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A self-consistent theory is presented which describes the long-wavelength dynamics of one-dimensional
Heisenberg systems in the presence of a static magnetic field at high temperatures. The dipole-dipole
interaction between the electronic spins (and/or single-ion anisotropy) plays the role of a symmetry-breaking
field. Incorporation of interchain coupling is possible within this framework and lowest-order corrections due
to this perturbation have been given explicitly. The mode-coupling theory is valid for all orientations of the
magnetic field and treats both secular and nonsecular terms of the dipolar interaction. The results can be
used to describe magnetic-resonance phenomena (EPR and NMR) in (quasi-)one-dimensional paramagnets.
These resonance experiments include the normal EPR transition, the EPR satellites, and the NMR
relaxation times including diffusion cutoff effects. The mode-coupling equations generated by the theory have
to be solved numerically. Numerical calculations are presented which are relevant to experimental results, A
completely new feature of the theory is a “reverse 10/3 effect”: at some orientations of the magnetic field
the introduction of the nonsecular part of the dipolar interaction produces a decrease in the normal EPR
linewidth. This pure one-dimensional effect seems in agreement with experiment. The satellite lines present
in the spectral functions of the two-spin correlation functions are a consequence of the very pronounced
resonance structure of the self-energies associated with these spectral functions. This resonance structure is
very sensitive to interchain Heisenberg exchange. Numerical results demonstrate that a small interchain
exchange interaction broadens the resonances of the self-energies substantially. A comparison is made
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between existing theories and this work.

I. INTRODUCTION

The dynamic properties of magnetic systems
at high temperatures can be studied with magnetic-
resonance techniques.! It turns out that the cor-
relation functions being sampled depend strongly
on the dimensionality of the magnetic interactions.?
The theory of magnetic resonance in three-di-
mensional magnets is simpler than the theory for
one- and two-dimensional systems. In three-
dimensional paramagnets one can explain the
magnetic-resonance phenomena with simple
time-dependent perturbation theory. The part of
the Hamiltonian which is responsible for the
broadening of the resonance lines (hyperfine or
dipole-dipole interaction) can be taken into ac-
count in a perturbative way. In general, this is
not possible in one-dimensional systems. The
relative weight of the k~0 modes is much larger
in one-dimensional systems than in three-dimen-
sional paramagnets. The inapplicability of simple
time-dependent perturbation theory can be under-
stood readily if one assumes that the long-wave-
length modes are diffusive. We expect this hydro-
dynamic behavior because the magnetization is a
conserved quantity. As a consequence of the con-
servation of the magnetization the £~ 0 modes are
very slow, and this, together with their relatively
large weight, indicates that these modes will
dominate the exchange-narrowing process. The
simple time-dependent perturbation theories are
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not applicable anymore because their validity is
based on a difference in time scales, for instance
the time scales of the exchange interaction

(7J -, J being the Heisenberg exchange constant)
and the time scale set by the dipolar interaction.
The most dramatic consequence is that the
Fourier transforms of correlation functions show-
ing one-dimensional diffusion (i.e., o« #~!/2) have
zero-frequency poles. One can conclude from this
fact that one-dimensional diffusion is “slow.”
Usually, the sampled correlation functions decay
faster because there are terms present in the
Hamiltonian which break the spherical symmetry
of the Heisenberg Hamiltonian. These low-sym-
metry terms, like dipole-dipole interactions be-
tween the electronic spins, give rise to a finite
lifetime of the 2=0 mode. An inefficient decay of
the long-wavelength modes occurs if the broaden-
ing mechanism consists of nonsecular terms. In
that case the convergence of zero-frequency
Fourier transforms becomes dependent on the
resonance frequency. Experimentally, this fre-
quency dependence can be measured by doing
magnetic-field-swept resonance experiments at
different frequencies of the electromagnetic radia-
tion, or by performing frequency-swept experi-
ments at different magnetic fields. The measure-
ments can sometimes be done directly in the time
domain. The determination of the dependence on
the Larmor frequency of the experimental re-
sults constitutes a powerful tool for investigating

1322 © 1978 The American Physical Society



18 HIGH-TEMPERATURE DYNAMICS OF ONE-DIMENSIONAL... 1323

one-dimensional systems.’"® The relative impor-
tance of secular and nonsecular terms can be in-
fluenced easily because both are highly anisotropic
in one-dimensional magnetic systems. It is a
fascinating consequence of the one dimensionality
that the experimentalist can turn on the secular
terms of the dipole-dipole interaction, the non-
secular terms, or both, just by changing the
orientation of the magnetic field. This effect has
no three-dimensional analog.

Several theories have been put forward to ex-
plain the magnetic-resonance experiments in
one-dimensional magnets. Dietz et al.,® who
studied for the first time the EPR spectrum of
a one-dimensional magnetic system, used the
theory of Kubo and Tomita.” Reiter and Boucher?
pointed out that the success of the theory of Kubo
and Tomita is highly accidental. They used mode-
coupling arguments to calculate the EPR spectrum
with the magnetic field along the chain (6 =0°).
Recently, Lagendijk and Schoemaker® observed a
half-field transition in the EPR spectrum of the
one-dimensional paramagnet tetramethylammo-
nium-manganese-chloride (TMMC). They used
mode-coupling arguments, too. It is interesting
to note that the Kubo and Tomita theory fails
completely in describing this half-field EPR reso-
nance. This satellite line is a direct consequence
of the presence of the nonsecular terms in the
dipole-dipole interaction and could not be ex-
plained with the theory of Reiter and Boucher?
because they did not keep the nonsecular terms.
These nonsecular terms complicate the situation
considerably and therefore Lagendijk and Schoe-
maker® used a simplified mode-coupling theory.
The results, however, were satisfactory, be-
cause the half-field resonance could be accounted
for in a consistent way.

In this paper we want to show that the mode-
mode coupling treatment is capable of treating
all high-temperature magnetic resonance phenom-
ena which are observed so far in one-dimensional
systems in a consequent way. This comprises
NMR T, data including cutoff effects and all EPR
experiments. Some additional EPR experiments
have been performed in order to compare the
results with our theory. The method we use is
an extension of the one used to explain the half-
field EPR transition.® Our results will be close
to a complete mode-coupling treatment of the
dynamics. When the nonsecular terms are
neglected in our formalism, our theory of the
ideal one-dimensional magnetic system is equiv-
alent to the theory of Reiter and Boucher.? In
addition, we will include the effect on the dynamics
of interchain'exchange interaction and we will
discuss interchain dipolar interaction.

Recently, Boucher ef al.? interpreted their ex-
cellent experimental data regarding diffusion cut-
off effects in NMR and the 6 =0° EPR line shape
in terms of the so-called “total-spin-torque”
(TST) correlation function. We will show that

- their approach contains several inconsistencies

and cannot be considered to be an alternative to the
mode-coupling approach. Some spectacular ef-
fects, which were recently predicted to be ob-
servable in the NMR spectra of one-dimensional
magnetic systems'® will be shown to be incorrect
or of academic interest only.

