Supplementary Information

Yuanbin Jin,! Kunhong Shen,! Peng Ju,! Xingyu Gao,!

Chong Zu,? Alejandro J. Grine,® and Tongcang Lil:* 56 *

! Department of Physics and Astronomy,

Purdue University, West Lafayette, Indiana 47907, USA
2Department of Physics, Washington University, St. Louis, MO, 63130, USA
3Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM, 87185, USA

4 Elmore Family School of Electrical and Computer Engineering,

Purdue University, West Lafayette, Indiana 47907, USA

® Purdue Quantum Science and Engineering Institute,
Purdue University, West Lafayette, Indiana 47907, USA
6 Birck Nanotechnology Center, Purdue University,
West Lafayette, Indiana 47907, USA
(Dated: May 31, 2024)



SUPPLEMENTARY NOTE 1: EXPERIMENT SETUP AND

TRAP

SURFACE ION

Supplementary Figure 1 shows the schematic diagram of our experimental setup. The

surface ion trap is fabricated on a sapphire wafer, which has a high transmittance for visible

and near infrared laser. The chip is fixed on a 3D stage and installed in a vacuum chamber.

Supplementary Figure 1.
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Schematic diagram of the experimental setup. The surface ion trap

is fixed on a 3D stage and installed in the vacuum chamber. A 532 nm laser beam controlled by

an acousto-optic modulator (AOM) is incident from the bottom to excite diamond NV centers

in a levitated nanodiamond. The photoluminescence (PL) is collected by an objective lens. A

1064 nm laser beam focused by the same objective lens is used to monitor the motion of levitated

nanodiamonds. The PL is separated from the 532 nm laser and the 1064 nm laser by two long-pass

dichroic mirrors (DMLP650 and DMLP1000). PBS: Polarizing beam splitter; A/2: half-wave plate;

A/4: quarter-wave plate; BP: band-pass filters
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The AC high voltage signal used to levitate nanodiamonds and the microwave used for
quantum control are combined with a bias tee and delivered to the chip. A 532 nm laser beam
is incident from the bottom to polarize a levitated nanodiamond. The photoluminescence
(PL) is collected by an objective lens with a numerical aperture (NA) of 0.55. A 1064 nm
laser beam focused by the same objective lens is used to monitor the center-of-mass (CoM)
motion and the rotational motion of levitated nanodiamonds. The PL is separated from the
532 nm laser and the 1064 nm laser by two long-pass dichroic mirrors. The count rate and
the optical spectrum of the PL are measured by a photon counter and a spectrometer. Two
cameras monitor the procedure of particles loading and the trapping position of levitated
nanoparticles.

Instead of a surface ring ion trap with concentric rings [1, 2], we use an {2-shaped circuit to
deliver both a high voltage for trapping and a microwave for controlling NV centers. A blank
hole in the center allows the probing laser to travel through. The planar design conveniently
provides six-directional detection. To theoretically calculate the trapping parameters, in-
cluding the trapping position and the trapping depth, we approximate the surface ion trap
(Supplementary Figure 2(a)) as a perfect ring ion trap (Supplementary Figure 2(b)). The
area a < r < b is connected to an AC high voltage driving signal with a frequency of f;
and an amplitude of V;, while the remaining parts are grounded. For a surface ion trap, the
motion of particles in z axis (perpendicular to the chip surface) is more critical. The motion

equation of a nanoparticle along the z axis can be approximately written as [1]:

d*z
Mmoo = —QVycos (2m fat) f (a,b) (z — 20) , (1)

where m is the mass of the nanoparticle, @ is the charges, zg = \/a4/3b4/3/ (a2/3 + b%/3) is
the trapping position located at the zero field point, and f(a, b) is the geometric factor given

by

fa,b) = J O3 — @) (023 + a?/5)" (2)

at/3bY/3 (a3 + a2/3b2/3 + b4/3)5.

Eq. 1 shares the same forms as Mathieu equation. The trapping eigenfrequency along z

direction can be solved as:
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Supplementary Figure 2.  Surface ion trap and CoM motion of a levitated nanodiamond. (a)
Optical image of the surface ion trap. The outer four electrodes are used for compensation of
residual charges on the chip surface. Trapping voltage and microwave can be delivered by a
bias-tee simultaneously. (b) Equivalent surface ion trap with concentric rings design. Ring area
a < r < bis connected to an AC high voltage and the remaining parts are grounded. (c¢) Theoretical
pseudopotential calculation in z axis of a concentric ring ion trap. The trapping position is located
at zg = 245 pm and the trapping depth is around 420 eV. The parameters used for this calculation
are listed in Supplementary Table 1. (d) Power spectral densities (PSDs) of the CoM motion of the
levitated nanodiamond in three dimensions at the pressure of 0.01 Torr. The radius is about 264

nm by the Lorentzian fitting.

For a regime with small displacement of a levitated nanodiamond, the electric potential
can be approximated as a harmonic potential near the trapping region:

B 2‘/[12
~16m2mf?

F2(a,b) (2 = 20)". (4)

Vor (2) = —mw3(z — 20)2

Generally, when the levitated nanodiamond moves away from the harmonic region, the

pseudopotential can be written as [1]:
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Supplementary Table I. Parameters for the pseudopotential calculation of equivalent surface ion

trap. q, satisfies the condition of stable 3D trapping.

Qe R/mm  p/(kg/m®)  Vy/V fa/Hz a/pm  b/um g
2000 264 3500 300 27 x 1.6 x 104 270 450 0.29

The dimension of the surface ion trap is designed as a = 270 ym and b = 450 pym. We
theoretically calculate the trapping potential of a levitated nanodiamond in z axis, as shown
in Supplementary Figure 2(c). The red dash-dotted curve and blue solid curve are calculated
by Eq. 4 and Eq. 5, respectively. All the parameters are summarized in Supplementary
Table I. The theoretical trapping position zg is 245 pm, which is very close to the simulation
result 253 pm for the current ion trap design. The difference is due to the asymmetric ion

trap design.

