3(ry=12) + Vor(Tpx(r 0(ry.ra) - 11,

with increasing impact energies we also can analyze the in- @.
fluence of surface excitation@ipplons and the Andreev The static structure function and the effective one-body
state, phonon/roton creation, and under certain circumstanddamiltonian

the coupling to an “Andreev resonance” of the impurity

particle close to the substrate. Ha(r) h? 1 Vo (1Y 1 26
1 T T oM T/——VP1 T .
2Mg \py(r) pa(r)
define theFeynman excitation spectruthrough the general-
The theoretical description ofHe films and impurity ized eigenvalue problem
properties starts with a description of the ground state of the

background system. Next, a single impurity is added, and 0 _ 3 o
finally this impurity is allowed to move. The technical deri- Hi(r) g (r)=fo) | draS(re,r)gt(r), (2.7

II. MICROSCOPIC THEORY
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which is readily identified with the inhomogeneous In the systems studied below, translational invariance in
generalizatioff of the well-known Feynman dispersion the x—y plane is assumed, and the states are characterized
relatiorf® 7 w(k) =%2k?/2mgS(k). The statesy()(r), their by two quantum numbersn and k,,, associated with the

associated energiésw,, and the adjoint states motion perpendicular) and parallel to the symmetry plane
. (k). When unambiguous, as in the state§)(r,) and
(m) i
My = 0 ¢'™(r1), we shall use the single labét.g.,m) to collec-
¢7(n) ﬁw,Hl(rW (r) 2.8 tively represent both quantum numbers. In particular, the

(r) .. .-
are useful quantities for the impurity problem and for theit;teesn (ro) depend only trivially on the paraliel coordi

representation of the dynamic structure function of the back-"""’
ground film. " " G
7 (ro)=n""(zp)€"r "l (2.13

B. The static impurity atom . . . L
purty The unit volume is chosen as the size of the normalization

The Hamiltonian of theN+1 particle system consisting volume. The corresponding energies are
of N “He atoms and one impurity is

21,2
[ h? 2,1 . [ tr=6,+ﬁ—kH, (2.19
HN+1=_2_m|VO+Usub(rO)+izlV(|r0_ri|)+HN- 2m,
2.9

We adopt the convention that coordinatg refers to the
impurity particle and coordinates, with i=1...N to the
background particles. Note that the substrate potentials
Ugdri) and Ulsub(rO)' as well as the interactions It is tempting to_ identify the higher-lyi_ng eigenstates of
V|(|ro_rj|) and V(|ri_rj|)’ can be different functions for the “Hartree. equatloln.”(2.12) with the eX?lted State.S Of- the
different particle species. impurity. This is legitimate only in atatic approximation
The generalization of the wave functi¢®.2) for an inho-  for the impurity features. However, such a simplification

mogeneousN-particle Bose system with a single impurity Misses two important features:
atom is (i) If the momentum is a good quantum number, low-

lying excited states can be discussed in terms oéféective
| | mass.In our geometry, a “hydrodynamic effective mass” is
U1(r0)+1<i<N uz(ro.ri) associated with the motion of an impurity partigiarallel to
o the surface; it is caused by the coupling of the impurity mo-

wheree, are the eigenvalues of E(R.12) for k=0.

C. Impurity dynamics

1
Whia(foifa, .- ,rN)=exp§

| tion to the excitations of the background liquid. The local
+1<%<N Uz(ro.rirj) Hartree equatiori2.12 misses this effect.
(i) The effective Hartree potentiad,(z) is real, i.e., all
XWN(ry, ... N (2.10 “excitations” defined by the local equatiof2.12) have an

_ _ . infinite lifetime. A more realistic theory should describe
The energy necessary féor gained by adding one im-  resonances and allow for their decay by the coupling to the
purity atom into a system oN background atoms is the |ow-lying background excitations of the host film.

impurity chemical potential Hence, a static equation of the ty(@12 is appropriate
- for the impurity ground state only. The natural generalization
w=Ey;i1—En. (21D of the variational approach to a dynamic situation is to allow

r time-dependent correlation functiong(rg, ... ;t).

Here, E'N+1 is to be understood as the energy expectatior{/?/ ite the time-d dent iational function i
value of the Hamiltoniari2.9) with respect to the wave func- the?f\c,)vrrrlne € ime-dependent variational wave function in

tion (2.10. The further steps parallel those of the derivation
of the background structure.
The impurity density is calculated by minimizing the

chemical potentiaf2.11) with respect t p'l(ro). This leads b(t)= /—wlMl)
to an effective Hartree equation (2.195

-
e vyl (rg,ry, L Lrgst).

