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Abstract: We consider creation of entanglement between the remote electron spins using a magnetic
nanoparticle attached to a cantilever tip (CT). We assume that the frequency of the CT vibrations matches the
Larmor frequency of the spin (the CT-spin resonance). In the conditions of the CT-spin resonance the CT-spin
system is described by the exactly solvable Jaynes-Kummings model. In this work using the evolution operator
of the Jaynes-Kummings model we show that a movable CT can create an entangled state between the remote
spins. The most striking result is that the entanglement between the remote spins can be achieved without
measurement of the vibrational state of the CT.
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1. Introduction

Entanglement between the remote particles is, probably, the most spectacular phenomenon in
quantum physics. Since publication of the seminal article of Einstein, Podolsky, and Rosen [1] this
phenomenon attracts unrelenting attention of physicists and general public. Today remote
entanglement represents not only a deep philosophical meaning but also a profound practical
importance. As an example, entanglement between the remote electron spins could be used for
development secure quantum communication and quantum internet (see, for example a recent
review [2]).

In this work we consider creation of the remote spin entanglement using a movable
nanomechanical cantilever with the magnetic nanoparticle at the canteliver tip (CT). It was shown
recently [3-5] that the Larmor frequency of the electron spin could be reduced to the fundamental
frequency of the cantilever vibrations (the CT frequency). This situation was called the CT-spin
resonance. It was shown that in the conditions of the CT-spin resonance the evolution of the CT-spin
system is described by the exactly solvable Jaynes-Cummings model [6,7].

We use the evolution operator of the Jaynes-Cummings model to describe the creation of
entanglement between the remote spins using the CT-spin resonance.  To the best of our knowledge
the entanglement between the remote qubits is always achieved by the measurement of the state of
an intermediate object, e.g. the state of a photon which initially interacts with the first spin and later
with the second spin (see, for rexample, [2]). We show that in our case, where the intermediate object
is the CT, the entanglement can be created without measurement of the CT state.

2. Results

We consider two remote spins and a movable nanomechanical cantilever with a magnetic
nanoparticle at the CT. (See Figure 1.) We assume that the CT can be placed at a small vertical distance
from the first spin, or the second spin, or far away from both spins which we call the “neutral
position”. The CT can oscillate along the horizontal x-axis. Both spins experience the external
magnetic field which points in the positive z-direction and controls the Larmor frequency of the spin.
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Figure 1. Two samples (rectangles) each contain impurity atoms with the unpaired electron spins
(arrows). A nanomechanical cantilever (the vertical line) with a magnetic nanoparticle (the black
circle) at the CT is placed at a small vertical distance from the first spin. The cantilever is attached to
the horizontal bar (the top horizontal line) and can be quickly moved (along the bar) from the first
spin to the second spin or to a neutral position (far from both spins).

We assume that if the CT is placed near the first or the second spin the Larmor frequency of the
corresponding spin matches the CT frequency (the CT-spin resonance) as it is described in refs [3-5].
Then, the Hamiltonian of the CT-spin system can be described by the Jaynes-Cummings model.
Certainly, we assume that when the CT is placed near one spin we can ignore its interaction with the
other one.

The evolution operator U . (t) in the Jaynes-Cummings model with a single spin
"k" (k=12) can be written as a product of two operators [7]:

U, (1)=Uy (1)U, (1) )

Hear U ox (1) describes the evolution of the CT-spin system with no CT-spin interaction:

U, (t)=exp{—ia)(ﬁ+l/2)+(—ia)k 6'2kt/2)}, )

@ is the CT frequency, @ isthe Larmor frequency of spin "k", whichis equalto @

when the CT is placed near the spin, # = d fa , a f and @ are the creation and annihilation

operators for the CT, O .; is the Pauli operator for spin "k Operator U ox (1) changes only
the phase factors in the CT-spin state, and we will ignore it in our computations.

Operator U i« (1) describes the evolution caused by the CT-spin interaction in the condition

of the CT-spin resonance when the CT is placed near the spin " k"

U, (1) =cos (A +1) X} + ia——=X}"
N o
sin(A,va'a
+i7( . )a*xgl + cos(Aa’a)xy"
43
Here A, is the CT-spin interaction constant for spin "k " , the Hubbard operator

X[ = (| p ><‘] |)k , P>q9 = 0,1  the ground state |0 > corresponds to the spin direction

“down” (the negative z-direction).
We assume that the interaction constant is the same for both spins, i.e. if the CT is placed near

spin "k " then 4, = 4 .In the neutral position the interaction constant is equal to zero. For
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parameters suggested in [3] the value of the interaction constant A=10*rad/s. Note that the
operators U, (t) and U, (:) commute.

Now we describe the protocol for creation of entanglement between the remote spins. The basis
states for the CT-spin system are |n, sl,sz> where n=0,1,2,3... describes the CT state, and s, =0,,1,
describes the state of spin "k". Let initially the CT is in a neutral position, and the CT-spin system
is in its ground state |l//a> = |O, 01,02>. Next, one drives the CT to the first excited state, so the vector
of state changes to |l//b> =[1,0,,0,) . Then one quickly (during the time much smaller than 1/1) moves
the cantilever from a neutral position toward the first spin where the CT interacts with the spin in the
conditions of the CT-spin resonance. After time interval ¢ one quickly moves CT back to a neutral

position. By direct computation we obtain vector of state after the interaction between the CT and the
first spin:

‘//¢»>=U11(t1)|‘//b>

=cos (A1,)|1,0,,0,)+isin(4)[0,1,,0,) @

Next, one quickly moves the cantilever toward the second spin so that the CT interacts with the
second spin in the conditions of the CT-spin resonance. After time interval ¢, one moves CT back to

the neutral position. The resulting vector of state is
|l//d> = UIZ(t2)|l//c>
=cos (A1, )cos (41, )|1,0,,0,)+isin(A1,)[0,1,,0,) (5)
+icos(At,)sin(4,)[0,0,,1,)

One can choose t, =7/44, t,=7n/24 in order to get an entangled state for the remote spins

while the CT returns to its ground state:

|‘//d>: (i/\/E)(|O’11’02>+|0501’12>)

: (©)
=|0)®(i/v2)(]1,,0,)+0,,1,))

Note that the entanglement between the remote spins is achieved without measurement of the
CT state.

3. Conclusions

In conclusion, in this work we study the creation of entanglement between the remote spins
using the nanomechanical cantilever with the magnetic nanoparticle at the CT. The CT and a spin
interact when the cantilever is moved toward the spin. The CT-spin interaction takes place in the
condition of the CT-spin resonance when the CT frequency matches the frequency of the Larmor
precession of the spin. In this case the evolution of the CT-spin system is described by the exactly
solvable Jaynes-Kummings model. By direct computation we show that choosing the appropriate
time of interaction one can create the remote spin entanglement without measurement of the CT state.
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