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Manifestation of zero-point quantum fluctuations in atomic force microscopy
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Based on rigorous quantum-field theory, long-range probe-sample dispersion forces in atomic
force microscopy are analyzed. The interactions, being attractive or repulsive, can be divided into a
purely geometrical part, depending on probe geometry and working distance, and a solely material-
dependent part given in terms of the dielectric permittivities involved. The calculations are con-
sistent with published experimental data and promise new analytical possibilities opened by “disper-

sion microscopy.”

The various scanning probe techniques developed from
scanning tunneling microscopy' ultimately permit the lo-
cal study of quantum-mechanical phenomena. The un-
derlying quantum-mechanical scale of the actual investi-
gation, however, depends on the physical quantity which
is probed. In scanning tunneling microscopy (STM),? the
tunneling current between two atoms embedded in an en-
vironment created by all other atoms is sensed. In spite
of the collective origin of the local density of states and
the effective barrier height ultimately determining the ac-
tual tunneling current, we can consider STM as a tech-
nique for analyzing quantum-mechanical phenomena on
a microscopic scale. However, if we look at the sum of
the individual tunneling events as adding up to the tun-
neling current, each electron is subjected to an effective
capacitance manifesting itself between sample and STM
probe. This capacitance is not determined by the macro-
scopic geometry of the tip-sample arrangement, but rath-
er by the propagation width of the electromagnetic field
during one tunneling event. The obtained capacitance
values are typically in the 10! F range and are orders of
magnitude smaller than the macroscopic probe-sample
stray capacitance.>* The resulting “Coulomb blockade
of tunneling” can thus be considered as a mesoscopic
quantum-mechanical phenomenon: Upon imaging local
variations of the Coulomb blockage, the obtained spatial
resolution amounts to some lattice constants. *

Atomic force microscopy (AFM) (Ref. 5) locally probes
interatomic forces between sample and microtip. Since,
unlike STM, this technique does not rely on material con-
ductance, it is the most generally applicable tool for
high-resolution surface analysis. The probe-to-sample
distance can be varied between a few angstroms up to
about 100 nm. Consequently, the range of quantum-
mechanical phenomena is completely covered from the
microscopic up to the macroscopic scale: Within the
tunneling regime, i.e., up to probe-to-sample distances of
about 1 nm, wave-function overlap leads to considerable
interatomic forces.® ' In this microscopic range AFM
has 1;1)rol<61uced atomic resolution on some layered materi-
als.”' ™

However, increasing the AFM working distance
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beyond the tunneling regime, interaction is solely based
on long-range van der Waals force.'>!772° The underly-
ing quantum-mechanical scale turns to be a mesoscopic
one and, upon reaching a few nanometers working dis-
tance, to a macroscopic one. Forces in this regime have
been unspecifically attributed to a —cd ~ " law with n=6
or 7 for the interaction potential between two individual
atoms of probe and sample and a positive constant c.
The present contribution is focused on a rigorous treat-
ment of the problem using methods of quantum-field
theory on a mesoscopic as well as macroscopic level.

It is well known that the instantaneous moments of
otherwise nonpolar atoms induce polarity in neighboring
atoms to give an attractive force. The fluctuations in-
volved are in the uv range and play an important role in
optical dispersion. The forces arising from this
phenomenon are known as van der Waals dispersion
forces. For interatomic separations of more than about 1
nm, dipole interactions generally exceed dipole-
quadrupole and higher multipole interactions. In the ab-
sence of chemical binding, electrostatic, and magnetostat-
ic forces, dispersion forces are the sole forces between
atoms and molecules. They are usually attractive but in
special circumstances they can be repulsive.