The trapping potential is dependent on the eigenfrequency of a levitated particle, which
is proportional to the charge to mass ratio (/m). Thus, it is necessary to increase the
charge number carried on particles to achieve stable levitation in an ion trap. In our exper-
iment, the diamond particles were purchased from Adamas Nano and the product model is
MDNV1umHilOmg (1 micron Carboxylated Red Fluorescence, 1 mg/mL in DI Water, 3.5
ppm NV). These particles exhibit an average size of 750 nm. They are created by irradiat-
ing 2-3 MeV electrons on diamonds manufactured by static high-pressure, high-temperature
(HPHT) synthesis and containing about 100 ppm of substitutional N. The nanodiamonds
are first sprayed out by electrospray, which is supplied by a DC high voltage (~ 2 kV). Then
the nanodiamonds are delivered to the trapping region of the surface ion trap with an extra

linear Paul trap.

After a nanodiamond is trapped, we apply a 1064 nm laser to measure the CoM motion
of the levitated nanodiamond. Supplementary Figure 2(d) is the power spectral densities
(PSDs) of the CoM motion in x, y and z directions at the pressure of 0.01 Torr. The
radius of the levitated nanodiamond is obtained to be about 264 nm based on the fitting of
the PSDs. The experimental trapping frequency in the z direction is about w, /27 = 1.65
kHz. Using Eq. 3, the charge number is estimated to be about 2000 for this nanodiamond.
The surface ion trap creates an extremely deep potential well of 420 eV (Supplementary

Figure 2(c)). According to our experimental results, the charge number of different levitated
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Supplementary Figure 3. Internal temperature of a levitated nanodiamond. (a) Optically detected
magnetic resonances (ODMRSs) of the levitated nanodiamond at different intensities of the 532 nm
laser and the 1064 nm laser at the pressure of 1.3 x 1075 Torr. (b) Internal temperature as a
function of the intensity of the 532 nm laser. The intensity of the 1064 nm laser is 0.520 W/mm?.
(c) Internal temperature as a function of the intensity of the 1064 nm laser. The intensity of the
532 nm laser is 0.030 W/mm?2. Error bars in both (b) and (c) represent the standard deviation

among three times measurements.

nanodiamonds varies from 1,000 to 10,000.

SUPPLEMENTARY NOTE 2: INTERNAL TEMPERATURE OF A LEVITATED
NANODIAMOND

The heating induced by the absorption of the 532 nm laser and the 1064 nm laser af-
fects the stability of the levitated nanodiamond in vacuum. Here we measure the optically
detected magnetic resonances (ODMRs) of the levitated nanodiamond at different optical
intensities of the 532 nm laser (/532) and the 1064 nm laser (I1964), as shown in Supplemen-
tary Figure 3(a). The pressure is fixed to 1.3 x 107° Torr. First, we adjust the intensity of
the 532 nm laser from 0.015 W/mm? to 0.03 W/mm?, while keeping I;p¢4 = 0.520 W/mm?.
The internal temperature of the levitated nanodiamond is shown in Supplementary Figure
3(b). Then we measure the temperature when the intensity of the 1064 nm laser is changed
from 0 to 0.520 W/mm? while the intensity of the 532 nm laser is fixed at I53, = 0.03
W /mm? (Supplementary Figure 3(c)). The red curves are the fittings by [3, 4]:

A = Agusp (T = Ty) + Ay, (T° — T3 (6)
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where the first term A, = >y m\ I,V is the heating of the excitation laser (A = 532 nm) and
the probe laser (A = 1064 nm), 7, is the absorption coefficient of nanodiamond and 7, is the

laser intensity, V' is the volume of nanodiamond. The second term is the cooling rate caused

krR2v v/ +1

T T R 1 is the thermal accommodation coeffi-

by gas molecule collisions, Ay, =
cient of diamond, R = 332 nm is the radius of the nanodiamond used in this temperature
measurement experiment, v is the mean thermal speed of gas molecules, v’ is the specific
heat ratio (7 = 7/5 for air near room temperature), p is the pressure, Tj is the thermal
temperature (298 K). Plug in the parameters, we get the coefficient Ay to be 1.74 x 10712

m3-s~1-K~! for this nanodiamond. The last term is for cooling due to black-body radiation,

where Ay, = 72¢ (5) VES/ <7r203h4> Im (%), ¢ (5) & 1.04 is the Riemann zeta function, kg
is the Boltzmann constant, ¢ is the vacuum light speed, h is the reduced Planck’s constant, ¢
is a constant and time-independent permittivity of nanodiamond across the black-body ra-
diation spectrum. Based on the coefficient A4, we can calculate the absorption coefficients

of 532 nm laser and 1064 nm laser to be 111 ecm™! and 5.87 cm ™!, respectively.

