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Solid-state nuclear-spin quantum computer based on magnetic resonance force microscopy
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We propose a nuclear-spin quantum computer based on magnetic resonance force mi¢MBEedy. It
is shown that an MRFM single-electron spin measurement provides three essential requirements for quantum
computation in solids(a) preparation of the ground stai@) one- and two-qubit quantum logic gates, dod
a measurement of the final state. The proposed quantum computer can operate at temperatures up to 1 K.

I. INTRODUCTION Il. SINGLE-SPIN MEASUREMENT

First, we shall discuss an important issue: How can one

detect a single spin using an MRFM? The main part of the

mented in a chain of two-level quantum atoms connected b)(/IRFM is the cantilever(See Fig. 1.One end of the canti-
weak m_teractloné.One-qubn rotations and two-qubit quan- |ger s free to vibrate. Its extremely weak mechanical oscil-
tum logic gates can be implemented in this chain using resytions can be detected by optical methods. The second im-
els of the system. The “natural” implementation of this idea £ which produces a nonuniform magnetic figdg in the

is an Ising-spin quantum computer which contains a chain 0ampleS The remaining parts are standard for NMR, ESR,
1/2 spins placed in a permanent magnetic field and interact-

It is well known that a quantum computer can be imple-

ing through a weak Ising interactionlt has been realized B
that quantum computation is possible even for an ensemble f !
of Ising-spin chains at temperatures which are much higher B |
than the energy spacing between two stationary states of a 0 Y
spin3~® High-resolution liquid-state NMR quantum comput- X g
ing hg\s8 been extensively developed for a small number of Hi...d __‘?
spins? R
Magnetic resonance force microscofRFM) has ma- F ( ke .
tured over the past few years. It promises atomic scale de- T . } Z
tection of both electron and nuclear spi$? MRFM could B, -
provide the crucial step from a liquid quantum computer to a t

solid-state quantum computer, which has the potential to in-
corporate a large number of qubits.

In this paper, we propose a nuclear-spin quantum com-
puter based on the use of MRFM. In Sec. Il, we describe
standard MRFM techniques and the method of a single-spin
measurement suggested in Ref. 13. This method employs a
periodic sequence of short resonant pulses instead of the con-
tinuous excitation used in a standard MRFM. In Sec. I, we —l
propose a strategy for detecting a nuclear-spin state via the

electron-spin transition in a paramagnetic atom. This ap- FG. 1. A nuclear-spin quantum computer based on MRFM us-
proach utilizes the hyperfine splitting of the electron-spining single-spin measuremert; is the permanent magnetic field,
resonancéESR. In Sec. IV, we describe an implementation g js the radio-frequency magnetic fielée is the nonuniform

of a MRFM nuclear-spin quantum computer in a chain ofnagnetic field produced by a ferromagnetic partieiia the sample
impurity paramagnetic atoms in a diamagnetic host. We have R is the radius of the ferromagnetic particié,is the distance
shown that this quantum computer can provide the three egwtween the ferromagnetic particle and the targeted atomaasd
sential requirements for quantum computatié®: prepara-  the distance between neighboring impurity atoms. The origin is
tion of the ground statéthe initial polarization of nuclear placed at the equilibrium position of the center of the ferromagnetic
sping, (b) quantum logic gates, an@) a final measurement particle. Arrows on the sampl8 show the direction of electron
of the quantum states. magnetic momentg .

cantilever
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and ferromagnetic resonan€¢EMR) techniques: a uniform we would like to consider resonant methods of single-spin
magnetic fieldB, and a resonant radio-frequengy) field = measurement using MRFM.
B,. The nonuniform magnetic fiel®-, produced by the However, an obstacle appears when one tries to apply
ferromagnetic probe, changes the magnetic field in th&€onventional resonant methods for single spin detection us-
sample in such a way that only selected spins are resonatitd MRFM. A single spin interacts with the cantilever as it
with the rf field. Changes in the orientation of selected spingloes with any measuring device. A single spin interacting
under the action of the resonant rf field influence the magwith any measuring device exhibits quantum jumps rather
netic force between the ferromagnetic particle and thdhan smooth oscillations. Observation of resonant vibrations
sample, causing oscillations of the cantilever. So far, experiof a cantilever driven by harmonic oscillations of a single-
menters usually have to put the sample on the cantilever. F&pin z component contradicts the principles of quantum me-
MRFM imaging, however, it would be very important to chanics. To generate resonant vibrations of the cantilever, we
place not a sample but a ferromagnetic particle on the cantProposed a modification of the conventional MRFM
lever. This is an experimental challenge. Significant achievetechnique'® We use the fact that, under the action of a short
ments in resolving these problems were reported in Refs. 14 pulse, a spin must change its direction in a time interval
and 15. We will assume, for definiteness, that the ferromagwhich is small in comparison with the cantilever’s period of
netic particle is placed on the cantilever, as shown in Fig. 10scillations,T.=1/f (it can be am pulse or a pulse used in

