Quan tum Dynamics of the Oscillating Can tilev er-Driv en Adiabatic Rev ersals in Magnetic Resonance Force Microscop y

G.P . Berman^1, F. Borgono vi^2, and V.I. Tsifrino vich^3 1 Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 2 Dipartimento di Matematic a e Fisic a, Universit`a Cattolic a, via Musei 41 , 25121 Brescia, Italy, and I.N.F.M., Unit`a di Brescia, Italy, and I.N.F.N., sezione di Pavia, Italy 3 IDS Department, Polyte chnic University, Brooklyn, NY 11201

We simulated the quan tum dynamics for magnetic resonance force microscop y (MRFM) in the oscillating can tilev erdriv en adiabatic reversals (OSCAR) technique. We estimated the frequency shift of the can tilev er vibrations and demonstrated that this shift causes the formation of a Schrödinger cat state which has some similarities and differences from the conventional MRFM technique which uses cyclic adiabatic reversals of spins. The interaction of the can tilev er with the environmen t is shown to quickly destro y the coherence between the two possible can tilev er tra jectories. We have shown that using partial adiabatic reversals, one can pro duce a significan t increase in the OSCAR signal.

I. INTR ODUCTION

The oscillating cantilever-driv en adiabatic reversals (OSCAR) technique is, probably , the most promising way to achieve single-spin detection using magnetic resonance force microscop y (MRFM) [1,2]. In the OSCAR technique, the oscillating cantilever pro duces an oscillating z-comp onent of the effectiv e magnetic field in the system of coordinates connected to the rotating rf field, which causes the magnetic momen t reversals. In turn, the cyclic adiabatic reversals of the magnetic momen t cause the frequency shift in the cantilever vibrations, which is to be measured.

While the classical dynamics of the OSCAR has been studied in [1,2], the quan tum dynamics has never been investigated. This pap er describ es the quan tum dynamics of the spin-can tilever system in the OSCAR technique. In Section 2, we intro duce the quan tum Hamiltonian and the equations of motion for the system. In Section 3, we presen t a qualitativ e analysis and estimates of the OS- CAR signal. We show that the OSCAR signal can be increased by sacrificing the full reversals of the effectiv e field. Namely, partial adiabatic reversals can provide a larger signal than the full reversals. We estimate the maxim um OSCAR signal generated by a single spin. In Section 4, we presen t numerical simulations of quan tum dynamics using the Schrödinger equation. In particular, we demonstrate the formation of a Schrödinger cat state which simultaneously includes two possible tra jectories of the cantilever. In Section 5, we presen t numerical simulations of the decoherence caused by the interaction of the cantilever with the thermal environmen t.

S m z

μ

B_{ext}

B_1

FIG. 1. The geometry of the OSCAR MRFM. ⃗m is the magnetic momen t of the ferromagnetic particle on the cantilev er tip; ⃗μ and ⃗S are the magnetic momen t and the spin of an atom (in the ground state); ⃗B ext and ⃗B 1 are the permanen t and rotating magnetic fields.

I I. THE HAMIL TONIAN AND EQUA TIONS OF MOTION

We describ e the cantilever interacting with a single electron spin 1/2 as a harmonic oscillator with the fundamental frequency ω_c . The dimensionless quan tum Hamiltonian of this system can be written (in the rotating coordinate systems) as H = 1 2 (p^2 + z^2) + εS_x − 2ηzS_z , (1)

with the dimensionless parameters

p = P /P_0 , z = Z/Z_0 , ε = γB_1 /ω_c , P_0 = h̄/Z_0 , (2)

η = γh̄ | | | | ∂B_z ∂z | | | | /2(h̄ω_c k_c )^{1/2} , Z_0 = (h̄ω_c /k_c )^{1/2} .

Here P and Z are operators of the momen tum and the z-coordinate of the cantilever, k_c is the cantilever spring constan t, B_1 is the magnitude of the rotating magnetic field, γ is the magnitude of the electron gyromagnetic ratio, B_z is the z-comp onent of the magnetic field acting on the spin, including the external permanen t magnetic field B_{ext} and the magnetic field pro duced by the ferromagnetic particle. (See Fig. 1.)

