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I. ALIGNMENT CHARACTERIZATION

To characterize the alignment provided by the micro fabricated fiber mounts, we measure the light transmission
from fiber to fiber as a function of the fiber distance. To measure this transmission, we place fiber (Thorlabs SMF28)
in a pair of fiber mounts and measure the output power Py. A second fiber is placed on another pair of fiber mounts
facing the first fiber. The power coupled into the second fiber is measured with a power meter for different separations
d between the fiber facets. This is repeated for five sets of fiber mounts to produce the mean values and the error
bars in Fig. 2a.

The measured values are compared to a theoretical model, which assumes that the output of our single mode fibers
is approximately Gaussian. Under this assumption, the electric field launched by a fiber along y is:

4P, wo _ (@242 ) ]
—— e W exp ( +iky(y — yo,+) F iarctan
meeows,,, Wy(y)

o _ k 2 2 _
By, (7) = y—yox k(@ +2) Yy —you )y

YR 2 (¥ — yo.£)* + vk

(1)
where Py, is the power of the beam, c the speed of light, ¢, the electric permittivity of vacuum, wo , the waist of the
beam at the output of the fiber (assumed to be equal to half of the mode field diameter of the fiber), yr = ng)y/)\y

the Rayleigh range, w, (y) = wo /1 + (¥ — yo,+)2/y% the waist of the beam at the position y, k, = 27/\, the wave
number, yo + is the position of the fiber facet and 4, is the unit vector of the polarization direction. The 4 and
— signs apply if the fiber is pointing in the positive or negative direction, respectively. For the fibers along the x
direction, we exchange x and y.

In our model, we consider the first fiber to be positioned at the origin, while the second is displaced axially by a
distance d and radially by a distance dz. The transmission is then given by the overlap integral between the field
from the first fiber after propagating through the distance d and the fundamental mode of the second fiber:
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where the 0.96 factor accounts for the reflection at the air-fiber interface encountered by the beam when entering the
second fiber. Note that, in practice, the displacement along x could be an offset between the fiber’s center in any
radial direction.

It is also relevant to look at how this transmission varies once the fibers are glued in place with epoxy. The
normalized transmission during the curing process is shown in Fig. Sla. At the time ¢ = 0 the epoxy is applied and
left to cure. As we can see, the change in transmission over the initial 12 hours is smaller than 4%. After the curing
process is complete, the transmission gets more stable, as shown in Fig. S1b, where variations smaller than 2% are
observed over a period of 24 hours. Finally, we monitor the transmission as a function of pressure when going from
ambient pressure to 5 x 1076 mbar. The result is displayed in Fig. Slc, where a change of around 3% is observed
between 10~2 mbar and 10~* mbar.

II. EXPERIMENTAL SETUP

The schematic of the experimental setup is shown in Fig. S2. We trap a silica nanoparticle in the center of two
perpendicular standing waves at wavelengths A\, = 1064 nm and A, = 1550 nm. In Fig. S2a (top) we show the optical
setup used to generate the standing wave trap at A, = 1064 nm (depicted in blue). The laser light is split in two
beams using a polarizing beam splitter (PBS), and the power in each beam is controlled by adjusting the polarization
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Figure S1. Characterization of the fiber alignment. a) Transmission from one fiber to another after they are positioned
inside the fiber mounts and the epoxy is applied and left to cure. b) Transmission from one fiber to another at ambient pressure
after the epoxy is cured. ¢) Transmission from one fiber to another when the pressure is reduced from ambient pressure to
5 x 1075 mbar. In all plots the transmission is normalized by the average value over the period of measurement.

using a half-waveplate (A/2). One of the beams is directly coupled to a fiber (Fiber x1). The second beam is reflected
by a mirror with a piezo element attached to it to adjust the beam path and then coupled to the second fiber (Fiber
x2). We use polarization optics in front of the fiber couplers to independently adjust the polarization of the two beams
and maximize the interference.

By controlling the voltage sent to the aforementioned piezo element we can move the positions of the nodes of the
standing wave or lock the relative phase between the two beams. To lock the relative phase we interfere the light
transmitted through the chip (from Fiber x1 to Fiber x2) with the light reflected from the fiber’s facet (Fiber x2) and
lock to a chosen intensity value using a P-controller implemented with a Field Programmable Gate Array (FPGA)
(¢-Lock, Red Pitaya). The same applies to the generation of the standing wave at A, = 1550 nm (depicted in purple)
Fig. S2a (bottom).

