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There is an extensive literature on magnetic-gradient-induced spin relaxation. Cates, Schaefer, and Happer,
in a seminal publication, have solved the problem in the regime where diffusion theory (the Torrey equation) is
applicable using an expansion of the density matrix in diffusion equation eigenfunctions and angular momentum
tensors. McGregor has solved the problem in the same regime using a slightly more general formulation using the
Redfield theory formulated in terms of the autocorrelation function of the fluctuating field seen by the spins and
calculating the correlation functions using the diffusion-theory Green’s function. The results of both calculations
were shown to agree for a special case. In the present work, we show that the eigenfunction expansion of the
Torrey equation yields the expansion of the Green’s function for the diffusion equation, thus showing the identity
of this approach with that of the Redfield theory. The general solution can also be obtained directly from the
Torrey equation for the density matrix. Thus, the physical content of the Redfield and Torrey approaches are
identical. We then introduce a more general expression for the position autocorrelation function of particles
moving in a closed cell, extending the range of applicability of the theory.
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I. INTRODUCTION

The problem of relaxation in nuclear magnetic resonance
due to field gradients has been discussed by many authors but
continues to be a topic of current research. Recently, attention
has been focused on this subject in connection with searches
for new Parity and Time reversal violating forces mediated by
the hitherto unobserved axion [1,2].

We give a short, very incomplete, summary of how the
field has developed until now. In 1950, Hahn [3] used his just-
invented spin-echo technique to study the effect of translational
diffusion on relaxation in NMR. Torrey, in 1953, [4] gave a
derivation of the effect of translational diffusion that had been
alluded to by Hahn. In 1954, Carr and Purcell [5] presented
a more elaborate method for measuring diffusion constants
using relaxation due to translational diffusion in an inhomo-
geneous field with known gradient. Then, in 1956, Torrey
[6] introduced a specific partial differential equation (Torrey
equation) describing the effects of diffusion on relaxation.
He showed that, under conditions when diffusion theory was
valid, the physics were described by adding a diffusion term
to the usual Bloch equations. These treatments of diffusion
did not take into account the effect of the boundaries of the
measurement cell. Ten years later (1966), Baldwin Robertson
[7] gave an approximate solution of the Torrey equation
in a relatively small region defined by two parallel planes,
where the influence of the boundaries was important. Using
the method of phase accumulation and assuming the phase
distribution to be Gaussian, Neuman, in 1973 [8], gave an
approximate solution for planar, cylindrical, and spherical
geometries and showed this was in agreement with Robertson’s
results.

In 1987, Cates, Schaefer, and Happer (CSH) [9] calculated
the relaxation for parameters where the diffusion theory
is appropriate [mean-free path (1) <« the size R of the
measurement cell] using second-order perturbation theory and
an expansion in eigenfunctions of the Torrey equation applied
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to the density matrix. At high densities the perturbation theory
breaks down and, at low densities (A > R), the diffusion theory
isinvalid. (The present work shows how to go beyond this latter
limit.) While Torrey [6] originally applied his equation to the
macroscopic bulk magnetization of a sample using arguments
from the classical theory of continuous media to modify the
Bloch equations, the authors of (CSH) seem to have been the
first to apply these ideas to the quantum mechanical density
operator p(7 ,1).

The authors start with the equation of motion for the density
matrix in the presence of diffusion (Torrey equation) [6]:

0 _ iy 14 pv? (1)
ot an P p-

They consider the deviations of the magnetic field from
the volume-averaged field as a perturbation and the volume-
averaged field (taken along z) as the unperturbed system. Then,
expanding p in the “eigenpolarizations” of the unperturbed
problem and carrying out a perturbation expansion in the field
variation, taken to be varying linearly with position, they obtain
a solution valid to second order in the perturbation. These
“eigenpolarizations” are combinations of angular momentum
eigenstates. They were introduced for the purpose of studying
density matrices by Fano [10], who considered position-
independent density matrices. In CSH these eigenstates are
each multiplied by a function of position to allow for the
position dependence of the density matrix. In the present work
we will simplify things by expanding the density matrix in
the Pauli spin operators. Each spin component of the density
matrix is allowed to have its own position dependence and
decay constant.

