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Abstract: Symmetry plays the central role in the structure of quantum states of bipartite
(or many-body) fermionic systems. Typically, symmetry leads to the phenomenon of quantum
coherence and correlations (entanglement) inherent to quantum systems only. In the present work,
we study the role of symmetry (i.e., quantum correlations) in invasive quantum measurements.
We consider the influence of a direct or indirect measurement process on a composite quantum
system. We derive explicit analytical expressions for the case of two quantum spins positioned
on both sides of the quantum cantilever. The spins are coupled indirectly to each others via their
interaction with a magnetic tip deposited on the cantilever. Two types of quantum witnesses can
be considered, which quantify the invasiveness of a measurement on the systems’ quantum states:
(i) A local quantum witness stands for the consequence on the quantum spin states of a measurement
done on the cantilever, meaning we first perform a measurement on the cantilever, and subsequently
a measurement on a spin. (ii) The non-local quantum witness signifies the response of one spin
if a measurement is done on the other spin. In both cases the disturbance must involve the cantilever.
However, in the first case, the spin-cantilever interaction is linear in the coupling constant (), where as
in the second case, the spin-spin interaction is quadratic in (). For both cases, we find and discuss
analytical results for the witness.

Keywords: cavity quantum electrodynamics; quantum metrology; NV center; quantum entanglement

1. Introduction

Since the foundational development of quantum mechanics, the measurement process
and the wave function collapse have been under discussion [1-15]. One aspect is how to quantify
and possibly modify the destructive effect of a certain measurement on a quantum state, an issue
that is clearly of importance for quantum information transfer and processing. Here, we consider
the “quantum witness” as the measure invasiveness in a combined quantum system. Our system
described by the density operator p 4p consists of two parties A and B that interact with each other

either directly A <= B or indirectly through the third quantum system f, i.e., A JELN f £ B, Here,
() is the coupling constant between f and A or B. Let us consider two types of measurements: (i) We
perform a measurement on f, and then on A, in contrast to measuring A directly. (ii) We conduct
a measurement on A and then on B. For Case (i), A interacts with f directly. Measurements done on f
have a direct influence on the outcome of measurements done on A; this case is referred to as the local
quantum witness. In Case (ii), A and B are interrelated via f; a measurement performed on A affects B
through the quantum channel f, a case called the non-local quantum witness. One may wonder about
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the outcome when the character of the channel f changes from inherently quantum to purely classical
(fg — fa); the latter situation is relevant to local operations and classical communication. As discussed
below, in our system, we find that the non-local quantum witness mediated through the classical
channel is not zero. Specifically, we consider two nitrogen vacancy (NV) centers described by the
density operator = p 45 interacting via quantum modes of a nanomechanical oscillator f (see [16-53]
and the references therein) with a magnetic tip attached to its end.

Wave-particle duality is a fundamental principle of quantum mechanics postulating that even

macroscopic objects have wave features. However, the manifestation of quantum behavior is inversely

27th

are the mass and velocity of the particle, and FT 1'1]s the Planck constant. Hence, mechanical motion,
in general, should be viewed as classical unless the system is not cooled down to the temperature
below T < 27thw /kpg. For example, for mode frequency w = 1kHz, the temperature should be lower
than T < 50nK. Fortunately, the resonant frequency scales inversely with the size of the system.
Thus, by considering nanosized cantilevers and cooling the systems to low temperature, mechanical
motion switches its character and crosses the threshold boundary between the classical and quantum
world. The viable technological progress of the last two decades allowed the fabrication of hybrid

proportional to the mass of the particle A = where A is the de Broglie wavelength, m and v

spin nanomechanical systems. Nanoelectromechanical resonators (NAMR) are essential for both the
understanding of fundamental questions and technological applications as well. The paradigmatic
model of NAMR consists of the spin of the NV center interacting with a magnetic tip. The magnetic
tip is attached to the end of the nano-cantilever (i.e., cavity field). The oscillation of the cantilever
modulates the spin-tip interaction and activates the spin dynamics or vice versa; the highly sensitive
cantilever can detect the spin dynamics. The magnetic force between a ferromagnetic tip and NV spin
implemented in magnetic resonance imaging experiments allows achieving a single-spin sensitivity
and is an essential experimental scheme for NAMR [52,53]

For observing quantum behavior, the cantilever must be cooled to low temperatures to avoid
thermally excited vibrations. MRFM provides tools needed to read out the cantilever and determine
and possibly control its quantum state. The read out procedure on the formal mathematical language
can be interpreted in terms of the phonon number projective operators (i.e., phonons are particles
characterizing the quantized motion of the cantilever). We note that our model corresponds to the zero
temperature case and closed quantum systems. Therefore, phenomena typical for open quantum
systems, i.e., dissipation and decoherence, are beyond our project’s scope. Concerning these issues,
we refer to the works of Melkikh [54,55].