2

h Consistent with the general strategy of variational methods
= 2m V67" (r0) + [Usudro) + Vu(ro) 17" (ro) " ot !

we include the time dependence in the one-partcidtwo-
particle impurity-background correlations, i.e., we write

=t,7"(ro), (2.12
whereV(r,) is an effective, self-consistent one-body poten-¢'(rq,rq, ...ry;t)
tial for the single impurity. The lowest eigenvalue of Eq. 1
(2.12 is the impurity chemical potential' =t,, and the cor- =exp§ Suy(ro;t)+ SUy(rg,ri;t)
1<i=N

responding eigenfunction the density of the impurity ground

state,\/p (r)=7(r). XWea(FoF1s - ) (2.19
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The time-independent part remains the same as defined in  ©
Eqg. (2.10. The time-dependent correlations are determined
by searching for a stationary state of the action integral e

t -10
Szft L(t)dt,
0 (2.17

¢(t)>,

-15

U@ (K)

-20

d
ﬁ(t>=<¢(t>‘H'N+1—iﬁg
-25

where Hy,, is the Hamiltonian(2.9) of the impurity- .
background system. 30b L/ .

The derivation of a set of useful equations of motion for !
the impurity have been given in Ref. 20. The final result is -35 : ‘" é :
readily (and expectedlyidentified with a Green’s function z (A
expression, where the three-body vertex function describes . )
an impurity atom scattering off a phonon, and is given in FIG. 2. The f_lgure _shows the threc_a substrate_poter_mals for the
terms of quantities calculated in the ground-state theory. ThElIMs under consideration here: Graphytiers two solid helium lay-
motion of the impurity particle is determined by an effective €' (solid I'n_e)’ Mg (long dashed ling Na (short dashed lineand
Schralinger equation of the form Cs (dotted line.

hydrodynamic backflow causing this effective mass is mostly
Yi(r,m) caused by the coupling to ripplons, which are well described
within the Feynman approximation.

ﬁZ
[— 2—m|V2+ Uut Vu(r)

+f d*r' S (r,r ) ¢(r',0) =hog(ro), lIl. THE PHYSICAL MODELS

(2.18 We consider liquid*He adsorbed to a plane attractive
substrate which is translationally invariant in the y plane,
i.e., Ugr)=Ug2). The systems under consideration are
characterized by the substrate potentig,{z) and the sur-
face coverage

where V(r) is the effective one-body potential of Eq.
(2.12, andX(r,r',w) is the impurity self-energy. Within the
chosen level of the theory, (r,r’,w) describes three-body
processes,

W (1) Wi (1) n- [z

’ — Pl(z), (31)

z(rar ,(1)) % hw_hwm_tr ’ (219) 0

where p(r)=p,(2) is the density profile of thé'He host

system. This density profile is, along with the energetics,
. . : . structure functions, and excitations of the film, obtained

outgoing *He in the state as well as an outgoing phonon in R i

statem. The detailed form of these matrix elements follows through the optimization of the ground-st4#d) as outlined

from the microscopic theory that has been described irﬁabove; the procedure has been described in detail in Ref. 17.

length in Ref. 20, it is not illuminating for the further con-
siderations. A. Ground state
The structure of Eq942.18 and(2.19 is of the expected We have in this work studied the scattering properties of
form of an energy-dependent Hartree equation with a self3He atoms for a number of selected substrate potentials and
energy correction involving the energy loss or gain of thesurface coverages; we have selected four cases for the pur-
impurity particle by coupling to the excitations of the back- pose of a detailed discussion. The substrate potentials and
ground system. It is the simplest form that contains the dethe corresponding density profiles are shown in Figs. 2 and
sired physical effects. 3. The surface coverages are=0.3 A~2 for each substrate
The energy denominator in E(R.19 contains the Feyn- potential; additionally we have considered the case
man excitation energies defined in E@.7) and the Hartree =0.4 A-2 for a Cs substrates as well as Mg for a case that is
impurity energies of Eq(2.12). These energies are too high, somewhat more attractive than the screened graphite, but has
and we expect therefore that three-body effects are somewhatjong range.
underestimated. A lowering of the spectra in the energy de- Alkali metal substrate potentials are simple 3-9 potentials

nominator by an impurity effective mass or by a more quancharacterized by theiange G, and theirwell depth D They
titative phonon/roton spectrum should have the effect of enhave the form

hancing the importance of multiparticle scattering processes.

Hence, it is expected that the binding energy of the surface

resonance is still somewhat too high compared with experi- Usuf2)=
ments. On the other hand, it is not expected that a more

guantitative spectrum in the self-energy should change th&he range parametef3; of these potentials have been cal-
effective mass of the Andreev state considerably because thwilated by Zaremba and Kolihthe short-range™° term is

where W,,(r) is the three-body vertex function that de-
scribes the coupling between an incomitige particle to an

acs
27D?

