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Static Stern-Gerlach effect in magnetic force microscopy
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We examine static single-spin measurements using magnetic-force microscopy methods. We show that these
measurements could be carried out at millikelvin temperatures. A simple estimate of the decoherence time is
presented. Possible experiments for measuring single-spin relaxation processes and the use of these measure-
ments in quantum computations are discussed.
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I. INTRODUCTION Now, we will make some estimates. Assume that the fer-
romagnetic particle has a spherical shape with the ratius,
The Stern-GerlackiSG) effect, one of the cornerstones of =15 nm. Suppose that the distandepetween the particle
a quantum mechanics, still attracts much attenti@ee, for and the cantilever surface is=5 nm. (For a fixed value of
example, Refs[1-7].) The SG apparatus clearly demon- d, the ratioR:d=3:1 corresponds to the maximum attraction
strates the quantization of angular momentum and it can alsbetween the ferromagnetic particle and the paramagnetic
demonstrate the mysterious puzzles of quantum measuratom) The magnetic field produced by the ferromagnetic
ment, macroscopic quantum superpositi@chralinger-cat  particle on the cantilever surface is
states, and decoherence. The SG effect was used to measure
the spin state of a single electron in a Penning fi&pand
the spin state of a single hydrogen-like ion in a Penning trap
[9]. So far, all experimental and theoretical versions of the
SG apparatus exploit the influence of the spin state on the
characteristics of the classical motion of a particle. - . .
In this paper, we discuss the static SG effect, in which thdVhereé so=4mx10"" H/m is the permeability of the free
spin state influences the equilibrium position of a classicaPPace, and is the magnetization of the ferromagnetic par-
system. Implementation of the static SG apparatus can béFle. SettinguoM=1 T, we obtainBg~0.28 T. To esti-
used to understand the puzzles of a quantum measuremefta€ the magnetic moment of the diamagnetic host effec-
and it also can find applications in quantum computation. UVely interacting with the ferromagnetic particle, we
Our idea is similar to Ref[1] in which the magnetic- consider a rectangulgr s_olld with an areaRQ?_ and a depth
resonance force microscopyIRFM) was proposed as a new °-2 NM.(The magnetic fieldBe, halves at this depthAs-
method for performing a SG measurement. During the las8UMing that the magnetic susceptibility of the cantilever is
decade remarkable progress has been achieved in building
ultra-thin cantilevers(See, for example, Ref§10-12.) In
this connection, we explore the possibility of detecting static
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SG effect using the latest ultra-thin cantilevers. m,
> > 7
IIl. DETECTION OF A SINGLE SPIN AND SINGLE-SPIN
FLIPS ) _
ferromagnetic particle

Consider a “gedanken” experiment. We will assume that
a single paramagnetic atom with spin 1/2 is placed on a tip of
the diamagnetic cantileve(See Fig. 1. A spherical ferro- E—_ Bo
magnetic particle is placed near the cantilever tip. The whole

system is placed in a uniform external magnetic fiégl,We
assume thal§0 is large enoughkgT<2ugB, (Where g is
the Bohr magneton Thus, the magnetic moment of the para-
magnetic atomrﬁp, points in the direction oéo (the positive
z-direction in Fig. 3. The magnetic fieldB,, also induces a
magnetic momeniny, in the diamagnetic atoms of the can-  FiG. 1. Geometry of the proposed experimeny, is the mag-
tilever which points in the negativedirection. As a result, netic moment of the diamagnetic host, is the magnetic moment

the ferromagnetic particle attracts the paramagnetic atom arst a paramagnetic atom, amd- is the magnetic moment of a fer-
repels the diamagnetic atoms near the cantilever tip. romagnetic particle.