The continued-fraction-expansion method, even
in sophisticated forms'’ cannot be applied to the
magnetic resonance problem in one-dimensional
systems. In one-dimensional magnetic systems
the long-time behavior of correlation functions is
studied with magnetic resonance, whereas con-
tinued fraction expansions or other expansions
based on moments are essentially short-time ex-
pansions. The continued-fraction method can de-
scribe dynamic properties of model systems
satisfactorily when simply one time scale is pres-
ent. When more time scales are present, this
method can deal with them only if the time scales
can be separated, as in the case of magnetic
resonance in three-dimensional paramagnets,
where the broadening mechanism and exchange
interaction can be separated.

The most important conclusion of this paper will
not only be that the mode-mode coupling theory
can successfully explain magnetic resonance
phenomena in one-dimensional systems, but
rather that the mode-mode coupling theory is
also the only theory yet explored for which this
is true. This does not exclude better theories
being developed in the future but it does exclude
some existing theories.

In many real quasi-one-dimensional magnetic
systems, the influence of the interchain coupling
cannot be neglected. A treatment of this effect
has been given by Hennessy, McElwee, and
Richards'? using a Kubo-Tomita-type calculation .
Such a treatment can only be used for the normal
EPR resonance, and is inapplicable for other
resonances. We will extend our theory in such a
way that the effect of interchain exchange coupling
can be incorporated. It is the first time that a
mode-coupling solution is given in the frequency
domain which includes the effect of interchain ex-
change coupling. The influence of interchain ex-
change coupling on the satellites will be shown to
be dramatic. We will indicate that the inclusion
of the interchain dipolar coupling is straightfor-
ward. Incorporation of both interchain interactions
is also possible within our theory.

It will be shown that the new observable EPR
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resonances are only present when the magnetic
field is swept and are not present, or at least are
strongly suppressed, when the frequency is varied.
It is a general feature of the theory that there is

a large difference between scanning the frequency
and scanning the magnetic field in a magnetic-
resonance experiment on a one-dimensional mag-
netic system.

In Sec. II the general theory is presented. In
Sec. III the theory will be applied to the EPR in
one-dimensional magnetic systems. Section IV
is devoted to the NMR, including cutoff effects.

In Sec. V interchain coupling will be discussed.
Section VI contains comparison with other theories.
In Sec. VII the concluding remarks will be pre-
sented.

II. GENERAL THEORY
A. Method

The total Liouville operator of the electronic
spin system is

L£=L ,+L&,+L£,, (2.1)
gz T ¥pt Ly

where £, is the Liouville operator of the electron-
ic Zeeman interaction, £, is the Liouville opera-
tor of the dipolar interaction, and £, is the Liou-
ville operator associated with the exchange inter-

" action. Our main interest lies in the 2= 0 region,
and exactly in this region the dipolar interaction
has to be included in the total Liouville operator
(2.1). To take advantage of the translational in-
variance of the interactions, spin operators will
be defined in % space

S(k,t)=N"1/23 "8 (t)e™ ;. (2.2)
7
The Kubo relaxation function will be written*3:*4
B
6%k, D [ )= [~ (k1)
0

xe "S¥ (k) ,  (2.3)

where a=0, (+), or (-) depending on which spin
operator is involved. The double angular brackets
denote thermal averaging. The scalar product
(2.3) has several important symmetry properties
in the time domain. They will be discussed later
on when we will investigate the symmetry prop-
erties in the frequency domain. The Mori projec-
tion operator method will be used'®:* to calculate
the relaxation function (2.3) in the long-wavelength
limit. We will show that the relaxation functions
we are seeking usually possess several reson-
ances. For this reason the calculations will be
performed in the frequency domain.

The Mori projection operator, which should pro-

ject onto the “slow” variables, is defined to pro-
ject onto single operators. In our spin system the
projection operator P* projects onto the single
spin-fluctuations states

Pr= D [SeRN [ (0] (SR (2.4)
k
in which X*(k) is the susceptibility
(S*(%) |S*(R)) .
Q“ projects onto the complementary space
Q%=I1-P<, (2.5)

The one-sided Fourier transform of the equation
of motion of the relaxation function can be writ-
ten'3: 14 .

- (S*(®) |(z - £)S%(R))

=x*(k)[z = w* (k) -T%(k,2)]", (2.6)
where the self-energy
Tk, 2) = Q£5°(k) |(z - Q*£Q)'Q°LS* (k)
x[x*(®)]1, 2.7)

and where we have the frequency
w*(k) = [Ex*(k)] ([S™ *(=k),S*(R) ] ). (2.8)

We are interested in the £=0 mode, and for this
mode the self-energy can be simplified consider-
ably

I*(k=0,2)={L,S*(k=0)|(z - Q*£LQ™) ' L,S%(k =0))
X [x*(k=0)]"%. (2.9)

The fluctuation-dissipation theorem connects
relaxation functions and correlation functions.
One can make a high-temperature expansion of
the fluctuation-dissipation theorem. As long as
the frequencies of interest are much smaller than
kg, the high-temperature form of the fluctuation-
dissipation theorem can be used

(A |B)=B{A'B)), (2.10)

where A and B are operators. The frequencies

we are concerned with are, in temperature units,
about 0.5 K, which is much smaller than the temp-
eratures of interest here. Consequently, we will
assume that Eq. (2.10) can be used for the dynamic
k=0 properties. If necessary one can use the sym-
metrized product of A" and B in (2.10).

Reiter and Boucher? used mode-coupling argu-
ments to treat the EPR spectrum of a one-dimen-
sional paramagnet with only the secular part of
the dipole-dipole interaction as the broadening
mechanism. We will include the nonsecular terms
of the dipole-dipole interaction in the calculation.
In the spirit of the mode-coupling formalism all
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four-spin correlations in I'*(%, z) will be decoupled
according to

KABCD))={(AB)) {CD))+({AC)) (BD))
+{(AD)) ( BC)), (2.11)

where, in the decoupled correlation functions, the
projection operator should of course be neglected.
This decoupling is well known, and has been dis-

cussed several times.!® If we include the nonsec-
ular terms in the dipolar interaction and apply de-

coupling (2.11) in expression (2.9), we are left
with many products of two-spin correlation func-
tions. We will retain only those products which
would possess frequency poles in a perturbation
calculation. That is to say, we only keep correla-
tions for which the total component of spin angular
momentum vanishes. These terms force us to do
the whole calculation self-consistently. The ne-
glect of the nonspherical terms will be discussed
at some length at the end of this section. The
self-energies can now be expressed as

r*(k=0,z)=-iﬁn'zlx*(k=0)N]'1f°e"" (9] AR) P20k, 1) (R, 2) + 8| B(R) |22 (K, 2)?
. - 0 [

+32| B(k) |22°(k, t)?+ 4| B(R) [2Z *(k,1)="(k,¢) +16 | C(k) |22~ (,)Z%(%,1)] ¢, Imz>0

and

(2.12a)

I(k=0,z) =il "?|x°(k=0)N] "f‘em 2[4 B®) 220k, )2 *(k, ) +8|C(R) |22k, t)2 +c.c.]dt, Imz>0,
(] k

where A(k) is given by
AR)=) e " uA(r,), (2.13)
i

in which

Alry)=-32g2B2r;}(3 cos®6-1), (2.14a)

and the other coefficients B(r,,) and C(r,,) are giv-
en by

B(r,,)=-%1g?2B2r;} sinf cosf (2.14b)

and

Clry)=-3g2Br;} sin?6.
In Egs. (2.12), =%(k,t) denotes
Z%(k,t)={(S"%(=k)e" i eu*Tpz *£p)tSU(E))), (2.15)

and 6 represents the angle between the magnetic
field direction and the chain direction. Equations
(2.12) can be readily generalized to nonzero .
These generalized equations should be solved self-
consistently. This is a problem of extreme com-
plexity and we will use a simpler approach. The
approximate solution we will obtain is estimated
to differ from the full mode-coupling solution by
less than 10%.