The spins of the NV centers are affected by a tip magnetization. In turn, the tip magnetization
is strongly stabilized by intrinsic magnetic interactions (magnetic anisotropy) and hence remains
basically static during the NV spin dynamics (cf. Figure 1. The quantized elastic modes of the cantilever
are however decisive in that the cantilever oscillation modulates the spin-magnetic tip interaction.
The modes of the cantilever are in turn modified by the coupling to the NV centers, which allows
sensing the N'V’s spin dynamics [52,53]. The goal is to study the invasiveness of a measurement done
on the quantum cantilever f (see Figure 1) for the NV spin A. In particular, we monitor the invasiveness
as a function of mean “phonon number” 12 in the coherent state and as we vary the detuning between
frequencies of the NV center and cantilever mode. The paper is organized as follows: In Section 2,
we specify the model. In Section 3, we present the analytical solution of the model. In Section 4,
we study the invasiveness of quantum measurements done on the cantilever and NV centers.
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Figure 1. A schematic for the model studied in the text. The spin states of two nitrogen vacancy (NV)
centers A and B interact through a magnetic tip positioned at the end of nanomechanical oscillators
(cantilever). The strength of the interaction between the cantilever and NV spins is proportional to
the constant Q). The interaction between the NV center spins A and B is not direct and is proportional
to O2.

2. Model

We consider two NV spins embedded in a cavity at an equal distance from the cantilever.
In the general case, the Hamiltonian of the system reads [51]:

+
<>

Hy+V,
wo (SA%-I-SA%) +wed'd, 1)
a{a* (ST +87) +a (ST +81) .

< L=
I

Here, Q is the coupling constant of the NV spin with the magnetic tip, 47, 4 are the phononic
creation and annihilation operators describing the cantilever oscillations with the frequency wy, and wy
is the frequency of the NV spin. For a more detailed discussion of the parameters, we refer to [51] and
the references therein.

The spins’ interaction with the magnetic tip V leads to an effective indirect interaction between
NV spins mediated by phonons. The experimental relevance of the model relies on the fabrication of
cantilevers with frequencies comparable with the NVs’ spin transition frequencies. We consider the
analytical solution in the resonant and highly off-resonant cases. These two situations are distinguished
by the detuning of the cantilever’s oscillation with regard to the frequency of the NV spins. For strong
1)
f

¥ and then the effective

detuning, we employ Frohlich’s method [56] to infer the effective interaction Hé
Hamiltonian Heg:

- 2)
V(t) = exp (—iHot) Vexp (iHot),
or explicitly [57]:
He = H +072 1+ 558, + 5785 + (S +85) (2a%a+1 ®3)
eff 0 wo — wi 1°2 1°2 1 2 .

In what follows, we present analytic solutions for the model Equations (1) and (3).

Our description of the problem is quite general. However, without loss of generality, we specify
the values of the parameters relevant to the NV centers: Cantilever of mass m = 6 x 10717 kg performs
oscillations of the frequency 5% = 0.1 — 10 MHz. The cavity mode 5t = 5 MHz, and the coupling

9)

between cantilever and NV centers 5~ = 100 kHz. The amplitude of the zero point fluctuations



Symmetry 2020, 12, 1078 40f 11

a9 = v/h/2mw, =~ 5 x 107> m defines the characteristic energy scale of the problem mw?a3 ~ 1079 ],
and the time scale is of the order of microseconds.