At present, MRFM utilizes the driven resonant oscilla- adiabatic inversion During this short time interval, the
tions of a cantilever. For example, in experiments with theSingle spin evolves as a pure quantum system in an external
ferromagnetic resonantewith yttrium garnet film, both the field. For the measuring devidgantilevej, this evolution
magnetic fieldB, and the rf fieldB; were modulated at two 100ks like a quantum jump. If one applies a periodic se-

frequencies whose differenc¢er sum equals the cantilever's quence of these short rf pulses with a period equal {@,
frequency f. (anharmonic modulation In Ref. 11, B, one will observe resonant vibrations of the cantilever driven

~10"2 T, B;~10"* T, the modulation frequency of the by periodic spin inversion. The cantilever will behave as
magnetic field,f,,,=36.01 kHz, the modulation frequency though it is driven by an external harmonic force.
of the rf field wasf,,,=41.27 kHz, and the resonant fre-  If one applies a periodic sequence »fpulses, the elec-
quency of the cantilever wals=5.26 kHz. tron Rabi frequency of ar pulse,f.g, must be much larger

In experiments with the proton magnetic resonance in amthan the resonant frequency of the cantile¥gg>f.. . If one
monium nitrate’® the modulation scheme was based on cy-applies a periodic sequence of adiabatic inversions, the fol-
clic adiabatic inversion. The frequency of the rf field waslowing condition must be satisfiedt,<|dBe;/dt|/27B;
modulated, so that the effective magnetic field in the rotating<f ., whereB,; is the effective field in the rotating refer-
frame adiabatically changed its direction. The nuclear magence frame(The second inequality is the standard adiabatic
netization followed the effective field. As a result, the longi- condition. The first inequality requires that the time of inver-
tudinal (z) component of the nuclear magnetic moment 0S-sion must be much less than the cantilever's periad)
cillated, producing a cyclic force on the cantilever. In this  while a proton single-spin measurement is possible using
experiment, the permanent magnetic fi#lg was 1.95 T,  \RFM, it is much more difficult to detect a magnetic mo-
the amplitude of the rf fiel®, was~10"° T, the frequency  ment of a proton than the electron magnetic moment. That is

of the rf field was~100 MHz, and the modulation fre- \why we consider below using ESR to detect a nuclear-spin
guency equaled the cantilever's resonant frequenigy, state.

=1.4 kHz.
(Ijn our proposed qLIJantum c.omlputer discussed in Secs.dlll Il ELECTRON-SPIN RESONANCE STRATEGY
and IV, we use an electron single-spin measurement to de- FOR DETECTING A NUCLEAR-SPIN STATE

termine a nuclear-spin state. We should note that a single-

spin measurement is quite different from the measurement of Suppose we want to detect the state of a nuclear spin
a macroscopidclassical magnetic moment. First, we shall which interacts with an electron spin via the hyperfine inter-
discuss a single-electron-spin measurement using a static diaetion. In a large external magnetic fildg, the frequency of
placement of the cantilever. If the electron magnetic momenthe electron-spin transition depends on the state of a nuclear
points in the positivez direction (state|0.)), the magnetic spin due to the hyperfine interaction. This dependence was
force on the electronF,= ugdB,/dz, is negative. In this discussed in Ref. 16 in connection with quantum computa-
case, the cantilever is attracted to the san$plBuppose that tion using nuclear spins of*P atoms implanted in silicon.
this deflection from equilibrium of the cantilever’s tip can be (See also Refs. 17-19Suppose that the frequency of the
detected. Then the deflection of the cantilever’s tip in theelectron-spin transition i, for the ground state of the
positive z direction will indicate that the electron spin is in nuclear spin|0,), andf; for the excited state of the nuclear
the ground stat¢0.). Similarly, a negative displacement of spin, |1,). (See Fig. 2. Then, in analogy with the scheme
the cantilever indicates that the electron is in its excited stateuggested in Ref. 13, if one applies a periodic sequénitk

