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van der Waals energy of an atom in the proximity of thin metal films
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The van der Waals energy of a ground-state afonmoleculg placed between two metal films is calculated
at finite temperature. The attraction between thin metal films and a polarizable object can have half-integer
separation dependence. This is in contrast to the usual integer separation dependence, shown for instance in the
attraction between an atom and a solid surface. We examine how film thickness, retardation, and temperature
influence the interaction. To illustrate the effect of finite thickness of the metal film we calculated the van der
Waals energy of ground-state hydrogen and helium atoms, and hydrogen molecules, between thin silver films.
We finally, briefly, discuss the possibility to measure this effect.

PACS numbg(s): 34.20.Cf, 73.20.Mf, 68.65.g

[. INTRODUCTION calculated. In that particular case a gold film cannot be much
thicker than 100 A to be considered as thin.

Recently, there has been considerable interest, both theo- The dispersion induced long range forces between solid
retically and experimentally, in fluctuation-induced forces.surfaces and particles have received a lot more attention dur-
The fluctuating electromagnetic field in the vicinity of a ing the years. When retardation is neglected the long range
metal surface is different from that of free space. The gradipotential between a surface and an atom takes the f6im
ent of the potential energy, experienced by an atom in thg~—C,d 3. The coefficientC; has been calculated for
proximity of a metal surface, gives rise to an attractive forcevarious combinations of surfaces and atd®s9]. At larger
At short separations the optical properties of the metal surseparations the finite velocity of light becomes important.
face, and the atom, influence the interaction. In this limit theCasimir and Polder10] investigated the interaction, between
force is referred to as the van der Waals force. At largean atom and a conducting plane, in the separation range
separations retardation, or the finite velocity of light, be-where retardation is important. At these separations the in-
comes important. In this limit, the interaction depends on thaeraction varies ad 4.
velocity of light, and the static polarizability of the atom. In The self-energy shift, due to vdW interactions, of an atom
this limit the force is referred to as the Casimir-Polder force.in between metal half spaces has recently been measured.
The purpose of this paper is to show how the van der Waalandersonet al. [11] measured the deflection of Rydberg at-
energy of an atom in between thin-metal films depends oms towards a metal surface. Later Sandogtetaal. [12]
the film thickness. We further examine effects of retardationysed laser spectroscopy to measure surface induced self-
and temperature on this interaction. energy shifts of sodium atoms in excited states. Sukehik

The interaction between a thin metal film with other ob- a]. [13] examined the deflection, due to the Casimir-Polder
jects can have fractional separation dependence related to thgrce, of ground-state sodium atoms. These experiments
longitudinal two-dimensional collective excitations. Barashwere in good agreement with theory. The surface induced
[1,2] calculated the van der WaalgdW) interaction be- self-energy shift has been subject to intense theoretical in-
tween a thin metal film with a second thin film. This inter- yestigations. In particular Panat and Paranjgipg recently
action was found to sometimes have half integer separatiogalculated the selfenergy of a hydrogenic atom placed be-
dependence. This is one of the rare cases when the separati@feen two metallic slabs. One purpose of that work was to
dependence is determined by collective excitations. This ininvestigate the validity of the dipolar approximation. The
teresting phenomenon has received surprisingly little attenorigin of the self-energy shift can be considered to be
tion. In the limit when the second film is a very dilute di- changes in zero-point energies of the surface plasmons due
electric film Barash obtained thénonretardefl van der to the presence of the atom. A review on both theoretical and
Waals energy of an atom in the proximity of a thin-metal experimental work on Casimir-Polder interactions is given in

film Ref. [15].
We argue that experiments, similar to those discussed,
FNR(d)~ — 15a¢f 0, 781256472 (1)  could be used to observe dimensionality effects due to finite

