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larger H2 coverages the threshold bias Vth increases, as
shown in reference [5].
To avoid a cross-talk between tunneling current
and qPlus sensor, which could eventually cause selfoscillations, the STM tip is electrically decoupled from
the holding prong by non-conductive epoxy, and the tunneling current extracted via a 12.5µm gold wire connected to it [6]. The results presented here are acquired
with a preamplifier gain of 105 and bandwidth well above
the oscillator’s resonance frequency, and reproduced with
various gains. In this way, we avoid the saturation of the
preamplifier at frequencies larger than our bandwidth,
which could eventually induce a capacitive coupling of
the force sensor and tip potential. We can also exclude
slew-rate dependent potential changes between the inverting and non-inverting input of the current preamplifier due to the nonlinear current fluctuations. The absence of a bias effect in the frequency shift is routinely
probed for the conditions of the experiments shown here.

1 Materials and methods
1.1 Experimental details

Our measurements have been realized in ultra high
vacuum (UHV), using a low temperature (base temperature 5 K) scanning tunneling microscope equipped with
a qPlus sensor [2] and provided by Createc GmbH [1]. A
digital Phase-lock Loop (PLL) algorithm is used (Createc
GmbH and by Nanonis GmbH [3]) to track the resonance
frequency of the oscillator at constant amplitude of tip
oscillation Aosc .
We use a single crystal Cu(111) sample as substrate.
The surface is cleaned by repetitive cycles of Ne+ ion
sputtering and annealing, until the resulting surface is
atomically clean and flat. Hydrogen molecules are deposited on the cold sample, directly placed at the LTSTM stage. We backfilled the UHV chamber with a H2
pressure in the order of 5× 107 mbar and open the access to the STM for a few minutes. By controlling the
dosing pressure and time, the H2 coverage can be controlled. At the lowest coverages H2 molecules are hardly
visible in the STM images. After extended H2 doses, the
appearance of a H2 layer with a characteristic hexagonal
structure is observed.
The fingerprint of electron-induced H2 fluctuations and
its effect driving the tip self-oscilaltion, is observed independently of the coverage, at bias values around Vth . A

1.2 Measurement of energy dissipation

The motion of an oscillator with X(t)=Aosc ·cos(ω0 t)
has stored energy E = k2 A2osc , where k is its force constant. The energy dissipated during the motion is determined by its quality factor Q [7], so that an energy
πk 2
D0 = 2πE
Q = Q Aosc per cycle is required to maintain
the oscillation at constant amplitude Aosc . This energy
per cycle (i.e. power) is provided by an external driving
signal ADrive (t) = AD · cos(ω0 t + φ) applied to a piezoelectric actuator holding the qPlus sensor, with a phase
shift φ = π/2 with respect to the tip oscillation. We
calibrate AD for each qPlus sensor oscillating with amplitude Aosc far away from the sample. This allows us to
associate AD to a value of energy dissipated per cycle.
Close to the surface, the tip oscillates around a position X0 set by the STM feedback parameters (It , Vs ).
Here, there are additional interactions which may modify
the dynamics of the oscillator and, therefore, the driving
signal for keeping Aosc constant. The energy dissipation
D
,
per cycle is then estimated from the relation D = D0 A
Af
D

where the superscript f relates to the driving amplitude
of the free tip [2]. The magnitude D is plotted in Fig.
2E & 2F of the manuscript, in units of D0 =7 meV/cycle.
The electronic system used in the data of Fig. 2 [3]
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reacts with negative AD values to the self oscillation.
This corresponds to a shift of −π/2 between the driving and oscillation signals, i.e. a phase reversal, which
counteracts the growing amplitudes caused by the selfoscillation.