The magnetization is a conserved quantity in a
Heisenberg model. This is a manifestation of the
high symmetry of a Heisenberg model. The con-
servation leads to a slow decay of the 2=0 modes,
and of course to no decay at all for the 2=0 mode.

(2.14c)

(2.12p)

l

When we introduce an anisotropy term in the Ham-
iltonian (for instance, the dipole-dipole interac-
tion), the magnetization is not conserved any more.
This additional term has lowered the symmetry
of the Hamiltonian. As a result of this the £=0
mode has a finite lifetime and the 2~0 modes de-
cay faster. The modes we are discussing here
enter in the mode-coupling equations (2.12). The
mode- coupling structure of these equations indi-
cates that all modes participate in the damping
of the £=0 mode. Neglecting £, in expression
(2.15) would have dramatic consequences in (2.12).
The slow decay of the £ ~0 modes results in a very
inefficient damping of the £=0 mode. As a result
the self-energies I'*(k=0,z) would have several
poles on the real axis, and the spectral functions
associated with these self-energies would possess
unphysical characteristics. The retention of £,
in (2.15) removes the singularities. The £=0
modes decay faster due to £, and their friction on
the £=0 mode is effective enough to result in a
suppression of the poles in the frequency domain.
The damping of a mode with wave vector % is
described by the imaginary part of the self-energy
I'*(k,z). The real part of I'*(k,z) gives rise to
frequency shifts and could be interpreted in mag-
netic systems as “internal dynamic magnetic
fields.” The mode-coupling equations (2.12) indi-
cate that these internal dynamic fields damp the
k=0 mode. In other words, the real parts of the
self-energies of the 2 ~0 modes effect the imagin-
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ary part of the self-energy of the 2=0 mode. Of
course, this holds for all modes, demonstrating
the need for a self-consistent solution of the gen-
eralization of Egs. (2.12). We have emphasized
this point for the 2=0 mode, because we will only
solve (2.12), and not its generalization to nonzero
k. An approximate solution should take into ac-
count these dynamic internal fields.

Before we will turn to the solution of Eqgs. (2.12),
we will investigate the symmetry of I'*(k,z). The
symmetry of I'*(k,z) allows us to reduce the num-
ber of independent self-energies from three to
two, and exploitation of this symmetry simplifies
the calculations considerably. To find the sym-
metry of I'*(k,z) we will follow closely Gotze and
Michel,'® who discuss the symmetry of dynamic
succeptibilities. First of all, we will introduce
the spectral representation of I'*(k,z), which will
be denoted by I'*''(k, w),

f“""(k,w):—% fm dat et
*X( QLS (k)| eI 2% Qo g 5% (k)
x[x%®)] .

The connection between I'*(%,z) and I'® (£, w) is
given by

Tan (k, w) .

-
o -
r (k,z)_]:w do= s 2.17)
When z =w £ i€,
Tk, w+ie) =Tk, w)£iT (k, w), (2.18)

where T' (k, w) and ror (e, w) are related to each
other by the Kramers-Kronig-type relation

- +%0 K f‘all(k wl)
ol - '

T (k,w)_Pf_m dor Tt 2.19)

in which P indicates principle-value integration.
From (2.16) we conclude that

fall(k, w) ___fw ou/(_k, —w). (2.20a)

The time-reversal symmetry can only be indicated
properly if the dependence of I'*”(k, w) on the mag-
netic field is shown explicitly. We obtain

Tk, w, w) =T~ (—k, 0, ~w)) , (2.20b)

in which w; denotes the Larmor frequency. Con-
sequently, the imaginary parts of the 2 =0 self-
energies of the longitudinal magnetization (@ =0)
are even in frequency and even in w,. The self-
energies of the transverse magnetization modes

(2.18)

" (@ =%1) do not possess a well-defined symmetry

on their own, but they pass into each other as the
result of frequency reflection or as the result of
reversal of the magnetic field. The symmetry of
I'*(k, w) can now be determined with the aid of
Eq. (2.19) and the result reads

fwu(k’ w)=— f\aal(_k, —-w) (2.21a)
and

Tk, w,w) =" (-k, 0, -w,) . (2.21b)

The stability of the system in time is reflected by
the fact that

Lk, w)<0 .

The symmetry of I'*(, z) can also be established
and we find

*k,z)=-T"%k, -z), (2.22a)

%k, z)* == T~ %<k, —z%) , (2.22b)
and

Tk, 2, w,) =T~ %=k, z, -w,) . (2.22¢)

Having determined the symmetry of I'*(k,z) and
of I'*(k, w), we will now turn to the solution of
Egs. (2.12). For this purpose we will look in some
detail at the functions Z%(k, t), which act as damp-
ing kernels. In Egs. (2.12) the functions Z(%,t)
always occur in pairs. This is a consequence of
the mode-coupling approach. Since we are seeking
a solution in the frequency domain, we would have
to express these pairs of Z*(k,t) in terms of con-
volution integrals in the frequency domain., The
resulting equations would be hopelessly compli-
cated and would probably better be solved in the
time domain, A numerical solution in the time
domain, however, would very likely lose the pro-
nounced resonance structure of the self-energies.
We suggest an approximation which enables us to
evaluate the convolution integrals analytically.
This approximation can be tested afterwards and
will be shown to be good, in some cases even ex-
cellent. The justification of our approximation
with the help of the convolution integrals is
straightforward but.somewhat involved, and will
only be sketched. Actually, two approximations
are quite sensible, resulting in a “simple” solu-
tion and in an “improved” solution. Both will be
discussed.

Suppose we omit the dipolar propagator from the
evolution operator of Z%(k,¢), In that case we are
dealing with a “pure” Heisenberg two-spin corre-
lation function. The self-energy in the low fre-
quency and small k limit is known,'* and given by
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}zim lim‘ (UL, SYR) (z - R%L,QY) QL , S*(k))
>0 2o+ i€

X [X*() " =—i D, (2.23)

in which D is the spin-diffusion coefficient. The
occurence of spin diffusion is connected with the
conservation of the magnetization. Let us intro-
duce the dipolar and Zeeman propagator next. In
the strongly exchange-coupled system we want to
describe w,, wy <J/%, where wy is a typical dipo-
lar frequency. Making use of this inequality in the
generalization of (2.12) to nonzero &, it can be ar-
gued that?

