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In this paper two methods are presented for calculating the spin-pair correlation functions for
an exchange-narrowed system of spins. These methods are applied to an isotropic Heisenberg

paramagnet with a relatively small anisotropic interaction.
croscopic derivation of the spin correlation function itself.
correlation functions, a usable equation is obtained.

The first method consists of a mi-
By neglecting successively higher
In the second method, sum-rule moment -

expansions are used to determine the frequency-dependent linewidth rather than the spin cor-
relation function itself. Electron-paramagnetic-resonance line shapes are evaluated using these
techniques and are compared with experimental data and with other theoretical work.

I. INTRODUCTION

Although the fundamental physics of exchange
narrowing has been understood for some time, =3
to our knowledge there has been no truly micro-
scopic derivation of equations describing the pro-
cess. Calculations of exchange-narrowed line-
widths are usually made by fitting a profile I(w) to
various moments of I. Since the line shape is de-
termined only if I(w) is fitted to all moments, it is
customary to assume a line shape whose param-
eters are characterized by the moments available. *
It turns out that one must assume the “right” form
for I(w) in order to obtain an answer that agrees
well with experiments. Of course, in practice one
uses the additional input that the experimentally
observed line is essentially Lorentzian in charac-
ter. It is the purpose of this paper to derive equa-
tions describing exchange narrowing from micro-
scopic equations of motion without assuming a func-
tional form and to study a sum-rule moment fit for
the spin correlation functions which is somewhat
different than the method usually employed.

In the remainder of this section the model and
some properties of the spin correlation functions
used are discussed. The equations used to describe
exchange narrowing are derived in Sec. II. In the
first method microscopic equations of motion for
the spin operators are used to construct an expres-
sion for the frequency-dependent linewidth and thus
the spin correlation function. The basic approxi-
mation used is a factorization of a four-spin cor-
relation function. The second method employs an
exact spectral representation of the spin correla-
tion function to generate approximations to the line-
width in terms of a moment sum-rule method.

The methods are compared with other methods and
with expériments in Sec. III.

The full model used in this paper is an aniso-
tropic Heisenberg paramagnet in a uniform external
field. The Hamiltonian is

|

H==2 ihyS,(a,t)
o

- % Z; S{(as t)J“(a; a') Sj(aly t) y (1)
iydyo,a

where S(a, t) is the spin operator at the site @ which
evolves in time ¢ according to the Heisenberg rep-
resentation. Latin subscripts refer to Cartesian
directions and &, = v,H,, where H,is a uniform ap-
plied magnetic field which defines the z direction.
The energy J,,(a, a') describes the interaction be-
tween spins at different sites @ and @’. It is con-
venient to break J,; into an isotropic and noniso-
tropic part:

J”(CY,C!')=Ju(a’,a)=J“(a’, a)
=Jo(a,ot')5u+1“(a,a') y
Jola, 01’)=%2¢Ju(0¢, a’) ’ J“(a,a)=0 ()

where I, (an example of which might be the dipolar
interaction) is assumed to be much smaller than J,.

The properties of the system described by the
above Hamiltonian are conveniently discussed in
terms of the dynamic response functions which ex-
press the linear response of the system to an addi-
tional weak field.® To first order

5(Sila, Y = 2 [ at'x, lat; o', t)0H (")
a’yd

XU(at; a’t,)':(i/ﬁ)ﬂ(f- t’)<[si(a’ t)r S!(Ol ’: t,)]> ’
where 7n(t) is the step function and the angular
brackets (X) denote the average value of X in the
canonical ensemble. The quantity 5(S) is the spin
induced by the additional weak field 6H. Since the
system is translationally invariant in time and has
the invariance of the crystal lattice under transla-
tions through a lattice vector, y can be transformed
in space and time according to the prescription

U m‘i“i i1 (e- af-iw (t-t)
xilat; o't LN%‘[ 5y ©
XXu(a,w) ’ (4)
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3 MICROSCOPIC VIEW OF EXCHANGE NARROWING

where the summation is carried out over all wave
vectors { in the first Brillouin zone. In addition,
x1,(d, w) obeys the Kramers-Kronig relation

Xis (b w) /

where € is infinitesimal and positive. The spectral
weight function y{;(@, w), the imaginary part of
x1;d, @), gives the absorptive response and, in the
limit ¢ - 0, is the quantity often measured in elec-
tron-paramagnetic-resonance (EPR) experiments.