The A\, = 1064 nm light scattered by the particle is collected using Fiber y1 and Fiber y2 and used for detecting
the motion along y and z, respectively. The A, = 1550 nm scattered light is collected using Fiber x2 and used for
detecting the motion along z. For the x and y detection, the collected light is sent to their respective balanced
homodyne detection. For the z detection the light is sent to a photo detector. In Fig. S2b, we show the schematics of
our balanced homodyne detection. The signal (collected scattered light) is reflected by a mirror on a piezo actuator
to control the beam path, combined with a local oscillator using a beam splitter (BS) and sent to a balanced detector
(Newport 1870-FC). We actively stabilize the homodyne phase by actuating on the voltage sent to the piezo actuator
using a P-controller implemented with an FPGA.

The homodyne signal ¢(t) is sent to an FPGA to create the feedback signal V,(t) sent to the corresponding planar
electrode for stabilizing the center of mass motion using cold damping. To create electric fields along the three
directions we use a set of 5 electrodes, as depicted in Fig S2¢. Fig S2d-i show the electric field generated by activating
different electrodes: S2d-e show the simulated electric field along = generated by the x electrodes, S2f-g the electric
field along y generated by the y electrodes and S2h-i the electric field along 2z generated by the z electrode. £1 V is
applied to the respective electrodes. In the vicinity of the center, the electric field is approximately constant, with
variations smaller than 0.5% over a region of 5um x 5um X 5um around the origin, justifying the assumption of a
homogeneous electric field at the particle’s position.

III. INFORMATION SCATTERING

Here we analyze how a dielectric particle trapped at the origin by a standing wave along x with linear polarization
along z scatters information about its motion along y. We follow an approach similar to the one in [1].
The total field at the vicinity of the origin is, to first order in z,y, z:
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where Ak, is the effective wave number due to the Gouy phase.
The total electric field scattered by a particle at 7, at a coordinate = (1,0, ¢) far from the particle is:
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Figure S2. Experimental setup for trapping, detection and cooling. a) Setup used for preparing the trapping beams.
The light from a laser source is split in two beams using a PBS. One of the beams goes directly to the chip, while the other is
first reflected by a mirror on a piezo actuator before going to the chip. The polarization of each beam can be independently
controlled to maximize the interference at the trapping region. The relative phase between the beams can be adjusted using
the piezo actuator and locked using a P-controller (¢-lock). b) Balanced homodyne detection scheme used for detecting the
motion along x and y. The light scattered from the particle is combined with a local oscillator and sent to a balanced photo
detector. The detected signal is processed by an FPGA and used to apply feedback to the particle’s motion. ¢) Schematic
of the chip showing the trapping fibers and the planar electrodes. The feedback voltage for the z (y) motion is applied to
the horizontal (vertical) electrodes, while the one for the z motion is applied to the central electrode. d)-e) Simulated E,
component of the electric field in the xy and xz planes. f)-g) Simulated E, component of the electric field in the zy and yz
planes. h)-i) Simulated E. component of the electric field in the zy and xz planes. In d)-i) 1 V is applied to the respective
electrodes. The black lines correspond to the fibers.

where El(r, 0, ®) is the electric field scattered from E+$ and Eg(r, 0, ®) the one scattered from E_,.
Since we are interested in displacement along y we can set « and z to 0. Furthermore, we consider that the foci of



the beams are positioned symmetrically with respect to the origin, i.e., xg,— = —2¢ 4+ = xo. We then get:
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where E, (r,0, $) is the electric field scattered from the superposition of both beams and “4*=%o is a constant phase
factor. At this point, the problem becomes very similar to the one treated in [1], the difference being that instead of
the field scattered by a particle we have E, (r,0,¢). Ultimately, the information pattern Z, (6, ¢) is proportional to
|Ey(r, 0, $)|? sin? O sin? ¢.
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Figure S3. Scattering and information patterns. Absolute value of the scattered electric field in the far field by a dielectric
particle in a standing wave along x with polarization along z and the corresponding information pattern for the position along
y. We look at particles with different diameters to observe the transition from the mode expected from a dipole to a mode
that consitst of mulipole contributions. a D = 300 nm. b D = 400 nm. ¢ D = 500 nm. d D = 600 nm. e D = 700 nm. f
D =800 nm. g D =900 nm. h D = 1000 nm.

|Ex(r,0,0)|

y

XK 0

y

In Fig. IIT we show |Ey(r, 0, ¢)| and \/Z, (0, ¢) for silica particles of different diameters for the motion along y. The
field was simulated for A\, = 1064 nm, zo = 40 ym and NA = 0.11 (wp, = 3.1 pm). As we can see for diameters up
to 700 nm, most information scatters along y. Since we work with a radius of » = 160 nm, our use of the fibers along
y to detect the motion along y is justified.