McGregor [11] has given a slightly more general treat-
ment based on Redfield’s relaxation matrix theory [12],
as presented by Slichter [13]. The starting point of this
treatment is the equation of motion for the density matrix
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expanded to second order in a perturbation (Ref. [13],
equation 5.313):

ap*
ot

1
= E[Hl*(t),p*(O)]

.\ 2 t
+ (z%) /0l[p*(o),Hf‘(t/)],Hf‘(t)ldfﬂ )

where H|" represents the deviation of the field from
its volume-averaged value and starred quantities are
expressed in the interaction representation with the
volume-average field considered as the unperturbed
system.

The results show that the relaxation depends on the
autocorrelation function of the fluctuating field (frequency
spectrum of the field fluctuations), as seen by the spins
as they move through the measurement cell, and the
correlation function is determined by the diffusion-theory
Green’s function for the case when diffusion theory is
valid.

For high densities, when the boundary conditions do not
play a role, the exact solution obtained by Torrey [6] is valid.

Following this work in 1991, Stoller, Happer, and Dyson
[14] showed how to use the exact eigenfunctions of the
Torrey equation (Airy functions) to get exact solutions in one
dimension. de Swiet and Sen [15] have used this and other
approaches to study a wider range of geometries. Hayden
et al. (2004) give a nice discussion of the Gaussian phase
distribution work along with experimental confirmation in a
cylindrical geometry [16].

As is evident from this rather limited survey, the problem
of relaxation in gradient fields is rather complicated. There are
several characteristic times (Larmor period, mean collision
time, time to diffuse across the sample) or characteristic
lengths (diffusion length, sample size, and “dephasing” length)
as has been emphasized by [17] and also discussed by [16].
The conditions for the validity of their various results have
been discussed in Ref. [9], and Refs. [17] and [16] discuss the
validity of the various expressions they use. These points were
not explicitly mentioned in some earlier publications in this
field.

McGregor [11] has shown that the results of his Redfield
theory treatment are equivalent to those obtained from the
Torrey equation [9] for the special case of the high-pressure
limit in a spherical cell. Nevertheless, it is illuminating to note
that the expansion in the diffusion equation eigenfunctions
obtained by CSH [9] is in fact the usual eigenfunction
expansion of the Green’s function and hence the results
based on the Torrey equation [9] and those of the Redfield
theory [11] are identical for all cases considered by CSH.
We show this in the next section, with details confined
to an appendix. Thus the physical content of the two ap-
proaches are identical in spite of their rather different starting
points.

We then show how these results can be applied beyond
the diffusion-theory limits by giving an analytic expression
for the trajectory correlation functions valid for a range of
pressures (including the ballistic limit) wider than that for
which diffusion theory is applicable.
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II. EQUIVALENCE OF THE TORREY EQUATION AND
REDFIELD THEORY RESULTS WHEN DIFFUSION
THEORY IS VALID.

In the appendix we review the calculation of CSH applied
to spin 1/2 and using a slightly altered notation. We expand
the density matrix in the spin-1/2 operators o 4.

The result for 7}, equation (A42), compare equation (50),
CSH:

1 4
— = VRe/ (T[]

T,
op (T s (T 5,13
X ; <—(Dk§, = i2§20) ) a’r'd’r, 3)

is seen to contain the Fourier transform of the eigenfunction
expansion of the Green’ function [18], equation (A46):

== > _ ¢/3/(7),)¢ﬁ’(7))
G(7, 7 w) = ; <—(Dk§/ i) ) 4)

so that we have (equation (A48), equation (9) in [11]):

1 y2 o Iw,T
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T
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Similarly, the results for 7, (A56) are also equivalent to
McGregor’s results (equation 10 in [11]) when we take (4) in
the form