|1.). Then, this cantilever is a classical measuring device: Ifperiod T=T/2) of short rf pulses with frequencf,, one

the electron was initially in a superpositional state, it will will observe resonant vibrations of the cantilever only if the
jump to one of the statg®,) or |1.) due to the interaction nuclear spin is in the ground state. Thus, one can measure the
with the measuring device. In any case, a cantilever meastate of the nuclear spin using the quantum transitions of the
sures one of the staté8,) or |1.). Certainly, the static dis- electron spin.

placement of the cantilever’s tip is very small, and its mea- We shall describe here an example of a nuclear-spin
surement seems to be a complicated problem. That is whguantum computer in which indirect single-spin measure-
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E hn 2 R)|?
l ] ey BFZZ§MOM 2/ Brx= BFy:o- 3
rﬂl
l i ey In Eq. (3), z=R+d is the coordinate of the target atotkVe
M, place the coordinate origin at the equilibrium position of the
He center of the ferromagnetic particle, neglecting its static dis-

placemen). ChoosinguoM =2.2 T (which corresponds to
an iron ferromagnetic particlewe getBg,=5.4x10"2 T.

¢ ¢u 3]
: The corresponding shift of the ESR frequency is
(vel2m)Bg,~1.5 GHz. Herevy, is the electron gyromag-

| , netic ratio (yo/27=2.8x 10'° Hz/T). Now, we estimate the
Me 1 Dty z component of the magnetic fielf, at the neighboring
I Ky impurity atom,

foo .1 R\3[ [Z\?

l “n BFZ—§,LLQM ? 3(;) 1. (4)

! 10,0 )

‘ en Puttingr = Jz?+a?, we obtainB;,=3.6x102 T. We as-

FIG. 2. Energy levels for electron and nuclear spins 1/2 of asume here that the external magnetic figldis much greater
paramagnetic atom in a high external magnetic field. The electrothan the field produced by the ferromagnetic partid@elow
and nuclear magnetic moments are indicateghpyandu,, . fo and ~ we chooseBy=10 T.) Thus, only thez componentB(, is
f, are the frequencies of the electron-spin resonai®®R and  required to estimate the ESR frequency. The difference be-
nuclear magnetic resonan@dMR) in the external magnetic field tween the ESR frequencies for two neighboring atoms is
without the hyperfine interaction. The frequencidgy="f,
+fhfl fe]_:fe_fhf, fn0:fn+fhf1 andfn]_:fhf_fn. Hel’efhf is Afé:(‘yelzw)(BFZ— B',:Z)QSOO MHZ (5)
the hyperfine frequencthalf of the hyperfine splitting of the ESR
feqis the ESR frequency for the nuclear sthdg) (q=0,1). fog IS The electron Rabi frequendi.g, which will drive a target
the NMR frequency for the electron stdtg). We assume that the electron spin, must be smaller tharf, to provide a selec-
magnetic moment of the nucleus and the hyperfine constant argdve measurement of the electron spin on the target atom.
positive, and f,>f,. In the external field, B,=10 T, f, Consider the cantilever’s vibrations driven by the target
~280 GHz, andf,~430 MHz (for a proton. electron spin. We take parameters of the cantilever from Ref.

10: the spring constant of the cantileverkis=10"3 N/m,

ments could be made using a MRFM. Consider a chain ofhe frequency of the cantilever fs=1.4 kHz, the effective
impurity paramagnetic atoms on the surface of a diamagnetigyality factor isQ= 10%, and the amplitude of thermal vibra-
host. Assume that the nuclei of the host have zero magnetigons at room temperaturel €300 K) isz,ms=5 A (Zms
moments. Suppose that the distance between the impurif¥ the root-mean-square amplitude of thermal vibrations
atoms isa=50 A, the distance between the ferromagneticassume that the temperature is 1 K. Scaling the square root
particle on the cantilever’s tifat equilibrium and the target dependence d,,,s on T,*® we obtain the characteristic am-
atom isd=100 A, the radius of the ferromagnetic particle pjitude of thermal vibrations of the cantile8rat T
is, R=50 A (see Fig. 1, and the energy levels for electron —1 k- z,ms~0.3 A.
and nuclear spins of a paramagnetic atom are given in Fig. 2. The magnetostatic force on a target electron created by