The quan tum dynamics of the MRFM was studied earlier in [3,4]. In these pap ers the oscillating z-comp onent of the effectiv e magnetic field acting on the spin was considered to be generated by frequency modulation of the external rotating field B_1 . The z-comp onent of the effective field, − 2ηz, associated with the cantilever vibrations, was negligible in comparison with the z-comp onent of the external effectiv e field. Below we consider the opp osite (OSCAR) situation: the oscillating z-comp onent of the effectiv e field is pro duced by cantilever vibrations.

To simulate the Schrödinger dynamics, we use the dimensionless Schrödinger equation i ∂Ψ ∂τ = H Ψ , (3)

where the wave function Ψ is

Ψ = u_α (z, τ)α + u_β (z, τ)β, (4)

α = ( 1 0 ) , β = ( 0 1 ) , τ = ω_c t.

The orbital wave functions u_{α,β} (z, τ) have been expanded in the eigenfunctions, u_n (z), of the oscillator Hamiltonian with time-dep enden t coefficien ts. The resulting system of differen tial equations for time-dep enden t coefficien ts was solved for a finite set of basis functions u_n (z). Alternativ ely, we have found eigenvalues and eigenvectors of the time-indep enden t Hamiltonian H for the same finite basis, and constructed from them the time dep enden t solution. These two approac hes have been shown to give the same results.

To simulate the decoherence pro cess, we used the simplest master equation (an ohmic model in the hightemp erature appro ximation [5])

∂ρ_{s,s} ′ ∂τ = [ i 2 ( ∂^2 ∂z^2 − ∂^2 ∂z^{′2} ) − i 2 (z^2 − z^{′2} ) (5)

− 1 2Q (z − z^′) ( ∂ ∂z − ∂ ∂z^′ ) − D Q (z − z^′)^2

− 2iη(z^′s^′ − zs) ] ρ_{s,s} ′ − i ε 2 (ρ_{s, − s} ′ − ρ_{− s,s} ′ ),

where ρ_{s,s} ′ ≡ ρ_{s,s} ′ (z, z^′, τ) is the densit y matrix, s, s^′ = ± 1/2, D = k_B T/h̄ω_c is the dimensionless diffusion coefficient, and Q is the qualit y factor of the cantilever.

The function ρ_{s,s} ′ (z, z^′, τ) was expanded in the basis of the eigenfunctions u_n (z)u^∗_m (z^′) with time-dep enden t coefficien ts. These coefficien ts were calculated numerically for a finite set of basis functions.

I I I. QUALIT ATIVE ANAL YSIS AND ESTIMA TES OF THE OSCAR SIGNAL

Supp ose that initially a single spin is parallel to the effectiv e magnetic field ⃗B_{ef f} = (ε, 0, − 2ηz). Under the conditions of adiabatic motion, the spin comp onent along the effectiv e magnetic field is an integral of motion. Th us, in the pro cess of motion the spin will have the same definite direction relativ e to the effectiv e magnetic field. Consequen tly, the orbital and spin degrees of freedom are not entangled: the wave function of the system will remain a tensor pro duct of the orbital and spin parts. As a result, the spin-can tilever correlators are equal to zero, and the Heisenberg equations of motion

ż = p, ṗ = − z + 2ηS_z , (6)

Ṡ_x = 2ηzS_z , Ṡ_y = − 2ηzS_x − εS_z , Ṡ_z = εS_y ,

are equivalent to the classical equations of motion. That is why in this case we can use classical estimates for the single-spin OSCAR signal.

We estimate the OSCAR signal in the following way: under the conditions of adiabatic motion (and if the spin is parallel to the effectiv e field) we have

S_z /S = ∓ B^z_{ef f} /B_{ef f} , (7)

where the upp er sign corresp onds to the ground state (the spin points in the direction opp osite to the direction of the effectiv e field). It follows from Eq. (7) that

S_z = ± ηz √ (2ηz)^2 + ε^2

. (8)

Now, we substitute this expression into the equation for the cantilever coordinate z

z̈ + z − 2ηS_z = 0. (9)

Neglecting oscillations with twice the cantilever frequency, we have from Eqs. (8) and (9)

z̈ + z ∓

2η^2 z √ 2η^2z^2_m + ε^2

= 0, (10)

where z_m is the amplitude of the cantilever vibrations. Assuming that the cantilever frequency shift Δ ω_c is small in comparison to the unp erturb ed cantilever frequency, ω_c , (|Δ ω_c | ≪ ω_c ) we have the estimate for the OSCAR signal:

Δ ω_c ω_c = ∓ η^2 √ 2η^2 z^2_m + ε^2

. (11)

Note that the frequency shift (11) decreases with increasing of the cantilever amplitude z_m . The reason for this dep endence is the following. The frequency shift is associated with the restoring spin force F_s ∝ z. Roughly speaking, the OSCAR signal is determined by the ratio F_{sm} /z_m , where F_{sm} is the maxim um spin force. When z_m increases, the value F_{sm} approac hes its limit η (in dimensionless notation). Th us, the ratio F_{sm} /z_m decreases.

