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I. SUMMARY

We refer the reader to the online Supplement of Ref.1 for
detailed information on the apparatus, interferometric dis-
placement detection and interferometer calibration, cantilever
frequency detection, and analysis of cantilever ringdown and
thermomechanical position-fluctuation data. In Sec. II we
summarize the protocol used to calibrate the spring constants
of our cantilevers via analysis of cantilever thermomechanical
motion. Section III details dielectric spectroscopy measure-
ments of PMMA, PVAc, and PS. In Sec IV we rule out two
alternative mechanisms of cantilever frequency fluctuations.

FIG. 1: (a) Power spectrum of cantilever position fluctuations. The
solid line is the thermal contribution and the dotted line is the instru-
ment noise floor contribution. (b) Analysis of position fluctuations.

II. DETERMINATION OF CANTILEVER SPRING
CONSTANT

The spring constant kc of each cantilever was measured by
analyzing thermomechanical position fluctuations using the
equipartition theorem, according to the approach of Hutter
and Beckhoefer,2 as follows.

Cantilever position fluctuations, δx(t), were detected using
a calibrated interferometer. A 25-second transient of posi-
tion fluctuations was recorded and its power spectrum com-
puted. Since the decay time of the cantilever could be as
long as a second, it was important to record up to 25 sec-
onds of position-fluctuation data in order to accurately cap-
ture the lineshape of the cantilever resonance in the power
spectrum. Twenty-five transients were averaged to give a
position-fluctuation power spectrum, Pδx. A representative
power spectrum is shown in Fig. 1(a). The power spectrum
was fit to the equation shown in Fig. 1(b) which contains both
a thermomechanical contribution and a detector noise floor
contribution. The area under the thermomechanical contribu-
tion to the power spectrum, equal to 〈(δxth)2〉, was computed
(with error bars) from fitted parameters as described in Sec. VI
of the Ref.1 Supplement.

The spring constant was computed as kc = kBT/〈x2
th〉. A

representative spring constant and associated error is shown in
Fig. 1(b): 8.7± 0.6× 10−4 N/m. An error in spring constant
of 5 to 10% is typical.

III. DIELECTRIC SPECTROSCOPY

Dielectric spectroscopy measurements were made on
450 nm thick PMMA and PVAc films. These measure-
ments required constructing thin-film capacitors of PMMA
and PVAc of known area.

Capacitor substrates were constructed from standard quartz
wafers by dicing the wafers into 1-inch squares using a
commercial wafer dicing saw. The substrate squares were
cleaned by repeated ultrasonication in methanol. The squares
were loaded into an electron gun evaporator supplied with a
custom-made evaporation jig that exposed a 1-inch by 0.5-
inch area (Fig. 2(a)). A 50 nm thick layer of aluminum was
evaporated onto the quartz substrate at a rate of 0.5 nm/s to
create the bottom electrode of the capacitor.

A thin film of PMMA or PVAc was spin cast onto the met-
alized substrate and annealed as discussed in the paper. The
films were removed from the annealing oven and placed in the
high vacuum chamber of the electron gun evaporator within
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FIG. 2: Dielectric spectroscopy apparatus. (a) A custom brass evap-
oration jig for making capacitors from polymer thin films on quartz
substrates. The actual jig evaporates four substrates simultaneously.
Top down view (top): the exposed portion of the quartz substrate is
evaporated with a 50 nm aluminum thin film by electron gun evapo-
ration. The mounting holes allow mounting in the evaporator using
machine screws. Profile view (bottom): the quartz substrate and
the aluminum electrode. (b) Custom dielectric spectroscopy jig for
capacitors constructed from thin films. Electrical contacts to elec-
trodes are made with clips which are connected to the leads of the
spectrum analyzer. For the low frequency measurements presented
here coaxial cables were not necessary.

30 minutes to minimize contamination and water absorption.
A second evaporation was then carried out to create the top
electrode of the capacitor. Again the jig of Fig. 2(a) was
used, but now the substrate was rotated by 180◦. To mini-
mize substrate heating, the evaporation rate was kept below
0.1 nm/s so as not to melt the polymer thin film. During this
second evaporation, the substrate thermometer did not exceed
17◦C. Slow evaporation was especially important for the low-
Tg PVAc samples.

The result was a capacitor where top and bottom elec-
trodes could be independently contacted with clips, as shown
in Fig. 2(b). The capacitor had a total area of A = 0.5 in ×
0.75 in = 2.4×10−4 m2 and an electrode separation set by the
thickness of the spin-cast polymer film. Several devices were
sacrificed to check that evaporation of the second electrode
did not alter the film thickness and to check the overall thick-
ness of the devices by profilometry. Attempts were made to
construct capacitor electrodes by sputtering gold, since sput-
tering gold electrodes required only a few minutes instead of
the 2 hours required to sputter aluminum electrodes. Disap-
pointingly, gold electrodes shorted without exception. This
failure was presumably the result of penetration of the gold
into the polymer during evaporation or a consequence of the
high mobility of gold within the polymer film at room tem-
perature. Aluminum electrodes were unshorted 90% of the
time.

A commercial impedance analyzer (Hewlett Packard;
Model No. 4192 A LF) was used to measure the real portion
of the capacitance and the loss tangent, defined as

tan δ =
C ′′

C ′
=
ε̂′′

ε̂′
. (1)

FIG. 3: Dielectric spectra of PMMA and PVAc: (a) real part of the
relative dielectric constant and (b) loss tangent.