« cantilever
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The corresponding displacement of the cantilever tip is
. z.=F/k,~6x10" m. (6)
0 B

’ Next, we compare this value with the thermal vibrations of

FIG. 2. Adependence of the cantilever positinn,on the mag-  the cantilever. The root-mean-square vibration amplitude at
nitude of the external magnetic fielB,,. temperatureT, can be estimated as

. - . /
—3x% 1077 (as in silicon, we have for the magnetic moment Zims~ (kg T/ko) Y2,
of the cantilever that effectively interacts with the ferromag-

netic particle, This is smaller than the displacement of the cantilexgrin

Eq. (6) at temperatures

my~3.6x10"2° J/T, for By=0, Bg=0.28 T, T<F2/kgk~1.7 mK @
2 ' '
When estimatingz,,,s we assume that the bandwidth of
my~6x10"%* J/T, for  Bo+Bg=5 T. the measuring devicey,, is larger than the cantilever fre-
quency,w,, as the noise spectral density has a maximum at
Thus, by changing the external magnetic fiddd, one can  =,.
vary the magnetic momentny, from my<m, (wherem, A more serious assumption is that the system is in ther-
= up=9.3<10"%* J/T) up to a value comparable with,.  modynamic equilibrium. This assumes that we neglect slow
Figure 2 demonstrates the expected dependence of the ca@jaxation processes that causé ddise[13]. Generally, 1f
tilever equilibrium positionz., on the magnitude of the ex- noise originated, for example, from the tip-sample electro-
ternal magnetic fieldB,. (The origin is placed at the equi- static interaction can be more important than the thermody-
librium position of the cantilever in the absence of thenamic noise considered above. To reduce noise, we can con-
magnetic fieldBr.) The polarization of the diamagnetic at- sider the opportunity of decreasing the spectral bandwidth,
oms weakens the attraction between the cantilever and thg,, of the measuring device. The price of reducingis the
ferromagnetic particle and decreases the cantilever displacgcrease in measurement time.df, / Q< wp<w; (WhereQ
ment,z.. is the quality factor of the cantileveone cannot observe
The objective of thiggedankerexperiment is the estima- oscillations of the cantilever tip near its equilibrium position.
tion of the static cantilever displacement, due to its inter-  |n this case, one can observe only the relaxation of the can-
action with a single paramagnetic atom. The static displacetilever to its equilibrium position.
ment of the cantilever tip under the action of the constant The experimental setup proposed here could detect single-
force, F, acting in the positivez-direction is given by(see,  spin flips caused by the relaxation processes. We assume that
for example[14]) the coercivity of the ferromagnetic particle is larger than 0.28
T, the value of the magnetic fieldg, at the paramagnetic
4E atom. We also assume that a single-spin relaxation time is
o= > w2, (3  much larger than the relaxation time of the cantilevgr,
cn=l (For the cantilever reported ii2], the frequency isv,/27

h is th fth i L =1.7 kHz, and the quality factor is 6700, so the relaxation
¥V erem Is the massho the clantlr?ver, a?q are its (Ialgen— time isT,~Q/w,;~0.63 s. The electron spin relaxation time
requencies. It was s own elsew dsee, for examp 1)) for paramagnetic impurities in a diamagnetic host can be of
that Eq.(3) can be rewritten ag.=F/k;, wherek; is the " qer of 1 houF15].)

effective spring constant of the cantilever, Suppose that an experimenter reverses the direction of the

2 external magnetic fieldB,. If Bo<Bg=0.28 T, then the
Ko~ Mewy (4) directions ofmg andBg do not change due to the coercivity
¢ 4 - of the ferromagnetic particle. Next, suppose that the total

magnetic field at the paramagnetic atdp,— By, is reduced
The expressiori4) is the same as for the classical masslesgo the value, 2ug(Br—Bg) <kgT. (ForT=1 mK the differ-
spring with an effective massy /4, attached to its end. ence B —Bg) must be less than or of the order of 2Q0T.)