%k, z)=T%(k=0,z)-iDk? (2.24)

for those wave vectors for which the diffusion law
holds. Fortunately, in the one-dimensional wave-
vector sums we will perform, only those wave

vectors contribute significantly. Inserting (2.24) in

(2.6), and taking the high-temperature limit (T
>J /ky) results in

(S%(R)| (w +i€ —£)IS%(k))
=[3(lal+1)ISE +1)
X Blw - aw, +i€ +iDk?
-T%k=0,w+i€)]"! | (2.25)

which, apart from the factor g3, is the one-sided

Fourier transform of Z%(k,¢). The principal action

of I'*(k =0, w+i€) in (2.25) is to produce a finite
width for this spectral function when % is small
and when w=aw,. If k differs considerably from
zero, the influence of I'*(k =0, w +i€) is small.
This illustrates the fact that only the long-wave-
length dynamics is influenced noticeably by the
dipolar interaction. It can be demonstrated that
even if # is small (but if w differs considerably
from w,) the retention of I'*(k =0, w +i€) in the
spectral function (2.25) is unnecessary to obtain
meaningful results when these functions are used
for the damping kernels Z*(&,t) in order to cal-
culate I'*(k =0, w +i€). To verify this fact, one
should write all Z*(%,t).in Eqs. (2.12) in their
Fourier representation. Neglect of all self-ener-
gies then gives always nondiverging results except

when the complication w= aw, occurs in the various
terms. This argument indicates that the simplest
possible description of the spin dynamics is to set
the self-energy in (2.25) equal to a constant

Tk =0,w+i€)=T%k =0, aw, +i€)=—il'* = (2,26)

when Eq. (2.25) is used for the damping kernels

Z% (k,t) of (2.12). Whenever one would like to in-
troduce a constant self-energy, it is simple to
show that choice (2.26) is the only reasonable one.
In the first place, it is only in the neighborhood of
w =aw, that the influence of I'*(k =0, w +i€) is im-
portant. In the second place, the derivative with
respect to frequency of the imaginary part of the
self-energy is very small, sometimes even zero,
when w=aw, This can be checked a posteriori.
Furthermore, at those orientations of the magnetic
field for which the secular part of the dipole-dipole
interaction dominates, the spectral functions
should be independent of w,. Our choice (2.26) has
precisely this effect, Consequently, choice (2.26)
is the only consistent choice which can be made
within this approximation scheme.

There are now two ways to proceed. Using Eq.
(2.26) in Eq. (2.25) enables one to transform this
equation into the time domain, resulting in damped
cosines for the damping kernels Z%(k,¢). The
“simple” solution for the k =0 dynamics consists
of replacing all Z%(,t) in (2.12) by

Uk, t) =5 (@] +1)S(S +1)e Pr-T% - jawt
’ A%
(2.27)

The integrations in Egs. (2.12) can be performed
analytically, and the constants I'* are determined
self-consistently with the help of Eq. (2.26). The
“improved” solution can be obtained by replacing
in Egs. (2.12) only one Z*(k,t) by expression
(2.27) in a pair of Z%(k,t). Which one should be
replaced in products like Z%(k, ¢ )2 (k, ¢ ) will be
extracted from the simple solution.

B. Simple solution

Substitution of (2.27) in (2.12) for all functions
Z%k,t) gives

[*(k=0,w+i€)=—ili"2c}S (S+1)(2D) 2 A2(0) (< w +iwy +€ + IO+ T )71/ | 8B2(0)(—iw + A w, + € + 2T%)1/2
+6B%(0)(—iw+€+20°) /24 4B2(0)(—i w +€ + T* + T* ¥)~1/2  8C2(0)

X(-tw-iw,+€ + T +r+*)-1,/z] ,

and

(2.28a)

Ik =0,w +ie) = =7~ 2c3S(S + 1)(2D) "V [4B*(0) (= iw +iwy +€ +T°+T*) "2+ 4BX(0)(=iw =iw, +e€ + [0+ **)~1/2

+16C%(0) (= iw +2iw, +€ +2I%)~Y/?

+16C3(0)(=iw — 2iwy+€ +2r+*)-1/2] ,

(2.28b)
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8 - Wy=56.5GHz .
M =3.3GHz
e =0°

-M*"(k=0,W)(GHz)

FREQUENCY / W,

FIG. 1. Self-energy I+ (£=0,w) as a function of fre-
quency. Dashed line: simple theory; solid line: im-
proved theory. The three figures correspond to three
different orientations of the magnetic field.

T T
T ]
Wo=56.55 GHz
M =3.3GHz .
3 L e =5474° 4

-F*"(k=0,W){GHz)

FREQUENCY/ W,

FIG. 2. Self-energy I'%/(£=0,w) as a function of fre-
quency. Dashed line: simple theory; solid line, im-
proved theory. The two figures correspond to two dif-
ferent orientations of the magnetic field. When the dash-
ed line is not present, the two theories give the same re-
sults. The 6=0° result has not been presented because
T (=0, w) is then zero. :

in which ¢ is the lattice constant of the Heisenberg
chain. The complex constants I'* are to be deter-
mined self-consistently by introducing (2.26) into
(2.28). The three equations one obtains for 1°
and I'* can be solved very easily numerically. In
Figs. 1 and 2 results have been displayed, show-
ing T*"’ (£ =0, w) for three characteristic orien-
tations of the magnetic field as a function of w:

(i) 6=0° (no nonsecular terms), (ii) §=54.7° (no
secular terms), and (iii) 6 =90° (only half of the
nonsecular terms present). Clearly visible is

the resonance structure of T*''(k =0, w) induced
by the dipolar interaction. The self-energies de-~
pend on both w and w, From a theoretical point
of view the w dependence is more fundamental,
but from an experimental point of view the w,
dependence is more interesting. In Figs. 3 and 4
the results of the simple solution are shown as a
function of w,. The §=0°results depend ohly on

w —w, and Fig. 1 can also be used for variation

of the magnetic field. As expected, the resonance
structure is still visible and the connection be-
tween the two types of experiments is that the
resonance at 2w, in the frequency domain should
be visible at “half-field” (3w) in a plot in which
the magnetic field is varied. Note that the self-
energy T+ (k= O,w)' does not show a resonance at

W =56.55GHz

g 1 E M =3.3 GHz 1
= 0 =5474°

3

o 0 i | :

"

-

L3

.

o v ]
-2 -1 0 1 2
MAGNETIC FIELD /W

FIG. 3. Self-energy T+ (=0, w) as a function of the
magnitude of the magnetic field. Dashed line: simple
theory; solid line: improved theory. The two figures
correspond to two different orientations of the magnetic
field. When the dashed line is not present, the two the-
ories give the same results.
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| W= 56.55 GHz
N=3.3 GHz
0= 54.74°

-r°"(k=0,W){GHz)

MAGNETIC FIELD / W

FIG. 4. Self-energy T (k=0,w) as a function of the
magnitude of the magnetic field. Dashed line: simple

theory; solid line: improved theory. The two figures cor-

respond to two different orientations of the magnetic
field. When the dashed line is not present the two the-
ories give the same results.

the Larmor frequency when § =54.7° which points
to a Lorentzian line shape for the spectral func-
tion at this orientation. The results in the neigh-
borhood of zero magnetic field should be consid-
ered with some reservation if the corrections due
to the nonsecular terms are large because the
neglect of the nonspherical correlations cannot

be justified in this magnetic field region. The
parameters I'° and I'* depend on w, through

the nonsecular terms and consequently, the cal-
culation of the w, dependence is considerably more
time consuming than the w dependence. Neverthe-
less, the solution is still simple. In principle,
the simple solution can be presented with the help
of reduced variables. This feature is lost in the
improved solution. For this reason, and because
reduced variables usually do not add to the read-
ibility of results, we will not use these reduced
variables. The parameters which determine the
solution of (2.28) are the orientation of the mag-
netic field, the magnitude of the magnetic field,
the frequency w, and the value of the anisotropy
parameter 7,

-1/2 had 2
n/2=8(5 +1) (CB) o (2 Y (2.29)
=5

in which the dipolar frequency w, =gZpZ/c®%. The
numerical solution of (2.28) is simple and fast and
can be obtained easily for all values of the para-
meters. In Figs. 1-4 some characteristic values
have been used for the parameters.