2 Supporting results
2.1 Estimation of the amplitude of force fluctuations

The frequency shift of a qPlus sensor ∆ν0 is proportional to kts , the stiffness of the tip and sample junction, when it oscillates with sub-Ångstrom amplitudes
and if only conservative forces apply [2]. In this case,
0
kts = 2k ∆ν
ν0 , with k being the stiffness of the free sensor (1800 N/m), and the corresponding force field can be
estimated by integrating kts along a specific coordinate
[8]. The assumption of conservative forces does not apply close to the threshold bias Vth , where the molecule
fluctuates. However, far from this bias value it is a reasonable assumption in view of the measured dissipation
value, which is close to that of the free sensor D0 . Here,
we provide an estimate of the force fluctuation by accounting for the force difference between the two regimes,
estimated far from Vth .
Fig. 1 compares two plots of ∆ν0 as a function of tip
displacement ∆X. Before starting the tip approach at
∆X=-2Å, the bias is adjusted to 60 mV (blue) and 300
mV (red), values far from the bias threshold Vth ∼ 150
mV. Both ∆ν0 -∆X plots coincide at larger tip-sample
separations in a smooth negative ∆ν0 background. This
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FIG. 1: Plot of frequency shift vs. tip approach distance measured at sample bias well above and below the threshold bias
Vth (Aosc =70 pm, ν0 =20.730 kHz). The approach distance is
with respect a tip position set with It =0.5 nA and Vs = 300
mV. The two plots show a marked difference when the tip
approaches to short distances from the sample. We interpret
these differences as two different force fields with distinct force
gradients. The black curve plots the integrated difference of
the ∆ν0 curves, converted to forces as explained in the text.
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FIG. 2: Bias dependence of (A) the driving power (obtained
from AD , using the method described in the text) and (B)
the amplitude of tip oscillation for a H2 junction. During the
acquisition only positive values of the driving amplitude were
allowed. This results in a increase of Aosc beyond the setpoint
value of 50 pm when the self-oscillation appears, around Vth .
(ν0 =23.920 kHz). (C) Plot of the corresponding power generated by the H2 molecule to drive the tuning fork self oscillation
(details in text). The spectra shows a pronounced hysteresis
because the increase in oscillation amplitude also affects the
onset for TLFs.

background is due to long-range attractive forces (van der
Waals and electrostatic) between the mesoscopic tip apex
and the surface. At close distances, however, the plots deviate from the smooth background in a different manner.
For Vs <Vth (regime 1) the frequency shift increases more
steeply. We attribute this to the presence of short-range
attractive forces. For Vs >Vth , the frequency shift tends
to decrease, denoting a slight compensation of the background attractive forces. We estimate the force difference
between the two states ∆f =f2 −f1 by deconvoluting both
∆ν0 signals using the method by Sader and Jarvis [9] and
integrating their difference along the tip-sample distance
X. ∆f grows as the tip approaches, reaching more than
150 pN at the closest position inspected.

3
can be obtained from the Markovian Master equation

2.2 Estimation of driving power of a H2 junction

Fig. 2 shows spectra of a H2 junction obtained by allowing only positive values of the driving signal (AD ≥ 0).
The self oscillation of the tuning fork at ±Vth causes
the suppression of AD near this bias (shown in Fig. 2A
D
) and the inconverted to applied power D = D0 A
Af
D

crease of the oscillation amplitude beyond the 50 pm
setpoint. The tip reaches oscillation amplitudes of more
than 1.5 Å driven solely by the H2 molecule. The driving
power produced by the fluctuations of the H2 molecule
can be estimated using the expression from above to be
2
DH2 = πk
Q Aosc − D[2], which is plotted in Fig. 2C. The
H2 molecule produces more than 50 meV per cycle, a
factor of ten larger than the intrinsic dissipation of the
tuning fork.

Theoretical modeling

In this section, we provide more details of the theoretical modeling and estimates, justifying and extending the
considerations in the main body of the manuscript.

We begin by considering the tip-substrate interaction.
The experimental observations imply that the tip oscillator is subject to different tip-substrate forces, denoted by
f1 and f2 with ∆f = f2 − f1 , for the two switching states
of the hydrogen molecule. Thus, the current-induced
switching of the hydrogen molecule yields a stochastic
force f (t) acting on the oscillator and, in a simple linear
model, the oscillator displacement X(t) obeys the equation of motion
f (t)
,
M

(1)

where M denotes the effective mass of the oscillator and
ω0 its eigenfrequency. The damping coefficient γ is related to the (bare) quality factor Q of the mechanical oscillator through Q = ω0 /2γ. Here, we have assumed that
the oscillator obeys a linear equation. We will consider
the implications of nonlinear corrections further below.
To understand the switching-induced motion of the oscillator, we need to investigate the stochastic force f (t).
To do so, we define variables ni (t) which take on the
value 1 when the hydrogen molecule is in state i = 1, 2,
and 0 otherwise [so that n1 (t) + n2 (t) = 1 at all times t].
The force f (t) can then be expressed as
f (t) = f1 n1 (t) + f2 n2 (t).