For our estimations we consider the ultra-thin cantileverin this case, the paramagnetic spin will randomly change its
reported in Ref.[12] with a spring constantk.,=6.5 direction. The average time between jumps will determine
x10°® N/m. If a ferromagnetic sphere with radiu® the spin relaxation time. After each jump, the equilibrium
=15 nm, is placed at the distande=5 nm from the para- position of the cantilever tip changes. Thus, each spin flip
magnetic atom, the magneto-static attractive force betweegenerates damped oscillations of the cantilever near the new
the ferromagnetic particle and the paramagnetic atom can bequilibrium position. In this case, an experimenter might ob-
estimated to be serve a sequence of short-time cantilever oscillations such as
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Z, that after the creation of a Schiinger-cat statéatt=0), the
diffusion, 5p?(t), can be estimated as
Z /\ AV -
N fAT 5_pz(t)~Dt~ka t (8)
Tt
AL, VA A 2 f
V \/\f \/ \/\f Decoherence occurs when
Sp2(t)~Ap?~(#/AZ)2. (9)

FIG. 3. Damped oscillations of a cantilever caused by random
jumps of the paramagnetic spim, andz, are the equilibrium po- It happens at time
sitions of the cantilever for the two directions of the spin.

hZ
that shown schematically in Fig. 3. If the bandwiddh),, of t=Td~TrW.
the measuring device is less than(w,/Q<w,<w;), one

can observe a smooth change of the equilibrium position Ofpis expressionwithin a factor of 3 also coincides with

the cantilever tip with characteristic timé&,~Q/w, rather (o113 for decoherence time presented 16]. SettingAz
than the damped oscillations shown in Fig. 3. We should note_ 5, .1y /4 and using expression) and (6), we
C» C 1 3

that the experimental observation of the single-spin flips isbresent Eq(10) in the form
possible only if the spectral density of this “spin noise” is
greater than the spectral density of thé dbise. T, ( ke )2

TdN kaBT MBaBZ/aZ

(10

(11
IIl. ESTIMATION OF THE DECOHERENCE TIME

: . , Setting z,=6x10" m, m,=4k./w;=6x10 1 kg, T
In this section we argue that at currently available tem—:1 mK, we have the estimat@, /T, ~10~1°. This value is

eratures, the cantilever acts on a single spin as a classical . :
P - . gie spin very small due to the relatively large effective mass,Ac-
measuring device because the decoherence time of the can:

. . ) : . cording to this estimate, the static Sctiimger-cat state can-
tilever is too small. Consider what will happen if an electron : . .
not appear in our system. An important fact is that the super-

spin, e.g., accidentally, appears in the superposition of twg ositional spin statéwhich could generate the Scdinger-

stationary states. In this case, the “average spin” rotates "Eat state of the cantilevemust also rapidly collapse.
the x-y plane due to the different phase advance for the two Note that our example demonstrates the connection be-

stationary states. At the same time, the two stationary stat Seen the measurement process and decoherence. Namely,

of the electron spin in the inhomogeneous magnetic fiel ue to the decoherence the cantilever becomes a classical

cprrespond to two differen't equilibrium pos“‘of‘s of the Can'measuring device that destrofllapsesthe wave function
tilever. If the effect of cantilever decoherence is absent, then." spin, forcing the spin to occupy one of the two sta-

after a time interval of the order of the relaxation tinde, tionary spin states

e e e et We otk menton that nis et s dered under
q P the assumption that the Schiinger-cat state was initially

neously. created with a given valué\z. If fact, that is not the case.

oo e o ey €eaon f th Shngercalstate e 0 th erac
9 Yiion between the spin and the cantilever occurs simulta-

relation. Instead of the cantilever we consider a particle Witr’heously with the process of decoherence. For correct descrip-

an effective massm=mc/4, attached to a spring which is tion of this phenomenon one must solve the master equation

anaIIyAln \t/\VNO eqU|I|br|E{Jr|]”ntp02t'|}c;*ri1$ separtated b¥ thet_dls— for the density matrix of the cantilever-spin system. These
ance,Az. We assume that a Schiiager-cat wave function o\ 1-vione"are now in progress.

collapses when the diffusion in the momentum spég&t),
becomes close to the “Schiimger-cat momentum uncer-
tainty”: Ap%~(#/Az)2.