The magnetic field at the target atoBy, caused by the the ferromagnetic particle can be estimated as
ferromagnetic particle can be estimated as

B,

iz’

F,=*ug (6)

. o 3n(m-n)—m

Be=y— (3 () N S
m for the positive and negative directions of the electron mag-

netic moment, respectively. Differentiating E@), we ob-

where wo=4m7Xx10 7 H/m is the permeability of free X
tain the value of~,,

spaceﬁ is the unit vector which points from the center of the
ferromagnetic particle to the atorm is the magnetic mo- oM (R)*"

ment of the ferromagnetic particle, ands the distance be- F,=+2us 5 (7)
tween the atom and the center of the ferromagnetic particle.

(The target atom is the atom in the sample which is closest tdor z=R-+d, the value ofF, is F,~+10 *® N. The mag-

the ferromagnetic particleSubstituting netostatic force on the ferromagnetic particle is of the same
magnitude, but it points in the opposite direction of the force
on the target electron. When the magnetostatic force on the
cantilever,F(t), takes the values F and the period of the
function F,(t) is equal to the cantilever periofi., the sta-
whereM is the magnetization of the ferromagnetic particle,tionary amplitude of the cantilever vibrations3s

we obtain the magnetic field at the target atom produced by

the ferromagnetic particle, z.=4FQ/mk,~1.2 A. (8

z z

4
m= §7TR3M, 2)
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This amplitude of the stationary oscillations can be achieved B,
after a transient process, whose duratien, can be esti-

mated as He
7.=Q/mf.~0.2 s. 9 Hn B,

Note that one does not have to “wait” until the stationary
amplitude is reached. In fact, the experiment can be stopped \/ Bg

when the rms amplitude of the driven cantilever’s vibrations
exceeds the thermal vibration amplitudg,~0.3 A. This
occurs when the value of the driven amplitudgs= V2Zms F
~0.4 A. Assuming the cantilever's amplitude increases as

z[1—exp(-t/7)], we obtain the time of a single-spin mea-
surement:

FIG. 3. The polarization of nuclear spins: The nonvibrating fer-
romagnetic particle targets nuclear spins which are initially in the
excited state.

Tm=— 7¢IN(2/3)=~80 ms. (10 . o o ]
o ) This frequency shift is negligible compared to the estimated
The lifetime of the electron excited state must be greater thagjectron Rabi frequencyer=100 MHz. Thus, to measure

m. (Otherwise a spontaneous electron transition can destroye nuclear-spin state of the target atom, one can use a peri-

the process of measurement. ~odic sequence of “electron’r pulses with frequency
Next, we shall estimate the deviation of the magnetic field
at the target atom due to the cantilever’s vibrations. For the f~fegt (vel2m)B,. (16)
value of z.~0.4 A, the deviation of the magnetic field,
AB,, is IV. NUCLEAR-SPIN QUANTUM COMPUTER USING
JB SINGLE-SPIN MEASUREMENTS
~| 2 7 -4 . . .
AB~ 9z z;~4x107° T. (12) In this section, we assume that the MRFM can provide a
) o _ single-electron-spin measurement. We shall now discuss a
The corresponding deviation of the ESR frequency is nuclear-spin quantum computer using this MRFM single-
Afe=(y,/2m)AB,~10 MHz. (1 ~ SPin detection.

First, the single-spin MRFM can be used to create 100%

To provide the ESR, the electron Rabi frequefiggymust be  polarization in a nuclear-spin chain. To do this, one should
greater thanAf,. Thus, the requirement for the electron determine the initial state of each nuclear spin in the chain.