(3)

where Γi (t) denotes the inverse dwell times of the hydrogen molecules in states i = 1, 2. The assumption of
a Markovian Master equation is justified since the rate
of electron tunneling is fast compared to all time scales
of the oscillator and only a small fraction of tunneling
electrons switch the state of the hydrogen molecule.
In general, we allow for an arbitrary time dependence
of the rates Γi (t). We first consider these rates as independent of the oscillator displacement and thus time independent. With this approximation, the solution of the
Master equation with initial condition ni (t0 ) becomes


Γi −Γ(t−t0 )
Γi
+ ni (t0 ) −
e
,
(4)
ni (t) =
Γ
Γ
where we introduced the notation 1 = 2 and 2 = 1 as
well as Γ = Γ1 + Γ2 . In the limit t0 → −∞, this reduces
to the stationary solution
hni i = ni (t → ∞) =

Γi
,
Γ

(5)

yielding the average of the force f (t),

3.1 Force due to tip-substrate interaction

Ẍ + 2γ Ẋ + ω02 X =

dn1 (t)
= −Γ1 (t)n1 + Γ2 (t)[1 − n1 (t)],
dt

hf i =

f1 Γ2 + f2 Γ1
.
Γ1 + Γ 2

(6)

The equation of motion (1) implies that this average force
merely shifts the equilibrium position of the oscillator
displacement X(t) so that it can be absorbed by an (implicit) shift of X(t).
The motion of the oscillator is driven by the fluctuations about the average, δf (t) = f (t) − f . Its correlation
function can be readily obtained from the general solution (4) of the Master equation (3),
hδf (t) δf (t0 )i = (∆f )2

Γ1 Γ2 −Γ|t−t0 |
e
.
Γ2

(7)

Fourier transforming yields the spectral density
h|δfω |2 i = (∆f )2

2Γ1 Γ2 /Γ
.
ω 2 + Γ2

(8)

of the fluctuating force. Note that the characteristic frequency of the spectral density is given by the total switching rate Γ and that for fixed Γ, the overall prefactor becomes maximal when the rates Γ1 and Γ2 are of the same
order.
3.2 Driven oscillations

(2)

The statistics of the occupations ni (t) (and thus of f (t))

The force fluctuations δf (t) drive the oscillator and we
can now estimate the amplitude of the resulting driven
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of order ∼ 0.1 Å. This estimate shows that the observed
self-oscillations of the cantilever cannot be explained as
driven oscillations of the qPlus sensor.
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FIG. 3: Plot of the amplitude of oscillation as a function
of the rates of molecular motion out of state 1 and 2, Γ1
and Γ2 , respectively, following equation (11). The maximum
oscillation occurs for Γ1,2 = ω0 /2.

motion of the oscillator. From the equation of motion
(1), we find
Xω =

ω02

1/M
δfω
− ω 2 − 2iγω

(9)

for the Fourier components of the oscillator displacement,
so that
1/M 2
h|δfω |2 i
− ω 2 )2 + 4γ 2 ω 2
1/4M 2 ω02
h|δfω |2 i.
'
(ω − ω0 )2 + γ 2

h|Xω |2 i =

(ω02

(10)

Here, the second line is valid in the limit of a weakly
damped oscillator, Q  1. Inserting Eq. (8) and Fourier
transforming back to time yields
h(X(t))2 i '

∆f 2 2Γ2 Γ1 /(Γ2 + Γ1 )
.
8ω02 γM 2 ω02 + (Γ2 + Γ1 )2

(11)

The stochastic nature of the driving force is reflected in
the scaling of the oscillation amplitude with the quality
factor, X(t) ∼ Q1/2 .
The optimal amplitude follows for Γ1 = Γ2 = Γ/2 and
Γ = ω0 (figure 3) and yields
h(X(t))2 iopt '

∆f 2
.
32ω03 γM 2

(12)

We can estimate this maximal amplitude of the driven
motion of the oscillator for the parameters of the experiment. Using the standard parameters of our qPlus sensor
ω0 ' 105 s−1 , M ' 0.1 mg (or, equivalently, spring constant k ∼1800 N/m), and Q∼ 104 (or γ ∼ 10s−1 ), as well
as the observed force difference ∆f ∼ 100 pN, Eq. (12)
yields an upper limit to the driven oscillations of the tip