It is convenient to introduce a spectral represen-
tation for y,,(w) which is useful in discussing line-
widths and line shapes. In the following, let the
subscript ¢ denote the combinations of subscripts
2z, +—,and —+ whereS, =S,+1S,. Further, let %,
be 0, iy, and -7y when £ is 2z, +—, and - +, re-
spectively. Now note that y may be written in the
following form®::

x:(G, 0) )]
1 2
£ [ X (q9 z)
since the left-hand side is an analytic function of

complex z except possibly on the real axis. After
a little algebra this can be put into the form

(CI: w ) (5)

T W —w—ze ’

-k " dw T, w)
T ’ (6)

m w=2
-0

[x:@, 2)/x:(@, 0)] - 1==2/[z =h, - A,@,2)] ,
()]
dw T (q w)
At(q; ) / T Z- .

To evaluate x(z) for real w the analytic continuation
Z —-w +i€ is used to obtain

Y2 (Gw) Wl ([Gw) ®)
Xe(q, 0) [w_ht- Ae(ﬁ, w)]+r€(§, w) ’
In this form it is easily seen that I',(d, ) is a fre-
quency- and wave-vector-dependent linewidth and
that A,(d, w), its Kramers-Kronig partner, is a
frequency shift or the dispersion.

II. FORMULATION

A. Microscopic Formulation

Since it is assumed that the nonisotropic part of
J;; is much smaller than the isotropic part, the
spatially uniform (g =0) decay rate or linewidth
may be calculated using perturbation theory where
H,, the part of the Hamiltonian containing I,,(a, a'),
is the perturbation. The isotropic part of the Ham-
iltonian does not contribute to this decay rate. The
frequency-dependent transition probability from
state a to state b is

Woplw) = 27/7) [(a|H,| &) P6(E, - E, + i) (9)

to lowest order in H,. For reasons which will be-
come clear later, however, the decay rate for all
d, not just =0, is also calculated, and thus H, is
replaced by H in Eq. (9).
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For the decay rate I,,(d, w), appropriate to
Xee(d, @), only that part of H which does not com-
mute with S,(d) is used. The total decay rate or
linewidth is obtained by averaging W over initial
states, summing over final states, and dividing
by 2. After expressing the & function as a time
integral and using the time development of the op-
erators in the Heisenberg representation, it is
easily seen that

o) = f dteter US:B.0, 1[5, 0, )

(10)
where
S.(d, 1) =23, S la, t)e it | (11)

The thermal average is over states of H (a Bril-
louin-Wigner-type perturbation theory) and
(5.2, =% 2 [Tule,a))S.(a, )5S, (o;1)
o,a’,
- (a,a")S, (a,1)S, (a’, )] e . (12)

In this equation, the spherical vector components
of A(A,,A,=A,xiA,) are used but the sum over !
refers to Cartesian components.

In order to get Eq. (10) into a useful form, some
further approximations must be made. The approx-
imation made here is to factor the four-spin cor-
relation function into products of two-spin correla-
tion functions. Since only correlation functions
that depend on a time difference will contribute,
the approximation becomes

(Silay, 1)S(as, 1)Silas, 0)S,(ay, 0)
=(S;(ay, 1)S,lag, 0) (S, (as, 1)S;(ay, 0)
+(Si(ay, 1)S,(ay, O (S,(as, 1)S.(as, O) . (13)

Except for terms of order (B#h,)? compared to 1,
this decomposition becomes exact in the limit J -0
(where f=1/kT, the inverse temperature in energy
units). These last terms are insignificant in the
regime considered in this paper. Further, since
it is assumed that the isotropic part of J;; domin-
ates the anisotropic part, only those correlation
functions which conserve spin are appreciable,
i.e., (S,S.), (S.S,), and (S,S,), while those which
do not are negligible, i.e., (S,S,), (S,S,), and
(S.S.).