Rabi frequencyf . can be written as [Note that we assume 100% polarization of electron spins. In
the external magnetic fielBy=~10 T, at the temperaturé
Afe<fer<Af(, (13 =1 K, the probability for an electron spin to occupy the

upper energy level is approximately exfugBy/ksT)~1.4

X 1078, In fact, we can relax these restrictions on the mag-
netic field By or the temperaturgDuring the measurement
process, one should use an even number of pulses to return
the electron spin to the ground state.

or 10 MHz<f,g<500 MHz. Taking, for examplefeg
=100 MHz we obtain the duration of an “electron’
pulse: 7=1/2f .;g=5 ns.(We do not mention the condition
f.<fer, because in our casde<Af,.) Certainly, to mea-
sure a nuclear state, the value fek must be less than the To create 100% polarization of the nuclear spins or to
ESR hyperfine splitting &,;. This imposes the requirement carry out a quantum computation, one must fix zreordi-
fhi>Af.. Note that the value of.the electror\ Rabl frequency,ate of the ferromagnetic particle. This nonvibrating particle
fer can be close ta\f, (or 2fy if 2f,<Af() if one uses g not a classical measuring device. It is only a static source
the 2k method.(See Refs. 20-2p. of the inhomogeneous magnetic field. One can imagine that
Finally, we estimate the dipole field produced by para-the ferromagnetic particle could move along the spin chain.
magnetic atoms. The main contribution to the dipole field is;see Fig. 3.1t can be used to target each nuclear spin which
associated with the neighboring atoms. For any inner atom ity in the excited state.
the chain, two neighboring electron magnetic moments According to Eqs(3) and(4), the target nuclear spin ex-
v_vhich point in the positive direction produce the magnetic periences an additional magnetic fieBt,~5.4x1072 T.
field The neighboring nuclear spin experiences an additional mag-
_ 3. _ _5 netic field Bf,~3.6x 102 T. The corresponding shifts of
Boo=~2uougléma 1.5x10°% T. (149 the NMR frequencies are %{/27)Bg,~2.3 MHz and
The maximal contribution from all other paramagnetic atomg( y,/27)Bf,~1.5 MHz, wherey, is the nuclear gyromag-
to the dipole fieldB), does not exceeet3xX107° T.(Fora netic ratio. (Here and below we present estimations for a
chain of 1000 paramagnetic atoms with electron spins in th@roton, y,/2m~4.3x 10’ Hz/T.) The frequency difference
ground state, the value @, at the center of the chain is between the target nuclear spin and its neighborAif,
Bj,~0.20B,,.) The corresponding frequency shift of the ~800 kHz.
ESR is The Rabi frequencyf,r must be less thanAf]
~800 kHz to provide a selective action ofrapulse. Again,
(ve/27)[By,+ B, | <500 kHz. (19 using the 2rk method?®-22 one can choose a value bfq
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close toAf/ . The corresponding duration of the pulse, He By
=1/2f ,r, must be greater than 630 ns.

The dipole fieldBy, produced by two neighboring para- "
magnetic atomsgfor inner nuclear spins in the chaiis given n {A B Ny
by Eq.(14). The maximal additional contribution of all other :
paramagnetic atoms is estimated to Bjg~ —3X 106 T.
The corresponding shift of the NMR frequency is approxi-
mately 780 Hz, much less than the assumed value of the
Rabi frequency,f,g~100 kHz. Thus, to drive the target ¥
nuclear spin into its ground state, one can apply a “nuclear”

i
!
|
7 pulse with frequencyf ~f o+ (y,/27)Bg,, Wheref g is (b)
the NMR frequency of a paramagnetic atom with a ground
state of the electron spifSee Fig. 2.In this way, the whole ~
chain of the nuclear spins can be initialized in its the ground !
state. In the same way, one can provide a one-qubit rotation *1_,1
$
¥
;

By
¢
for any selected nuclear spin.
\‘/ B
By

“electron” T - pulse

Now we consider the possibility of implementing condi- nuclear” T - pulse

tional logic in a chain of nuclear spins. The direct interaction
between nuclear spins for interatomic distamce50 A is
negligible. That is why, to provide conditional logic in a
system of nuclear spins, we propose using an electron dipole
field. Suppose that we want to implement a two-qubit quan-
tum CONTROL-NOT (CN) logic gate. Because for our system,
the ESR frequency ¢+ (y/27)Bg, is the highest and the
unique frequency in the chain, we will consider the “in-
verse” CN gate: the target qubit changes its state if the con-

trol qubit is in the ground statéHere the target qubit is a

nuclear spin which can change its state duringadkepera-

tion, but not necessarily the nuclear spin closest to the ferro- ‘ ,

)

\.,L
’—n}

o

“electron” T - pulse

magnetic particle.