IV. COLD DAMPING AND TEMPERATURE MEASUREMENTS

Our experiment follows the approach used in [2]. The ideal linear feedback signal is FP(¢) oc T3 (¢) oc k93 (¢). Due
to measurement noise, we can only measure z'(t) = x(t) + £(t), where {(?) is the detector noise. The real feedback

signal is then given by Ff(t) oc T/ (t) = T (i(t) 4+ £(t)). The equation of motion can be written as

IO HE _ 70 10 + ) ©)

i+ T+ Wz =
m m
where m is the particle mass, (2, is the mechanical eigenfrequency, I';, is the mechanical damping term due to
the interaction with residual air molecules [3], on(t) is the stochastic force and follows the fluctuation-dissipation
theorem [4] where o0 = v/2mkgTT,,.
The Fourier transform of the time derivative of the measurement noise equals F(£(t)) = wo, and &(t) is approxi-
mated as ©(t) & —Qgz(t—7/(2€;)). The power spectral densities (PSDs) of the real position S, (w) and the measured
position SI¥(w) by the in-loop detector are
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Figure S4. Effective com temperature of the com versus feedback gain k4 a) Temperature of the com along z (top
plot, dark blue points), z (top plot, light blue points) and y (bottom plot, purple points) for increasing values of the feedback
gain along y. b) Temperature of the com along y (top plot, dark purple points), z (top plot, light purple points) and y (bottom
plot, blue points) for increasing values of the feedback gain along x. The plots show that increasing the feedback gain kg4 along a
certain direction affects mainly the temperature along that same direction. The outlier at kd = 400 is due to spurious dynamic
noise from other modes. The temperature is extracted from the measured PSDs based on 10 time traces of 50ms for x,y and
500ms for z, where the cooled mode temperatures are determined from fits to Eq. 8 (bottom) and the uncooled modes by
numerical integration across the bandwidth above the noise floor (top). The error bars refer to the standard deviation. Solid
lines are fits to Eq. 20 and shaded regions represent the fit uncertainty.

We can relate the particle energy to an effective temperature 7T, ;H by means of the equipartition and Parseval’s
theorem [5]. The equipartition theorem describes the mean potential energy of the particle as

1 1
Epot = 5m9%<x2> = *kBTefh

. )

where (z?) is the variance of the particle motion along the x direction. Parseval’s theorem relates the variance of the
position to the integral of the PSD as follows:
1 oo
5.

Combining Eq. 9 and Eq. 10 we can define the effective center-of-mass temperature as
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Plugging Eq. 8 into Eq. 11 we find
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The phonon occupation can be approximated as

TR,

: (13)

The minimum achievable temperature at a pressure p can be calculated using Eq. 12 by solving 0T,z /0I''" = 0 to
find the optimal I'P and plugging it back in T.g. This gives:
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where T, is the mechanical damping at the pressure p.

This minimum temperature can be related to the SNR at a higher pressure py when no feedback is present, given
by:

2kpT
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where Iy, ¢ is the mechanical damping at the pressure pg. Substituting the expression for the SNR|,, into Eq. 14 and
using that at low pressures I';, o p:
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where the approximation holds for SNR>> 1 and p/py < 1.

At the bottom of Fig. S4, we show the extracted temperatures for z and y modes at a pressure p = 5.9 x 10~ mbar
and p = 6.8 x 107% mbar, respectively. As previously stated, we achieve minimum phonon occupations of
ny = 1325+ 72 and n, = 329 &+ 30. We measure SNR, = 7.6 x 10®> and SNR, = 4.3 x 10°, both at p = 14.1mbar.
According to Eq. 16 and using Eq. 13, the minimum achievable phonon occupation are approximately n, ¢, = 830
and ny ¢, = 220 phonons in reasonable agreement with the experiment.

We assess the cross-coupling of the feedback signals resulting from inhomogeneous electric fields by measuring the
com temperature of the other eigenmodes. As shown at the top of Fig. S4, we find the temperature of the perpendicular
eigenmodes unaffected by the gain sweep. This confirms that the cross-coupling is negligible.