SUPPLEMENTARY NOTE 3: ROTATION OF A LEVITATED NANODIA-
MOND DRIVEN BY A ROTATING ELECTRIC FIELD

In our experiment, we use a rotating electric field to drive a levitated nanodiamond to
rotate at a high speed. The four electrodes at the corners are applied with four sinusoidal
signals with the same frequency and amplitude but 7/2 phase difference to generate a rotat-
ing electric field. The two grounded electrodes labeled by GND1 and GND2 (Supplementary
Figure 2(a)) are introduced to cancel the z component of the rotating electric field and make
the electric field more symmetric. We simulate the electric fields for both the trapping po-
tential and the rotating field using the COMSOL software. The simulation of the electric
potential in zy-plane at different rotation phases are shown in Supplementary Figure 4. The
rotation phases are changed from 0 to 27 by steps of 7/4 in the simulation. The dipole
moment (p) of a levitated nanodiamond is aligned to the direction of the electric field (E,,)

by the torque

Melectric =pX Ewy = |p| ’Emy| Sinﬁ "z, (7)
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Supplementary Figure 4. Simulation of the rotating electric potential in xy-plane generated by
the four electrodes. The rotation phase (wt) of each figure is changed from 0 to 27 by the step of

7 /4, and the direction of corresponding electric field rotate following the rotation phase.

where 3 is the angle between the dipole moment and the electric field, z is the unit vector

along z direction.

Based on the simulation as shown in Supplementary Figure 4, the amplitude and the
direction () of the electric field in the zy-plane can be calculated, which is displayed in
Supplementary Figure 5(a) and 5(b). o = 0 indicates that the rotating electric field points to
the positive x direction. The blue circles and red squares are the simulations with and with-
out the compensation electrodes GND 1 and GND 2. Ideally, the direction of the rotating
electric field should be «/(t) = m/4 — wt (orange dashed curve). The inset of Supplemen-
tary Figure 5(b) is the asynchrony between the simulation result and an ideal rotation field
with and without the compensation electrodes. The orientation of the electric field does not
perfectly rotate at a constant speed in one period without the compensation electrodes (red
squares). The maximum deviation is 5.5°. It hurts the stability of the rotational motion of
the levitated nanodiamonds and expands the linewidth of nanodiamond’s rotation signal.
Moreover, the E, component of the rotating electrical field oscillates with a large amplitude

if no compensation electrode exits (Supplementary Figure 5(c)). The E, component drives
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Supplementary Figure 5. Simulation of the rotating electric field and the rotational motion of
a levitated nanodiamond. Time evolution of the xy-plane component (a) and direction (b), z
component (c) of the electric field with (blue circles) and without (red squares) the compensation
electrodes of GND1 and GND2. « describes the orientation of the electric field (o = 0 indicates
the electric field points to positive x direction). (d) PSD of the rotational motion at the rotation
frequency of 0.1 MHz. The linewidth is 9.9 x 10~° Hz by the fitting (inset). The ratio of the center
frequency to the linewidth is 2 x 10°. (e) PSDs of the rotational motion of the levitated nanodia-
mond at different pressures, showing the maximum rotation frequency at different pressures. The
rotation frequencies are 0.05 MHz, 0.1 MHz, 0.2 MHz, 0.5 MHz, 1 MHz, 2 MHz, 5 MHz and 10
MHz, respectively. The upper limit of the rotation frequency is inversely proportional to pressure
with the electric field driving. Particles stop rotating above the dashed white line. (f) Simulation

of microwave transmittance of the surface ion trap.

a levitated nanodiamond to oscillate in the z direction, causing the loss of the levitated nan-
odiamond in high vacuum. The two compensation electrodes effectively solve these issues.
The transmittance of a microwave through the (2-shaped circuit is simulated (Supplemen-
tary Figure 5(f)) to ensure the microwave has low loss for frequencies from 2.6 GHz to 3.1

GHz.

Then we drive a levitated nanodiamond to rotate using the rotating electric field. The



PSD of the rotational motion at the rotation frequency of 0.1 MHz is shown in Supplementary
Figure 5(d). The linewidth of the rotation signal is about 9.9x 107> Hz based on a Lorentzian
fitting (inset of Supplementary Figure 5(d)). Thus, the ratio of the center frequency to the
linewidth is 2 x 10%, demonstrating the rotational motion is ultra-stable with easy control
by this method.

Meanwhile, the rotational motion of the levitated nanodiamond is damped by the in-
teraction with the remaining gas molecules in vacuum chamber. The damping torque of a

sphere is [5, 6]
Mgas - _[Wr7d7 (8)

where [ is the moment of inertia of the nanodiamond, w, is the angular velocity, 74 =
40n'pR? /3mv is the damping rate of rotational motion, 1’ = 1 is the accommodation factor
accounting for the efficiency of the angular momentum transferred onto the nanodiamond
by gas molecule collisions, p is the pressure, R and m are the radius and the mass of the
particle, v is the mean thermal speed of gas molecules. Thus, the rotational motion equation

can be written as:

dw,
dt

I = Melectric + Mgas- (9)

The maximum rotation frequency of the levitated nanodiamonds is obtained at Meerric =
—Myqs and 8 = /2, which is limited by the pressure in the vacuum chamber. The maximum

rotation frequency at a certain pressure is:

Wr max = |p| |Eazy‘ /Ifyd (10)

We measure the upper limit of the rotation frequency at different pressures (Supple-
mentary Figure 5(e)). The PSDs as functions of air pressure are measured at the rotation
frequencies of 0.05 MHz, 0.1 MHz, 0.2 MHz, 0.5 MHz, 1 MHz, 2 MHz, 5 MHz and 10 MHz.
The levitated nanodiamond stops rotating when the pressure is too large for that rotation
frequency. The maximum rotation frequency is inversely proportional to the pressure (white
dashed curve). The dipole moment of the nanodiamond (R = 264 nm) is estimated to be
Ip| = 3.13x107% C-m (1.96 e-um). We can adjust and lock the rotation of the levitated nan-
odiamond at arbitrary frequency and pressure in the region below the white dashed curve.