3. The Analytical Solution

The model Equations (1) and (3) admit an exact analytical solution through the following ansatz:

9()) = Y _ATut1,e5(t)[n+1,e8) + Tn1ge(t)|n+1,8€) + Tt ge(t)n +2,88) + Tnee(t)|n ee) }. (4)
n=0

Here, |n) is the state of the field with n phonons [49], and |e) = [1), |g) = |0) corresponds
to the excited (ground) spin states of the NV centers. The explicit values of the coefficients
Tivteg(t), Tnitge(t), Tutogq(f), Tnee(t) are presented in theAppendix A. In what follows, we utilize
these coefficients and construct the density matrix § = |¢(t)) (¢(t)| corresponding to the model
Equations (1) and (3).

4. The Invasive Measurement

In a magnetic resonance force microscopy experiment, the information about the state of the NV
spin is read out through the magnetic tip. A measurement done on the spin A may perturb the state of
the spin A directly and simultaneously may alter the state of the spin B indirectly through the quantized
cantilever field. This is a case of non-local invasiveness and the non-local quantum witness. On the
other hand, a measurement conducted directly on the phonon (cantilever) subsystem may influence
the state of the NV spins directly (local witness). We start with studying the local witness.

4.1. Local Invasive Measurement

Suppose the measured phonon number is #. The measurement done on the subsystem f projects
the wave function |¢(t)) (see Equation (4)) to the post-measurement state:

(I, ® I°) [¢p(t))

(1)) = : 3)
(o] e o)
The post-measurement density matrix is given by:
. I1;,01T;,
dpost = |@(1)) (@(1)] = ©6)

T (ITE,OTTE,)

Here, I° is the identity operator acting on the spin subsystem, and ITf, = |n)(n| is the phonon
projection operator.

To quantify the quantum witness ¥V, we note that the system evolution is describable by
an arbitrary positive, trace-preserving map F. The projector measurement operators for the spins
we define as follows: ITj, = |a)(a|. Here, j = 1,2 enumerates the spins, and a# = g, e stands for
the ground and excited states. Then, for the (in the above sense) direct spin measurement probability,
we deduce:

jo _ s A
P = {1, Fa]). %
The indirect measurements probability reads:

Q} = Tr{I15, 7 [Gpost]}- ®)
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We note that in Equation (8), the first measurement (blind measurement) is done on the field
subsystem. The trace preserving positive maps F[0] = Y Li6L{ and Flopost] = ¥ Labpostli
o o
are defined in terms of the Kraus operators L1 = ,/i1le) (g|1 ® |g)(e|2 and Ly = /2|g) (e|1 ® |e) (g|2,
H1 + pu2 = 1, see Appendix B.
For the system Equations (7) and (8), the quantum witness [11] is defined as follows:

Wi (j, o) = ’Pé“ - . )

Let the measured phonon number be m, then the post-measurement density matrix Equation (6)
takes the form:

Gpost =27 { ITungg ()12 |, 88) (m, 881 + Tuneg (1) mt Q) (m,eg] + [Tusge ()2 |, ge) (m, gel
+ ‘rmm(t)‘z |m, ee) (m, ee| + rm,g@(t)r:;/eg(t) |m, ge) (m, eg| + rm,gf(t)r;z,gg(t) |m, ge) (m, gg|
+ Tonge () Ui ee (£) [, g) (m, ee| + Tieg ()T, 00 () [m, €8) (m, 88|
+ Tineg (£) o (£) |11, €8) (m, ee| 4 Ty gq (1) co (t) |, 88) (m,ee| +hoc.},
Zp = ‘rm,gg(t”z + ‘rm,eg(t”z + |rm,gc’(t)‘2 + [Toee(£)]2 (10)

The explicit analytical expressions of P, Q]@“ are presented in theAppendix C.
After some calculations, for the measured phonon number m, we derive the analytical expression
for the local quantum witness:

L _ le le
WE(Le) = ]P@ o)

=M (11)

s oge(t)
r (O s SESEE,
3 Cngel) = =57

Here, Ziy = 2 (|Tige(t)[* + |Tim,gg (£)17).