film thickness. In this paper, we assume that the films are
Here d,é,a¢,fiw, are the atom-film separation, film either free or deposited on a low energy surface. That is, we
thickness, static atomic polarizability, and the plasmon enassume that the surface is sufficiently transparent so that it
ergy of the metal, respectively. At finite temperatures thedoes not influence the interaction. In Sec. Il we derive the
relevant thermodynamic generalization of the van der WaalsdW interaction energy of an atom placed between a pair of
energy is the Helmholz free energly). Sernelius and Bjix  thin-metal films. We present the basic theory and derive
[3] found similar separation dependence for the vdW energgome important asymptotes. In Sec. Il the interaction energy
between a pair of quantum wells. The retarded free energy aif hydrogen molecules and hydrogen and helium atoms
attraction between a pair of metal filf¥] has recently been placed between two thin silver films is evaluated numeri-
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cally. Very similar results would be obtained with, for ex- transverse magneti€TM) and transverse electri¢TE)
ample, gold films. Using these numerical calculations wemodes. Due to the exponential functions, in E@s.and(4),
investigate how thin the metal films must be to observe di-only wave vectors of the order ofd,/ or smaller, contribute
mensionality effects. We further examine the effects of resignificantly. We can therefore, approximately, neglect the
tardation and temperature. The results are discussed in Sagave vector dependence of the permittivity. This approxima-
IV where we further discuss the possibility to measure di-tion obviously breaks down at too small separations. How-
mensionality effects. ever, this is not the only complication in the limit of small
separations. This approximation further neglects electron ex-
Il. THEORY change effects and the detailed structure of the surface. The
only required experimental quantity is obtained numerically,

Zhou and Spruct{16] used a quantized surface mode from the tabulated17] optical excitation spectrum of silver
technique to determine the van der Waals energy of a polatyng g Kramers-Kronig relationship

izable spherical object placed between two thin films. The

interaction was derived within the dipole approximation. The ) 2 (=  Xée"(X)

approach of Ref[16] is adopted in this paper. This is ex- e(lw)=1+ ;j dx 7z 2, €'=2nk (7)
pected to be a good approximation, especially for ground 0

state atoms, except at very small separations. Zhou and e nymerical procedure is performed in a standard fash-
Spruch examined the zero-temperature interaction energy %n, described in Ref[4]. For a real metal the dielectric

atoms with dielectric films, and with perfect metals. In real-¢,,tion at small momenta. and low frequencies, can be

ity, of course, a perfect metal can never be anything but an odeled with the simple Drude expression
approximation. In the present work we examine the vdwW

energy of an atom placed between thin metal films. w2

We consider two equal films a distandeapart, with a eliw)=1+ —"—. (8)
permittivity €; and a thickness. These films are embedded w(o+o,)
in a second media, with permittivity,. An atom, with po-
larizability a(w), is separated a distanedrom the closest
surface. After trivial changes E@4.9) of Ref.[16] can be
rewritten for the present system as:

We will use this model, neglecting damping, to derive
asymptotic results. The damping is related to the static con-
ductivity through the expressiomr:= ws/47'rw7. The London
approximation is used to model the atomic polarizability:

h (> (= .
F(d):zfo fo dwdqq a(lw)=a0/(1+w2/w§). (9

| | This model was used by Raubetral. [6] to calculate van
TE ™ ) (2)  der Waals coefficients of atoms in the proximity of a sub-
1-Gige 22! 1-GFye 2] strate. Hydrogen atoms, hydrogen molecules, and helium at-
oms are taken to have static polarizabilities of 4.50, 5.439,
where and 1.384 au, respe%ivr?]lgy. The atomic uffit au corre-
_ 2 —290d (2 290(z—d) | a—2907 2. sponds to 1.48210 “>cm/atom. The characteristic ab-
Ire=Grew[2Gree” 720~ (72" D+ e 229 7, ’(3) sorption frequencies of these particles are taken to be 11.65,
14.09, and 27.65 eV, respectively. These values were ob-
22c? tained in Ref[6] from a fit to the static polarizability and the
2Gqye 272d— ( 1-— _2_) pair interaction between equal atoms.
€20 The temperature dependence of the interaction energy is

X

— 2
ltm=Grue

obtained from the Helmholz free energy. The effect of tem-
x(eZVZ(Zd)-FeZVzZ)} / ¥2C%: (4)  perature is taken into account if the frequency integration is
replaced with a discrete summatiftg].

1-e 2n?
TE/TM . (5)

Gremu= A Ao S
TE/TM 1_(ATE/TM)2e—2y15 12 ) — dw—>kBTE , w,=2wkgTnlth. (10
12 21 Jo n=0

ATE(giw)= 71_?’2’ The prime on the summation means that the0 term
Y1t y2 should be divided by two.
In the remainder of this section we will derive a few im-
ATM(qiw) = €271~ €172 ©) portant asymptotes. \_N_e use the simp_le mod_els,_c_iiscussed
12 (G)lw €271+ €1y earlier, for the permittivity and the atomic polarizability. We
will consider the simplest possible situation, i.e., when
yi= g+ € w?/c2, =1. Three different limiting asymptotes is discussed: the

van der Waals asymptote, the Casimir-Polder asymptote and
This is the van der Waals energy at zero temperaturehe high temperature asymptote. When retardation is ne-
There are two contributions to the energy, originating fromglected we can further distinguish between thick-and thin-
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metal film. The nonretarded vdW energy of an atom in be-serve dimensionality effects the energy of the atomic reso-
tween a pair of thick metal films is given as nance should not be negligible small compared to the collec-
tive excitations. If we approximate the atomic polarizability
with its static value, and take the limit of very thin metal