The maximum rotation frequency is w, = 27 x 20 MHz in this experiment, which is limited

10
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Supplementary Figure 6. Berry phase induced by a rotating nanodiamond. (a) Theoretically
calculated ODMR of NV centers with different orientations at the rotation frequency of 20 MHz.
The blue solid and red dashed lines are calculated at 8 = 0 and 0 = 45°, respectively. (b)
Theoretically calculated FWHM of the ODMR as a function of rotation frequency. The blue solid
curve and the red dashed curve are calculated for § = 0 and 6 = 45°, respectively. (c) Experimental
results of the frequency shift due to the Berry phase induced by counterclockwise rotation (blue
circles), and theoretical calculated resonance frequency as a function of the rotation frequency at

0 = 21.5° (red curve). Error bars show the standard deviation among three measurements.

by the m-phase shifter (Mini-Circuits, ZFSCJ-2-2-S) used to generate the signals on the
four electrodes. Under favorable conditions, the rotational motion can achieve a frequency

exceeding 10 GHz at the pressure of 107% Torr based on the dashed line in Supplementary
Figure 5(e).

SUPPLEMENTARY NOTE 4: BERRY PHASE OF ROTATING NV ELECTRON
SPINS

A. Without an external magnetic field

In a rotating diamond, the embedded NV centers follow the rotation of the particle with
an angular frequency of w,. Considering an arbitrary NV center in a diamond at the time
of t, the angle between the NV axis and z axis is #, and the azimuth angle is ¢(t) = w,t

relative to x axis. In the absence of an external magnetic field and neglecting strain effects,
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the Hamiltonian of the rotating NV center in the laboratory frame can be written as [7]

Hojap = %R (t) DS?RT (t) = %e_wSZG_iGSyDSfewsyei‘z’sz

2 sin?0 e~*®cosfsing e~ %%sin’g
Cos 9 + 2 \/§ 2 (11)
i . —i . )
= Dh e’® cos @ sin 0 i 02 e *®cosfsinf
V2 sin”¢ NG)
e2i¢;in29 _ e COS\/g sin 6 C0829 + sir;26

where D is the zero-field splitting, R (t) = R, (¢ (t)) R, () is the rotation transformation,
and R, (0) = exp(—i6S,) (R.(¢) = exp(—ipS,)) expresses the rotation of spin around
the y (z) axis in terms of 6 (¢), S is the spin operator. The Hamiltonian possesses three
eigenstates |m, t),,, = R (t) |ms,0),,, (ms =0,=%1),

e’id’COSQS

_ sin 0

V2
e'%sin? g

’17 t)lab = R(t)

e "sind

V2
= cos 6 : (12)

e sin 6

V2
e’i¢sin2g

|07 t)lab =R <t>

S = O O O =

__sin@

V2
ei‘z’cong

’_17 t>lab =R (t)

— o o
|

For a quantum system in an eigenstate, the system remains in the eigenstate and acquires
a phase factor during an adiabatic evolution of the Hamiltonian. This factor arises from both
the state’s time evolution and the variation of the eigenstate with the changing Hamiltonian.
The second term specifically corresponds to the Berry phase. Hence, the expression for the

time-dependent spin state is [§]

ei'Ymse_iHO,labt/hlm87t>l ) = ei'}/mse_iHO,labt/he_i(sze_ieSy|ms’ 0>l . (13)
al al

where 7,,, is the Berry phase. Here, the diamond particle rotates around the z axis with a

constant 6, the Berry phase can be calculated as [§]
t 0
Y, = [t (s ] s )yt = ot cos . (14)
0

The Berry phase of Eq. 14 is calculated for an open-path, which is gauge-dependent.
However, for a closed loop, the Berry phase is gauge-invariant and can be expressed as

ms [—2m (1 — cos 0)]. The result is equivalent to Eq. 14 of m (27 cos ).
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The spin state of the NV center is observed through the interaction with a microwave
magnetic field. In our experiment, the direction of the microwave is in the yz-plane and
forms a slight angle @' relative to the z axis, resulting from the asymmetric design of the

waveguide. The Hamiltonian of the microwave in the laboratory frame can be written as
Hywias = gt Buw cos (wywt) (S, cos 0 + S, sin g') = Hyw z1ab + Hyvrw,y tabs (15)

which contains two components, the longitudinal term H sy, jap = gt Bayw cos (waywt) S, cos @
and the transverse term Hyrwyia = gsBuw cos (wywt) Sysind’. First, we consider the

longitudinal term Hpsw. . q05- The expected value of the spin states can be expressed as

b (£1, 1] eiHo,labt/he—i’YilHMW’Z’labeivoe—iHo,zabt/h‘07 t>lab

= gupBuw cos (wawt) cos @1y (£1, 0] €109 195z eillotavt/he=iv21G 10 e=iHotavt/h =105z o=105y|() (),
= gupBaw cos (wywt) cos @ e~ OE1=0) iELi=E0)t/h, (41 (] 050 i95: G, 1952 =105y | (), 0) 10

_ %Q,UBBMW cos 9/ (einWt + e—z‘wMWt) ezFiwrt coseeiDtlab <:|:1’ 0‘ eiesysze—iesy |O, 0>lab

— %Q,UBBMW cos 8’ [ei(wMW:FwT cos+D)t 4 ei(—wMW:er cos 0+D)t} s <:l:1, 0| eiOSy Sze—iGSy ‘0’ O>lab

~ LgupBuw cos 0 elComwtDFwrcostt, (4] (] 5 .S, e~ 540, 0),,,

(16)
where the E,,  is the corresponding eigenvalue of the Hamiltonian H ., for the spin
state |ms,t). According to Eq. 16, the transformation of spin states from |m, =0),,
to |ms = +£1),,, can be driven by a microwave operating at the resonance frequency of

D F w, cos 6, where the frequency shift Fw, cosf is attributed to the Berry phase.