In a first microscopic approach we look at the interac-
tion between any two isolated atoms of the sample and
the AFM probe. In this two-body approach we can re-
strict ourselves to rudimentary quantum electrodynam-
ics. Based on some well-known classical results,?! we
treat the problem in terms of zero-point perturbations of
the two atoms:

H=H,+Q0,+R,, . (1)

The total Hamiltonian of the two-body problem is deter-
mined by the free-space Hamiltonian of the two atoms
H,,, by the electrostatic term Q,,, and by a term R,
describing the interaction of the two atoms with the
quantized radiation field. Treating Q,, + R, as pertur-
bation operator and applying proper fourth-order pertur-
bation theory we arrive at Casimir’s classical result?' for
the interaction energy:
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The zero state of the atoms is assumed to be a state with
the angular momentum J=0. Each term in the sum over
I,m represents a contribution of the threefold-degenerate
states J=1. g, are the respective dipole moments be-
tween zero state and the degenerate state, i =I,m. w; are
the corresponding frequencies of the excitations and z
denotes the distance between the atoms. The most im-
portant feature of this interatomic interaction is given by
the limiting cases z —0, c:
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where the respective static polarizabilities aq ,, are given
by the sum over all partial polarizabilities «a;, with
i =I,m. Equation (3a), reflecting London’s classical re-
sult,?>? characterizes the nonretarded interaction ob-
tained for sufficiently small interatomic distances, while
Eq. (3b) yields the limit of a solely retarded interaction
resulting for distances z which are long compared to the
characteristic fluctuation wavelength X; =c /w;.%'

Now, proceeding on the level of rudimentary QED, we
calculate the AFM problem by straightforward integra-
tion of potentials of the type U(z)=—A4/z® and
U(z)=—B /z’ for some particular probe-sample arrange-
ments. The material constants A4,B are known from
literature?® as the microscopic Hamaker constants. As
an intermediate result we obtain the force acting on an

microscopic macroscopic

/immersion
medium, €z

sample sample

FIG. 1. Schematics of the probe-sample arrangement in
AFM. The probe geometry is roughly characterized by the di-
mensions /, and /,, while the sample in a distance d is given by a
half space. The atomic material constants (polarizability a, ab-
sorption wave length A, number density p, intermediate vacu-
um) are used in the microscopic approach, while the macro-
scopic approach is based on the dielectric permittivity € and a
macroscopically determined absorption wavelength A.
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individual atom 1 of the AFM probe when the sample is
considered as a half space composed of atoms 2 of density
p, (see Fig. 1),

A
()=-T @
fn (z 2p224 a)

for the nonretarded limit and

f,(z)=—357ip2% (4b)
z

for the solely retarded interaction. To avoid double nu-
merical volume integration of Eq. (2) we subdivide the
probe in Fig. 1 into a region near the apex, subjected to a
solely nonretarded interaction, and a remaining part,
considered to be subjected to a solely retarded interaction
with the sample. The transition between these two re-
gimes is defined by z +d =X, where z is the vertical coor-
dinate, d the probe-to-sample distance, and X=A/27 is a
characteristic absorption wavelength determined by both
media 1 and 2. In this way the total AFM interaction is
given by

Fd=p, [ [ fpmbed3r[fm(d +2)+f,(d+2)], (52
with
fld+z <=0, fo(d+z>X)=0. (5b)

Sfur and f, are given in Egs. (4a) and (4b) and p, denotes
the atomic density of the probe.

In the next step we make some reasonable assumptions
concerning the AFM probe geometry: AFM probes usu-
ally exhibit rotational symmetry.?> They have a more or
less elongated shape with varying sharpness of the apex.
To account for these constraints we evaluate Egs. (5a)
and (5b) for a cone representing an ideally sharp tip, a
paraboloid modeling a moderately sharp (typical) apex,
and a cylinder representing the limit of a completely
blunt probe. The results are given by

F(d)=—(gy+g,d*+g,d +g,/d +g,/d*+gs/d>)
(6a)
for d <X, and
F(d)=—gg/d" (6b)

for the solely retarded interaction regime with d > X.
The coefficients g; which are given in a straightforward
analytical way by Egs. (4) and (5) depend on the geometry
in terms of /,,/, (see Fig. 1) and on the material in terms
of X, A,B,p;,p,. The result is further simplified due to
g4=85=0 for the canonical probe, g, =g;=gs=0 for
the paraboloidal probe, and g,=g,=g;=g,=0 for the
cylindrical probe. In the retarded regime, Eq. (6b), we
find n=2 for the cone, n=3 for the paraboloid, and n=4
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for the cylinder. A semiquantitative impression of the re-
sulting interaction is provided by Fig. 2, where we have
assumed a probe-sample arrangement composed of one
sort of atom with only one excited state yielding a contri-
bution of 7ic /X to the London energy.