In Fig.S5 we show that we are detection-limited by increasing the feedback gain until reaching the characteristic
noise-squashing. This behavior is observed for both the x and y axis. We attribute the frequency shift to a not-
optimally adjusted delay in the feedback signal[2].
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Figure S5. Noise squashing. PSDs of the motion along z for two different feedback gains. For k2 = 40, the motional peak is
above the detection noise (dark blue circles), while for kZ = 360 we observe noise squashing (light blue points). The solid lines
are fits to Eq. 8, see SM V for details of the fitting.



V. CALIBRATION AND DATA ANALYSIS
1. Calibration of the particle displacement

Here, we review the calibration of the particle displacement x = v, /ccqr, where v, is the detected signal and c.q;
the calibration factor. We assume the particle is described as a harmonic oscillator at p = 14 mbar. The assumption
allows us to apply the equipartition theorem and extract c.q;-

To calculate the linear calibration factor c.q;, we link the expectation value of the potential energy F,,: to the
variance of the particle displacement (z?) as

1 1
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<) is the variance of the detected signal. Therefore, we can calculate the calibration factor c.q; as
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Ccal =

2.  Eztracting the center-of-mass effective temperature

To extract the temperature of the com motional modes for the  and y directions we fit the in-loop detected signal
to the single sided PSD (see Eq. 2 in the main text):
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where the fitting parameters are I'eg = T'y,, + F;b, T, Qp, 0, and B = ?;g”j
Then, with the extracted values from the fit, we extract Ty as 4
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and convert it to phonon occupations using (n,) = kgT, qeﬁ/ hQy,.

For each value of kg shown in Fig. 4, we extract the temperature from 10 time traces of 50 ms. The effective
temperature, Tog, is calculated as the average of the 10 temperatures extracted, and the error bars are given by the
standard deviation.

The solid line in Fig. 4, is a fit to Eq. 12, where m is extracted from the calibration time trace at 14 mbar, T';,,
o, o, and €), are taken as the average of the values obtained by fitting each of the time traces of 50 ms and the
proportionality factor between kg and I'P is the only remaining parameter. The shaded region corresponds to Eq. 12
when plugging in the uncertainties in I',,, o, 0, and ., which are calculated as the standard deviation in the values
extracted from each of the time traces of 50 ms.

VI. SENSING WITH A COLD DAMPED HARMONIC OSCILLATOR

Consider the following equation for a driven harmonic oscillator under linear feedback cooling:

: F(t
Bt (D + T3+ Q22 = Zy(t) + TPEE) + FiH) (21)
m m
where T',,, + T'" = T'.p is the effective damping and F(t) is an external force that we want to measure.
The response of the system to external driving is given by the transfer function of the harmonic oscillator H (w)
defined as
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The real displacement PSD of the driven harmonic oscillator under linear feedback cooling is given as
Se(w) = |H(w)Po® + |H(w)[*(mIPouw)? + [H(w)|*Sy, (23)

where 02,02 and S + are the PSDs related to the thermal, measurement and external force noise [6], respectively, all
of which we consider Gaussian white noise.
To estimate the SNR for real force measurements we need to consider the in-loop PSD from Eq. 8

Sa-(w) = [H(w)Po® + [H(w)[Pm?*oZ[(2 - w®)® + Tw’] + [H(w)[*S;. (24)
From Eq. 24 we estimate
[H(w)| 72857 (w) = Sf + 0® + m?a3[(QF — w?)* + 17,07, (25)

To get a minimum measurable force, we need to overcome noise present in the system. So we are interested in a
minimum signal-to-noise (SNR) greater than one, which is defined as

Sy
N =
SNR \/ 0?2 + m202[(Q2 — w?)2 4 T2,w?]

>1 (26)

We then obtain that the force sensitivity as

\/S1(@) = Vo + m2o2[(Q2 — w?)? + 2,07 (27)

We obtain /S (w) by measuring S (w) and multiplying it by |H (w)|~2 using the parameters extracted from the fit
of the IL PSD. Evaluating Eq. 26 at resonance (w = §,) yields the minimum achievable force sensitivity

\/S5(Qs) > /2mkpTT,,, + m2Q2T2 52 (28)
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Figure S6. Force and acceleration sensitivity. a) Force spectral sensitivity and b) Acceleration spectral sensitivity of the
motion along x for two different feedback gains. The solid black line corresponds to Eq. 27 using the parameters extracted
from the fitted IL PSDs.