Regarding the second part of the Hamiltonian in the transverse direction, H s,y iap, the

interaction between the microwave and the spin states can be formulated as

lab <i1, t| eiHo tant/hp—ivs1 HMWy’labei’yoe—iHo,labt/h‘O’ t>lab

= gupBuw cos (wywt) sin @1y (£1, 0] €09 i@z eiHouart/he=irz1 g ctv0 e =iHouart/he=i95: =108 |0 (),
= g Buaw cos (wyrwt) sin e~ 01 =0) lBa1=E0)t/hy (4] (| 05105z G, e=i05:¢=05 |0, 0),

— %g,uBBMW sin @’ (einWt + efinWt> e:Fintcos GGiDt

Xiab (£1, 0] €% 3 (Syetrt — S_em™rt) e7%0,0),,,

(17)
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The expected values are written as

lab <+17 t| €ZH0’labt/he_w+1HMW,y,labewoe_ZHO’labt/h|07 t>lab

— %g,ulBBMW sin 6/ {ei(wMW—wr cos 0+D+wy)t 4 ei(—wMW—wr cos 9+D+wr)t}
i

08, —i0S ’ (18)
Xiap (+1,0] 7S e7%%(0,0),,,
~ ﬁg,uBBMW sin @' e!(-waw FDFwr—wrcosOty (1] (] 5 S, e85 |0, 0) 10
i Ho 1apt/h p—i— 70 g —iHo,1abt/h
lab (=1, t] eHorart/he=—1 Hy pyy yope0 e Horant/h|0 1),
— _ig,U/BBMW sin @' {ei(wMW—i—w,. cos 0+D—wy)t 4 ei(—wMW-l—wT- cos9+D—w7-)t}
4 (19)

X1ab (—1, 0 €% S_e™05v]0,0),,,

~ —Lgup B sin @/ ¢/ -emwHDwrtwrcost, (0| 508 _e~54(0,0),,,
Utilizing Eq. 18 and Eq. 19, the resonance frequency of microwave for transforming the spin
state from |mg = 0),,, to |ms = £1),,, is D £ w, (1 — cos@). In addition to the frequency
shift of Fw, cosf caused by the Berry phase, there is another term of w, coming from the
rotational Doppler effect [8]. In our experiment, the angle 6" of the microwave relate to the
z axis is approximately 8.5°. Consequently, the dominant transition probability arises from
the longitudinal component, characterized by a frequency shift of Fw, cos 8 due to the Berry
phase.

The energy levels of NV centers with four orientations are degenerate in the absence of
an external magnetic field. When the nanodiamond undergoes rotation, the electron spin
resonance frequency experiences a shift due to the Berry phase, and this shift depends on the
angle 6 between the NV axis and the rotation axis. The electron spin resonance frequencies of
NV spins along different orientations become non-degenerate. The ODMR of NV at different
orientations are theoretically calculated by Eq. 16 at the rotation frequency of 20 MHz
(Supplementary Figure 6(a)). The orientations corresponding to the blue solid curve and
the red dashed curve are § = 0° and 6 = 45°, respectively. The intrinsic linewidth is 27 x 19
MHz, and the strain effect splitting F is 2r x 6.7 MHz. The eight dips are not separated in
the ODMR spectrum at a rotation frequency of a few MHz because of the large linewidth.
Here we use the FWHM parameter of the ODMR spectrum to indicate the frequency shift by
the Berry phase of a rotating NV center. The FWHM of the ODMR is mainly determined by
the splitting of the NV centers that have the smallest . Supplementary Figure 6(b) shows
the FWHM of the ODMR as a function of rotation frequency. The NV centers, which have
the smallest 6, show the highest sensitivity of the frequency shift due to the Berry phase.
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B. With an external magnetic field

To precisely measure the frequency shift induced by the Berry phase of a rotating NV
center, an external magnetic field B along the z direction can be applied. This serves to
distinguish the energy levels of NV centers in four different orientations. The Hamiltonian

of a NV center in the laboratory frame with the external magnetic field can be expressed as

Hip = Hoap + gupBS, = %e—iqbsze—wsstgewsyeiquz + gupBS.

COS29 4 sin260 + gupB e cosfsind e 21%sin2%9
i i . —i i ’
= Dh e'? cosfsin O Sln29 e cos fsin
V2 V2
e2i%gin29 €' cosfsinf 2 sin’ _ gupB
2 V2 cos™0 + =5 D

In the rotating frame, the Hamiltonian of the NV center can be calculated by a unitary

transformation,

H,p = UH Ut +i0,UUT = 95095 |, e 71527105 | j0,e/05 1052 ¢ =105 g =105,y

D + gugBcosf —% 0 —, cos 0 wrjine 0
=h _w 0 _w +h wr\;iﬁrIG 0 w,«\jigng )
0 _% D—g,U/BBCOSQ 0 &\/lge WT‘COSQ

(1)
where the unitary operator is defined as U = eSve®% | The second term on the right side
of Eq. 21 represents Zeeman interaction arising from the pseudo-magnetic field due to the
rotation of the NV center. In the case of an adiabatic process, w, < D — gugB cos@, the
second term is significantly weaker than the first term, and can be treated as a perturbation.
We neglect the off-diagonal terms in the first component since gupB < D, which are too

small to induce significant mixing of the NV spin states.