For u > 1 (meaning the large mean phonon number), we use the saddle-point method
and perform summation over the field states to get an analytical expression for the quantum witness
in resonant case wy = wy:

[1 + erf (u/ﬁ)}
4(2u? +1)

WéL(l, e) ~ pyu’

sin? (\/ 4u? + 2Qt>

B sin? (v/4m + 2Q)t) 12

2u? sin? (v/4m +2Q) + 4 (ffzz;l”)z [m — 14 mcos (v4m —20t)] 2

For the off-resonant Hamiltonian Equation (3), the |1, gg) state is decoupled. Therefore, one has
to start from an excited state for the NV spins. Starting from the |ge) and a coherent phonon state,
we obtain:

W@L(l,e) = %

2
Cos< 202 t) ‘ . (13)
wo — Wy

A plot of the quantum witness is presented in Figure 2. From Figure 2, we see that the saddle-point
method smears out slow modulation of the amplitude of the quantum witness that we observe in
the exact solution. The modulation of the witness strength amplitude is inherently a quantum effect
related to the entanglement between the cavity field and NV centers. The saddle-point, which is
valid for u2 > 1, partially eliminates the entanglement effect. The witness is finite, but smaller
than the maximum witness observed for the entangled states. The limit u?> — oo for the first term
in Equation (12) leads to a fast oscillation between zero and 1/4, while the second term results in 1/2.
In this case, the resonant Equation (12) and non-resonant Equation (13) results are of the same order.
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Figure 2. The quantum witness Equation (11) for the exact treatment (black) and the saddle-point
approximation (red) for the initial condition Ty, ¢¢(0) = w;, with w, = \/”% exp(—u?/2) and u? = 20
being the mean phonon number. The measured phonon number m = 20 and p; = 0.5.

4.2. Non-Local Invasive Measurement

The protocol of non-local invasive measurement is as follows: At the moment of time t = T,
quantum measurement is done on the spin A through the positive operator valued measure (POVM)
projection operator IT4 = |m) (m|. Thus, the post-measurement density matrix has the form:

A A A
Apost _ Q( )
% T TmAan) (9

Combining pre- and post-measurement density matrices, we find the density matrix at an arbitrary
moment of time:

01(t) = ©[t — o + Ot — 7)o" (15)

Here, the explicit form of the post-measurement density matrix reads:

(o]
A t, _
ngs ¢ =27, ! Z {rn+1,eg(t) ;kn+1,eg(t) In+1eg) (m+1,eg|+ rn+1,eg( i m, ee(t) [m+1,e8) (m, eel

n,m=0

+ rn,ee(t)rjn-&-l,eg(t) |n/ €€> <m + 1,€g| + rl’l,ee(t)r:;l,ee(t) |I’l, ee> <m' 8€| } / (16)

)ij (ITnee(®)P + Tneg (D),

(o)

.post _
leaos 2 Zg 1 Z {I“,,H,ge(t)l“fnﬂrge(t) |n+1,ge) (m+1,ge]

n,m=0

+ rn+1,ge(t)r:1+2,gg(t) ‘1’1 +1, €g> <m + ngg|
+ rn+2,gg(t)r;1+1,ge(t) |n+2,88) (m+1,ge|
+ Ti,g5 (DT y2,06 (1) 1 +2,88) (m+2,881} (17)

S(ang )? + [Tige(t )‘2)

©[...] is the Heaviside step function.
The non-local quantum witness is defined as:

WL, e)g = [Py° . — QY

Opost,g Opost,g

|. (18)



Symmetry 2020, 12, 1078 7 of 11

Using the saddle-point approximation for Equation (18) and taking into account Equation (12),
we conclude that for the case m ~ u?, WNL ~ WL follows. Therefore, the invasiveness of
the measurement is not enhanced in the case of indirect measurements.

5. Conclusions

The issue of the influence of a direct or indirect measurement on a composite quantum system can
be quantified by the local and nonlocal quantum witness. For two effective quantum spins coupled to
each other indirectly via the quantum oscillations of a cantilever, we derived an explicit expression for
the local quantum witness W' that measures the invasiveness of a measurement done on the cantilever
on the quantum states and hence on a subsequent measurement done on spins. The non-local quantum
witness WNL delivers information on the reaction of the states of one spin when a measurement is
performed on the other spin. Both spins are coupled only via the cantilever whose states can be steered
into the classical regime. In both cases, invasiveness is the same WL = WNL_ The obtained result
confirms that the quantum channel mediates in both cases disturbances from the first to the second
quantum spins. We analyzed the resonant solution comparing the exact result with the saddle-point
method (Figure 2). We saw that the saddle-point method smeared out the slow modulation of the
amplitude of the quantum witness that we observed in the exact solution. The modulation of the
witness strength amplitude is inherently a quantum effect related to the entanglement between the
cavity field and NV centers. The saddle-point, which is valid for u?> >> 1, partially eliminates the
entanglement effect. The witness is finite, but smaller than the maximum witness observed for the
entangled states.
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performed by D.M. and D.S. All authors have read and agreed to the published version of the manuscript.
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Appendix A