1 C,
o (3.2
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therefore focused on excitations propagatpagallel to the
film. Typically, four types of modes were found:

008 L | (1) Surface excitationsAt long wavelengths and on
X K

o strong substrates, these are substrate potential-driven modes

, with a linear dispersion relation
0.03 T

p2) (A2

P
i w3(K)=czk, (3.3
ik
0.0 k1IN s 4 4 \ wherec; is the speed othird sound At shorter wavelengths
: ' X 4 and in the case of an infinite half space, the surface mode is
! X

Y ¢ driven by the surface tension and has a dispersion relation
U ‘\\

AN N\ WA(K) = —
0.00 / . 7.2 NS g r mp

z 30 whereo is the surface tension, and, is the density of the

bulk liquid. In practice, the dispersion relation is linear only
FIG. 3. The figure shows the four density profiles of the back-in g rather small momentum regime, and the ripplon disper-
ground liquid(solid lineg and the impurity locatior{long dashed  gjg relation(3.4) is a quite good approximatié?'lfor the
lines) for which most of the present calculations were done. Graph'surface-mode dispersion relation up to wavelengths of about
ite substrate results are marked with-symbols, Na results with ?.5 A1 The theoretically predicted surface energy ob-
stars, and Cs results with crosses. Also shown is the interfaci% ined from Eq/(3.4) by ak32 fit to the dispersion relation is
Andreev state on a Cs substrgghort-dashed line marked with ~0.279 K A,z' hich : blv with th t
crosses Coverages are=0.30 A 2 for Cs, Na, and graphite, and Tth™="" ) whic 6%40{“"3"93 avoraply W_Iz € mos
n=0.40 A ? for Cs. Profiles on Mg have been left out for clarity. recent experlmental_val . of Uex§0'279 K A2,

(2) Bulk rotons Films with a thickness of two or more

] i o liquid layers show already a quite clear phonon/roton spec-
phenomenological and fitted to reproduce the binding enefyrym. The spectrum starts at finite energy in the long-
gies of a single atom on these substrates. Slightly more COMgavelength limit and contributes, in this momentum regime,

plicated is our model of a graphite substrate covered withjery jittle to the strength. It takes over most of the strength in
two solid layers of*He. Most important for low-energy scat- the regime of the roton minimum.

tering properties is the coefficied@; of the long-range at-

K3, (3.9

¢ : (3) Layer rotons Films with a strongly layered structure
traction, the values of; for our substrates of graphite, Cs, giso show excitationgidentified as soundlike through their
Na, and Mg are 180, 670, 1070, and 1750 K3 A |gngitudinal current pattedrthat propagate essentially within
respectively’*° The graphite potential is relatively short- one atomic layer. These excitations have a two-dimensional
range but deep and produces a very visible layering structurgton with an energyelow the bulk roton, and have been
of tthiﬂt;ackground film; thus one obtains a rather “stiff” jgentified with a “shoulder” in the neutron-scattering spec-
systent

¢ ) ] ) trum below the ordinary roton minimum.
Figure 2 provides a comparison of these four different

/ ) : ) (4) Interfacial ripplons On very weak substrates, like ce-
potentials. It is seen that the alkali-metal potentials aresjum, one can also have an “interface ripplof!*? Its ap-

longer ranged, the magnesium substrate has the deepest prrarance can be understood easily from the following con-
tential well. At the opposite end of the potential strength issjderation: Consider first a film withwo free surfaces.

the Cs substrates. This substrate has received much attentieyhyiously, this film would exhibit two ripplon modes, one at
in recent years because of the expel’imental f|nd|ng that it iéach Surfacé? NOW, a weak substrate is moved against one
nonwetting’’~** Note that the Cs-adsorbed films are meta-of the two surfaces. The character of the “ripplon” at this
stable; they were examined with two purposes in mind. Ongyrface will not change abruptly; rather the circular motion

is to generate a situation that is reasonably close to the infipf the particles will be somewhat inhibited, and the energy of
nite half-space limit. Therefore, we have studied this casghe mode will rise. This is precisely what is seen in the

also for the larger surface coverage-0.4 A~%. The second  energetics and the current pattern of this second mode on Cs.
reason is that the nature of the low-lying excitati6h®s  stronger substrate potentials suppress this interface mode; to
well as that of the Impurlty Statéé,is somewhat different d|5t|ngu|5h between an “interfacial ripp|0n” and a “|ayer

than those fOI’ the graphite m0de| as will be seen beIOW. Thghonon” one must look at the current pattern of the

third case, a Na substrate, is an intermediate case which is gkcitation*?
some interest for the nature of tHele bound states, whereas  The above list of excitations is restricted to modes that
the Mg substrate is both deeper and longer ranged than thein be characterized legitimately by a wave vekjquarallel
screened graphite. to the surface. To calculate the response to particles imping-
ing normally on the surface, one must also look at the types
. of excitationsperpendicularto the surface. These cannot be
B. Background excitations

rigorously classified by a wave number, but one should ba-
Our earlier work®1°#?has discussed extensively the ex- sically expect standing waves or resonances at discrete fre-
citations of quantum liquid films adsorbed to various sub-quencies, approaching the excitations of a bulk system as the
strates. These studies have been concerned with the interpfdm becomes thicker. No ripplonic excitations or layer

tation of neutron scattering experimefis?® they have modes should be visible in this case.
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regime; note that the second lowest dispersion branch corre-
sponds to the interfacial ripplon mentioned above. Note also
that the modes below the continuum energy u,
+ﬁ2q”2/2m4 are discrete; they have been broadened by a
Lorentzian of the same strength to make them visible.