D + gupBcosé 0 0 —w, cos 6 “’T\%‘e 0
~ wy sin O wy sin @
H,ot = I 0 0 0 +h| el 0 et . (22)
0 0 D— gugBcos#t 0 &\/15“9 W, cos
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Therefore, the Hamiltonian in the rotating frame possesses three eigenstates, |my), . (ms =
0,+1):
1
[+ 1) = | 0
0
0
e = 1| (23)
J
0
=D = | 0
1

and the corresponding eigenvalues are h (D + gugBcosf), 0, h (D + gugB cos ), respec-
tively. The new Hamiltonian in the laboratory frame can be transformed by applying the

rotation transformation R (t) = e~ % ¢~

Hyy = RH.o R 4 i0,RR' = e~195= =05y [ 0105y 0i0S= | ), o= i#5z o =165y iS5y idS-

52 —io(D B 6 sin 0 —2i¢ Dgin2
D 1+C205 0 + g[LBBCOS20 e *¢( +g,u\f/;§ ) cos 0 sin e 2Dsm [% o
=B e!®(D+gupB) cos 0 sin 0 Dsin29 e "(D—gupB)cosfsin b ’ ( )
Vs V3
€2*¢ Dsin20 '?(D—gupB) cosfsin 6 1+cos?d 2
e — v D= — gupBcos“0

The eigenstates of the Hamiltonian in the laboratory frame also can be calculated through

the rotation transformation,

e‘i¢cos2g

|+17 t>lab = R(t) |+]‘>r0t = Si\I/l;

ei¢sin2g

e ?sing
V2

‘07 t>lab =R (t) ‘O>rot = COSQ ’ (25)

€' sin 0

V2
e sin

|_17t>lab =R (t) |_1>7"ot = _SiI/I;

eid’cosZg

20
2
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which are same as the eigenstates of the Hamiltonian without the external magnetic field

(Eq. 12). Thus, the Berry phase of the rotating NV center is:

Ym. = Msw;t cos b (26)

Similarly, the interaction between microwave and the time-dependent spin states is still

divided into two components. For the longitudinal component, it can be expressed as

41, t| etHiant/h o= Mo e=iHiant/R | 1)

ab Hyrw,z jave

lab
= gupBuw cos (wywt) cos @1 (£1, 0] e0% i@z etHiant/he=i721 G eir0e=iHiart/he=iéS: =05y|() ),
= gupBynw cos (wat) COS ele—i(’Yil—70)6i<EB,i1—EB,O)t/hlab <i1, O\ 105y ¢i0S: Sze—wsze—wsy ’0’ 0>lab
= LgupBanw cos 0 (elmwt 4 g=ionnwt) eFiwrteos0iDxgupBeos)t, (4] (| ¢Sy S,e=954|0,0), ,
_ % g B cos ¢/ [ei(wMW:er cos 0+ DtgupBeosO)t 4 oi(—wyrwFwr cos@+D:|:guBBcose)t]
Xiap (£1,0] €% S,e~ 50, 0),,,
~ %QMBBMW COS elei(fwaJrDig,uBB cos OFwr cosa)tlab <j:1’ Ol eiGSy Szefz'esy |07 0>lab
(27)
where the Ep,,, is the eigenvalue of the Hamiltonian H,, for the spin state |ms,t),,,. The
spin resonance frequency, transformed from |my = 0),,, to |ms = £1),,, is D £ gupB cos F

w, cos . The frequency shift due to the Berry phase is Fw, cos .

The transverse component can be expressed as

b (£1, 1 etHiavt/ho—iv+1 HMWyylabeWOe—iHlabt/h’07 t)lab
= gupBuw cos (wywt) sin @15 (£1, 0] €09 105z eifiant/he=i121 g eir0e=iHiant/he=i6S: =108 |() (),
= gupBaw cos (wyrwt) sin 0e=im1—0) i (B s1-Eoo)t/h, | (£1,0] e ei95: G, e =105 =050, 0), , -
— %g,uBBMW sin @' (einWt + efinWt> e:Fintcos 9€i(Dig,uBBcos 0)t
Xiab (£1, 0] €% 3 (Syetrt — S_em™rt) %0, 0),,,

(28)

The expected values are written as

iHygpt /B —i 70 p—iHyapt/h
ab (+1, t| efart/he =0 [y pe0e = Hiat/hlg ),

— igﬂB BMW sin @’ [ei(wMW—wr cos 0+D+gup B cos 0+wy )t 4 6i(—wMW—wr cos 0+D—+gup B cos 9+wr)t}
43

Y

Xiab (+1,0] €S e=75v]0,0),,,
~ igMBBMW sin Qlei(*wafwr cos 0+D+gup B cos 9+wr)tlab <+1’ O| eiGSy S+e’i95y |O, O>lab
(29)
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lab <_1’ t| eiHlabt/he—i'y,lHijy,labeifyoe—z’Hlabt/h|O’ t>lab

_ _4%9,UBBMW sin &’ [6i(wa+wT cos9+D—gup B cosO—wp)t | pi(—warw+wr cos9+D—g#BBcos9—wr)t}

X1ap (—1,0] e S_e=?%|0,0),.,

~ — g By sin 0w twrcosODmgupBeosf=wnt, (1 0| e S_e= 50, 0),,,

(30)

The transformation resonance frequency is D + gupBcosf + w, (1 — cosf) between the
|mg = 0),,, state and |m, = 1), , state. The corresponding frequency shift duo to the
Berry phase also is +w, cos#, and the frequency shift induced by the rotational Doppler
effect is w,. Similar to the case of zero external magnetic field, the predominant transition
probability arises from the longitudinal component, characterized by a frequency shift of

Fw, cos f due to the Berry phase.