As an example, we estimate the single-spin signal for the experimen tal parameters in [1]:

k_c = 0.014N/m, ω_c /2π = 21.4kHz, Z_m = 28nm, (12) | | | | ∂B_z ∂z | | | |= 1.4 × 10^5 T/m, B 1 = 0.3mT .

Using Eq. (2) we obtain

η = 2.9 × 10^{− 3} , z_m = 8.8 × 10^5, ε = 390. (13)

It follows from Eq. (11) that the relativ e cantilever frequency shift is |Δ ω_c |/ω_c = 2.3 × 10^{− 9} .

The condition for the adiabatic motion in terms of the dimensionless parameters can be written as

2ηz_m ≪ ε^2 . (14)

To provide the full reversals of the effectiv e field one also requires

ε ≪ 2ηz_m . (15)

As an example, in the experimen t [1] we have: 2ηz_m = 5.2× 10^3, ε^2 = 1.5× 10^5. Th us, both inequalities (14) and (15) are satisfied, i.e. we have full adiabatic reversals.

Next, we discuss a way to increase the OSCAR signal. It follows from Eq. (11) that one should sacrifice the requiremen t for the full reversals (15) and reduce the amplitude of the cantilever vibrations z_m and the amplitude of the rf field ε, in order to increase the frequency shift. The minim um possible dimensional cantilever amplitude can be estimated as

Z_m ∼ Z_{r ms} = √ k_B T/k_c . (16)

As an example, in the experimen t [1], for T = 3K, the minim um value of z_m is 1.72 × 10^3 . Th us, the zcomp onent of the effectiv e field, 2ηz_m = 10. Taking ε = 2ηz_m , we still satisfy the adiabatic condition (14) but clearly violate the condition (15) for full reversals. In this case, Δ ω_c /ω_c = 7× 10^{− 7} , and is 300 times greater than for the experimen tal parameters (13).

The OSCAR signal should be compared with the frequency thermal noise δω_c /ω_c . To estimate this noise we assume that the noise force changes from zero to its rms value F_{r ms} while the z-coordinate of the cantilever tip changes from zero to Z_m . Then the effectiv e change of the cantilever spring constan t is δk_c = F_{r ms} /Z_m . Using the expression ω^2_c = k_c /m^∗ , where m^∗ is the effectiv e cantilever mass, we obtain

δω_c ω_c = δk_c 2k_c = F_{r ms} 2k_c Z_m

. (17)

Finally , using the well-known estimate for F_{r ms} (see, for example, [6])

F_{r ms} = 2(k_B T k_c B /Qω_c )^{1/2} , (18)

where B is the measuremen t bandwidth, we deriv e the estimate for the frequency thermal noise

δω_c ω_c

= (Z_m )^{− 1} (k_B T B /k_c ω_c Q)^{1/2} . (19)

(This estimate was deriv ed in [7], using a differen t approac h.) For the “natural” measuremen t bandwidth, B = ω_c /4Q, we have from Eq. (19)

δω_c ω_c

= (2QZ_m )^{− 1} (k_B T/k_c )^{1/2} .

Taking parameters (12) and T = 3K, Q = 10^4 , we find δω_c /ω_c ≈ 9.7× 10^{− 8}, which is smaller than the estimated OSCAR signal, Δ ω_c /ω_c = 7 × 10^{− 7} .

Note, that the thermal noise is inversely prop ortional to the cantilever amplitude Z_m . Th us, the amplification of the OSCAR signal, associated with a decrease of Z_m , does not assume an increase of the signal-to-noise ratio. However, the decrease of the field amplitude, B_1 , which becomes possible for small values of Z_m , would result in reducing the cantilever heating, which is an imp ortan t obstacle for a single-spin detection.