In order to explain the observed self-oscillations, we go
beyond the assumption of switching rates which are independent of the cantilever displacement. This provides a
feedback mechanism by making the average force hf (t)i
dependent on the cantilever displacement. To linear order in the cantilever displacement, the tip-substrate interaction causes a renormalization of both the restoring
force and, importantly, the friction force acting on the
cantilever. Self-oscillations of the cantilever occur when
the renormalized friction coefficient becomes negative.
Microscopically, the switching rates are functions of
the cantilever displacement for several reasons:
• The tunneling current is a sensitive function of
the cantilever displacement. Assuming that each
tunneling electron has a small, but finite chance
to switch the hydrogen molecule, this makes the
switching rates dependent on cantilever displacement. We will see below that this modifies the occupation probabilities of the two molecular states
only weakly since it affects both rates, Γ1 and Γ2 ,
in the same manner.
• As the cantilever displacement changes at fixed bias
voltage, the electric field in the junction changes,
causing a modification of the double-well potential
of the cantilever and, with it, the transfer rates Γ1
and Γ2 between them. We note that this effect
has previously been demonstrated experimentally
by Gupta at al. [5]. As one can see from Fig.
2, increasing the tip-substrate distance causes an
increase in the threshold bias, making the low-bias
state of the molecule more favorable. We find that
this dependence of the switching rates on cantilever
displacement has a larger effect on the oscillations
of the resonator because the effects on Γ1 and Γ2
are anticorrelated.
To incorporate the dependence of the switching rates
on cantilever displacement into our modeling, we solve
the Master equation (3) for arbitrary time-dependent
rates Γ1 (t) and Γ2 (t). With arbitrary initial conditions
ni (t0 ), one obtains


Z t
n1 (t) = g(t) n1 (t0 ) +
dτ Γ2 (τ )g −1 (τ ) ,
(13)
t0

where
Z

t

g(t) = exp{−

dτ [Γ1 (τ ) + Γ2 (τ )]}.
t0

(14)
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as well as the solution for n2 (t) = 1 − n1 (t).
This solution allows us to proceed analytically, if we
approximate the changes in Γi (t) to linear order in the
oscillator displacements X(t),
Γi (t) ' Γi + Γ0i X(t).

(15)

Here, Γ0i = dΓi /dX. In view of the oscillations of the
tip, this yields a Master equation (3) with oscillatory
switching rates, a problem known in the literature as
stochastic resonance [10]
Starting with the general solution (13) and inserting
(15), we can compute the occupations ni (t) to linear order in the oscillator displacement and obtain
Γ1 −Γ(t−t0 )
Γ2
+
e
Γ
Γ
Z
Γ0 Γ1 − Γ01 Γ2 t
dτ X(τ )e−Γ(t−τ )
+ 2
Γ
t0
Z
Γ1 (Γ01 + Γ02 ) −Γ(t−t0 ) t
−
e
dτ X(τ )
Γ
t0

n1 (t) =

(16)

for the initial condition n1 (t0 ) = 1. Taking the limit
t0 → −∞, we obtain the stationary result
Z
Γ02 Γ1 − Γ01 Γ2 t
Γ2
+
n1 (t) =
dτ X(τ )e−Γ(t−τ ) (17)
Γ
Γ
−∞
and, consequently,
n2 (t) =

Γ0 Γ1 − Γ01 Γ2
Γ1
− 2
Γ
Γ

Z

t

dτ X(τ )e−Γ(t−τ ) . (18)

−∞

The first terms on the right-hand sides of Eqs. (17)
and (18) reproduce the result obtained above for timeindependent switching rates, while the second terms originate from the dependence of the switching rates on cantilever displacement. It is these second terms which are
refered to as stochastic resonance as they are particularly
pronounced when the frequency of the oscillator is of the
order of the total stochastic switching rate Γ. Clearly,
the stochastic resonance terms are larger when Γ01 and
Γ02 have opposite signs. For this reason, we will focus on
the dependence of Γi with cantilever displacement due to
modifications of the double-well potential.
We can now insert Eqs. (17) and (18) into Eq. (2) for
the time-dependent force acting on the cantilever,
Γ2 f1 + Γ1 f2
Γ
Z
Γ02 Γ1 − Γ01 Γ2 t
+(∆f )
dτ X(τ )e−Γ(t−τ ) . (19)
Γ
−∞

f (t) =

The essential consequences for the motion of the oscillator are brought out most clearly by Fourier transforming
f (t) to the frequency domain, yielding
Γ2 f1 + Γ1 f2
Γ
Γ02 Γ1 − Γ01 Γ2
1
+(∆f )
Xω .
Γ
−iω + Γ

fω = 2πδ(ω)

(20)

The reactive part, Refω , of the force f (t) causes a
weak modification of the restoring force acting on the
cantilever and, consequently, of the resonance frequency
ω = ω0 + ∆ω. The “dissipative” component, Imfω , of
f (t),
Imfω = (∆f )