The fluctuation-dissipation theorem?® can be used
to relate the above spin correlation functions to the
xi;(@, ', w) discussed in Sec. I. The prescription®
is
Fifla, a5t =) =5(Syle, 1)S (', 1),

Xis(a, ¢’y w) =(1-e)f, (a, a';w)

=™ -1f;le’ a5 - ), (14)

where f is transformed according to Eq. (4). After
a considerable amount of algebra, the following
equation is obtained:
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i (a w)=_______]£__~_z dw { [J ( )+J (-’,)—J (-’,—_’)—J (-»/_*)]2 (»r w/) (»I_» /_w)
22\ 4ﬁ2Xzz(qr O)ﬁN i T xr vy q xx q q vy ¢ q £.-\4q, £.-\q q’ w
+[T5@ )+ T2 @) @ @ N @ -G, @' - 0) 42, @ -, 0 + )]+ (7@ - T,,@")]
X [T @)+ T @ = @) = T, @) - TG = D] +47,, NI @) + 1@ - D], G0
X[g‘-(a"'a, ‘w‘“")+g+-(a'—a;w—w’)]} (15)
where
£i(dw) =x i1, w)/w (16)
The high-temperature limit, p7w <« 1 for all relevant frequencies, has been assumed. The exchange func-
tions J,,(e, @') have been Fourier transformed in the same way that the spatial part of , fa,a’;t-1t") was
and N is the number of atoms in the crystal.
In a similar fashion, the linewidth function for y,.(J, w) is seen to be
dw - > >/ -7 ! > > ’
I*_(q, (-U) (q’ O)BN Ef { ZJxx( + éJyy(q )"' Jzz(q -q )]2g+-(q w )gzz(q -q,w—w )
+ V@ N e@) 4T @ - D1+7,.@ @ - D)+, - D), [22:E 0 ) 0@ -G, 0 - )
+18.@0)g.@ -8 w-0)] +i75E)+5E e, G'0)e @ -G 0 +w)
+ %([Jxx(al) - Jyy(a,)]z + 4Jig(a'))g+-(a,w’)gzz(a, - a; W+ w')} . (17)

Note that if ¢=0, only the anisotropic part of J;
contributes to the I’s as indicated in the discus-
sion preceding Eq. (9).

Since A(Jw) can be obtained from I'(d, w) and
x"'(@w) can be obtained from A and I', Egs. (8),
(15), and (17) form a set of coupled nonlinear
integral equations for y./(dw) and y..(qw). Before
relating these equations to other work and discuss-
ing their validity, another method of evaluating I
will be examined.

B. Sum-Rule Moment Expansions

In this subsection a sum-rule moment expansion
for the spectral function will be explored. Since
the spin-spin lifetime is relatively independent of
H, and crystal orientation for many substances,
only the special case of Hy=0 and a cubic lattice
with interspin spacing a is considered in this sub-
section. Under these assumptions, y,.=2y,, and
I,.=T,, and we write y=y,. Since EPR experi-
ments are performed with essentially spatially
uniform external fields, all equations are in the
4 =0 limit and the d dependence of all quantities
will also be suppressed.

The absorptive susceptibility or spectral function
y"'(w) is totally determined by the collection of all
of its moments M,, where

[T de 1 x)
Mn"[ T w 1 X(O) . (18)

This definition is chosen to conform?* with that con-
ventionally used: (i) Only even moments are non-
zero, (ii) My=1, and (iii) y''(w)/x(0)w is the spec-

tral profile I(w).

