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Entangled spin states in self-assembled monolayer systems
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We discuss the opportunity for creation of an entangled spin state in a self-assembled monolayer molecular
system. A group of spin radicals can be transferred to the entangled state using resonant electromagnetic pulses.
The magnetic dipole—dipole interaction within a group is taken into account while the same interaction
between the groups is neglected. A high external magnetic field at low temperature provides the identical
entangled states for all spin groups in a sample. We discuss how this entangled state can be measured in
experiments using the macroscopic magnetization.
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[. INTRODUCTION sample of SAM containing three-spin groups is placed into a
high external magnetic field,. If the temperature is small

Entangled states of weakly interacting particles and eveenough kgT<< ugBg) almost all spins will be in their ground
of macroscopic objects have attracted much attentiostates. Thus, one can manipulate an ensemble of spin groups
recently Besides exhibiting unusual physical properties,which have identical quantum spin states. One possible ge-
these states are expected to be useful in quantum commurametry of the system which we are considering below is
cation and quantum information processfng. shown in Fig. 1. The external magnetic field in Fig. 1 is

In this paper we discuss how to create and detect ermronuniform in they-direction but uniform in thex-direction,
tangled states in very promising novel materials—self-so that all spin groups experience the same conditions. We
assembled monolayé¢8AM) molecular systems. The advan- assume that the magnetic field difference between neighbor-
tages of applying thermodynamically driven or directed self-ing spin radicals allows one to address resonant electromag-
assembly to create highly organized surface moleculanetic pulses to a particular spin in the spin group. A large
assemblies is becoming increasingly apprecfatad the field gradient inside the group can be produced, for example,
formation of SAMs using molecules with complex struc- by micropattened wires shown in Fig. 1. As an example,
tures, such as highly conjugated oligomeric molecules, at um diameter wires with equal and parallel currents of 1 A
metal surfaces has been reliably demonstrésee, for ex- can produce the magnetic field gradient of abodt Ton, if
ample, Ref. % Some of these SAMs allow voltage control of the distance between wires is abouguin.’
the conductivity states resulting in new classes of electronic
devices including switches and memory cegléee, for ex- Il ESTIMATES
ample, Ref. &

Unlike the main focus of research in this area that con- Assume that the temperatureTiss1 K, and the external
centrates on the electric properties of organized twomagnetic field, isSBo~10 T. In this case, the radical spins
dimensional arrays of organic molecules, we will explore theare in their ground stat€The probability for an electron spin
magnetic properties of SAMSs. to change its direction is expRugBy/ksT)~1.4X10 °.]

The ESR frequencyf.= y.By~280 GHz (where v, is the
electron gyromagnetic ratio

The dipole magnetic field produced by the magnetic mo-

We consider an ensemble of “three-spin groups.” As anmentm is given by
example, each group consists of three radicals, and each radi-
cal has an electron spin, 1/2. Stable free radicals with spin
1/2 have been known for many yedsee, for example, Ref. 123
6). We assume that the distance between the spin radicals in
a group is large enough to neglect exchange interactions be-

II. SYSTEM UNDER CONSIDERATION

tween spins but small enough to provide strong dipole— 123 .0 d
dipole interaction between them. For our purposes the shift C?__..T:T:>/
of the electron spin resonan¢ESR frequency due to the —t
dipole—dipole interaction inside the groups must be greater —»a).

wires

than the ESR linewidth. The distance between the spin
groups must be large enough, so that the interaction between F|G. 1. A possible arrangement of electron magnetic moments
the groups can be ignored. in the external magnetic fiel@, . a is the distance between radicals

If all conditions mentioned above are satisfied, one has afm the three-spin groupd is the distance between the neighboring
ensemble of noninteracting three-spin groups. Assume thatgroups.
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1) &£, MHz @) 3) IV. CREATION AND DETECTION OF THE ENTANGLED

o,1,1,) 58 1 11,0,15) 11,0 STATE

96.54[16 45 o2 1) 6.54f16 Now we describe a protocol for creating an entangled
loyLy-1,) I-1,0,1,) 1,105 state in all three-spin groups. We assume that all spins are
lo,- L1} initially in their ground state|000). We start by applying a

83.5{T1.6 114-1,65) m/2-pulse to the first spin. The frequency of this pulse cor-
0,-1,-1,y 32717 1o- k) 654116 responds to the ground state of the neighboring spins (

- 151, 09 ~fo+83 MHz, in our estimation The Rabi frequencys)