The time-dependent coefficients from ansatz Equation (4) in the resonant case of Hamiltonian
Equation (1) follow the set of equations:

9820 () Tgra(t) + OV 2 Togis (1) + Ty ()
idr%:l(t) = (n+1)ws Tog i () +Q {\/mrm(t) + mrgg,n+2(t)} )
idr%t“(t) =(n+1)wiTgeps1(t) +Q {\/mree,n(t) + \/mrgg,m(t)} ,
SR (1) oo () + OV T {Tgen(6) + Tegna(6)}. (an
For Equation (A1), we adopt the initial conditions T'ge ,42(0) = w,42 and Teg,11(0) =

Tgent1(0) = Tee,n(0) = 0 and obtain the solution:
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i(n 1)yt (1 +2) cos (Van+6Qt) +n+1

Toonia(t) =e s Wiz,
Tee n(t) = eii(nJrl)wft (1’1 - 1)(71 + 2) [COS (\/mﬂt) — 1] Wn+2,
' 2n+3
r ) =T §) — o-iln 1w 1Y+ 2sin (Vin +60) -
eg,n+1( ) - 8€,n+1( ) =e \/m Wy io. ( )

For the initial state of the phonon subsystem, we take w;, = \”/‘—% exp(—u?/2) where u? is the mean
phonon number.

We note that an effective interaction between NV spins is obtained through perturbation theory.
The relation we use in what follows |wy — w¢| = Q) defines the lower bounds of detuning allowed
by perturbation theory (the maximal interaction strength). For smaller detuning |wy — wg| < Q,
the approximation is not valid. In the non-resonant case |wy — wg| > (), the solution is different from
Equation (A2). For the Hamiltonian Equation (3), we utilize the ansatz Equation (4) and deduce the set
of equations:

dl e nan(t
i%ﬂ) = ((n+2)ws—wo— (2n+4)]) Fgg,nJrz(t)/
dre n
i%l(t) = ((n+ Dwg + ) Tegmer () + Tgensr (),
dl g i1 (¢
i%l() = ((n+1Dws+]) Tgens1(t) + JTegni1(t),
idl—‘%’:(t) = (Tl(df + wo + (271 + 2)]) rgg,n(ﬂ. (A3)

The set of equations (A3) leads to the non-resonant solution Equation (13), which in the limit of
large u is of the same order as the resonant solution Equation (12).

Appendix B

The trace-preserving Kraus channels are:

]:—[@] = 2 {Vl ‘rn+1,ge(t)|2|” +1eg)(n+1,eg|+ .”2|rn+l,eg(t)|2|” +1,ge)(n+1, ge| }/ (Ad)
n=0
Flopost] = Ziy" (12| Tmeg (1) Plm, ge) (m, gl + p [Tonge ()2l eg) (m, egl ), (A5)
]:-[@ISDOSLE] = K2 Z;l Z Fn—&-l,eg(t)r:n-&-l,eg(t”” +1,ge)(m+1,ge|, (A6)
n,m=0
FIE™) = 25" Y Turrge(t) T go(t)n +1eg) (m+1,eg]. (A7)
n,m=0

Appendix C

The direct measurement probabilities are:
2 o0
Py =Pf = Y Tnge(D,
n=0
L [e)
Py =Py =2 ) [Tueg(t) (49
n=0

The indirect (blind) measurement results (measurement results are discarded):
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2’ _
O = =23l

Q=0 =7y 1a|Tmeg (B2 (A9)
2,e Al
Q@posbs o @ist/x Y
2, -1 - 2
Qég’ost,g = Qéist,g = Zg H1 nZO ’rn,ge(t” . (A10)
1A'8 = %’g =
Opost,e Oposte 4
Q¥ —Q 7y Y Tl (A11)
Oposte Opost.e e M2 o Fnes V-
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