H NR ~ ” 2q(z—d) —2qz
lim F7(d,2)~ (A/m) fo dac(e +e ™) sheets, it becomes straight forward to derive the following

5— 0

asymptotes:
xf doa(io)Ayg/(1—AZge 299, _ .
° - IimFNR(d,z)w—ﬁw‘\’/C_lo\/Ef dq9(e2I I+ g29)
(11 5—0 442 0
Anr=(1—€)/(1+€y). (12

19

( SN

. . . Vi—e @ J1+e @)’
Although the frequency integration is straightforward, we

consider two limiting cases of this expression. Consider first

H NR — ~ 35
the special case when the atomic resonance occurs at much I|Ln0F (d.z=df2)~ 6'7093&“’Pa0‘/‘—5/2‘/§d ’

higher energy than the plasmon resonance. In this case, we (20)

can write an approximate expression for the van der Waals

energy. lim 1im FNR(z)~ — 15h wpao\78/256235  (21)
lim lim FNR(d,z) 4= om0

S— oo wa>wp

—fhwyay (@ 2
~__p70 2q(z—d) 4 g—20z
4\2 J'o daer(e e 1—e 2@

(13)
lim lim FNR(d,z=d/2)~—hw,ao7(3)/4\2d°,
S—© wa>wp

(14

lim lim lim FNR(z)~—fwpae/8y22°.

d—o §—o wa>wp

(19

The ratio of Eqs(14) and(15), when the distance z is the

same, is asymptotically {3)/4~2.1, i.e., quite close to 2.
Where the Riemann zeta functidig3)~1.202. Let us next

The ratio of Eqs(20) and(21), when the distanceis the
same, is asymptotically 2.02. These asymptotes originate en-
tirely from the two longitudinal, two-dimensional, surface
modes. The coupling with the two transverse modes fades
away more rapidly. They will only influence the result at
very short separations. It is clear from E¢$3)—(21) that
the vdW-induced self-energy shifts of an atom placed be-
tween a pair of metal films, and the corresponding force,
depend on the thickness of the metal films. Equally obvious
is that the optical properties of both metal and atom can be
important for the attraction.

At both very small and very large separations, dimension-
ality effects vanish. It is well known that the interaction at
small separations between objects is strongly dependent on
the surface region. The thickness of the films becomes less

consider the opposite limit when the atomic resonance erMPortant. At large separation when retardation becomes im-

ergy can be neglected in comparison with the plasmon e

ergy

—5 -
fim  lim FNR(d,z)w$f g0
0

S5—© wp> Wy

+e~2qd

+ efzqz)m)—, (16)

2
— w2
lim  lim FNR(d,z=d/2)~7T—4dw,

5—» 0p> 0y

7

—hw,ag

T8l S

lim lim lim FNR(z)~

d—ow §—w wp> w0y

The ratio of Eq.(17) and(18), when the distanceis the
same, is asymptotically: m%/4~2.47.

rportant, the thickness once again becomes unimportant. This

IS sO because at large separations the exponential terms in
Eqg. (2) ensures that only smatf and o values give any
significant contributions. In this limit the polarizability of the
atom can be replaced with its static value. Furthermore, the
permittivity becomes very large, so large that the asymptotic
result becomes identical with the Casimir-Polder energy. The

Casimir-Polder energy of an atom a distazdeom the mid-
point between perfect conductors is given as Eg48 in
Ref.[16]:

—_—— mhcag 1 3—2cod(mz/d) 22
)N | 5AaAT T . =~ |-
d* 360  gcod(wz/d)

Casimir and Polder derived the long-range retarded en-
ergy of an atom in the proximity of a perfect metal

Frei(z)~ —3hcay/87z*. (23

To calculate the van der Waals energy of an atom in be-
tween thin metal films is slightly more complicated. In this  The ratio of Eqs(22) and(23), when the distanceis the
case, there are four coupled surface plasmon modes: tweame, is asymptotically 1.98. The difference of having two
longitudinal and two transverse excitations. In order to ob-surfaces rather than one in the proximity of an atom is an
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FIG. 1. The ratio between the calculated vdW energy of a FIG. 2. A hydrogen atom in the proximity of a 50 A silver film.
ground-state hydrogen atom and the Casimir-Polder asymptote. Thene ratio between energy contributions calculated at 300 K to the
dashed line is the result in the proximity of a perfectly conductingsame contribution calculated at 50 K. The dashed, dotted, and solid

surface. The soliddotted line is the result in the proximity of & curves correspond to the TM, TE, and total contribution, respec-
silver half spacdg50 A film). tively.