—>
5 <¢ﬂr< 7 >¢,3/<7>)> &P P w0

2
- DK},

= /ocde(7,t| 7,t). (6)

0

A. Direct solution using Green’s function

As we have shown that the CSH result in terms of diffusion
equation eigenfunctions is identical with the McGregor result
using the Redfield theory and the diffusion-theory Green’s
function, it should be possible to derive the result starting
with the Torrey equation (1) [equation (AS5) in Appendix A]
using (A7)

0 1
2 = _Top+Irip + DV?p. )
at i i
We expand p as in (A19):
p(F 1) =Y o fi(7.1), ®)
J

taking the trace with o, obtaining

afi/ / i 1 (A=A
o DV == YN et o)
J
with
fi = fl&.ne ™, (10)
A; =2Q,M;. (11)
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We will treat the sum on the right-hand side (rhs) as a per-
turbation introducing the Green’s function for the unperturbed
problem, Gy(x,7), satisfying

0Go(x,t
% — DV2Go(x.1) = 8D (x)8(0), (12)
and the boundary condition
-V Go=0. (13)

/ 1 K0) ) o i(A—A ) 1
flan =9+ /Go(x —x't—t)— E [l"l(x’)]ijfj(o)(x e N A g X dr + // Go(x —x',t —1)—
1o = 1
j

l(A A)tG(x t_

X Z Fl(x)

If we now operate on this with d/9¢ and use (12), noting
that we will eventually integrate the result over d°x so that
terms containing DV2G will vanish because of the boundary
condition, we find for the second-order term:

fixn
1 ‘
= EZ[Fl(x)]ije’(A"_Af)’/Go(x —x"t—1") x
l j,k

1 . "
x — [T (x")]jxe' M2 fkl(o)(x”,t”)dx”dt”,

(16)
wej
and averaging over d°x, L[ d3x( -
(f,-/(XJ» // d% d% "de" Z[Fl(x)] ez(A —Ajt
Vig;
J.k
x Go(x —x",t —1") x .—[Fl(x//)]jk
lOlj
x el iAo g O 4y, (17)

To investigate relaxation we set i = k. As we are inter-
ested in relaxation of a spatially homogeneous gas, we put
9"ty = f9) = constant and take it out of the integral
since it is the solution of (9) with the rhs = 0. Then the
relaxation rate will be given by

<f (x t) Val f/ d% d3 //dt Z[F](x)] el(A —A; )l

fi/(O)(t) -
x Golx —x",t —1") x —[Fl(x//)]jk
aj
AR (18)
where i = 0 will give 1/T} and i = 1(+) will give 1/T5.
Using equations (A40), (A41), (A50), and (AS1) it is easy
to see that we obtain equations (A42) and (A47) for 1/T} and
(A53) and (A54) for 1/T5.

1 ,
") x ; Z[]"l(x”)]jkfk(o)( " tMe A=A g at do' di
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Then we can convert (9) to an integral equation for f;:

flen = O+ /Go(x—x z—r)—
1o
X Y 01D 0 ) N dxdr, (14)
J

which can be solved by iteration [ fi'(o) being a solution of (9)
with the rhs set equal to 0]:

i

15)
Tk

Thus, the direct solution of the Torrey equation (AS)
containing a diffusion term, using the conventional second-
order perturbation theory based on the Green’s function for
the unperturbed equation, yields results in agreement with
those obtained by McGregor [11] by applying second-order
perturbation theory to the equation of motion for the density
matrix (Redfield theory), where diffusion theory only enters
through the correlation functions of the magnetic field and the
physical content of the two theories is identical.

III. BEYOND DIFFUSION THEORY

Having shown the equivalence of the CSH treatment
based on the Torrey equation to the calculation based on
Redfield theory when diffusion theory is used in evaluating
the correlation functions, we widen the range of applicability
by introducing a form of the correlation function which is also
valid when the diffusion theory breaks down; namely, when the
condition A, < L no longer holds (A, = vz, is the collision
mean-free path and L is a typical size of the containing vessel).