The assumption of simple pairwise additivity inherent
to the above microscopic approach, and, in particular,
the definition of the Hamaker constants 4 and B, ignore
the influence of neighboring atoms on the interaction be-
tween any pair of probe and sample atoms. Second, the
two-body dispersion approach ignores the influence of a
third medium usually present between probe and sample
in AFM. The existence of multiple reflections of the elec-
tromagnetic field in the gap between probe and sample is
a further instance where straightforward additivity
breaks down. The problems involved in the microscopic
approach are completely avoided if we leave the level of
rudimentary QED and turn to the macroscopic Lifshitz
theory,?%?” where atomic structure is ignored and the
forces between large bodies, now treated as continuous
media, are derived in terms of their bulk dielectric prop-
erties as shown in Fig. 1.

The basic Lifshitz equation for the interaction per unit
surface area of two dielectric half spaces (dielectric per-
mittivities €,€,) separated by a third medium (€;) of ex-
tension z reads®’

et

fl2)= piede?

1
rexp(x)—1

1

- 7
tyexp(x)—1 dpdt @

with ¢, =(s;+p)s,+p)/(s;—p)s,—p), t,=[s;+(€/
&)plls, (e /€)p)/[s,—(€,/€3)p]ls, —(er/€3)p), 51,
=[(e,,/€3)+p?—1]'% x =(2p&el/? /c)z. The dielectric
permittivities € are real functions of the imaginary fre-
quencies w =i§ and are the only quantities related to ma-
terial properties. €(w) is determined in the usual way to

elw)=€(w)t+e'(w), (8a)

where €’ gives the frequency-dependent dissipation of en-
ergy. The real permittivity €(i§) is then given by the
Kramers-Kronig relation

do . 8b
fO §2+(£) ( )

Thus, the AFM probe-sample interaction is determined,
if the permittivity functions €'/(w) are given. The latter
are conveniently obtained by analysis of reflection mea-
surements. Equation (7) permits, in principle, the calcu-
lation of the distance-dependent AFM interaction ob-
tained for any irregularly shaped probe by proper numer-
ical finite-element integration of f(z). The macroscopic

elif)—1=
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FIG. 2. Probe-sample interaction in AFM according to the
microscopic approach. F denotes the force, A the atomic ab-
sorption wavelength, p, , the atomic number densities of probe
and sample, and d the probe-to-sample distance. The curves
yield a comparison of the force variations for a completely blunt
probe (cylindrical), a moderately sharp (typical) probe (para-
boloidal), and an ideally sharp probe (conical). For simplicity,
probe and sample are assumed to consist of identical materials
exhibiting only one excited quantum-mechanical state.

formula (7) directly corresponds to the microscopic ap-
proach characterized by Eq. (2).?»?° A closer compar-
ison between both approaches confirms that the micro-
scopic formulas (4a), (4b), (5a), and (5b) are valid within
the framework of continuum theory if the Hamaker con-
stants A, B are calculated in a macroscopically modified
way. It should be pointed out that, consequently, the dis-
tance dependence obtained from the atomic theory for
different AFM probes, Egs. (6a) and (6b), remains valid
with only macroscopically modified coefficients g;.

To extract the macroscopic Hamaker constants
A*,B* to be used in Egs. (6a) and (6b) instead of the mi-
croscopic constants (p;p,4) and (pp,B), we expand Eq.
(7) for the limits of solely nonretarded and retarded in-
teraction, respectively. For the nonretarded Hamaker
constant we obtain

* z f §

411'3 y=1 '}/

€, €;

9)

€ +e3 6te;
The higher-order contributions for ¥ =2 can be attribut-
ed to multiple reflections of the electromagnetic field in
the gap between probe and sample. Since the second
term is at most one-eighth of the first, it is sufficient for
the AFM problem to restrict calculations to the y =1
term.