increase in energy. In the mid-point between two films thecates that there is a possibility to observe dimensionality
ratio is the largest. Usually, it is close to two. effects. Due to retardation all three ratios approach 1. At
At even larger separation another asymptote becomes imarge enough separations thermal effects become important.
portant: the long-range thermal asymptote. Thermal effect¥he thermal effects are examined in more detail in Fig. 2.
on the interaction between two atoms have received considA/e consider the van der Waals energy of a hydrogen atom in
erable interest lately19,20. The long-range temperature- the proximity of a 50 A-thick silver film. The results are
dependent contribution originates from the=0 part of the presented as the ratio between three different energies calcu-
frequency summation. In the limit of zero frequency the per-lated at 300 K to the corresponding energy calculated at 50
mittivity [Eq. (8)] of a metal approaches infinity ascail/ If K. The energies considered are: the total free energy; the
we compare with Eq(2), we realizes that this is too slow to contribution from TM modes; and the contribution from the
get any contribution from the transverse electrie 0 con- TE modes. At 300 K, thermal effects become important at
tribution. This is true for the van der Waals energy of a pairapproximately 1.2um. The contribution from transverse
of metal half-spaces; for a pair of thin metal films; and for anmagnetic (electrio modes increase&ecreaseswith tem-
atom in between any of these systems. Using Egsand  perature. Due to cancellations between these two contribu-

(10) we obtain the following asymptotes: tions thermal effects do not become important until approxi-
mately 2 xm. It is interesting to note that the entropy

FNR(d,z,n=0)~ _kBTaOdeqq2(62q(z—d) corresponding to the different energy contributions behaves

0 very differently. The entropy associated with the transverse

magnetic modes, approaches a positive, temperature inde-
pendent, constant. On the contrary the entropy associated
with the transverse electric modes has a negative value. At
high-enough temperatures this entropy approaches zero. At
low temperatures the sum of these two contributions can

become negative. The different behaviors are simply related

to whether or not th@=0 part gives any contribution.

The ratio of Eqs(25) and(26), when the distanceis the In Fig. 3, we once again examine the vdW energy of a
same, is asymptotically 2.1. An atom in the proximity of a hydrogen atom in the proximity of a 50 A-thick silver film.
perfect metal surface will cross over from the Casimir-Polde/AS @& comparison we have included the vdW energy of an
asymptote[Eq. (23)] to the 300 K thermal asymptof&q.  atom in the proximity of a silver half space. We have further

+e729%)/(1—e2a9), (24)
FNR(d,z=d/2n=0)~—T7%(3)kgTay/2d3, (25

lim FNR(z,n=0)~ — kg Tao/4Z>. (26)

d—oo

(26)] at approximately 3.7um. added two more curves; the non-retarded vdW energy of an
atom in the proximity of a 50 A-thick silver film; and the
Ill. NUMERICAL RESULTS Casimir-Polder asymptote. It is obvious that the non-retarded

results cannot be applied at any separation of interest. De-

We have numerically determined the retarded free energgpite profound effects of retardation, dimensionality effects
of an atom in the vicinity of thin metal films. The calcula- are still present. Retardation influences the dependence of
tions have, unless otherwise is stated, been performed athasically every possible parameter. In the nonretarded situa-
temperature of 300 K. Figure 1 shows the ratio between th&on considered in Sec. Il we found an asymptotic square root
van der Waals energy of a ground state hydrogen atom, ithickness dependence. We examined this for a hydrogen
the proximity of a surface, and the Casimir-Polder energyatom a distance 800 A away from a 20 A thick silver film.
[Eq. (23)]. Three surfaces are considered: a 50 A silver film;We found 6% (28%) deviations from this power-law when
a silver half space; a perfect metal surface. There are distincetardation was neglectethcluded. The ratio between the
differences between all these three cases. This figure indirdW energy, of a hydrogen atom, in the middle of two silver

052703-4



van der WAALS ENERGY OF AN ATOM IN THE . .. PHYSICAL REVIEW A 61 052703

1 T T T
1020 | . 095 | Separation: 4000 A |
,gb 21 09
‘; 10" ¢ E 2 .
:
LE 1022 | E B 0.85
"3‘ 3 E g
= |
B 103 I 0.8
e 3 E
: i 075 b .
10% £ E .
i 07 L L
102 0 500 1000 1500 2000
2 3 4
10 10 10 2 &)