The situation is quite different for perpendicular scatter-
ing. Again, the discrete excitations below the evaporation
energy have been broadened. We see a dominant ridge basi-
cally along the dispersion relation of a Feynman phonon, and
a high density of states in the regime of the roton. The ridge
L5 2.0 shows a number of “echoes” at shorter wavelengths; this is
due to the finite-size of the film. But there are — expectedly
— no excitations corresponding to tkiaterfacia) ripplons.

00.0 0.5

1.0,
ky A1

FIG. 4. Dynamic structure functio®(k,w) in Feynman ap-
proximation for a film with coverage ofi=0.400 A2 on a Cs
substrate angbarallel momentum transfer. The solid curve shows

the continuum boundary,u+h2qﬁ/2m4 and the dashed line the ) . ) )
bulk Feynman spectrum. Calculations of low-lying, bound states including the dy-

namic self-energy have been discussed extensively in Ref.

The character of excitations is intelligently discussed by20, we list here the most important ones demonstrating both
examining thedynamic structure function(®, ). A general  the theoretical consistency as well as the quantitative reli-
procedure has been developed in Refs. 18,19 to use timability and highlight their relevance for scattering processes:
dependent correlations for a quantitative calculation of the (i) When applied to the bulk liquid, the ground state
dynamic structure function. The simplest version of thetheory produces the correct chemical potentials’idé and
theory is analogous to the Feynman approximaffoif:the ~ hydrogenic impurities?
dynamic structure function in that approximation can be cal- (i) In an inhomogeneous geometry, thatic theory re-

culated directly from the solutions of E.7) produces the binding energy of the Andreev stat&he
theory also predicts, even in its most primitive versidihe

_ 2 existence of a surface resonance.
5(k;w)=f d3re’ *\p1(r) ¢, (1] (3.9 (iii ) The dynamictheory predicts a hydrodynamic effec-
tive mass of the Andreev state off;/m,~1.35, to be com-
where theg,,(r) are adjoint state2.8) of the solutions of pared to the value on 1.38 given by Higleyal °> somewhat
Eq.(2.7) for energyf w. The Feynman approximation has its larger than the value ofn};/m;~1.26, reported by Valles
well-known deficiencies, and methods for its improvementgt g1 at the lower end of the valuenf,/m,=1.45+0.1
have been derived which provide quantitative agreemengiven by Edwards and Saathin other words, our theoreti-
with experiments. cal prediction is within the spread of experimental values.
Previous work has concentrated on the theoretical inter- (jy) The energy of the first excited surface state is lowered
pretation of neutron-scattering experiments, and it was thererom about—2.2 to —2.8 K, improving the agreement with
fore concerned with momenta parallel to the liquid surfacethe experimental valé of approximately—3.2 K notably.
In the present situation we must allow for both parallel and  sjmilar to the obvious existence of interfacial ripplons,
perpendicular momentum transfer. We show in Figs. 4 and 3ne also expects, on weak substrates, the appearance of an
the dynamic structure function for parallel and perpendiculainterfacial Andreev state. The binding energy of this state
momentum transfer. Figure 4 shows the picture familiar frompyas found in Ref. 20 to be approximately4.3 K, which is
previous work.*>***?a low-lying excitation which can be somewhat higher than the experimental v&tuef -4.8 K.
identified with a ripplon by its dispersion relation and its we attribute the difference to uncertainties in the substrate
particle motion, and a high density of states in the rotompgtential and the certainly oversimplified assumption of a
perfectly flat surface. This state—being confined to a smaller

C. Impurity excitations

30 area than the surface state—halsvays an energy that is
Cs higher than the Andreev state. Although it can, in principle,
m decay into a surface-bound state, it has negligible overlap
207 S :‘?i and hence its lifetime is practically infinite. With increasing
) = = potential strength, the energy of the substrate bound state
s 4 increases; the state disappears completely on substrates
= 10t somewhat more attractive than Na. Then, the “interfacial
#_ Andreev state” turns into a resonance to which a scattering
I g n = 04047 particle can couple. Similar “resonances” can be found on
0 P Mg substrates even in theecondlayer; we shall return to
0.0 05 . I'O(A’l) L5 20 this point further below.
1

The two surface-bound statéand, if applicable, the in-
FIG. 5. Same as Fig. 4 for momentum trangerpendiculato ~ terfacial Andreev stajecan be described in the energy re-

the film. The horizontal solid line shows the continuum boundarygime we are interested in reasonably well by (&) =t;(0)
—u and the dashed line the bulk Feynman spectrum. +#%k?2m% . Above the solvation energy of aHe
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atom, a sequence of impurity states can exist that are sprea 1 —
out throughout the film; the detailed energetics of these state
depends on the thickness of the film and the corrugation of
the background liquid.

IV. SCATTERING STATES 0
g
The background and impurity excitations discussed in theg
previous section specify the possible energy-loss channel
for a scattering particle; we can now turn to the analysis of
our results.