Further simplifications in the calculation of 4 * are ob-
tained if the envolved materials only exhibit one pro-
nounced absorption line. According to the Mahanty-
Ninham relation, ** we find for nonmetals

ei&)=1+(n’—1)/(1—&/w?) , (10a)

where w, gives the main electronic absorption in the uv
(typically 2X10'® Hz). n is the refractive index in the
visible. Substituting the above result in Eq. (9), we obtain

872V2 (ni+n})An3+n)V(nd+n]) 2+ (n3+n)'2]

(10b)
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where all three media are assumed to exhibit the same o, .
On the other hand, the permittivity of a metal is general-
ly given by

€if)=1+w? /& (11a)

with the plasma frequency w, of the free electron gas
[typically (2-3)X 10'® Hz]. With Eq. (9) we obtain

A*=(3/167V2)hw, (11b)

for the nonretarded interaction between metal probe and
sample. Schemes for computing 4 * for more complicat-
ed absorption spectra are given in the literature.’' ~3°

For the solely retarded limit, we find from Eq. (7)

B¥— mtic Pl€1p,€50,€30)

)
u

(12a)

where the subscript “0” indicates the fact that B* only
depends on the respective static dielectric constants in
terms of a function @, given by

© X
fz

D(€19, €50,€30)=

1
toexp(x)—1 ’

1

tyoexp(x)—1 dp dx ,

(12b)

where 4,9 are given in connection with Eq. (7). It is
reasonable to derive some simplifications of Eq. (12b)
relevant to AFM: If probe and sample consist of materi-
als with low static dielectric constants ( <5), we find

€0 €30
€0t €3

€107 €30
€10t €3

69 & 1
D€y, €50, €30) = — —
100 €20 €30) > g v

(13)

where, as in Eq. (9), the contributions for y >2 result
from multiple reflections in the gap and can generally be

neglected. For two identical dielectric materials
€0=€x=€ and for a metal-dielectric ensemble
€10— @, €= €, the respective values of ®(¢,) are given

in Fig. 3. For the particular case of two metals, we sim-
ply obtain ®=1. The latter result confirms that the re-
tarded AFM contribution does not in any way depend on
the nature of the metals employed for probe and sample.
This is certainly not the case for the nonretarded contri-
bution given in Eq. (9).

Substituting the dispersion relation (11a) into Eq. (7),
we have calculated the AFM probe-sample force obtained
for a sole metal ensemble at intermediate vacuum. Nu-
merical integration yields the curves shown in Fig. 4(a)
for a blunt, a moderately sharp, and an ideally sharp
probe, respectively. The inset shows additionally the
abrupt-transition approximation obtained with Egs. (6a)
and (6b) using the macroscopic Hamaker constants A4 *
from Eq. (11b) and B* from Eq. (12a), with ®=1. Addi-
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FIG. 3. Permittivity functions determining the retarded
Hamaker constant if AFM probe and sample consist of identical
dielectrics with permittivity €, (dd) or of a metal (e,— o )-
dielectric (€,) ensemble (dm).
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FIG. 4. AFM probe-sample interactions for a metal-metal ar-
rangement at intermediate vacuum, calculated for some typical
probe geometries: for a completely blunt (cylindrical, I, =470
nm), a moderately sharp (paraboloidal, /,/I,=0.5, I, =47 um),
and an ideally sharp (conical, /, /I,=0.5) tip. (a) shows the force
variations calculated rigorously by numerical integration of the
Lifschitz equation. The simple analytical approximation ob-
tained by the abrupt-transition approach is given in the inset.
(b) shows the corresponding compliance curves measurable in
most AFM devices. The abrupt-transition approach exhibits a
discontinuity at a probe-to-sample distance of d =X, where
X=A/2m is the plasma wavelength of the metals. The latter has
been representatively assumed as 47 nm. The curves can be sub-
divided into a solely nonretarded regime close to tunneling dis-
tances, a mixed regime around d =X, and a solely retarded re-
gime for large distances. Within the tunneling regime (dashed
lines), wave-function overlap leads to additional contact forces
not evolved in the present theory.
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tionally we have calculated the resulting probe-sample
compliance dF /dd in Fig. 4(b), which is sensed in many
AFM experiments rather than the force. The inset clear-
ly shows, at least for the cylindrical probe, the discon-
tinuity resulting from the abrupt-transition approach if
the probe-to-sample distance equals the absorption wave-
length of the metals. On the other hand, comparison be-
tween the exact curves and the simple analytical approxi-
mation, subdividing the probe into volume element of
solely nonretarded and retarded interactions, confirms
the satisfactory accuracy obtained when using 4*,B* in
connection with Eqgs. (6a) and (6b).