C. Improved solution

Inspection of Fig. 2 shows that the approxima-
tion to take I'°(k =0, w +i€), constant around zero
frequency, is indeed an excellent approximation.
The approximation regarding I'*(2 =0, w +i¢) is
good when 6 is close to 54° but becomes less so at
orientations far away from this orientation. I
(¢ =0,w +i€) is clearly frequency dependent, and
the approximation to replace it by a constant in
the memory kernels of Egs. (2.12) is not so good.
The improvement consists of setting only (% = 0,
w +ie) equal to a constant in pairs of =%(k,t). Sev-
eral pairs do not contain T°%, ¢); in that case, we
still use the same kind of approximation. That is
to say, for the product S*(k, t)=*(k,t) we use Eq.
(2.27) for only one =*(k,t). Let us now calculate
one of the terms in Egs. (2.12), for instance

f et oH(k, 1)k, t) dt

(]

=i S%S+1)? [z2— wo+il° +2iDk?

-T*(k =0,z +iDk? +iI°)]*.
(2.30)

The simple solution (2.28) can be recovered if
z2=w +ie and if we put

Tk =0,w +ie +iT° +iDk?) =T*(k =0, w, +i€) .
A considerable improvement will be to set

T =0,w+i€+iT°+iDk? =T*(k =0, w +ie — ImI%) .

(2.31)

A similar procedure has been followed by Reiter
and Boucher.? This type of approximation will be
used for all terms in Egs. (2.12). In (2.31), Imr°
is of course equal to zero, but it has been retained
there because in the analogous equations for other
pairs of =%(k,t), Imr*, and ImI"~ occur and they
do not vanish. The resultant equations which
should be solved self-consistently are
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I*(k =0,w +ie) = =i~%c3S(S +1)(2D) /*[ $A*(0)[~iw +iw, +€ +iT°(k =0, d€) +iT*(k =0, w +ie)]~*/2
+8BX(0)[~iw +2iw,+e +iT*(k =0, w, +i€) +iT*(k=0,w — wy +ic — ReT*(k = 0, w +ie))]~ /2
+8B2(0)[f iw+e +iT%k=0,i€) +iT°k =0, w +i€)]~Y/?
+4B%(0)[~iw +€ —iT*(k =0, w, +ie)* +iT*(k =0, w +w,+ic + ReT*(k =0, w, +ic))]~ /2

+8C3(0)[~ iw —iwo+€ +iT°(k = 0,5€) — iT**(k=0, —w+ i€) ]*/2] (2.32a)
and

T =0,w +ie) ==i7%c(1/3)S(S + 1)(2D)‘:‘1 2[4B¥(0)[-iw +iwy+€ +iT°(k =0,i€) +iT*(k =0, w +ie)]~1/2
+4B%(0)[~iw —iwy+e +iT°(k =0,i€) - il**(k=0, —w+i€) /2
+16C*(0)[-iw +2w, +€ +iT*(k =0, w,+i€) +il*(k =0, w — w,+ic — ReT*(k =0, w, +ie))]~ /2

+16C3(0)[-iw — 2w, +€ — iT**(k =0, W, +i€)

—iT**(k=0,~w — w, +ic + ReT*(k =0, w, +ie))]*/2]. (2.32b)

Equations (2.32) form a set of four coupled equations. The principal difference between the structure of
(2.28) and of (2.32) is that in the latter, self-energies at different frequencies are coupled. This means
that numerical determination at each frequency is required. To determine the effect of varying w, one
needs to solve Egs. (2.32) in the complete frequency domain for each w,. In Figs. 1 and 2 we have dis-
played the results of the frequency dependence of (3 =0,w). In Figs. 3 and 4 the w, dependence has
been presented. Since in these figures the results of the simple solution have also been shown, one can
compare both calculations easily. As expected, the largest difference occurs at §=0° and the smallest
difference at 9 =54°. As could be anticipated, the improved solution has the effect of broadening the re-
sonances in the self-energies. .

In the section on EPR in one-dimensional magnetic systems (Sec. III) we will discuss in detail the spec-
tral functions which are associated with the self-energies calculated in this section.

D. Local properties

In some cases, for instance in an NMR experiment on one-dimensional systems, one is more interested
in local properties than in wave-vector-dependent correlations. It is not difficult to calculate the low-
frequency behavior of these local properties, like pair spin correlations because the influence of the k=~ 0
modes dominate these correlations also.' In other words, Eq. (2.24) can be used for the wave-vector de-
pendence of the self-energies. We obtain

(S¢(w +ie = £)71SF)=N"1Y e 1:(S% (k)| (w +i€ — £)725%(k))]
k

+1 )
= —iﬁ%—s(s +1)D" V% [~iw +iawy+€ +iT*(k =0, w +ie)] 2. (2.33)
I
T'*(2 =0,w +ie) has been calculated [solution of the self-energy is a second-rank tensor, and we
(2.28) or of (2.32)]. have only calculated its diagonal part. As long as
we keep only the secular part of the dipolar inter-
E Not action, this is exact. However, the nonsecular
. ote

terms introduce a coupling between correlations
Before turning to the spectral functions, there of different angular momenta. What is the reason
are two things which should be clarified. Actually, that our exact formalism did not yield equations



for the nondiagonal part of the self-energies? We
introduced three projection operators, viz., P*,
P~, and P°, but in doing so we did not allow a
coupling between the slow variables. This can be
done easily through defining a more general proj-
ection operator, which would couple the three
slow variables and would introduce the necessity
of considering correlations like

(S*(R)(z~L£)"'S™(R). (2.34)

The study of these terms introduce a tremendous
increase in complexity to the problem. To our
knowledge, no dynamic solution is available in
which the dipolar interaction has been taken into
account fully, that is to say, without separation of
secular and nonsecular terms, and taking into
account correlations like (2.34). It is the magnetic .
field which allows us to introduce the partioning
in a secular and nonsecular terms, and it is the
Heisenberg interaction which makes correlations
like (2.34) less important. As long as the non-
secular terms are small, correlations like (2.34)
can be neglected. A justification can be given in
our case g posteriori. If the resulting self-ener-
gies have pronounced resonances at positions de-
termined by the magnetic field and widths deter-
mined by the dipolar interactions, the neglect of
the nonspherical correlations can be justified.

The second point which needs a clarification is
the importance of the short-time behavior of the
correlation functions. This part of the correla-
tion functions is not at all important in the neigh-
borhood of resonances in the self-energies. How-
ever, far away from these resonances, the short-
time dependence becomes somewhat more impor-
tant. The importance of the initial time depen-
dence of the correlation functions increases if the
Larmor frequency increases. The result is that
some linewidths (for instance the magic-angle EPR
linewidth) will be underestimated a little using
large Larmor frequencies. We will not correct for
this effect because it would introduce an extra
parameter in the theory of which no serious esti-
mate can be made. Luckily, the correction is
small, and in the majority of experimental line-
width determinations, one can correct experimen-
tally for this effect by studying the dependence of
the linewidths on the resonance frequency.