. . raphite
The previous work has concentrated on the properties of / & PNa __________
boundimpurity atoms, their effective masses, and the life- P
time of resonances. Scattering processes are treated withi 0.1 L-< . : '
0.0001 0.001 0.01 0.1

the same theory, imposing asymptotic plane-wave boundan
conditions on the solution of the effective Sctiimger equa-
tion (2.18:

k(A

FIG. 6. Sticking on a graphite, Na, and Cs-adsorbed filnm of
=0.30 A 2. The square boxes in the upper left of the plot are the
data of Ref. 7. Note that these data were taken at an impact angle of

One of the key quantities of the theory is the elastic re-60°-
flection coefficientR because it is directly influenced by the
coupling of the motion of the impinging particle to the exci- energy range where quantum reflection is visible in a many-
tations of the quantum liquid. The absolute value of the rebody system like one of those considered here depends sen-
flection coefficient can differ from unity only if the self- sitively on the energy-loss mechanisms and calls for a quan-
energy>(r,r’,w) is non-Hermitian. This happens when the titative calculation. Even in the limit of zero incident energy,
energy denominator in the self-ener@19 has zeroes; note the self-energy(2.19 is non-Hermitian, and thus allows in
that the quantum numbers andr include both the motion principle for sticking. Furthermore, this energy range is
of the particles parallel to the surface as well as the discretgtrongly affected by the long-range features of the substrate
or continuous degrees of freedom in thelirection. potentials®301>14
Superficially, we appear to be describing a single-particle Specifically, in the 3-9 substrate potential modes2),
quantum-mechanical scattering problem. In fact, a number dhe sticking coefficiens depends on the streng@y of the
notions can be carried over from single-particle models angbotential: For a local potential with the asymptotic form
simple phenomenological descriptions can be constructed &sz > asz—, one can show that the amplitude of the
the level of a one-body theory. But the actual situation is fawave function inside the potential depends linearly on the
richer: Since the scattering film is composed of helium at-normal momentum of the incoming particle. Increasitg
oms, this is a genericallgonlocal problem when viewed at makes the potential appear smoother for particles with long
the one-body level. Moreover, the film @dynamic:the in-  wavelength, thus increasing the penetration depth and the
coming particle may produce excited states of the backprobability to reach the film. Indeed, a calculafiér®?®of
ground. This may result in the capture of the particle and/othe sticking coefficient from the non-Hermitian effective
the emission of particles in states other than the elastic chafchralinger equation2.18 gives, already in the distorted-
nel. wave Born approximatio(DWBA), sek.
Inelastic scattering is, at low incident energies, only pos-
A. Quantum reflection sible by coupling to ripplons. An analysis of the imaginary
part of % (r,r’,w) reveals that the contribution of the inelas-
tic channels is proportional t&”? which give$®%in the
WBA r;,eE*. In other words, inelastic processes are neg-
igible in the low-energy regime.

d(z,r)—e e * 2+ R as z—o. (4.

Generally, the amplitude of the wave function of an im-
pinging particle of low energy is suppressed inside an attra
tive potential by the mismatch of the wavelengths inside an
outside the potential ifl its range is small compared to .the Although it is not the main thrust of our paper, we have
wavelength of the particle. As a consequence, thg p&_‘rt'?leéxamined the low-energy reflection probabilities. Figure 6
are aImosF totally reflected 'even'|f there is dissipation |nS|deShOWS three examples for the dependence of the sticking
the potentla[cqused by the imaginary part of the Self'e”ergyprobability s~1—|R|? on the incident energy for normal
operator(2.19 in our casg¢ incidence. While on graphite adsorbed films, quantum stick-
ing is readily observable in the sense that the sticking coef-
ficient starts to drop monotonically for wavelengths longer
and, consequentlys—0 andr,,—0. The effect is called than 0.1 A%, corresponding to energies less than 0.1 K, the
universal quantum reflectiott>® linear dependence &f on k begins only at energies that are

Quantum reflection can be describgldenomenologically two to three orders of magnitude less for Cs adsorbed films
in an effective single-particle picture with a complex optical (and similarly Mg and Na
potential. Themany-bodyaspect of the problem is to deter-  Once the origin and properties of the optical potential for
mine the physical origin, the magnitude, and the shape a®w-energy scattering are understood from a microscopic
well as possible nonlocality of that “optical potential.” The point of view, one maya posteriori construct simple, ana-

1-|R|? « k, as k, — 0 (4.2
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. . FIG. 9. Same as 7 for a Na film of density=0.30 A2,
FIG. 7. Dependence of reflection coefficient on wave vector fy=

magnitude and angle from a graphite film of density
=0.30 A2 scattering because several states are accessible. The condi-
tion that an excitation contributes to the imaginary part of the
lytic models that provide, within the range suggested by theelf-energy is that the energy denominator of the self-energy
estimated accuracy of the microscopic picture, some flexibil{2.19 vanishes, i.e.fiw,+t,=%w, and there are several
ity to examine the dependencebn features of the optical open channels even for vanishing incident energy. First, the
potential. A simple model consists of a local potential thatparticle can, although less efficiently, also couple to higher
approaches the substrate potential in the asymptotic regioilm excitations and can be promoted into either the second
z— and that is approximated by a square well with a depthAndreev state or into a bound state in the bulk liquid. The
estimated from the binding energy of the Andreev state and geflection coefficients also depends visibly on the real part of
width of 15 A. The energy dissipation term can be includedthe self-energy, and no quantitative statement can be made
through a localized imaginary part of the typical magnitudewithout proper treatment of both. The argument holds even
of our self-energy. Such a model reproduces qualitatively th@t normal incidence, and infinitesimal asymptotic energy of
large values of in the mK energy regime. Of course, the the impinging particle.
model fails to explain the dependencelqn see Fig. 11. For We show in Figs. 7-10 a few typical examples of the
completeness, we should also add that retardation should beflection probability|R(k,k,)|? for scattering from*He
taken into account for quantitative results below 1-10 K. films adsorbed on graphite, Na, and Cs substrates. In contrast
to experiments on atomic scattering tfle from free *He