So far, we did not discuss the quan tum effects in OS- CAR. These effects app ear if the initial average spin is not parallel to the effectiv e field. In the classical case, the angle θ between the effectiv e field and the magnetic momen t is an integral of motion. The estimated classical frequency shift

Δ ω_c /ω_c = − η^2 cos θ √ 2η^2 z^2_m + ε^2

, (20)

will approac h zero as θ approac hes π/2. In the quan tum case, we expect to obtain one of two possible values in (11) indep enden t of the initial angle θ. This outcome corresp onds to the standard Stern-Gerlac h effect.

IV. SIMULA TIONS OF QUANTUM D YNAMICS

In our simulations we used the following values of parameters

η = 0.3, z_m = 13, ε = 10. (21)

For the cantilever used in [1]this value of η corresp onds to a magnetic field gradien t of 1.4 × 10^7 T/m, and the value of z_m corresp onds to the temp erature below 170μK .

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 51) |^2

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 52) |^2

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 53) |^2

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 54) |^2

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 55) |^2

-20 -10 0 10 20 z 0 0.1 0.2 0.3 0.4

|u _{α,β} (z, 56) |^2

FIG. 2. Functions |u α (z, τ)|^2 (solid curv e) and |u_β (z, τ)|^2 (dashed curv e), for six values of τ. Initial conditions: ⟨z(0) ⟩ = zm = 13, ⟨p(0) ⟩ = 0, and the electron spin points in the positiv e z-direction.

0.98 0.99 1 1.01 1.02 ω 0

4

8

12

A_n

0 100 200 300 400 τ -20 -10 0 10 20

z(τ)

0.98 0.99 1 1.01 1.02 ω 0

4

8

12

B_n

0 100 200 300 400 τ -20 -10 0 10 20

<z(τ)> a)

b) c)

d)

FIG. 3. Classical and quan tum can tilev er dynamics in OS- CAR MRFM; (a) classical can tilev er coordinate z(τ), (b) quan tum average can tilev er coordinate ⟨z(τ)⟩ , (c) the Fourier spectrum for (a): z(τ) = ∑ n An cos(ω n τ + φ n ), (d) the Fourier spectrum for (b): ⟨z(τ)⟩ = ∑ n B n cos(ω n τ + θn ).

All parameters are the same as in Fig. 2. In a) and b) we show, for convenience, time sequences shorter than those used in order to get the Fourier spectrum shown in c) and d).

These parameters allow us to reduce the computational time. The maxim um value of the z-comp onent of the effectiv e field is, 2ηz_m = 7.8. Th us, the condition (14) of adiabatic motion is satisfied while the condition (15) for full reversals is clearly violated. The estimated frequency shift is: |Δ ω_c |/ω_c = 7.9 × 10^{− 3} .

The initial conditions which we used corresp ond to the quasiclassical state of the cantilever, and the electron spin pointing in the positiv e z-direction. That means, in Eqs. (4), u_β (z, 0) = 0 and,

u_α (z, 0) = ∞∑ n =0

π^{1/4} 2^{n/ 2} α^n_0 H_n (z) exp[− (z^2 + |α_0 |^2 )/2],

(22) where H_n (z) is a Hermitian polynomial, and

α_0 = (⟨z(0)⟩ + i⟨p(0)⟩)/ √ 2, ⟨z(0)⟩ = 13, ⟨p(0)⟩ = 0. (23) Our simulations show that the probabilit y distribution for the cantilever position

P (z, τ) = |u_α (z, τ)|^2 + |u_β (z, τ)|^2 (24)

eventually splits into two peaks which describ e two trajectories of the cantilever. The ratio of the integrated probabilities for two peaks is given appro ximately by tan^2 (θ/2), where θ is the initial angle between the directions of the average spin and the effectiv e field ⃗B_{ef f} = (ε, 0, − 2ηz(0)). The appro ximate position of the center of the first peak is

z_1 = z_m cos(1 − |Δ ω_c |/ω_c )τ, (25)

and the appro ximate position of the second peak is

z_2 = z_m cos(1 + |Δ ω_c |/ω_c )τ, (26)

where |Δ ω_c |/ω_c ≈ 8.0 × 10^{− 3} . (The value |Δ ω_c |/ω_c estimated from (11) is almost the same, 7.9 × 10^{− 3} .) Both functions u_α (z, τ) and u_β (z, τ) contribute to each peak. (See Fig. 2.) When two peaks are clearly separated, the wave function Ψ can be appro ximately represen ted as a sum of two functions Ψ_1 and Ψ_2, which corresp ond to two peaks in the probabilit y distribution. We have found that each function Ψ_1 and Ψ_2 , with the accuracy to 1%, can be represen ted as a pro duct of the coordinate and spin functions