A. Correlation functions for motion in a closed cell

Defining a correlation function as

Rye(r) = (f(D)g(r + 1)),

with (- - -) representing an ensemble and time average, we have
the following relations [19]:

19)

qu(f) = _%RXX(T)s
! 20)
va(f) = _ﬁRxx(f)a

so the determination of any one will determine the whole
family.

Barabanov et al. [20] have calculated the velocity autocor-
relation function for particles moving in a closed vessel with
specularly reflecting walls. The effect of gas collisions are
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taken into account. The method was initially [20] applied to
cylindrical vessels for a case where only the motion normal
to the axis is relevant, and then to rectangular shaped vessels
[21]. The results have been checked by numerical simulations
for many cases [20-22]. The function R,,(r) obtained from
R,,(7) by means of equation (20) has been applied to the
study of a false electric-dipole-moment effect that arises in
magnetic resonance experiments in the presence of an electric
field [20,22]. The result can easily be applied to spherical
cavities, the only modification being that the distribution of the
angle o (the angle between the trajectory and the normal to the
reflecting surface) will be different in the case of a sphere. The
correlation function, initially obtained for a single velocity,
can be averaged over the appropriate velocity distribution.

For simplicity we will concentrate on a rectangular vessel
in this work. In that case the motions in each of the 3 directions
are independent [21], so we concentrate on one dimension to
begin. Equations (27), (36), and (37) of [20] can be combined
to give [note the rhs of (33) in that article should be set equal
to unity]:

2

Ru(m)=—- [%} 1)

w n=1,3,5,... n

where the wall collision time t,, = 2(R/v) sin«, for particles
with velocity v (in the plane of the trajectory), moving in
a cylinder or sphere of radius R. For the rectangular case,
we take « = /2 and R = L;/2 (the length of the cell along
direction x;), and then t,, = L; /v; for particles in a rectangular
vessel, moving along direction x; with velocity v;.

niv;
Wy = s
L;
-mtr _ —mT
TGS P — (22)
n—mn
and
= 23
n1,2 2, (23)
1 —4w27?, (24)

with 7, being the mean time between collisions. We see that
wy, Ty = NI SO that

Ru(@) =802 Y [Zgﬂ 25)

n=1,3,5,...

and R,,(0) = v} (B11).
Using equations (20) we find

1 et e Mmrt
_v T Y. nZs”[ - } (26)

n=13.5,... 2 n

Ru(7) =

where the constant of integration has been chosen to satisfy

R, (00) = 0 and we see that (B9)
8L? 1 L?
R..(0) = — — = = = (x?), 27
0) ”“,1:1235 =17 =) 27)

in agreement with McGregor’s result [11] [equation (24)] from
diffusion theory.
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Rxx(T')

v

FIG. 1. (Color online) The normalized autocorrelation function
for particle position for particles moving in a rectangular box as a
function of dimensionless delay time 7’ with I’ = L, /A, where L, is
the length of the cell in the x direction and A is the mean-free path
between collisions, as a parameter.

If we introduce dimensionless time t/ = 7/7. and note that

ni
wpTe = T P (28)

) 2
Sp =11 - (’l’—”) , (29)

with!” = L; /., where the collision mean-free path A, = v; 7,
we can write (26) as

L*\ 12 x 16 1
/
ra)= () T T s

n=13,5,...
e~ (=12 = (ls)T'/2

x - . (30)
(l_sn)

(1 +sa)
Note that s, can be real or complex representing the transition
between diffusive and ballistic behavior.
Figure 1 shows a plot of R, (t’)/R..(0) for various values
of I'.