B. Ripplon coupling surfaces, there is evidently a strong dependence on the par-

allel wave vectok; which needs to be explained in terms of

“Quantum reflection” as a generic phenomenon needs[he ossible decay channels discussed above. Since it is un-
only somedamping mechanism; we now turn to the task of P Y '

many oy thery 0 ety and examine the physis ral e 13, specic fetie s due 1o 3 dlcate cooperaton
leads to damping. The basic physics is contained in the SeIr_nate to discuss film- F?:md >;in Ige- article excitatié;ns indeg en-
energy(2.19 used in our calculation; it includes the energy gie-p P

loss of an incoming particle with enerdyw to a background dently. . L .

s X o o The fact that ripplon coupling is thdominantenergy-loss
excitationf w,,, leaving the particle in the state. Within ; g ; ;
) A, mechanism can be verified in various ways. The simplest one
this model, damping is expected to be somewhat underesti-

mated because the possibility to emit two or more phonon'sS the inspection of the self-enerd?.19: The imaginary

has been neglected part of the self-energy is, with a few exceptions to be dis-

Unless there is nealigible overlap of the wave functions cussed below, localized in the surface region where the rip-
the most efficient encgr g-loss mecr?anism is the counlin tglon lives. The consequence is that at energies below the
) Nergy . >oupling roton, the wave functions of the impinging particle decays
the lowest-lying excitation. These lowest-lying excitations of,__ . o . .
. s . basically within the surface region. The effect can be seen in
the helium film are the surface wavéspplons), hence one h f . d b in th babili
expects that the energy loss of thide particle is dominated t € wave ynctlons and even etter in the pro a lity currents
o . ; o which basically decay within the surface region. A “reso-
by the emission of a ripplon. This serves agjaalitative

argument. However, the reality is more complicated T nance” in Figs. 12 and 13 will be discussed momentarily.
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FIG. 8. Same as 7 for a Cs film of density=0.30 A2, FIG. 10. Same as 7 for a Cs film of density=0.40 A2,
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creased. The energy of this resonance is significantly reduced

1.0 ¢ d N by the coupling tovirtual phonons: The resonance has an
08 | i"ﬁ%\\ \\\t\\\ Cs energy of approximatgl 6 K in the static approximation
) mmmm‘%%%}ssm n=030A2 (2.12. Including the dynamic self-energy corrections
a 0.6 TP
% ‘q‘%\‘\m\\\\\‘\\\\\‘%&‘m through the(real part of 3 (w), the resonance energy drops
0.4 \\\\\\“‘“\“\%MQ to approximately 1.3 K. Thel energy where the wave fu_nc_tlon
o \\@g@\‘“‘ o o7 has a strong peak in the vicinity of the substrate coincides
) \§§ 6 with that of the dip in the reflection coefficient. Figure 12

b

shows this for the special case of zero parallel momentum,
but the agreement between the peak of the wave function and
the minimum of the reflection probability persists at all par-
allel momenta. Also seen clearly in Fig. 12 is the change in

FIG. 11. Fig. 8 is magnified into the regime of Idw to dem-  the phase of the wave as the resonance is crossed as a func-
onstrate thatR| finally approaches unity. tion of energy.

) ) _ The elliptic ridge of the reflection coefficient as a function

From looking at Figs. 7-10, it appears that quantum reyf (k , kj) can be explained by the coupling of the interfa-
flection is seen only for the graphite substrate. As explainegja| Andreev resonance discussed above to the virtual exci-
above, this is simply a consequence of the fact that the regtions of the film. This has the consequence that the reso-
flection becomes visible only at much lower energies on thg,5nce acquires an effective m%psm:es_ At zero parallel
alkali-metal substrates. To demonstrate this, we have magnfyomentum, the position of the dip in the reflection coeffi-
fied in Fig. 11 the low-energy region for the Cs substrateient agrees with the location of the resonance seen in Fig.
consistent with Fig. 6 it is seen that the reflectivity starts 1015 The shape of the ridge can be explained by assuming that
rise at impact energies of less than 0.001 K. all of the energy of the impinging particle is deposited in that
resonance. Energy conservation and momentum conserva-

