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We have found an incorrect formula to estimate the root mean square (rms) amplitude of the molecular vibration
in the molecular optomechanics systems reported by J. Liu et al. [Photon. Res. 5, 450-456 (2017)]. In contrast
with common optomechanical systems, the equilibrium position for molecular optomechanics systems used in the

letter cannot be achieved by the equipartition theorem. Here, we achieve the effective temperature of molecules
and then provide a corrected formula for the estimation of the rms amplitude of molecular motion. Using defined
effective temperature into our new formula, we show that the minimal measurable force is (F ~ 1.7 x 1074 N),
which it is 1 order bigger than the result of the main paper, and it is also in accordance with numerical calculation

through the Lindblad master equation.
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The model introduced in Ref. [1] by Jian Liu ez al. consists of
two adjacent molecules placed in the hot spot of a plasmonic
cavity, which directly interact through dipole—dipole interac-
tion and are also driven by two color laser beams (i.e., a strong
pump and a weak probe laser), as shown in Fig. 1. The opto-
mechanical theory has been applied to investigate the coupling
behavior of molecules so that the full Hamiltonian in a rotating
frame is then given by
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where ¢, ; are annihilation operators for optical and the vibra-
tional mode of molecule (7), 4 is the dipole—dipole coupling
constant, 8, = @, - @, is pump cavity detuning, g; is opto-
mechanical coupling constant, and Q,,, €, are the laser
pumping and probing rate, respectively. Using the Lindblad
master equation, the dynamical behavior of open whole systems
can investigate as follows [2]:
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where
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where Dj{p} is defined as the Lindblad super operator,
Dy{py =24p A" - A Ap-pATA,  A=ca,a, (@)

and k, y;, 7, are the damping of the plasmon and the first and
second molecule, respectively.
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Fig. 1. Schematic of the model and relevant parameters.
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Although two molecules are coupled to a common heat
bath at temperature 77,4, (authors had considered room tem-
perature, i.e., 7p,, = 300 K), optomechanical interaction be-
tween molecules and dipole—dipole can modify the temperature
of molecules. Hence, we define the effective mean phonon
number as

T = (a}) = w(]ap,), ®

where pg; is the steady-state density operator. As a direct result,
the effective temperature of each molecule yields [3]

ha, L i=12 (6)

Kplog (1 + ”lff)

In the symmetric case, when @, = w, andg, = g,, the effec-
tive temperature of both molecules is the same, ie.,
T$% = T (note that two molecules are coupled to a common
heat bath). However, for the case 4 = 0.2 THz, we have plot-
ted the effective temperature of molecules as a function of op-
tomechanical coupling constant with two different heat baths
(Fig. 2; all parameters are considered similar to the main paper).
The
effective temperature of molecule GBT becomes 7¢T =
Tesz ~ 320 K, when the molecules are coupled to a room tem-
perature heat bath. One can also analytically derive the effective
temperature of molecules through adiabatic elimination of plas-
mon mode, in which an effective Hamiltonian for the two mol-
ecules is derived and also two mutually coupled molecules
become coupled to an effective common thermal bath [3,4].
Now, we provide a corrected formula for estimation of the
root mean square (rms) amplitude of molecular motion and
show that the equipartition theorem does not work in molecu-
lar optomechanics systems in contrast with the common opto-
mechanical system. The rms amplitude of molecular motion is

defined as follows:
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Fig. 2. Effective temperature of molecules as a function of optome-
chanical coupling constants (notice that all parameters are considered
similar to the main paper, ie., - = 33 THz, "2’—7: = 32.2 THz,
¢/2x =70 GHz, A = 0.2 THz, QIz,u =0.22eV2, 6§ =0, and we
also ignore the probe laser Q,,, = 0 because it is weak and far detuned
from plasmonic cavity center frequency and hence does not play a role

in heat transferring).

where m.¢¢ is considered as the effective mass of the benzene
ring and the atom of sulfur or gold for molecules of thiophenol
or GBT (m ~ 3.6 x 10726 kg) [1]. Using Eq. (5) and the

commutation relation, one can easily show that

h
xms = m(2n§ff +1), i=1L2 (8
eff Wm

Then, the rms amplitude can also write as a function of defined
effective temperature using Eq. (6),

A 2
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After some calculation, the above equation is recast to
/) hw
xms = coth mff , i=1,2. (10)
2mgaw, 2K, TS

In the classical limit K3 7" > hw,,, the above equation becomes
the classical rms amplitude derived by equipartition theorem, in
which the average energy is equally shared among all degrees of
freedom in the same portion, so we have

KyTs®
ams = =2l =12 (11)
Mefr W7,
(because of coth x z% for x < 1). But, here system is in the
other extreme, i.e.,

KT < ho,, (12)

That means the energy of the resonator (w,,/27 = 32.2 THz,
or hw,, ~ 133 meV) is much larger than the room temperature
energy (K 3T¢" ~ 28 meV for GBT), and the high tempera-
ture is not valid anymore. Molecular vibrations are indeed “fro-
zen” at room temperature, so that their amplitude of motion is
dominated by quantum zero point fluctuations instead of
classical thermal fluctuations, which can change the main result
of the letter about the minimal measurement force between
molecules through a plasmonic cavity. For this point, we plot
the minimal measurement force as a function of molecular fre-
quency for three approaches, equipartition theorem (dashed
line), numerically by Lindblad master equation in QUTIP
package [5] (solid line), and our corrected formula (star dots)
in Fig. 3, in which, for the numerical approach, we achieve the
rms amplitude as follows:

n . N
x;ms — mtr[(ﬂj + ﬂ;‘)zpss] >

i=1,2 (13)
As shown in Fig. 3, the results of our corrected formula
are matched with numerical Lindblad approach, which shows
that the corrected formula is trustable in quantum regime.
In order to clarify the equipartition theorem formula does
not work as well, we plot the minimal measurement force
for two different effective temperatures (cryogenic and almost
room temperature for GBT), which shows a big deviation
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Fig. 3. Comparison between different methods (equipartition
theorem, numerical, and corrected formula) for minimal measurable
force as a function of molecular frequency, with two different effective
temperatures.

especially at high molecular frequency (w,,/27 > 25 THz such
as GBT) and cryogenic effective temperature. In this situation,

A . .
coth( {"’”eff) ~ 1, and rms amplitude becomes similar to zero-
2K T

point motion, i.e.,

X = o , (14)
zmeffa)m
which shows it is dominated by quantum zero-point fluctua-
tions instead of a thermal environment.
In particular, we achieve the rms of molecules GBT in the
main paper at effective temperature (Tfff ~ 320 K) using our
correct formula [Eq. (10)],

x™ 2~ 0.0027 nm. (15)
And also the distance between molecules becomes
R~ 0.88 nm. (16)

Therefore, the minimal measurable force is given as the
following relation:

dVim _ 632
dR  4re R

F~ (x1)(x,) # 1.7 x 10714 N. (17)

One can also investigate the rms amplitude of quantum
molecular optomechanical systems through quantum counter-
parts of the energy partition theorem described by the corre-
sponding frequency probability distributions [6,7].
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