III. SPECTRAL FUNCTIONS AND EPR

The formalism developed in Sec. II is very well
suited to treat the EPR absorption in one-dimen-
sional paramagnets. The reason for introducing
the particular scalar product (2.3) in the foregoing
section is that this product is closely related to
the linear response of the system. Absorption of
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radiation is usually described in terms of the
complex susceptibility tensor

x”(k,w)=x:,-(k,w) +iyji (e, w), (3.1)

where ¢ and j are Cartesian components or com-
binations of them. The fluctuation-dissipation
theorem connects the imaginary part of the sus-
ceptibility with the spectral representation of
(S%(E)|(z - £)~'S%(). In an EPR experiment the
k =0 susceptibility is measured. From now on,
the label 2 will be removed from the susceptibil-
ity in this section and %2 =0 is implied."

When the microwave field is polarized circularly
and perpendicular to the static magnetic field
(whose direction is z by definition), the rate of
absorption per volume is”

Pjp (w) =30H I [x}, (@) = xpe (@) +x0 (@) +x00 ()]

(3.2)

The microwave-field x, y, and z components are
H, coswt, H,sinwt, and 0, respectively, in this
case. It is advantageous to rewrite the tensor y
in the complex tetragonal axis system, in which
x+iy=+, x —iy ==, and 2 =0. In this new axis
system

by () =3wHy!" (w) . (3.3)

If the radiation is polarized linearly and perpen-
dicular to the static magnetic field, the rate of
absorption is given by

p'le (w) =%‘wa [x:_:_ (w) +X:_'_(w)] , (3.4)

where the nondiagonal parts have been neglected.
The microwave components in this case are

H, coswt, 0, and O for x, y, and z, respectively.
The nondiagonal parts of the susceptibility tensor
are associated with correlations like (2.34), which
were neglected. When the microwaves are polar-
ized parallel to the static magnetic field, the ab-
sorption is calculated to be

P (w) =3wH xbo () . (3.5)

1t is clear from Egs. (3.3)—(3.5) that we need to
know x4 (w). The fluctuation-dissipation theorem
connects these dynamic susceptibilities with the
spectral representation of (S%(% =0)|(z — £)-1S%(%
=0)), which will be denoted by §%"'(w). The rela-
tion between §*''(w) and (S*(% = 0)|(z - £)~'S%(k = 0))
is the same as the relation between 1"%(%,z) and
I'*"'(¢,w) (see Sec. II). The fluctuation-dissipation
theorem implies’*

X (W) == 0S¥ (w) . (3.6)

Combination of the fluctuation-dissipation theorem
(3.6) with Eqgs. (3.3)-(3.5) tells us that the spectral
functions S*'’(w) determine the EPR absorption.



1332 AD LAGENDIJK 18

We will investigate these spectral functions. in
detail. One ghould realize that in case of frequen-
cy variation, the widths of the spectral functions
may be slightly different from the widths of the
EPR absorption if the resonances are very broad
due to the factor w? in P(w).

The symmetry properties of §%''(w) will not be
considered here explicitly, because it is very
easy to derive them from the symmetry properties
of the self-energies I'*(2 =0, w +i€) [ see Egs.
(2.20) and (2.21)]. The functions $*''(w) depend
on both w and w,. Traditionally, in theoretical
studies, w, is being held constant, and w is being
varied. Forced by practical considerations, an
experimentalist keeps w constant and w, is being
swept. Under certain circumstances there is a
one-to-one correspondence between the two situa-
tions. One of the conditions is that the resonance
lines should be situated very close to the free-
electron g value. .

Varying the frequency, while keeping the mag-
netic field constant, is a more natural way of in-
vestigating the magnetic system. One is looking
at the linear response of one-and-the-same sys-

1.2 [0 T T
1.0 |- Wy=56.55GHz
FM =3.3GHz

B X500
e =0°

-5+ () (10710 sec)
o~

T

©=90°

x1200 x200

L

FREQUENCY/ W,

FIG. 5. Spectral function $*'/(w) as a function of fre-
quency. Dashed line: simple theory; solid line: im-
proved theory. The three figures correspond to three
different orientations of the magnetic field. When the
dashed line is not present, the two theories give the same
results.

tem as a function of the frequency of the external
perturbation. In a magnetic field swept experi-
ment, one is looking at the linear response of
different systems to one-and-the-same external
perturbation. A magnetic field swept experiment
cannot be interpreted as the linear response to the

 perturbation of the static magnetic field. In Sec. II

the dependence of T'*(k=0, w) on both w and w, has
been calculcated. Therefore it is possible to in-
vestigate both situations, (i) w, constant and w
being varied, and (ii) w constant and w, being
varied. -

In Figs. 5 and 6 the spectral function $%'*(w)
have been displayed as a function of frequency
and they correspond to the self-energies shown
in Fig. 1 and 2. In Figs. 7 and 8 the spectral
functions §%'’(w) have been presented as a function
of w,, and they correspond to the self-energies
displayed in Figs. 3 and 4. As could be anticipated,
the resonance structure of the self-energies mani-
fests itself as the appearance of satellites in the
spectral functions. Again, there is roughly the
correspondence that the resonance at 2w, in the
frequency domain occurs at 3w in a magnetic field
plot. The difference between frequency scanning
and magnetic field variation is demonstrated by the
pronounced resonance structure in $”*(w) when w,

56.55 GHz |
3.3 GHz —
54.74°

=
wonon

-5 (w) (1010 sec)
o

FREQUENCY/W,

FIG. 6. Spectral function goer (w) as a function of fre-
quency. Dashed line: simple theory; solid line: im-
proved theory. The two figures correspond to two dif-
ferent orientations of the magnetic field. When the dashed
line is not present, the two theories give the same re-
sults.
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6 T
W =56.55 GHz
M =3.3 GHz
©:=54.74°

L =

~s* (W) (10 -V sec)

MAGNETIC FIELD/ W

FIG. 7. Spectral function s’ (w) as a function of the
magnitude of the magnetic field. Dashed line: simple
theory; solid line: improved theory. The two figures
correspond to two different orientations of the magnetic
field. When the dashed line is not present, the two the-
ories give the same results.

T
W =56.55GHz|
M=3.3GHz |
©:54.74°

3
w 2 -
ad = -
T
o 0 t
3
H
w
'

MAGNETIC FIELD/W

FIG. 8. Spectral function S °"(w) as a function of the
magnitude of the magnetic field. Dashed line: simple
theory; solid line: improved theory. The two figures
correspond to two different orientations of the magnetic
field. When the dashed line is not present, the two the-
ories give the same results.

is varied. In a frequency swept experiment the
satellites of both §*** and §°(w) are suppressed
by the fundamental resonance. On the other hand,
in a field-swept experiment, only L§*"'(<.u) shows

its fundamental resonance but 5§°‘(w) does not,
because its fundamental resonance is located at
zero frequency in a frequency plot. Some limiting
situations can be observed regarding the spectral
functions. §”’(w) has a Lorentzian shape around
zero frequency, and is constant around zero mag-
netic field. When 6 =0°, §”*(w) is a & function in
frequency space. At this orientation, S, commutes
with the Hamiltonian and there is no decay channel
for longitudinal magnetization. Of course the
width of §°’(w) becomes finite when one introduces
additional perturbation like interchain dipolar )
interaction. The fundamental resonance of $*’’(w)
has a Lorentzian shape near the magic angle, and
its width exhibits the typical one-dimensional

w /2 or w;1/2 dependence at this orientation.