In Fig. S6 we show the force and acceleration PSDs for the x and y modes, confirming the sensitivity is independent
of the feedback gain and agrees with the expected sensitivities from Eq. 28. Note that, the sensitivity is always
deteriorated by the detection noise (see Eq. 26).



Let us now consider an out-of-loop detector (ool) for sensing purposes [2]. The PSD for a driven harmonic oscillator
with cold damping will be
o? /m? . (Dw)? 2y Sy /m?
(2 —w?2)24 (T, +TP)20w2 (92 —w?)2 + ([, + )22 77 (Q2 —w?)2 + (I, +T1P)

5% (w) = s+ % (29)

such that
|H(w)| 7285 (w) = 0 + m*(TPw)?02 + Sy + |H(w)| 203 (30)

where o3 is related to the variance of the out-of-loop detector noise. If we are interested in having a SNR> 1, we
obtain an out-of-loop sensitivity on resonance:

5P > \emba T, + mA2 (T, )2 + (T, + P02 (31)

where ,/S}’Ol is the out-of-loop force sensitivity. Eq. 31 includes an additional dependency on the out-of-loop

detection noise 0%. If we are well above the detector noise floor, 02 and 0% are very small and the thermal noise

limited assumption is justified. However, if our signal is comparable to the noise floor, Eq. 31 has to be considered.
In the latter case, the out-of-loop detection will also have higher noise contributions than the in-loop detection.

VII. SURFACE NOISE HEATING

Surface noise heating due to electric field noise acting on charged particles is a well known decoherence source in

ion traps [7]. In the following section we estimate the expected noise levels on the hybrid chip due to exposed gold
electrodes and dielectric fiber facets. We base our estimation on [8, 9].
We consider a nanoparticle of radius R = 160nm with n, = 100 elementary charges to be levitating above a planar
gold electrode covered by a thin dielectric layer of thickness t;, composed of oxides or hydrocarbon compounds. The
distance between the electrode and nanoparticle equals d, = 203um. The distance to the dielectric fiber facet yields
dy/2 = 40pm.

The PSD of the eletric-field fluctuations S3 translates to a fluctuating force Sp as Sg = ‘Z—? The fluctua-
tion—dissipation theorem then again links Sp to a dissipative damping I'(w), such that Sp(w) = 2kpTmI(w).

The PSD of the electric field noise perpendicular to an infinite surface is given by [§]

3 tan 6 kTt
L Bl'ty

2
e 87 e(1+tan? ) wdt (32)

The thin dielectric layer at temperature T is characterized by complex permittivity € = ¢(1+ j tan #) with the loss
tangent assumed to be small tan § < 1. We assume the upper limit for the dielectric thickness formed by hydrocarbon
compounds t4 & 2nm with € = 2¢y and tand ~ 0.01 [8].

Fig. S7a displays Sr due to the gold electrodes (solid blue line) depending on the distance d.. For comparison we
plot the expected thermal force noise stemming from residual gas collisions at pressure p = 9 x 10~%mbar (dashed
purple line). At d, = 203um (solid purple line) we estimate Sp = 3 x 10~*6N? /Hz, which is negligible in comparison
to the thermal force noise at Sgi, = 2kgTml,, = 6 x 10739N? /Hz. The electric field noise becomes relevant for
distances below d, < 3um or p < 10~ *2mbar.

The electric field noise stemming from the dielectric fiber facets we treat slightly different. For simplicity we still
assume the dielectric surface to be infinitely large, which is a coarse assumption given a fiber diameter of 120pum and
a nanoparticle radius R = 160nm at a distance d, = 40um. We assume for SiOs the following values € = 3.9¢y and
tan @ ~ 0.0013 [9]. We divide the fiber into slabs of thickness t; = 1um at varying d; and calculate their individual
contribution to S%. The individual contributions are then summed up as

YSp | =N, S (di)g? (33)

with dd = ©¥ ,d;. Fig. S7b displays Y5 for varying dielectric thickness. We observe a saturation of the force noise
level to £Sp | = 3x 1074IN? /Hz beyond §d = 100pm, where additional dielectric slabs have very little impact on the
overall noise level. This corresponds to a noise level well below the thermal contribution Sg¢,, but would be come
relevant at pressures p ~ 10~ "mbar. For more precise estimations, one would need to take the 3D fibre shape into
account.
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Figure S7. Surface noise force in comparison to the thermal force noise due to a) gold electrodes and b) a dielectric fiber
facet
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