Ψ_1 = R_1 (z, τ)χ_1 (τ), Ψ_2 = R_2 (z, τ)χ_2 (τ). (27)

The first spin function χ_1 (τ) describ es the average spin which points appro ximately opp osite to the direction of the effectiv e field ⃗B_{ef f ,1} = (ε, 0, z_1), for the first cantilever tra jectory . The second spin function χ_2 (τ) describ es the average spin which points appro ximately in the direction of the effectiv e field ⃗B_{ef f ,2} = (ε, 0, z_2 ), for the second cantilever tra jectory .

Unlike a conventional MRFM dynamics studied in [3,4] the OSCAR technique implies differen t effectiv e fields for two cantilever tra jectories.

That is why, in general, the average spins corresp onding to two cantilever tra jectories do not point in the opposite directions, and the wave functions χ_1 (τ) and χ_2 (τ) are not orthogonal to each other. The only exceptions are the instan ts τ for which two cantilever tra jectories intersect providing a unique direction for the effectiv e field.

As we already mentioned, the frequency shift for two cantilever tra jectories Δ ω_c /ω_c was found to be ± 8× 10^{− 3}. For comparison, we solved the classical equations of motion with the same parameters and initial conditions as in the quan tum case. The frequency shift for a single cantilever tra jectory in the classical case was found to be Δ ω_c /ω_c = − 5× 10^{− 3}, which is smaller than the quan tum shift and very close to the value − 5.3× 10^{− 3} deriv ed from the estimate (20). (See Fig. 3.)

FIG. 4. Evolution of the densit y matrix without the decoherence effects (Q^{− 1} = D = 0), for four instan ts of time (as indicated in the figure) . Parameters: ε = 10, η = 0.3. The left column: ln | ∑ s ρs,s |, the righ t column: ln | ∑ s ρs, − s |.

Initial conditions: ⟨z(0) ⟩ = − 8, ⟨p(0) ⟩ = 0, and the electron spin points in the positiv e z-direction. Con tour lines are the intersections of the functions ln | ∑ s ρs, ± s | with the horizon tal planes, at the levels: -14,-12,-10,-8,-6,-4.

V. DECOHERENCE OF THE SCHR ÖDINGER CA T ST ATE

To describ e qualitativ ely the decoherence pro cess, we solved numerically the master equation (5). The initial densit y matrix describ es a pure quan tum state with the quasiclassical cantilever and the spin oriented in the positive z-direction. At τ = 0 we have

ρ_{s,s} ′ (z, z^′, 0) = u_α (z, 0)u^∗_α (z^′, 0) ( 1 0 0 0 ) , (28)

where the expression for u_α (z, 0) is given in (22), and we put in (23) ⟨p(0)⟩ = 0, ⟨z(0)⟩ = − 8. Fig. 4 shows the evolution of the densit y matrix without effects of decoherence, for the following values of parameters

ε = 10, η = 0.3, Q^{− 1} = D = 0.

The left column demonstrates the behavior of the spin diagonal densit y matrix comp onents (contour lines for ln | ∑ s ρ_{s,s} |), and the right column demonstrates the behavior of the spin non-diagonal densit y matrix comp onents (contour lines for ln | ∑ s ρ_{s, − s} |). Initially we have one peak on the plane z − z^′. Eventually , this peak splits into four peaks. Two spatial diagonal peaks, which are centered on the line z = z^′, corresp ond to two cantilever tra jectories. Two spatial non-diagonal peaks describ e a “coherence” between the two tra jectories, which is a quan titativ e characteristic of the Schrödinger cat state. All four spin comp onents of the densit y matrix ρ_{s,s} ′ (z, z^′, τ) (with s = ± 1/2, s^′ = ± 1/2) contribute to each peak in the z − z^′ plane.

The densit y matrix ρ_{s,s} ′ (z, z^′, τ) can be represen ted as a sum of four terms

ρ_{s,s} ′ (z, z^′, τ) = 4∑ k=1 ρ^{(k)}_{s,s} ′ (z, z^′, τ), (29)

where each term describ es one peak in the z − z^′ plane. Supp ose that first two terms in (29) with k = 1, 2 describ e the spatial diagonal peaks, and two other terms with k = 3, 4 describ e the spatial non-diagonal peaks.