The difference between the improved solution

and the simple solution can be ignored at the
magic angle. At all other angles except in the
6=0° region, the improvement consists of a slight
broadening of the resonance. In the neighborhood
of 6§ =0° the simple solution differs qualitatively
from the improved solution. When 7 is rather
large (in the range which produces full half-widths
> 3w,) the simple solution results in an unphysical
double-peaked structure for §*’’(w) which is caused
by the fact that the resonance in the self-energy is
too sharp at this orientation.

We will discuss, the some extent, the linewidths
of the fundamental resonance of §*'’(w), that is to
say, we will focus.on an ordinary EPR experiment.
In Fig. 9 we have depicted the full half-width of the
EPR linewidth (field scan) as a function of the
orientation of the magnetic field. In addition, the
experimental data on tetramethylammonium-
manganese-trichloride (TMMC) obtained at X
band are presented in the same figure. A full
angular variation study at K band has been re-
ported previously.® The parameter 1 was ad-
justed to the best fit. Dietz et al.® interpreted
their results with only the secular part of the
dipolar interaction as the broadening mode.

Reiter and Boucher employed a completely
different theory using the same broadening mecha-
nism.? In both cases the linewidths exhibit a
(3cos? - 1)*/3, An evident failure of this approach
is a vanishing linewidth at the magic angle. This
defect in the theory was clearly recognized by
Dietz et al.,® and an estimation of the nonsecular
contribution was given.'? We have included in Fig.
9 the earlier theories plso and scaled them to fit
the 6 =0° linewidth. The improvement we get with
our theory is very gratifying. The first ameliora-
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2.8 T T T T T T T
Wy=56.55 GHz ]
24 M-3GHz b
L —— (3cosZe-1)4/3 ]

FULL EPR HALFWIDTH (GHz)

6 (DEG)

FIG. 9. Full half-width of the EPR line of TMMC as a
function of the orientation of the magnetic field. Dashed
line: (3cos?0—1)4/3 theories; solid line: this work with
n=3 GHz; crosses: experiment at X band.

tion is the finite linewidth at the magic angle.
However, it is also in a different way that the non-
secular terms shine light on the problem. Leaving
out the nonsecular part from the dipolar interac-
tion, our theory would also possess the
(3cos?6- 1)*/3 behavior. Introduction of the non-
secular terms, which is an additional broadening
mechanism, results in a narrowing of the line
when 6 is near 90°, resulting in a less steep be-
havior of the linewidth as a function of 6 when
6>60°, in agreement with experiment. It is the
first time that this pure one-dimensional effect
has been reported. The explanation for this effect
will be given now. One aspect of the addition of
the nonsecular terms is an additional broadening
because more damping kernels are inserted, which
makes the damping of the =0 mode more effec-
tive. Another aspect is that the correlation func-
tion connected with the secular broadening, which
can be indicated schematically by
{83 ()S2(£)S7(0)8%,(0))), decays faster due to the
presence of the nonsecular terms in the evolution
operator. This causes a change in line shape and
a less effective damping of the k=0 mode. The
latter effect overwhelms the former at 6 =90° and
inclusion of the nonsecular terms results in a re-
duction of the linewidth of about 20% for this
orientation. In three-dimensional systems the
second effect can be neglected because the dipole-
dipole interaction can be disregarded in the propa-
gator, and the introduction of the nonsecular terms
always gives rise to an additional broadening.

As far as possible satellites are concerned in

S*#(w), the only resonance which could be ob-
served if linearly polarized microwaves are used
is the half-field resonance. The intensity should
scale with sinfcosf. Together with the request
that the principal resonance should be as narrow
as possible, the magic angle seems the most
suitable orientation for this resonance. Using the
value 7=3 GHz, one calculates that this resonance
is smaller than the normal resonance by a factor
of 3000 for TMMC. Although this resonance has

a very small intensity, it might still be observable.
A handicap for the observation of this satellite is
the impossibility to study the angular dependence
due to the presence of the normal resonance. In
TMMC this satellite was not observed. An addi-
tional complication is that the resonance at half-
field in S°’(w) might interfere due to inhomogeneity
of the microwaves. Materials with much smaller
linewidths probably do not improve on this situa-
tion because the intensity of the satellite will also
decrease with decreasing dipolar interaction. Any-
way, the resonance is very small and its ob-
servability remains an open question.!”

_ It is clear that the linewidth of the Lorentzian
S%’(w) in the frequency domain near the origin is
given by I°7(0). This quantity shows roughly a
sin?0 behavior due to the domination of the corre-
sponding dipolar term. The well-defined resonance
at half-field in §'(w) in a magnetic field plot has
been treated in detail previously.? The improved
solution increases the linewidths of the half-field
resonance when 6 =90° by about 10%. The reso-
nance at the Larmor frequency in S”‘(w) has not
been observed yet. Its major feature is the inten-
sity factor sinf cosf. The observation of this
satellite requires a very homogeneous microwave
field in order to minimize the perturbation of the
highly allowed resonance in $**'(w). The simul-
taneous observation of both resonances in §°"(w)
would be of importance because the calculated
relative intensity of both resonances could be
checked with experiment. It is interesting to note
that both resonances would be suppressed dramati-
cally in a frequency variation study due to the
resonance at zero frequency (see Fig. 6).

In the calculation of the linewidths in TMMC, we
have adjusted 5 to get the best agreement, and this
value was =3 GHz. Calculation of 5 yields
=6 GHz.!® This discrepancy has been found
earlier, and several possible explanations have

-been put forward. One can seek the origin of the

difference in the decoupling of the correlation
functions. Another possibility is the introduction
of single-ion anisotropy as a broadening mecha-
nism, which could lead to a narrowing of the reso-
nance because cross terms of single-ion anisotropy
and dipole-dipole interactions occur. We will not



discuss this point further but we would like to stress the
following point: without the nonsecular dipole-dipole
terms the problem contains one parameter. Conse-
quently, all results should scale with this parameter
and a 3 cos?®d -1 behavior will always be found.
Experimental data were interpreted by adjusting
this scale parameter. Takingthe nonsecular terms
in consideration adds an extra parameter to the
problem (for instance, the frequency of the mi-
crowaves). The results depend on both parame-
ters and a simple scaling law is absent. It
turns out that in the case of TMMC, the reduction
of 1 is not only necessary to get absolute agree-
ment with the linewidth for some specific orienta-
tion but is also necessary to get the relative angu-
lar variation correct. This is very pronounced

for the half-field transition in §”‘(w) because at
this low field, the nonsecular terms are very im-
portant.