C. Single-particle resonances tion parallel to the substrate then leads to the relationship
While the generic many-body aspect of all scattering and 202 212
; : ; : ; ; ok fhk m
in particular damping mechanisms must be kept in mind, e Ly I, 8 4.3
one-body pictures can occasionally—as above for quantum S 2m;  2mg mey’ '

reflection—provide useful paradigms in cases where the pro-
cess under consideration can be described in terms of thihereeis the energy of the resonance. Following the peak
degrees of freedom of a single particle. Such an effect is thef the wave function in the resonance in the (k)) plane
coupling to single-particle resonancesA convenient and leads, within the accuracy that can be expected from such a
physically illustrative definition of a resonance at an energyrelatively crude argument, to the same conclusion.
ho is a large probability, (r,w)|? in the region of interac- Basically—and expectedly—the same resonances occur at
tion. The resulting large dissipation will rend¢R(w)|2 other surface coverages; the precise location of the dip in the
small. reflection varies due to the multitude of other open scattering
The peak of the wave function close to the substrate aghannels. A similar resonance occurs in the more strongly
k,~0.4 A~*andz~1.2 A shown in Fig. 12 is a very pro- attractive Mg substrates, the corresponding wave functions
nounced example of such a resonance. It displays exactly ti¥€ shown in Fig. 13. In this case, one finds a second reso-
phenomenon discussed above that the interfacial Andreed@nce in the second layer which is, however, less pro-
state turns into a resonance as the substrate strength is ipounced. A list of energies and effective masses is given,
together with the values for the Andreev state and the results
" of Ref. 20 of the bound states, in Table I. The effective
masses were obtained by fitting the curve defined by Eq.
1 (4.3 to reproduce the location of the peak of the wave func-
1 3 tion within the visible region. As pointed out above, the
y o~ weaker substrate Cs has a bound state to which the scattering
| \ | ,ff‘ m particle cannot couple, whereas the Na substrate is a mar-
= T ginal case.
20 In all cases considered here we have found a significant
dependence of the reflection coefficiéR| on the parallel
. & momentum, cf. Figs. 7-10. Such a feature cannot be ex-
plained within a local, complex single-particle model, is also
not seen in experiments orfHe scattering off “He
films/surfaces. The feature is most pronounced on graphite
FIG. 12. The figure shows the wave functipp(z)|? of a 3He ~ @nd Mg substrates, cf. Fig. 7.
as a function of distance and perpendicular wave numbey for Also for the other substratésee Figs. 8, 9, and 10R(w)
normal incidence. The left face shows, for reference, the densitfdeépends on the parallel component of the momentum. One
profile of the film and the back face the reflection coefficiR(k,).  Sees similar, but broader ridges in the reflection coefficient,
The substrate is graphifgus two solid helium layers, the surface but no sharp peaks in the wave function, cf. Fig. 14. The
coverage isn=0.300 A2, effect can also be explained by the features of the impurity
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FIG. 13. Same as 12 for a film af=0.300 A2 on a Mg
substrate. FIG. 14. Same as 12 for a film of=0.300 A2 on a Cs sub-

strate.

states within the film. But this time, the impurity states are
not localized but are extended states that will, with increas$ling should become visible at an energy of about 15 K, this
ing film thickness, develop t¢He states dissolved in the is because we have used a Feynman spectrum in the energy
“He liquid. Consistent with this picture, the energy of thedenominator of Eq.(2.19. In previous work'® we have
resonances in Na and Cs adsorbed films decreases with ifcaled the energy denominators in the self-energy by an
creasing surface coverage until they become bound states, amount such that the roton is placed at roughly the right
cf. Fig. 16. This slipping below the threshole=0 is best ~energy. We have refrained from this phenomenological
seen in the phase shift Et—0, which jumps whenever this Mmodification since this procedure would also scale the rip-
occurs(in case of Cs: ah=0.330 and 0.380 A?). plon away from its correct value which is already obtained in
the Feynman approximation.

Above 15 K, the film loses its elastic reflectivity fdHe
atoms completely. There is, of course, still the possibility of

The presence of roton excitations affects the scatteringome inelastic scattering, but we consider this scenario un-
properties at two levels. First, atl energies, the coupling to likely from our experience with the propagation #fle im-
virtual rotons is a significant contribution to theal partof  purities inbulk *He 3° Hence, we expect thaHe atoms will
the self-energy; omitting these contributions by, for examplepe completely absorbed b{He films when the impact en-
restricting the state sums in the self-ene(@y.9 to energies ergy is above the energy of the bulk roton. The effect is also
below the roton minimum, leads to reflection coefficientsseen quite clearly in the wave function of the scattering par-
that are, even at energies well below the roton minimumticle which does not penetrate into the film at all at energies
about a factor of 2 smaller than when excitations in the rotorabove that of the roton.
regime are included; cf. Fig. 15. This is to some extent plau-
sible since the roton is a reflection of the short-range struc-
ture of the system which is dominated by the core repulsion,

and such effects should make the film look “stiffer.” We have set in this paper the basic scenario for calcula-

At higher energies, the coupling to roton excitations alsajons of atom scattering processes from inhomogenébies
opens a hew damping mechanism. As seen in Fig. 5, “roton-

like” excitations appear also for film excitations perpendicu- 03
lar to the surface, and the impinging particle can couple to
these excitations. In our calculations, the effect of roton cou-

D. Roton coupling

V. SUMMARY

TABLE I. Resonance energies and effective masses of the in-
terfacial Andreev state on various substrates. The first line gives, for
reference, the data of the Andreev state at the free surface, and the
second the interfacial Andreev state on a Cs substfatam Ref.