Supplementary Figure 6(c) shows the frequency shift induced by the Berry phase in a
levitated nanodiamond rotating counterclockwisely (viewed from the positive z direction
unless otherwise specified). The external magnetic field along the z direction is about 100
G. The resonance frequency transition between |my =0), , state and |ms; = +1),,, state
decreases with an increasing of the rotation frequency, in contrast to the behavior observed
in the levitated nanodiamond rotating clockwise. The red curve is the theoretical calculation
for the angle of # = 21.5° between the NV axis and the rotating axis. The experimental data
is in good agreement with the theoretical calculation, suggesting a consistent orientation of

the NV centers at various rotation frequencies.

C. Pseudo-magnetic field due to rotation

The Berry phase observed in the laboratory frame is equivalent to the pseudo-magnetic
field (called the Barnett field in [8]) in the rotational frame. In our experiment, the mircowave
source is fixed in the laboratory frame. Only the levitated nanodiamond is rotating. Thus,
we observe the effect of the Berry phase [8]. It will be beneficial to also consider this system
in the rotational frame. The electron spin resonance frequency shift of the rotating NV center
involves the combination of the pseudo-magnetic field and the rotational Doppler effect in

the rotating frame. As expressed in Eq. 21, the Hamiltonian of the pseudo-magnetic field in
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the rotating frame, induced by the rotation of a diamond particle, can be given by

—w, cos 0 %/15“0 0 —wy,cosf 0 0
H, =h| «she o «shl |\ xh o 0 0 |, (31)
0 %}%‘9 w, cos O 0 0 w,cosd

where the off-diagonal terms also can be ignored. So the Hamiltonian of the NV center in

the rotating frame can be expressed as

D+ gupBcosf — w, cosf 0 0
Hrot =h 0 0 0 . (32>
0 0 D—gupBcosf+ w, cosbf

The corresponding eigenvalues are i (D + gup B cos 0 — w, cos8), 0, h (D — gupB cos  + w, cos )

for spin state |[+1),,, |0),,, and |—1) ., respectively.

rot’ rot’

The Hamiltonian describing the interaction of the microwave term with the NV center in
the rotating frame can be expressed as
Hywrot = UHpywiapU T = €i95y€i¢SZHMW,lab€_i¢SZ€_iQSy

Y

= g,uBBMW COS (wat) 6i95y6i¢sz (Sz cos® + Sy sin 6/) €—i¢3z6—i63y = HMW,z,frot + HMVV,y,rot
(33)

where the longitudinal component is Hysw . ror = gpipBarw cos (wawt) €995 S, cos e =105 =105

and the transverse component is Hyswy ot = gipBarw cos (wawt) €95 S, sin 0/ e =195 =105

The expected value of the spin state, interacting with the longitudinal component of mi-

crowave, can be expressed as

ol <:|:1| eiHmtt/hHmeote—iHmtt/h’0>

= gupBw cos O cos (warwt),,, (E1] etHrort/heiSyidS: § o=idS: o105y o=iflratt/R|())

rot

rot

= gupBaw cos 0 cos (wyppt) e Fsrroe=Forot)t/h (41| 05y ¢i09: G =195z =105y 10,

— %g,UJBBMW cos @’ (einWt + efinWt) ei(D:i:g,LLBB cos OFwy cos e)trot <:|:1| 6i95’y SzefiGSy |0>r0t ,

_ %g,U/BBMW cos &' [6i(wMW+D:I:guBB cos OFwy cos 0)t 4 ei(—wMWD:I:g,uBB cos 0Fw, cos 0)t}
X ot (£1] €58, e=950|0)

~ %gNBBMW coS elei(—wMWD:I:g,uBB cos OFwy cos e)trot <:|:1| eiGSy Sze—iQSy |0>

rot

rot

(34)

where the E,,, .o is the eigenvalue of the Hamiltonian H,, for the spin state |m) , in

the rotating frame. The transformation resonance frequency is D + gugB cosf F w, cos @,
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and the last term Fw, cos@ is the frequency shift due to the pseudo-magnetic field. The

transverse component can be expressed as

iHyott /i —iHyott /R

rot (1] etret / Hywyrore™ " / |0>r0t
= gupByw sin @ cos (warwt),,, (E1| etHrort/heiSidS: G =168z =08y c=itrat/h|0)

= gupByw sin 0 cos (wat) ei(Eil,rot—EO,rot)t/hrot <:|:1‘ 108y piS= Sye—msze—wsy |0>mt ) (35)
— %QNBBMW sin @’ (einWt 4 e—inWt) ei(D:I:g/ugB cos 0Fwy cos O)t

X pot <:|:1| ei@Sy% (S+e’“"t o S,e‘i“”t) e—iGSy ’0>

rot

The expected values are written as

rot <+1| 6iHmtt/h}IMW,y,rote_iHmtt/h|0>

— igNBBMW sin @ [ei(wMW+D+guBB cos 0—wy cos O+wy )t + ei(fwMWJrDJrg,uBB cos 0—wy cos 9+wT)t}
47

rot

)

Xrot (+1] %S e 5v|0),

~ 1 : ! i(—w +D+ B cos 0—w; cos O+w,- )t i0S. —160S
~ 47L(]/MBB]WV&n@e( MwtDtgns o (1] €% S e v|0),.0s
(36)

rot <_1| 6iHT0tt/hHMW,y,roteiiHmtt/h|0>

— _ig,uBBMW sin 6’ |:ei(w]L;(W+ng,LLBB cos 4wy cos O—wy )t + 61‘(7wa+ngpr cos 04wy cos Ofwr)t}
44

rot

Xpor (—1| €09 .S_e5v|0),

~ 1 : / i(— +D— B 0+ 0—wy)t i0.S, —1055,
~ _EQNBBMW sin @' ei(—wnw gp B cos 0+wy cos 0—wr) ot <_|_1| e?5uS e y’0>mt

(37)
The transformation resonance frequency between the |m, =0) , state and |m, = £1),_,

state is D £+ gupB cosf +w, (1 — cos ). The frequency shift of +w, (1 — cos#) is induced by
both the pseudo-magnetic field and the rotational Doppler effect [8] in the rotating frame.