Assume that the target qubit is any inner nuclear spin in
the chain, and the control qublt is one of its neighboring FIG. 4. Implementation of a quantuan gate:(a) an “electron”
nuclear spin(See Fig. 4, wheré andB are the control and = pulse drives the electron magnetic moment of the control qubit
target qubits. We want to implement an “inversetN gate  (nuclear spird) if Ais in the ground statéb) a “nuclear” = pulse
in three steps. causes a transition in the target quisiticlear spirB) if the control

(1) One sets the ferromagnetic particle near the controfubit A is in the ground state(c) “electron” & pulse drives the
qubit [Fig. 4@], and applies an “electron”r pulse with electron magnetic moment back into the ground state.
frequency given by Eq(16). The electron Rabi frequency
fer satisfies the inequalitiek,g<Af,2f,;. So the electron fro= (¥n/27)(Bg,+By,), (18
magnetic moment of the left paramagnetic atom in Fig. 4 ) ) _ )
changes its direction only if the control qubit is in the groundbecause the dipole field produced by neighboring paramag-
state|0,). netic atoms cancels ouRy,=0.

(2) The ferromagnetic particle moves to the target qubit. Next, one applies a “nuclear’r pulse with frequency
[See Fig. 4b).] If the control qubit is in the excited state, (18). The difference between the frequencies in Efjg) and
then the electron magnetic moment of the left atom did nof18) is approximately 650 Hz. Thus, the nuclear Rabi fre-
change its direction during the first step. In this case, thdéluencyf,r must be less that 650 Hz. The corresponding
NMR frequency for the target qubit is duration of the “nuclear”s pulse isT>770 us.[Using the

2k method?°~??one can choose the nuclear Rabi frequency
, f,r close to 650 Hz. In this case, one can neglect the last
fro=(vn/2m)(Bgz+ By, Bgy)- A7 term (yn/2m)By, in the expression$l?) and (18) because
(yn/2m)B{,=<130 Hz] Under the action of a “nuclear’r
The second term in the summ is important for us:pulse the target qubit changes its state if the control qubit is
(ynl27)By,~650 Hz.[The value ¢,/27)B], depends on in its ground state.
the position of the nuclear spin in the chain. We estimated (3) To complete thecN gate, the ferromagnetic particle
that the range of variation for this term is approximatelymoves back to the control qubitSee Fig. 4c).] Then one
between 70 Hz and 130 Hz. The exact value of this term cashould again apply the “electron’r pulse with frequency
be calculated or measured experimentally for each nucledd.6). This pulse drives the electron magnetic moment back to
spin in the chain.If the control qubit is in the ground state its ground state. A similar procedure can be applied if the
(as in Fig. 4, then the electron magnetic moment of the lefttarget qubit is at either end of the chain.
atom changed its direction during the first step. In this case, It is well known that any quantum algorithm can be
the NMR frequency of the target qubit is implemented with one-qubit rotations and two-quiak
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gates So the MRFM designed for single-spin measurement V. CONCLUSION

could accomplish three tasks: preparation of the spin system

in the ground state, implementation of quantum computation, In this paper, we proposed an MRFM nuclear-spin quan-

and measurement of the final state. Certainly, we require fum computer which can operate at the temperatlire

long relaxation time for the nuclear spins in order to perform~1 K. we discussed procedures required for a single-spin

a considered quantum computation. measurement using MRFM. We pointed out an obstacle
Finally, we discuss here two possible unwanted effect§yhich impedes the application of a conventional MRFM to a

related to the influence of the ferromagnetic particle on thesingle-spin measurement and described a way to overcome

process of'quantum computation. . . this obstacle. We also suggested a way to make an indirect
(1) The influence of the ferromagnetic particle on the pre'r;peasurement of the nuclear-spin state by measuring an asso-

cession frequency of the neighboring spins in the process Yiated electron spin and we presented related estimates.

guantum computation. This is a controllable effect because We have shown that a single-spin MRFM can provide the

in the process of quantum computation the ferromagneti? Lired operations for a nuclear-spin quantum computer-
particle is fixed. The additional phase change caused by thed P pin q puter.

ferromagnetic particle can be easily calculated for eacttial polarization of nuclear spins, the necessary quantum
nuclear spin using a conventional digital computer. Thelfansformations, and final spin measurements.
phases of the rf pulses acting on any particular spin can be
adjusted to this additional phase advance.
(2) Possible increased decoherence due to the ferromag- ACKNOWLEDGMENTS
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