B. Spectrum of the correlation functions

We start with the velocity autocorrelation function equa-
tion (21) and take the Fourier transform of (22) by using the
definition of the Fourier integral used by McGregor [11]:

Un(w) = / Ya(v)e ™ Nd, 3D

so that

Yn(®) 2‘02 ! (32)
nlw) = 2— ,
T (a)2 — a)ﬁ)z + w?/7?

and, following (21),

Il

8v?
V(w) = —2

1,3,5

n=
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log,,S(w')

0 10 20 30 40

normalized frequency w’

FIG. 2. (Color online) Frequency spectrum (log,,) of the auto-
correlation function of Fig. 1 as a function of reduced frequency and
normalized mean-free path [’

Then the spectrum of the position autocorrelation function,
G (), which determines the relaxation, is given by [follow-
ing (20)]:

oty = Y@ _ 16v; 1
m W= = 121, wz[(a)z—a)z)z—i-a)z/rz]
n=1,3,5,... n n c
(34)
_16L* > 1 )
kvin6n=1,3,5,...(ﬂn)2 [(;,_n)z - 1]2 + [(2072;2]2’

where the last equation is written in terms of a normalized
frequency ' = wL/v; and length I’ = L/A.
Figure 2 shows S(w',l’) = G.x(w)/ G, (0) as a function of
o' with I’ as a parameter. Note that this is for a single velocity.
Averaging over the velocity distribution is straightforward.
Taking the limit of (35) for " <« 1/m and reintroducing w,
we find

Gv(@) = 16Dy )

n=1,3,5,...

1 1

2 2 2’
nm 2 (nm)*D
(n7)” o + [

(36)

where D = v;A is the diffusion constant for one dimension.
This is the Fourier transform of the diffusion-theory Green’s
function for this problem as obtained by McGregor [11]
[equation (24)]. For high frequencies, assuming [’ is large,
we obtain (neglecting the 1 in the denominator in (35):

2
2v7T,

Gi(w) = m

(37

which is identical to McGregor’s equation (13) [11] for the

high-frequency limit. In obtaining equation (37), we assumed
oL

— > 1,
vnmw

which of course cannot hold for all n. This means we are not
properly accounting for the high-n modes, which in reality
would have a contribution of the form (36), which is anyway
small for large n and is responsible for the fact that (37) is
independent of the size of the vessel. See the discussion under
Fig. 3 in [9].
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IV. DISCUSSION

The approaches of the two calculations are quite different.
We have seen that Cates, Schaefer, and Happer [9] solved the
Torrey equation (A1) by assuming an exponential form for the
time dependence of p and expanding the decay constant and
amplitude in a power series in the fluctuating field, treated as
a perturbation. McGregor’s approach is based on the Redfield
treatment of the equation of motion for the density matrix,
equation (A1), without the explicit introduction of a diffusion
term. Recursion is used to get a second-order approximation to
this equation and the second-order term is written in terms of
the correlation functions of the fluctuating field components as
seen by the nuclei [13]. The diffusion theory is then introduced
in the calculation of these correlation functions. Lastly, we
have shown that the same results follow from the recursive
expansion of the integral equation, derived by use of the
Green’s function, in the manner of the Born expansion.

Working out the details of the diffusion theory for a
spherical cell, McGregor showed that his result is equivalent
to that of [9] in the high-pressure limit with Neuman boundary
conditions. We have shown that the two approaches give
identical results whenever equation (A1) and the perturbation
theory is valid, thus clearing up any possible confusion as to
when one or the other of the two quite different approaches is
valid. The physical content of both theories is identical.

We have also presented a more general form of the position
autocorrelation function for the case of a rectangular cell which
is valid beyond the region of validity of diffusion theory.
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APPENDIX A: PERTURBATION THEORY OF CATES,
SCHAEFER, AND HAPPER [9]

The authors start with the equation of motion for the density
operator p in the diffusion approximation:
ap 1 )
— = —[H,p]+ DV-p.
5 — ih [H,p] 14
The Hamiltonian H is broken up into a main term H® and a
perturbation H®:

(Al)