20). The last three lines give the results obtained here from scatter-
ing properties. Energies are given in K, the row labeled with “C”
refers to the graphitelus two solid layers of*He model used in
this work.

s E[K]
Substrate Energy m*/mg
FIG. 15. Reflection coefficienR|? for normal incidence on a
—5.4 13 film with n=0.300 A2 on a Cs-adsorbed film. The solid line is
Cs —-4.3 1.7 the result when all relevant intermediate states are kept in the state
C 1.3+0.3 1.740.3 sums(2.19, whereas the dashed line is the result when the sum
Mg 4.3+05 1.6-0.2 over intermediate states is truncated below the roton minimum. A

new scattering channel opens at 3.5 K.
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This work parallels similar research on scattering “bfe Cs Film
atom$* and also provides the groundwork for applications
on the presently active area of atom scattering frore
clusters.

Technically, the calculations presented here are somewhat
simpler than those fofHe atom scatterir?é (since the Har-
tree impurity spectra appearing in the energy denominators
in Eq.(2.19 are decoupled in parallel and perpendicular mo-
tion in contrast to the ripplon/phonon/roton spegtwich
enabled us to do a systematic study of the dependence of the
reﬂ\/e\/(;;[g)nnacp?gifggﬁgt (?Srtggnz?;?g?ngﬁgggéu;é very similar FIG. 16. _Reflect_ion coefficientR|? for normal incidence on a

' . sequence films with surface coverages between0.26 and

to those that we have drawn f@He atom scattering: Most 0.39 A2 on a Cs-adsorbed film
of the physics happens due to ripplon coupling, the wave ' '

function is substantially damped in the surface region. ial barri b
“Quantum reflection” does not come to bear until energiesH atom must overcome a potential barrier of about 10 K to

as low as 0.1 K on a graphite substrate, and 0.01 K or less dpenetrate into the bulk liquid which makes the coupling to
alkali metals. A second damping mechanism happening &1 interior degrees of freedom negligible. _ ,
higher energies is the coupling to rotons, this effect dampens Similarly Interesting Is the pOSSIbI|IE‘y of scattering experi-
the impurity motion completely: an equivalent effect is ex- MeNts of both®He and "He atoms off"He droplets. These
pected, and found, in bulkHe. experiments, to be carried out in the energy regime of a few

An aspect specific tHe scattering is the coupling to tenth to a few degrees, would also couple to b(_)th surface and
single-particle resonances within the film; such an effect willvolume modes and should also more clearly display the cou-

not be seen fof*He scattering. We have demonstrated thatpling to gxcitat_ions inside the dropllets. In th.e spherical ge-
the properties of the remaining reflected particles are directl)(?metry’ ||nelast|c progesses ththe k|nq described here cangot
influenced by the features of the impurity states within thes ceur at low energy because the continuous quantum number

films and that scattering experiments can directly measurgl IS replaced by the discrete angular momentum. Hence, all
the energy and the “effective mass” of these resonance _ow-Iymg mpdes are discrete and the energy denominator of
Fully acknowledging the experimental difficulty of the task, Eq. (2'19) will ”O.r!“a"y be nonzerc;], in other words the self-

we hope that these findings will inspire further measureENEMYY 1S Hermitian. Moreover, these systems are not con-
ments on®He scattering off'He surfaces and films. taminated by substrate effects and should therefore allow for

Unfortunately it is difficult to make direct comparisons a cleaner interpretation of the results. We have learned that

with experiments available toddyOne reason is that we are such sce;ttermg experlments have mea”‘”.h"‘;? been
with our calculations apparently still too far from the bulk performed” and show indeed the expected coupling®fe

limit that a comparison is meaningful. This is most clearly particles to rot_onllke excitations 'ns'de the droplets. .

seen in the oscillatory dependence of the reflection coeffi- Such experiments and calculations would also proylde an
cient on the energy of the incoming particle even in a case ifdeal scenario tp test ideas and procedures es_tabllshed n
a relatively thick film without localized resonances within nuclear thS'CS ina muph better controlled and—in terms of
the film (Fig. 14. There is also still pronounced nonmono- 1€ underlying Hamiltonian—better understood physics. Cal-
tonic dependence of the reflection coefficient on the surfacgUlations in this direction are in progress and will be pub-
coverage, cf. Fig. 16. ished elsewhere.

Further applications of our work are twofold: One is the
application to scattering of hydrogen isotopes Offe sur-
face. While experimental efforts in this area have been sig-
nificantly strongef! *3the situation is less rich: The H im- This work was supported in part by the Austrian Science
purity is only very weakly bound and can lose its energyFund under Project No. P11098-PHY. We thank S. E. Camp-
only to the ripplon, in other words the imaginary part of the bell, R. B. Hallock, J. Klier, and M. Saarela for valuable
self-energy(2.19 comes from one state only. Moreover, the discussions.
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