SUPPLEMENTARY NOTE 5: QUANTUM MEASUREMENT OF LEVITATED
DIAMOND NV CENTERS

The power of 532 nm laser for NV initialization is very weak to minimize laser heat-
ing in high vacuum, leading to a long NV polarization time. The measured initialization
time, shown in Supplementary Figure 7(a), is 1.05 ms at the 532 nm laser intensity of 0.113
W/mm?. We measure the spin relaxation time (77) of the levitated nanodiamond in Supple-
mentary Figure 7(c), indicating 7 = 3.60 ms. It is three times longer than the initialization

time. The T and Tb are measured, as shown in Supplementary Figure 7(c) and (d). The
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Supplementary Figure 7. Quantum measurement of NV centers in a levitated nanodiamond.
(a) Initialization time of levitated Nv centers when the 532 nm laser intensity is 0.113 W/mm?2.
The initialization time is 1.05 ms. (b) Experimental result of 77 measurement of the levitated
nanodiamond. The insert is the sequence of 77 measurement. The T} is 3.6 ms. (c) Ramsey
measurement and its corresponding sequence with a 75 of 40 ns. (d) Spin Echo measurement and
its corresponding sequence with a Ty of 0.52 us. The oscillation is induced by the misalignment of
the magnetic field with the rotation axis. In the sequences, the green and orange regions represent
the pulses of the 532 nm laser and the microwave, respectively. The black lines are the rotation

phase.

T3 is 40 ns and the 75 is 0.52 ps. In the spin echo measurement, the oscillation is a result

of the misalignment of the magnetic field with the rotation axis [9].

Due to the Q-shape design of the microwave antenna, the orientation of the magnetic
component of microwave is located in yz-plane and slightly away from the 2z axis with an
angle about ¢ = 8.5°. Thus, the effective magnetic field Bjy, of the microwave acting on
NV spins keeps varying at different rotation phase ¢(t) of the levitated nanodiamond. We

set the direction of a NV spin to be nyy = (sin6,0,cosf) in the zz-plane at initial time
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(t = 0), and then rotate it around the z axis. The rotation matrix is:

cos¢(t) —sing(t) 0
r,=| sing(t) cos¢(t) 0 |- (38)
0 0 1

After a rotation time of ¢, the direction of the NV spin is changed to
n'yy = (cos ¢ () sin 6, sin ¢ (t) sin 6, cos ) . (39)

The unit vector of the direction of the magnetic field of microwave is ny = (0, —sin @', cos ¢').
So the angle between the NV spin and the microwave is arccos (cos 0 cos 6 — sin ¢ (t) sin @ sin 0').

The effective magnetic field of microwave is

Biw = BMW\/l — (cosfcos @ —sin ¢ (t) sinfsin '), (40)

Rabi frequency is proportional to the effective magnetic field of microwave, Qpap o< By
Therefore, it is necessary to synchronize the measurement cycle and the rotation signal of the
levitated nanodiamond, and apply microwave pulse at the same rotation phase in repeated

Rabi oscillation measurements.

SUPPLEMENTARY NOTE 6: NANODIAMOND FIXED ON GLASS

To compare with a levitated nanodiamond, we carry out the quantum measurement of a
nanodiamond fixed on a glass cover slip, with a thickness of 300 pm. The glass cover slip
is placed at the center of the surface ion trap to keep the direction and power of microwave
unchanged compared to a levitated nanodiamond. Supplementary Figure 8(a) is the ODMR
of the nanodiamond. The linewidth is smaller than that of a levitated nanodiamond. The
initialization time are measured at Is3» = 0.126 W/mm? (blue circles) and I53, = 31.8
W/mm? (red squares in Supplementary Figure 8(b)) for comparison. The initialization
times are 0.469 ms and 1.77 us, respectively. T1 of the nanodiamond on glass surface is 2.34
ms (Supplementary Figure 8(c)), which is close to that of a levitated one. We measure Rabi
oscillation at weak 532 nm laser (I53; = 0.126 W/mm?), which is similar to the intensity
used for a levitated nanodiamond in high vacuum (Supplementary Figure 8(d)). We get
the similar result with high intensity of 532 nm laser (I3 = 31.8 W/mm?). The Rabi
frequency is 1.99 MHz and the decay time 75" are 0.845 us and 0.904 us, respectively.
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Supplementary Figure 8. Quantum measurement of NV centers in a nanodiamond fixed on a
glass. (a) ODMR of the fixed NV centers. (b) Initialization of the nanodiamond Nv centers when
the 532 nm laser intensity is 0.126 W/mm? (blue circles) or 31.8 W/mm? (red squares). The
initialization times are 0.469 ms and 1.77 us, respectively. (c¢) Experimental 77 measurement of
the nanodiamond. The T} is 2.34 ms. (d) Rabi oscillations of the nanodiamond when the 532 nm
laser intensity is 0.126 W/mm? (blue circles) or 31.8 W/mm? (red squares). The Rabi frequencies
are both 1.99 MHz and the decay times 732! are 0.845 us and 0.904 us, respectively. The blue
curve is shifted 2% to separate the curves. (e) Experimental Ramsey measurement. The T3 of the
nanodiamond NV centers fixed on a glass is 80 ns. (f) Spin Echo measurement, which indicates a

Ty of 2.98 us.

Supplementary Figure 8(e) shows the Ramsey measurement, while Supplementary Figure
8(f) is the spin echo measurement. The corresponding values for T3 and T, are 80 ns and

2.98 us, respectively.
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