H = H(O) 4 H(l), (A2)
HO =nQ,0,, (A3)
HY = &, - &, (A4)

where €2, is chosen so that the volume average of ﬁl 18 zero
and 7 is an expansion parameter. (Note: normally 2, = y B,
so here €2, ; are 1/2 the usual values, 2,1 =y B,,1/2.)
We rewrite (A1) as

op _ 1 N =

37 = 7120051+ 2 (21 Tpl 4+ DVPp.
We will approach the problem using time-independent per-
turbation theory; that is, we substitute p = p’e”?’ and obtain

[o" # f()]
1 2 Ui /
O=<)/+7F0+Dv +l—F1>p

(AS5)

(A6)
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where I, and I'; are linear operators (we now drop the prime
on p’, using p to indicate the time-independent solution):

Cop = [Q0;,p0],

(A7)
Fip=[9Q) 3.0l
We will then expand p in the spherical components of the
spin-1/2 operators o
s = (0, £i0,)/2 =011, (A8)
0y = 0. (A9)
The o; are seen to have the following properties:
TI'(O'I-TO']‘) = 5,‘_,‘ + (3‘/‘(,81‘0 = 8,‘]‘0[.]‘, (AIO)
[00,0i] = [0;,0:] = 2M;0;, (A11)
with M1'2 ==+1, My =0, and
Loj=12 (A12)
aJ - 2’ ] — 0,
Thus,
I',0; =2Q,M;0;. (A13)

We now follow CSH [9] by introducing a perturbation
expansion for p( 7) and y into (A6):

© (A14)

(A15)

o(7) = p@ + o™ + n?p?@,
y = V(O) + ny(l) + 772 (2)

As this must hold for any value of 7, we collect terms in equal
powers of n:

1
0= (y“” +-T, + DV2> o (A16)
l

1 1
0= <y“” +=Tot DV2> p® + <;F1+y(”> P, (A17)

0= (y<0>+lp0+Dv2) @y ( 'r +)/(1)) oy @ O
i
(A18)
‘We look for a solution in the form
o V(7).

Substituting into (A16) and applying Tr(o;” -) to the resultant
equation yields

(" —i2@,M; + DV?) fO(7) = 0.

(A20)
The function f;( 7) has to satisfy boundary conditions on the
surface of the measurement cell. CSH [9] have taken the von
Neuman conditions (zero current at the walls) but, as they point
out, the method can be applied to the case where depolarization
takes place at the walls. In any case, equation (A20) along
with the boundary conditions form an eigenvalue problem.

The solutions are given by the solution to
(V2 +k2)po =0, (A21)

where the eigenvalues k, are determined by the boundary
conditions. Then, (A20) implies

(A19)

v = i2M;Q, + DK2. (A22)
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In order to solve for the higher-order correction terms to
the solution it is useful to expand the corrections to f;( )

in a series of the zero-order functions fi(o?)(T) = ¢y, [the
eigenfunctions of (A21)]:
P (F) = oippaly i (A23)

jB'

which form a complete set of functions satisfying the boundary
conditions. The index n = 1 or 2 indicates the order of the
correction. Thus, (A17) becomes

0= (,<°)+ r +Dv2)za,¢,3, a ( r —i—y,(a))o,(ﬁa,

0=>" <y,<?j +

j
1 M
+ F + )/,a Ui¢as

where we used (A13). Taking Tr(agT -) of this last equation
yields

1
~2M;Q, + DV >UJZ¢,3, alg

0 . 1
0= ag(yl(a) —i2M,Q, + DVZ) Z d)g,g/a;,ﬁ)/m
5

1
[P lgida + Vi Budsics, (A24)

where
[Tile.: = Tr(0/ T10;) = Tro [ - .07 (A25)

Making use of the orthogonality of the ¢, , and taking them to
be normalized,

/ E*xPpa = Spa. (A26)
14

we multiply (A24) by ¢ and integrate over the volume:

. 1
0= O‘g(Vl(gz) i2M,$2, — Dké)a;}z),m + ?(,3|[F1]g,i|0€)

+ yz ot8 80‘5“87

1
+ —(BITTgiler) + o Sidapcts,
(A27)