The usual procedure is to assume an m-parame-
ter functional form for I(w) and to fit the functional
form to the first 2m moments. The procedure’
used here is to use the spectral representation
given by Eq. (6) and to fit an assumed form for I'(w)
to its moments. By performing a high-frequency
expansion in powers of z*2 on the representation
given by Eq. (7) and equating coefficients, the mo-
ments of I'(w) can be related to the moments of

"(w). The first three moments L,, where

L,- d;" W) (19)

-0

are related to the M, by the equations

Lo=Mj, Ly=My—M5, Ly=Mg—2MM,+Mj

(20)

The moment sum-rule expansion described in this
subsection has the advantage of being easy to com-
pare with the results of the microscopic equations
in Sec. ITA. It is also in some respects more sat-
isfying than the conventional method for the follow-
ing reasons. Since all moments of both I'(w) and
I(w) are finite, both functions must decrease ex-
ponentially as |wl-~. As is shown in Sec. III,
when virtually any simple function [such as
A exp(- lyw!?)] is used for I'(w), results are ob-
tained from the first few moments which agree
reasonably well with experiments. In addition,
both line shapes which are Gaussian-like and line
shapes which are Lorentzian-like can be described
by the use of a single-function form for I'(w). For
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the example given x'’(w) is Lorentzian in charac-
ter if |ywl<«<1 and is exponentially decreasing in
character if |ywl|>1. The above method is pref-
erable if I'(w) is expected to exhibit less structure
than y''(w). This is the case for exchange-nar-
rowed systems where y''(w) is Lorentzian for
small w but must be exponentially decreasing for
sufficiently large w.

C. Discussion

Consider now the validity of the approximations
which led to Egs. (15) and (17). The use of second-
order time-dependent perturbation theory is valid
if the relevant matrix elements are much less than
typical energy differences. If =0, the matrix el-
ements are of order I;,. When ga < 1 (where a is
a lattice spacing), there are additional terms of
order Jy(g2)?, and when ga is not small, the matrix
elements are of order J,. Since most energy dif-
ferences are of order J,, this approximation is
good when ga <1 and |I;;| <J,. In fact a moment
sum-rule expansion shows that this gives all mo-
ments M, correctly except for terms of order
(1,;/9,F and (ga)? compared to 1. This paper deals
primarily with the limit ga - 0, so that these terms

"cause no trouble. On the other hand, approximat-
ing the four-spin correlation function by products
of two-spin correlation functions is more serious.
It might be expected that this gives reasonable re-
sults only in the high-frequency limit 7w > J,(ga)?.
However, if H, is zero, the phenomenology® of
spin diffusion says that #I'(g, w) is independent of
the ratio 7 w/Jy(ga)? for small g and w (ga <1,
hiw<<dJpy). It is expected that this behavior will per-
sist even with the addition of H, and thus 7#I'(d, w)
will contain terms of order I2/J, and Jy(ga)? for
small § and w, again independent of the ratio
fiw/J4(ga)?.

III. COMPARISON

In this section the results of Sec. II are evaluated
and compared to experimental results on the cubic
antiferromagnet RoMnF;, Only the high-tempera-
ture limit is considered, and thus

Xee(d, 0) =3 x,-(§, 0) =5 BS(S+1)

independent of . The magnetic Mn ions in RbMnF,
have spin £ and form a simple cubic lattice with
spacing 2=4.24 A. Jy(a, a’)/k is 6.8 °K for near-
est neighbors and essentially zero for further neigh-
bors.® The anisotropic part of the Hamiltonian is
believed to be almost entirely due to the dipolar in-
teraction

o I) - (‘yeﬁ)z(ﬁu —337’11’1/72)

> (21)

I;,(a,

where 7 is the vector from a to @’ whose Cartesian
components are ;. The line shape observed® in
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this substance is Lorentzian with a linewidth of
58 G or 1.0x10° sec™?.