(i.e., the frequency of spin precession around the rotating

FIG. 2. Possible frequency difference$f,), for three spins ~ transverse magnetic field in the rotating reference flame
of a single group. The notationr{o,03) indicates the orientations Must be greater than the ESR linewidth, but smaller than the

of three spins for the corresponding frequency. frequency separation from the closest resonant frequency.
We assume thaf)/277=5 MHz. Then, the duration of a
Lo 3n(mn)—m 7/2-pulse ism/2Q) =50 ns. After thisw/2-pulse, the state of
B=o0 — 3 (1) the spins is described by the wave function,
It is known that if the frequency difference between the spins 1 .
is much greater than the dipole-dipole interaction, one can $(|010203>+'|110203>)' )
ignore the interaction between the transverse components of
the spins(see, for example, Ref.)8 (Below we omit the indexk=1,2,3 which indicates the po-
For the dipole field produced by two neighboring spins insijtion of thekth spin in the three spin staté\Next, we apply
the same group we obtain a m-pulse to the second spin. The frequency of this pulse is
f~fe+45 MHz. This w-pulse changes the stat#00), so
B=(pol4m)(2ug/@%)(o2+ 03/8), that the wave function becomes
Bo=(1o/4m)(2ug/a®) (o1 + o), 1
—=(|000 - |110)). )
By (uo/dm)(2ug [a%) (018 0p).  (2) V2

Here B, is the dipole field at spin k;” we count spins in  Finally, we apply aw-pulse with the frequencyf~f,
Fig. 1 from the left to the rightir,= — 1 if spin “K” is in its +7 MHz. This pulse acts on the state of the right spin if the

ground state |0,)), anday =1 if spin “k” is in its excited neighboring spin is in the excited states. After this pulse, we
state (1)); k=1 2 3. obtain the completely entangled state,

Next, we assume that the magnetic field gradient, 1
dB,/dy=1C° T/m, a=1.6 nm, andi=10 nm. Suppose that ~=(]000) —i]111)). (6)
the external magnetic field within each group increases from V2
right to left in Fig. 1. Suppose also that the ESR frequenc
without the dipole—dipole interaction i§. for the right
(third) spin. The corresponding frequencies for the other tw

¥he separation between the frequency of the pulse and the
0’(\:/Ilosest resonant frequency is approximately 25, 13, and 14
. : i Hz for the first, second, and third pulse, respectively. Thus,

spins are approximatefi + 45 MHz andfe +90 MHz. Tak for all three pulses this separation is greater than the Rabi

ing into consideration the dipole fields {) we obtain the frequency.(). Note that the whole Macroscopic Spin svstem

following approximate values for possible ESR frequencies =q Yol : . -rOSCOpIC Spin Sy
o will consist of spin groups which are in identical entangled

of the three spins: states

(1)f o+ 90+ 6.5+ 0.8 MHz, To measure this entangled stgte one can use the fact that

all components of the macroscopic magnetization are zero in
this state. As an example, if we apply the same protocol
replacing the second pulde 7-pulse by a 2m-pulse, the

final state becomes an “ordinary” state,

(2)f,+45+13 MHz,

(3)fo*6.5+0.8 MHz. 3)

The allowed ESR frequencies for these three spins are shown i(|000>_ i1100)) zi
in Fig. 2. The frequency shift due to the dipole field from two \/5 \/E
neighboring groups is negligible<(200 kHz). We will also

assume that the ESR linewidtlf, is about 1 MHz. The In this case, during the time-1/75f after the pulse se-
ESR linewidth can be caused by noise in the sample anduence one can observe the precession of the macroscopic
fluctuations of the external magnetic field. The ESR line-magnetization of the left spins of the spin groufis &f

width of the order 1 MHz implies requirements on the fluc- ~1 MHz, the time of the observation is0.3 1s). One can
tuations of the external magnetic fieldlB<10 ° T. Thisis  also observe the statizcomponent of magnetization pro-

a challenge for experimental implementation of our proposalduced by other two spins in all groups of the sample. If one

(|0y=i|1))®[0)2|0).
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creates the entangled std6, one cannot observe the trans- important step toward the application of long chains of elec-
verse magnetization. Thecomponent of magnetization can tron or nuclear spins in SAM for quantum computation and
only be observed after a time interval of the order of the spimquantum information processing. As an example, a proposal

longitudinal relaxation time. for a scalable solid-state quantum computer with paramag-
netic atoms trapped byg¢g molecules, suggested in Ref. 7,
V. SUMMARY could also be implemented in SAM containing radicals in-

. , i stead of paramagnetic atoms.
We discuss the opportunity for creation of an entangled

spin state in SAM molecular systems. We consider SAM
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