ω
Γ02 Γ1 − Γ01 Γ2
Xω
Γ
ω 2 + Γ2

(21)

can have more dramatic consequences. The reason is
that this switching-induced contribution to the “friction”
force does not have a fixed sign and can thus correspond
to a negative damping coefficient. The requirement of
positive damping follows from the stability of the thermodynamic equilibrium state, a condition that no longer applies in the present non-equilibrium situation of currentinduced switching.
A comparison with the Fourier transform iω2γXω of
the regular friction force −2γ Ẋ shows that the “dissipative” feedback force Imfω causes a renormalization of
the damping coefficient, so that the cantilever becomes
subject to the effective damping coefficient
γeff (ω) = γ +

1
(∆f ) Γ02 Γ1 − Γ01 Γ2
.
2
M
2Γ
ω + Γ2

(22)

Indeed, the switching-induced contribution to the damping is negative in our setup. We define X such that it
increases with increasing tip-substrate distance. Since
the cantilever is attracted to the substrate, we have
f1 , f2 < 0. Experimentally, we find that the force is
larger in magnitude for the low-voltage state, say state
1, such that ∆f = f1 − f2 < 0. Since the low-voltage
state becomes more stable at larger X (see discussion
above), we conclude that Γ02 > 0 as well as Γ01 < 0.
The equilibrium position of the cantilever in the absence of current-induced switching becomes unstable
when the current-induced “dissipative” force (21) overcompensates the intrinsic damping coefficient γ, making
the overall renormalized damping γeff negative. In line
with experimental observations, this is most likely to occur when the cantilever frequency ω0 is of the order of
the total switching rate Γ, so that
∆γeff (ω) ∼ −|∆f |

|Γ01 |
.
Mω02

(23)

In fact, we can estimate the switching-induced renormalization of the damping coefficient, using Γ ∼ ω0 '
105 s−1 , Γ0i ∼ Γ/1nm, making the (conservative) assumption that the switching rates change over the characteristic length of 1nm in cantilever displacement, and
∆f ∼ 100pN, as measured experimentally. This yields
a switching induced correction of order ∆γeff ∼ −10s−1 .
This should be compared with the bare friction coefficient γ ∼ M ω0 /Q ∼ 10s−1 . This shows that the effective
damping γeff can indeed be negative.

6
3.4 Self-oscillation amplitude

To linear order in the displacement X(t), a negative
damping coefficient causes an exponential instability and
the oscillation amplitude grows without bound. In real
cantilevers, the instability will be limited by nonlinear effects. To study the resulting oscillation amplitude within
a minimal model, we include a weak cubic (Duffing) nonlinearity in the equation of motion for an oscillator with
negative damping coefficient δ,
Ẍ − 2δ Ẋ + ω02 X + αX 3 = 0.

(24)

This model incorporates the switching-induced force on
the cantilever through an effective negative damping coefficient δ (taken to be frequency independent for simplicity). Assuming a weak nonlinearity as well as weak
(negative) damping, we can make the ansatz
X(t) = A(t) cos ω0 t,

(25)

where A(t) is a slowly varying function of time. Inserting
this ansatz into the equation of motion (24) and using the
fact that A(t) varies slowly in time, we find the differential equation
Ȧ − δA +

3α
A=0
4ω02

(26)

for A(t). In the stationary limit, Ȧ = 0, we find the
solutions A = 0 and

1/2
4δω0
A=
.
(27)
3α
A linear stability analysis readily shows that the solution
with A = 0 is unstable, while the solution (27) is stable.
We close by providing an estimate of the oscillation
amplitude. In principle, there are two contributions to
the nonlinearity parameter α, the intrinsic nonlinearities
of the cantilever as well as the nonlinearity of the tipsubstrate interaction. It is natural to assume that the
latter contribution dominates. On dimensional grounds,
we estimate it to be of order
α∼

typical force
3
∼ 1024 N/kg m .
mass · (typical length)3

(28)

Here, we used 100pN for the typical force, a value that follows from integrating the experimentally obtained force
gradient, the cantilever mass M ∼ 0.1mg, as well as the
typical length scale of 1nm. If we assume that the negative damping is of the same order as the positive intrinsic
damping of the cantilever, i.e., δ ∼ 10s−1 , and use the
eigenfrequency ω0 ' 105 s−1 , we find an oscillation amplitude of order A ∼ 1nm. Although this is clearly a
rough estimate of the oscillation amplitude, the result
is consistent with the experimental observation and supports the picture of cantilever self-oscillations driven by
current-induced switching.
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