(] [(OAPHEY)
0= e (V, o yg /3) gBia

using (A22), where

A
(BIIT11i.jle)= / d*x¢}5[T1)i,j - (A28)
1%
We note that ko = 0, corresponding to a uniform distribution
in the cell, is a valid solution and we will seek the decay
parameters for this mode. Thus, we puto = § =0, andi = g
in (A27), obtaining

1
= —(0I[T'11;,10) + Vo, (A29)
0=y, (A30)
) i(BI[1],.:10)
o P Ui A31)
B,i0 — ) ) (
¢ ()/, - yg ﬁ)
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The matrix element in (A29) is seen to be zero for perturbing
fields with a volume average of zero.
Now we use (A 18) to evaluate the second-order corrections:

1
0= (yf‘jj + T, + DV )chﬁ a3 o+ ( r1+y,“>>
B

x ZUJ GpaSy o+ VinOida. (A32)

Again taking Tr(o, ) of this equation gives
_ o, 2
0= oy My + M + DV? quﬂ/ Ay i

1
)
+ E :;[Fl]g,jfi)ﬂ’aj,sgiwL
I

+ Vl((l)() Z ¢ﬂ’a;}3)’,la + VI(Z)Sgl o | g, (A33)

0) (0) (2) [€))]
0=a,(rY — 1 %)al Z (BI[T1l.518"a5, i
Js ﬂ’

MM

2
+ g yz a gﬂ ia + yi(,a)(sgisaﬂaga (A34)

where the last result comes from multiplying by ¢; and
integrating over volume. Now taking « = 8 =0andi = g,
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we find
le (OIIT1 1,18 aly o + ¥ et
" ) (A35)
%y =~ Z<0|[F1]i,j|ﬂ’>—( P10
iB Yio ~Vip Jorj

Our derivation has followed the method of time-independent
Rayleigh-Schroedinger perturbation theory. The “states” are
characterized by two “quantum numbers,” a spin index i, and
a spatial index o, which can stand for 3 indices, which appear
when we solve the diffusion equation in three dimensions.

1. Calculation of relaxation times, relation to McGregor’s result

We begin by evaluating (A35) fori = 0. Since o, = o, this
will be equal to 1/7;. We have then (¢o—o = 1/+/V)

, 1
(B'IIT11;,:110) = W/d3r¢ﬁ'(7)[r1]j,0~ (A36)

L1y (BIIT1),.010)
@) ’ Js
yl =0,0 =40 = <0|[F1]0,]|ﬁ > 0) (0)
h iy (Yoo = Vip)e

< d3r'd*r + cc.,

Now the Green’s function for the diffusion equation can be
written as (see Morse and Feshbach [23], chapter 7)

GT |7 ) =ult—1t) Z¢ﬁ( r_)/)d)ﬁ( ?))e—Dkﬁ(t—t'),
B

(A43)
with u(#) being the unit step function. Then the time Fourier

transformis (t =t — t)
|

1
1 Rey®
T

=4%/ dre? T ff[Q](T)’)]_[Ql(T))]+G(7,t|?’,t')d3r’d3r
0

1.3 =) $p (T8 \ 13,03
=R [ [l ”*Z((m;-m)) ra'r

AR
Y2 = ef[ QP[P G(P

‘We write
Q=)o + Q] 00) + [Q].0..  (A37)
(D) 70,0 =2(Q]10- — [Q]_0y), (A38)
[FI]JO_Tra [91 a,aa], (A39)
[Cy]_0 = 2[2]4. (A40)
[Ti]i0=—2[]. (A41)
Thus,
= //[szm NI 3 <—(Dk2/_l-290)
B B
(A42)
[
G(7, 7 ,0) = Oodzei"’fG(?,ﬂT”,z’) (A44)

o\.,c\

.L,elu)'[ quﬂ(_)/)d)ﬁ(_))e Dk‘L’ (A45)
B

A ) (7)
N 5 (Dkﬁ, - ia)) '