A. Microscopic Equations

First consider an estimate of the frequency-de-
pendent transverse linewidth ', (w)=T,_(0, w) from
Eq. (17). This expression involves a sum and an
integral over the x''(§, w). Since no good solution
exists for these quantities even in the absence of
the dipolar interaction, the phenomenological form

xe(d, w)=x.(d, 0) D¢?/[(w - hy)*+ D%*] (22)

is used, where D is the diffusion constant. This
form is phenomenologically correct for small §
and w except for corrections due to I;;, which are
important only over a negligibly small volume of
phase space. The products of I;,’s in Eq. (17) are
replaced by their averages over the Brillouin zone.
In view of the crudity of Eq. (22) and the fact that
the I;(q) are slowly varying, this additional sim-
plification is well justified. Finally, the sum over
d is replaced by a spherical integral. Using these
simplifications, the following equation is obtained:

T, (w)=A[f(w=2he) + £ flw = ko) + 3 flw) + flw +hy)]
(23)

10

where

(6r2)1/3 J
x
flw)= _/ w +4D 27

A=Ey}?S(S+ 1) i

where the sum over 7; includes all neighbors of a
given magnetic ion.

The 4 rule can easily be seen from these equa-
tions. If D >hy, T,.(k) is ¥ times as large as
when D <y, Inthe limit of extreme exchange
narrowing, D > h,,

D =Da?
(24)

T,.(hy)~T,.(0) = - SADNOLY™

The diffusion constant D can be expressed in terms
of Jy and 2 as D = (Ja2/72)[S(S +1)] ¥2a, where esti-
mates!! of a range from about 0.2 to 0.4. For
RbMnFs,, this gives y ranging from about 0. 25x10°

ec™ (14 G) to 0.5x10° sec™.(29 G), which is & to
3 of the experimental value. This discrepancy is
not surpr1s1ng because the phenomenological form
of x"'(§, w) used in Eq. (17) is valid only for small
4 and w. More realistic forms for x'/(§, w) at
higher values of § will increase the value for y by
a factor of 2 or more.

The virtue of this method is that the 4 factor and
order of magnitude of y can be clearly seen from a
microscopic derivation. It appears to be useful for
calculating y more exactly only if the nonlinear in-
tegral equation can be solved or a better solution
for x"'(@, w) can be obtained in the absence of I,,.
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B. Sum-Rule Moment Expansion

Now consider the sum-rule moment method for
evaluating I'(w) which was described in Sec. II B.
(Recall that only the case of a cubic lattice and
H,=0 was considered.) The first three moments
for RbMnF; have been computed by others® and the
first three nonzero L, are

Ly=2.68x10% sec™® (9.0x10° G?) ,

L;=10%" sec™ (1.1x10% G*) ,

Ly=3%x10" sec™® (1.1x10%° G%) .
Without further knowledge of the details of the
system, I'(w) is arbitrary except that it must be
non-negative (stable system) and it must decrease
exponentially as | w!| approaches infinity (all mo-

ments are finite). A possible simplest!? function
that satisfies these requirements is

I'w)=ye-|awl|®, (25)

where y = I'(0) has units of sec™, a has units of
sec, and p is a positive number.

By fitting ¥ and o (with arbitrary p) to L, and L,,
one finds that

LSr(3/ 1/2
veim( erJu/Zp‘))

=0.69p (1%%/71;)7)”2“09 sec™! . (26)

If one wishes to make a two-parameter fit, claim-
ing the freedom to choose p as the freedom of
choice of functional form, results ranging from
y=0.4%x10° sec™® or 23 G (when p—«) to y -,
i.e., infinitely large linewidth (when p —~0), may
be obtained. The somewhat appealing choice of
p=2 yields y =0.55%10° sec™* (32 G), about one-
half of the experimental value. If the third mo-
ment L, is used to determine p, the result is
$»~0.85 and y ~1.2 x10° sec™* (70 G), in good
agreement with the experimental value of 1.0x10°
sec™ (58 G).

The above analysis has been written in such a
way as to point up the arbitrariness involved in
choosing a functional form. The method used in
the present paper is in some sense more pleasing
in that much of this arbitrariness is removed. On
the other hand, it is not clear how quickly the mo-
ment method converges and the result y =1.2x10°
sec™! may only be fortuitously close to the experi-
mental value. Unfortunately, one feels that higher
and higher moments of I'(w) [or I(w)] have less to
do with the values of these functions near w=0.
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