Finally some general consequences of the above theory
should be summarized. (i) The dispersion force measured
in vacuum is always attractive. (ii) The force is always at-
tractive if probe and sample consist of the same material,
while it can be attractive or repulsive for different materi-
als. A repulsion is obtained if the intermediate medium
exhibits an effective refractive index lying in between that
of probe and sample, e.g., n; <n;<n,. (iii) The AFM
force remains unchanged if probe and sample materials
are exchanged.

Additionally, it should be pointed out that thin adsorp-
tion or oxide layers on AFM probe and sample have a
marking influence on the obtained dispersion forces. For
only a few monolayers they can dominate the interac-
tions, even leading to a change in sign of the force. In
general, the effect of surface contaminations depends on
the actual probe-to-sample distance and complicates in-
terpretation of the experimental results. >

In conclusion, we have shown by a rigorous quantum-
electrodynamical approach that the long-range interac-
tions, obtained in AFM beyond the tunneling regime, are
given by van der Waals dispersion forces for an electrical-
ly neutral and nonmagnetic probe-sample arrangement.
The decay of force with increasing working distance can-
not be characterized by a simple —cd" law with ¢ >0

and n <0. The distance dependence is rather approxi-
mately given by a linear combination of such terms with
n generally reaching from —4 to 2 and c being positive,
zero, or negative, respectively, depending on the actual
probe geometry and on the material parameters involved.
In this way, “dispersion microscopy” can lead to attrac-
tive or repulsive interactions being strongly influenced by
surface contaminations. The quantitative results are con-
sistent with experimental data published up to the
present time.'>!"720 In particular, the occasionally ob-
served repulsive interactions’’ are clearly explained.

When scanning the probe across the sample and work-
ing in the usual constant-response mode, the AFM does
not simply trace the surface topography, but rather
traces profiles of constant dielectric response. This is in
analogy to the usual STM mode of tracing a profile of
constant local density of states. In this way dispersion
microscopy can provide important information on the
dielectric response of various media in terms of their
Hamaker constants and characteristic adsorption wave-
lengths. This consequence has been completely ignored
in the literature up to the present time.

In the latter context it is important that the AFM in-
teraction changes with increasing working distance, by
starting from the tunneling regime, from a solely nonre-
tarded over a mixed regime to a solely retarded regime.
This behavior is clearly emphasized by a simple analyti-
cal approximation based on a subdivision of the probe
into volume elements, either exhibiting a solely nonre-
tarded or retarded interaction with the sample. This sim-
ple approximation turns out to be satisfactory in all prac-
tical cases and permits an easy calculation of the respec-
tive  AFM response for any given material, probe
geometry, and working distance.

The author would like gratefully to acknowledge valu-
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FIG. 1. Schematics of the probe-sample arrangement in
AFM. The probe geometry is roughly characterized by the di-
mensions /, and /,, while the sample in a distance d is given by a
half space. The atomic material constants (polarizability a, ab-
sorption wave length A, number density p, intermediate vacu-
um) are used in the microscopic approach, while the macro-
scopic approach is based on the dielectric permittivity € and a
macroscopically determined absorption wavelength A.