Comparing to the sum in (A42) we see that we can write
(a9 =2)

(A46)

7 .2Q,)d3r d°r

(A47)

=4Re/ drei%f/ [Q(PRQCNLG(T | 7 1) po(r Ydr &,
0
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where w, = y B, and p,(+',t’) = 1/V is the uniform density of magnetization. Then the joint probability distribution of an atom
being at 7 at time ¢ and being at 7 at time ¢’ is G(7 ,t| 7”,t") p,(r’,t") and we see that (following McGregor’s notation)

o0

1 o0 , ,
7= v 2ho = 4Re / dte ™ ([ (D] _[Q(1 4 1)],) = 4 / dte ([N [21(7 + D)x + [1(D], [ + D))
0 0

2 00
== / dee " ((BiD:[Bi(t + Dl + [BUO], [Bi(tr + D)) (448)

This is the result of the Redfield theory given as equation (9) The nonzero matrix elements are
in McGregor.

To calculate 7, we have to evaluate yi(i)Jr,O: M = 2[Q]., (A50)

(Cilo+ = —2[€21]+, (AS1)
IIT11;.410

yl<2>+0=_2(0|[r1]+,j|ﬁ/>—(€o)|[ 1]](,0+)| ) (A49)  so that
B ( +0 j,ﬁ’)“' I
o 1 [ o (B'IT1]4.410) (BT 1104 10) ]
Yicto= 7~ = —Re OIT14++18) 05—~ T Ol +0l8) ——5—w~ (A52)
S0 g = RO o 2% - 1%)
(O1[€211:18")(B'I[€21].10) (0|[Ql]|,6/><ﬁ/|[91]+|0)1|
= —Re 4 +4
2. [ (v = ¥4p) 2(vi = vo)
(O[[€21 118" )(B'1[211:10)  (OI[€21]-18"){B'[£21]+10)
= 4Re Z[ (Dk3,) 2(Dk} — iw,) } ’
—> —
/ 2P Y (M) & d
m Dk2,
| 2Re - b (TP (T)\ 3, 13
7 [ [ Ll <—(Dk§, ) e (AS3)
|

From (A46) we write APPENDIX B: SPIN RELATIONS AND MATRIX ELEMENTS
5 — = _ _ ¢ﬁ’( r_)()¢f3/(7>)
(P 7 o=0=) [T

m Dk,

= /ooer(7,t| 7.1, (A54)
0

so that the first term in (A53) can be written Lo ’Ui]) =201, loz,0:l =205, 01,021 = 05,
y?Re [ Q-0 =[Qilio- +[Qi]-0p +[Q]0,
/ dr/ [Bi(7)LIBI(P).G(T ,t| 7'\t + 1) (0x = Yo, £iay)), (B1)
—00

2 00
X pord3r'dir = ¥- / dt([Bi(OLIBi(t + T)I.), (AS5) N
2 Joos [Q)- 700 =20 ]s0- — [Ri]-04), (B2

in agreement with the second term in equation (10) of

T
McGregor. [Fl]gt —TI'( [Ql l]) (B3)
From (A42) we see that the second term is 1/(277) so that [Tily; = —-2[1]-, [Til-; =2[Q]4, (B4)
equation (A53) is equivalent to -
| [€21- 07041 = —[Q1]+0; + [€21]: 204, (B5)
A 2T1 ey / dt(BIOLIBIC + D), (AS6) M1l = =2[2)4, [Miles =201, (B6)
which is equivalent to equation (10) of [11]. [S_Z)l o0 ] =[Q]-0. — [Q1].20_, B7)
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[Tilz— =2[21]-, [[1]- - = —2[].. (B8)

Note:

i; = in4 (B9)
Qn+1* 96"

n=0

PHYSICAL REVIEW A 83, 023402 (2011)

o0

Z; _ L (B10)
—@n+1° 960"

i : = 1n2 (B11)
—@2n+172 8
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