We have found that the diagonal terms ρ^{(1)} and ρ^{(2)} can be appro ximately decomp osed into the tensor pro duct of the coordinate and spin parts

ρ^{(k)}_{s,s} ′ (z, z^′, τ) = R̂^{(k)} (z, z^′, τ)χ̂^{(k)}_{s,s} ′ (τ), k = 1, 2. (30)

The spin matrix χ̂^{(1)}_{s,s} ′ (τ) describ es the average spin which points appro ximately opp osite to the direction of the effective field ⃗B_{ef f ,1} . The spin matrix χ̂^{(2)}_{s,s} ′ (τ) describ es the average spin which points appro ximately in the direction of the effectiv e field ⃗B_{ef f ,2} .

FIG. 5. Evolution of the densit y matrix: effects of decoherence and thermal noise; D = 20, Q^{− 1} = 0.001, ε = 10, η = 0.3. The left column: ln | ∑ s ρs,s |, the righ t column:

ln | ∑ s ρs, − s |. Initial conditions: ⟨z(0) ⟩ = − 8, ⟨p(0) ⟩ = 0, and the electron spin points in the positiv e z-direction. Con tour lines are the intersections of the functions ln | ∑ s ρs, ± s | with the horizon tal planes, at the levels: -14,-12,-10,-8,-6,-4,-2.

We have found that the same prop erties of the densit y matrix remain for the case Q^{− 1} , D ≠ 0. Fig. 5 demonstrates the effects of decoherence and thermal noise for Q^{− 1} = 0.001 and D = 20. The spatial non-diagonal peaks in the z − z^′ plane quickly decay. This reflects the effect of decoherence: the statistical mixture of two possible cantilever tra jectories replaces the Schrödinger cat state. Next, the spatial diagonal peaks spread out along the line z = z^′. This reflects the classical effect of the thermal diffusion.

CONCLUSION

We presen ted a quan tum theory of the OSCAR MRFM technique. We demonstrated that the OSCAR signal can be significan tly amplified by using partial reversals of the effectiv e field instead of the full reversals. If the initial angle θ between the directions of the effectiv e field and the average spin is not small, the quan tum frequency shift remains constan t, while the corresp onding classical frequency shift is prop ortional to cos θ. This result is a manifestation of the Stern-Gerlac h effect in the OSCAR MRFM.

Unlike the “con ventional MRFM” in which the reversals of the effectiv e field are provided by the frequency modulation of the rf field, the OSCAR MRFM exhibits two possible directions of the effectiv e field. As a result, unlike the conventional MRFM, and the Stern-Gerlac h effect, the two directions of the spin corresp onding to two cantilever tra jectories do not remain antiparallel to each other during the quan tum evolution.

A CKNO WLEDGMENTS

We thank D. Rugar for helpful discussions. This work was supp orted by the Departmen t of Energy under the contract W-7405-ENG-36 and DOE Office of Basic Energy Sciences, by the DARP A Program MOSAIC, and by NSA and ARDA.

[1] B.C. Stip e, H.J. Mamin, C.S. Yannoni, T.D. Sto we, T.W.

Kenn y, D. Rugar, Ph ys. Rev. Lett., 8727 , 7602 (2001). [2] G.P . Berman, D.I. Kamenev, V.I. Tsifrino vich, Ph ys. Rev.

A, 6602 , 3405 (2002). [3] G.P . Berman, F. Borgono vi, G. Chapline, S.A. Gurvitz, P.C. Hammel, D.V. Pelekho v, A. Suter, V.I. Tsifrino vich, J. of Ph ys. A : Math. and General 36 4417 (2003).

[4] G.P . Berman, F. Borgono vi, H.S. Goan, S.A. Gurvitz, V.I.

Tsifrino vich, Ph ys. Rev. B 67 , 094425 (2003). [5] Caldeira, A.J. Leggett, Ph ysica A, 121 , 587 (1987). [6] G.P . Berman, V.I. Tsifrino vich, Ph ys. Rev. B, 61 , 3524 (2000).

[7] T.R. Albrec ht, P. Grütter, D. Horne, D. Rugar, J. Appl.

Ph ys., 69 , 668 (1991).