The observed (real) capacitance C ′(f) was converted to (real)
dielectric constant ε̂′(f) using the parallel-plate-capacitor for-
mula and the known area of the electrodes and the measured
thickness of the polymer film. We constructed three copies
of PMMA and PVAc capacitors and measured each using the
impedance analyzer. There was approximately a 10% varia-
tion in the measured values across the three capacitors for both
PMMA and PVAc. This variation is likely due to variation in
the film thickness and possibly the metal roughness. These
measurements were averaged to produce the resulting spectra
shown in Fig. 3.

We believe that the rise of tan δ at high frequency apparent
in Fig. 3(b) is an artifact of the lead capacitance. The
lead capacitance can be compensated for (W. Scaife and
G. McMullin, Meas. Sci. Technol., 5, 1576 (1994)), but this
would have required measuring the lead capacitance indepen-
dently, which we did not do. The error introduced by the lead-
capacitance artifact in the frequency range of interest, 5 to
500Hz, is less than 10% — smaller than the sample-to-sample
variation in capacitance and therefore negligible.

Capacitors with dielectric layers of polystyrene were also
constructed. The sensitivity of the Hewlett Packard 4192 A
LF impedance analyzer was unfortunately not sufficient to
measure the very low losses in polystyrene (tan δ ≤ 0.001).
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Professor Ranko Richert of Arizona State University kindly
provided us with the room temperature dielectric spectrum of
polystyrene. The polystyrene had a weight-averaged molec-
ular weight of Mw = 181, 000 g/mol and a polydispersity of
Mw/Mn = 1.03. In the 1 to 100 Hz range, the average values
for the dielectric constants are ε′ = 2.82 and ε′′ = 5 × 10−4.
The data was measured in the course of doing work for the fol-
lowing paper, but the spectra were not published: “Orientation
and Dynamics of Chainlike Dipole Arrays: Donor-Acceptor-
Substituted Oligophenylenevinylenes in a Polymer Matrix,”
C. Former, H. Wagner, R. Richert, D. Neher, and K. Müllen,
Macromol., 32, 8551 – 8559 (1999).

IV. RULING OUT ALTERNATIVE CANTILEVER
FREQUENCY FLUCTUATION MECHANISMS

In addition to the mechanism of eqs 2 and 4−6 of
the manuscript, Yazdanian et al.1 identified additional pos-
sible frequency noise sources. While the excellent agree-
ment between theory and experiment seen in Fig. 5 of the
manuscript strongly suggests that these additional sources are
negligible, we have carried out further experiments and calcu-
lations to show why this is so.

A. Pendulum Terms

If, instead of approximating the cantilever tip as moving
perfectly parallel to the surface, the cantilever is treated as a
pendulum, then the frequency fluctuation picks up two more
terms which depend on additional electric field and electric
field gradient components3:

δfc(t) = −qcfc
2kc

(
δExx(t)− δEz(t)

Leff
− 2θ δEzx(t)

)
(2)

Here θ is the angle between the cantilever’s length vector and
the sample’s surface normal andLeff the effective length of the
cantilever, equal to 1.377L for a singly clamped beam such
as our cantilever.4 The second term is much smaller than the
first term as long as the tip-sample separation is much less
than the cantilever length, d � Leff, which is the case here.
Since we can align the cantilever with an accuracy of ±0.5◦,
|θ| ≤ 0.009 radian, and the third term is likewise negligible.

B. Anharmonic Potential Terms

If the cantilever’s potential energy contains an anharmonic
perturbation, then force fluctuations acting in concert with the
anharmonic potential lead to additional frequency noise.1 An
anharmonicity could arise from intrinsic cantilever nonlinear-
ities or, alternatively, from tip charge interacting with the field
derivative ∂2Ex/∂x

2 expected to be present near a film of
randomly oriented dipoles. Therefore an anharmonicity could
be a function of both sample composition and tip-sample sep-
aration height. To measure the anharmonicity, we note that

FIG. 4: The dependence of cantilever frequency on drive amplitude
at height d = 50 nm over a 40 nm thick PMMA film with Vts =
0.5 V + φ with φ = 0.8 V. The line is a best fit to eq. 4.

adding a cubic term Va = −αx3/6 to the potential energy of
a harmonic oscillator leads to a negative fractional frequency
shift which depends on oscillator drive amplitude according
to5

∆fc
fc

= − 5
24

(
αxrms

kc

)2

. (3)

Figure 4 presents a measurement of cantilever frequency as
a function of drive amplitude for a charged cantilever at a
height d = 50 nm over a 40 nm thick PMMA film. Because
the frequency in figure 4 increases rather than decreases with
amplitude, we conclude that the frequency dependence does
not stem from a cubic, but rather from a quartic (or higher
order) perturbation to the cantilever potential. A quartic per-
turbation, Vb = βx4/4, results in a frequency shift6

∆fc
fc

=
3
4
βx2

rms

kc
. (4)

Fitting the data in figure 4 to eq. 4, we find β/kc = 7 ×
10−8 nm−2. To quantify this perturbation, we compare the
energy of the anharmonic term to that of the unperturbed (har-
monic) potential energy Vh = kcx

2/2. At the peak of the
cantilever oscillation, the ratio of these energies is

rb =
Vb

Vh
=
β x2

rms

kc
(5)

For a typical cantilever amplitude of 100 nmrms, we find that
rb = 7 × 10−4 � 1. Therefore our cantilever is well rep-
resented by a harmonic oscillator. While a measurable can-
tilever anharmonicity is present near a surface, it appears to
be a negligible source of cantilever frequency fluctuations in
the polymers studied here.
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