For a particle interacting with a thermostat, the character- Finally, we consider the possibility of using static single-
istic fluctuation of energysE, during the characteristic time spin measurements for quantum computation. Recently, we
of the fluctuation can be estimatedigs . If the particle isin  proposed a solid-state nuclear spin quantum computer based
equilibrium with the thermostat, the average value of mo-on (MRFM) [17,18. In this proposal, a qubit is represented
mentum is zero, s@E=dp?/2m. Thus, Sp?>~mksT. The by the nuclear spin of a paramagnetic ion. A chain of para-
characteristic duration of the particle’s fluctuations in themagnetic ions is placed on the surface of a diamagnetic host.
equilibrium position can be estimated as the relaxation timeAll electron spins are assumed to be in their ground states
T,. The diffusion coefficient in the momentum spaceDs: (2ugBy>kgT). The system of nuclear spins can be in any
= 6p?IT,~mksT/T,. This is the same expression that ap-superpositional state.
pears in the equation for the Wigner functiof(z,p,t), in The important part of the propoddl7,1§ is the measure-
the model based on the interaction between a particle anahent of a nuclear-spin state using MRFM and the hyperfine
thermal excitations of a quantum scalar fi¢l]. Assume interaction between the electron spin and nuclear spin in a

IV. APPLICATION TO QUANTUM COMPUTATION
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paramagnetic ion. To perform this measurement, a small felbe greater than 70 MHz. From the other hand, the electron
romagnetic particle is placed on the tip of the cantilever. ThisRabi frequency must be less than the hyperfine ESR split-
particle targets a paramagnetic ion, changing the electroting. For a single-ionized tellurium-125 ion, which has been
spin resonancéESR frequency of the ion. The ESR fre- proposed in[18] for implementation of quantum computa-
quency depends on the state of the nuclear spin in the iorion, the hyperfine ESR splitting is 3.5 GHz. Thus, both con-
Applying a periodic sequence of resonant electromagnetigitions can be easily satisfied.

pulses whose frequencies correspond to the ground state of at first sight, the static method of a single-spin measure-
the nuclear spin, one can generate electron spin transitioRgent appears to be more cumbersome than the resonant ap-
and the driven vibrations of the cantilever only if the ”“Clearproach based on MRFNL4]. It does not take advantage of

spin of the targeted ion is in its ground state. the quality factor of the cantilever and can only be applied in

S iﬁosgteigﬁ;:u?sélgrir?&gigfaa: dﬁ'?ﬁ;”;'g?g’;iggﬁ e millikelvin region. However, if the temperature range is
P Paper, t a limiting factor, then the static measurement can be

execute the following steps: . . . .
(a) target a paramagnetic ion with the ferromagnetic par_conS|dered as an alternative opportunity. It requires only two

ticle and measure the equilibrium position of the cantiIever.ei;e.cnom"’lgneuc Fulsles per mgazutr)eTﬁntNllnRs;i;lad Oft;hi pert-
(b) apply a resonantr-pulse which drives the electron odic sequence ot puises required by the method.

spin of the selected ion into its excited state if its nuclear
spin is in the ground state.

(c) measure the new equilibrium position of the cantile- V. SUMMARY
ver. The change of the equilibrium position means that the
electron spin changed its state. Consequently, the nucle
spin of the targeted ion is determined to be in its groun
state.

(d) apply a secondr-pulse that returns the electron spin

In conclusion, we discussed the opportunity of the static
tern-Gerlach effect implementation using a magnetic force
microscopy. We have shown that the detection of a single
electron spin in a diamagnetic host could be achieved at mil-

to its ground state, if it was transferred to its excited state b)l)kelvm tempergtures. we pr_esented a S".“p'e est}mate for the
decoherence time of a cantilever. Experimental implementa-

the firstr-pulse. tion of static detection of a single electron spin would allow

To test the feasibility of this proposal we should estimated. t ob i f the si Ig- S P d by relax-
the deviation of the ESR frequency due to the thermal vibra- Irect observation Of th€ Singie-Spin Jumps CaPSE.’ y re”a_x
tions of the cantilever. The deviation of the magnetic field atatlon processes, if the spectral Qensny of thg Spin NOISEIS
T=1.7 mK can be estimated as greater than the spectral density of thé hbise. Also, it

could provide single-qubit measurements required for quan-

9B, tum computation.
AB=|— 7 Zime~2.5% 103 T.
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