Atom-Film Sepatation (A) . .
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FIG. 3. The vdW energy of a hydrogen atom in the proximity of tween 50 A silver films and the corresponding energy in between
a silver surface. The soligotted line is the result in the proximity ~ silver half spaces. The solid line corresponds to hydrogen atoms.
of a half space(50 A film). The dashed-dotted line is the non- The filled squaregopen circley correspond to hydrogen molecules
retarded result in the proximity of a 50 A film. The dashed line (helium atomg
represents the Casimir-Polder asymptote.
energy ratio is found to be quite insensitive to the choice of
films and the corresponding energy in between metal halitom. The atom with the highest characteristic absorption
spaces is shown in Fig. 4. From this figure follows that a 200requency is slightly more sensitive to dimensionality.
A-thick film can almost be considered as thick. Guided by
Fig. 3 and Fig. 4 we suggest that in order to observe dimen-
sionality effects the film separation should not be larger than
half a micrometer. We finally investigate dimensionality ef- In conclusion, we have demonstrated dimensionality ef-
fects on the energy of an atom in a 4000 A-wide cavity. Infects on the van der Waals energy of an atom in the proxim-
Fig. 5 we present the ratios between the vdW energies, dfy of thin-metal films. When retardation is neglected film
different atoms, in between thin and thick silver films. Thethickness influences the interaction. Although retardation is
found to profoundly affect the interaction, dimensionality ef-
1 —T 71 ————71—— fects are still present. In order to observe dimensionality ef-
WA -7 TTTT fects a film thickness of 100 A can be taken as an approxi-
e mate upper limit. We can distinguish between different
09 ' 7 1004 T A separation ranges. At really short separations neither film
- thickness nor retardation matter. At separations exceeding
- 100 A retardation strongly effects the interactions. In the
situations considered in this paper the strictly nonretarded
result cannot be applied at any separations of interest. It is
suggested that numerical methods should be used in any
,/ quantitative evaluation of the van der Waals energy. In the
T / “weakly retarded limit” the vdW energy of an atom, in the
I /' 204 proximity of a thin film, depends on the film thickness. The
I

IV. DISCUSSION

07 |

Energy Shift Ratios
AN

differences between a thin and thick metal is found to be of
/ T equal magnitude, as the differences between a thick metal
and a perfect metal. At even larger separation the interaction
approaches the Casimir-Polder result. In this limit the metal
0.5 — surfaces can approximately be replaced with artificial, per-
0 1 2 3 4 fect metal surfaces. At even larger separations the retarded
d (um) free energy follows th_e thermal asymptote. This asymptote
has the same separation dependence as the non-retarded re-
FIG. 4. The ratio between the vdW energy of a hydrogen atonsult between thick metal films. Let us briefly discuss the
in the midpoint between silver films and the corresponding energypossibility to measure this dimensionality effect. When an
between silver half spaces. atom moves between two metal surfaces the vdW force will

0.6
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deflect its path. As discussed in REE1] the energy conser- to quantitatively investigate the opacity of atoms for a par-
vation equation can be used to derive an approximate clasdicular system. In Ref[13] the result of such calculations
cal equation of motion. For an atom with constant velocitywere found to be in good agreement with experimental re-
(vy) parallel to the metal surfaces, and initially a distange sult.
from the closest surface, we have We would finally like to point at a situation of great tech-
nological interest where these dimensionality effects could
L z — be relevant. Thin metal films has been used in gas sensors,
X_vxtw‘/E_kaOdﬂ/\/F(ZOHEkz F(m). @7) e.g., a 50-A silver film21], deposited on silicon, has been
used to detect hydrogen gas. The result presented in this
The van der Waals energies presented in Fig. 5 arevork is not applicable to that particular case. However, it is
roughly 20% smaller in the proximity of the 50-A silver film possible to imagine situations when it would be relevant. At
than in the proximity of a silver surface. It is clear that the sufficiently low gas temperature it becomes important not to
probability of atoms hitting the surface decreases with deneglect vdWw forces.
creasing film thickness. As the accuracy of experiments in-
creases quite rapidly we believe that it is, or at least will be, ACKNOWLEDGMENT
possible to measure dimensionality effects on the van der
Waals energy. Monte Carlo calculations, in which the atoms We gratefully acknowledge financial support from the
have a Maxwell-Bolzmann velocity distribution, can be usedSwedish Natural Science Research Council.
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