We will not report comparisons between experi-
mental and theoretical line shapes. The most im-
portant orientations are certainly 6 =0°, 6 =54.7°,
and 6 =90°. At 6=0° our theory of the ideal chain
is equivalent to the theory of Reiter and Boucher.?
These workers compared their resulting lineshape
with the Kubo and Tomita’ theory. A surpringly
good agreement was found between the two theo-
ries. The Kubo and Tomita theory is known to de-
scribe the § =0° EPR resonance well.® At 6=54.7°
our theory gives a Lorentzian line shape in agree-
ment with experiment. The 6 =90° experiments are
important for various reasons. We will wait with a
comparison between experimental and theoretical
line shapes until the EPR results are known for
various frequencies of the microwaves for this
orientation.!®

IV. NMR IN ONE-DIMENSIONAL MAGNETIC SYSTEMS

Rather than using the expressions for the nuclear
T, and T, of Moriya® immediately, the expres-
sions will be derived using a different formalism.
This formalism has as major advantage that the
time dependence of correlation functions is de-
fined precisely. This is important because small
perturbations can have dramatic effects when they
occur in evolution operators. The need for the
precise description of this time dependence is
illustrated by the fact that wrong conclusions have
been drawn regarding the NMR spectra of one-
dimensional systems due to the use of incorrect
propagators.'® o

The NMR in magnetic systems is a clear-cut
example of motional narrowing. Motional nar-
rowing can be described as a special case of a
weak coupling situation. The Liouville operator
for the nuclear problem £, can be written
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Ly=Lyz+&+ &, , (4.1)

in which £y, £; and £, are the Liouville opera-
tors of the nuclear Zeeman interaction, the cou-
pling of the nuclear spins to the lattice and the
lattice, respectively. The lattice in this case is
the electronic spin system and the coupling between
the lattice and the nuclear spin system is via the
contact and/or dipole-dipole hyperfine interaction.
In three-dimensional systems the lattice can be
represented by the Heisenberg exchange coupling
and electronic Zeeman interaction. On the other
hand, in one-dimensional magnetic systems the
dipole-dipole interaction has to be kept in the
Hamiltonian of the lattice. The reason is that the
k=0 modes are very important and would give
rise to zero-frequency poles. Any term in the
Hamiltonian which lowers the symmetry of the
Hamiltonian will act so as to suppress this diver-
gence. As a consequence, the largest of this low-
symmetry term has to be kept in the lattice Hamil-
tonian. It is clear that in any real system such

an interaction will always exist (dipole-dipole in-
teraction or single-ion anisotropy). If we would
leave out this term the hyperfine interaction would
act as the diffusion cutoff. This academic prob-

" lem is much more difficult to solve because there

would be no large separation between the time-
scales of the nuclear and electronic spins.*

In view of the above remark the Liouville opera-
tor of the lattice will be taken into account as

£, =L,+8p+ L5, (4.2)
The nuclear spins change very slowly.compared
to the electronic spins. One would like to have a
projection operator P, which projects onto the
nuclear spin space. Oftentimes, one uses projec-
tion operators which in some well defined way take
the lattice average of the operator on which they
work.?? However, our formalism is based on cor-
relation functions rather than equations of motion
for density matrices and a Mori-type projection
operator is more suitable. The energies involved
in an NMR experiment (~10-2 K) are much smaller
than %5 in the majority of experiménts, and one
could immediately write down correlation func-
tions rather than relaxation functions. This will
not be done here because the relaxation functions
are defined as scalar products and, taking advan-
tage of some properties of scalar products, the
resulting equations will look somewhat neater
than in the case when they are written in terms

of correlation functions.

The complete set of operators consists of nu-
clear spin operators, electronic spin operators,
and combinations of them. The set of nuclear op-
erators will be denoted by Iy. This is a complete



1336 ' AD LAGENDIJK 18

set in the nuclear subspace and contains all nu-
clear operators of all inequivalent nuclei coupled
to the electronic spins. The operators P, projects
onto the subspace of the nuclear operators

Py=Y.

a,8CIy

|y (a|B). 8], (4.3)

where (@ l3>-1 is the apth element of the inverse of
the matrix (a | B). The scalar product is defined
in the space spanned by all operators. This space
is much larger than the space of the electronic
spin operators or the space of nuclear spin opera-
tors only. The dynamics of the nuclear spins is
of course irrelevant for the dynamics of the elec-
tronic spins and can be disregarded in the ESR
problem. The reverse is obviously not true and
the full space has to be used. @, projects on the
complementary space of P,

Qy=I-P,. (4.4)

Application of the Mori projection-operator tech-
nique leads again to exact and useful equations.
However, the scalar product of two different
nuclear operators does not need to vanish in prin-
ciple. It is a question of choosing a suitable basis
set to minimize the mixing. Anyway, the result
is that the evolution of all slow nuclear operators
is coupled and the exact equation will be a matrix
equation. This equation reads’

;[zam3 -y~ T (2)]

X@lz-L) ) =(aly), (4.5)
in which ‘
Qo= Z (a, 81068, (4.62)
and

I'y(2) =Za: @vEyal(z-Qy LyQW) 7 QuL48)88)., -

(4.6b)v

All the summations in these equations are over
the setI,. The usefulness of these matrix equa-
tions depends on the possibility to expand the pro-
agator e!9¥ENAN?t into something more tractable.
The way to proceed is to expand this propagator
with £, as a small parameter. It must be clear
by now why the dipolar interaction had to be in-
cluded. If it had not been included, the expansion
with £; as a small parameter would not have been
very useful because the correlation

(L0 [ (2 = £4)L,B) would diverge for zero fre-
quency. The reason is that in this case one is es-

sentially dealing with an electronic spin pair cor-
relation function which has a zero-frequency pole
in the case of one-dimensional diffusion. The
expansion reads

(B-QuerQ@n) =2 - Ly - L)+ (2 =8y, ~L )
x ("PN£NZ+QN£1)
(&= Lygm L ) leeer . @)

Inserting this expansion in the expression for the
self-energy one calculates that the next nonzero
term after the first is at least smaller than the
first one by a factor of w,/w;, w; being a charac-
teristic frequency of the hyperfine interaction,
and w, a characteristic frequency of the lattice.
The smallest value for w, occurs when it is de-
termined by the dipolar propagator. In Sec. III
w, has been calculated in this case and demon-
strated to be of the order of several hundred
Gauss, indeed much larger than w;, being of the
order of several Gauss. Consequently, there is
indeed a separation of time scales and as a re-
sult only the first term of expansion (4.7) needs
to be used in the self-energy. The self-energies
can still be simplified considerably if the proper
nuclear operators are used. We will first con-
sider the situation when only one nuclear spin is
present. If only one nucleus is involved, a con-
venient set of nuclear operators is the irreducible
spherical tensor operators like I*,I17)I°,
(AN2)I*I°+I°T*), etc. This set has the useful
property that {a'8) is of order one if @ and B are
identical, and much smaller if @ and g are dif-
ferent operators. Using this basis, the matrix
equation can be simplified considerably. The
succeptibility {(a |[3), a and B being nuclear oper-
ators, is essentially a trace in spin space be-
cause Eq. (10) can be used, and this trace vanishes
in the high-temperature limit when o and g are
different nuclear operators. Consequently, the
susceptibility matrix is diagonal and so is its
inverse. One should realize that neglect of cor-
relations having a w/k, term leading in a 1/k,
expansion where w is any relevant frequency, is
only correct if these quantities are compared with
correlations having a leading term of order one
in a 1/k 5 expansion. Combination of Eq. (4.6b)
with the approximation we made with respect to
Eq. (4.7) shows that the self-energy of memory
matrix is also diagonal. Because the frequency
matrix is also diagonal, all slow nuclear opera-
tors are decoupled. Furthermore, the fact that
the frequencies in an NMR experiment are much
smaller than any relevant lattice frequency, can
be used to simplify the self-energy even more.
The lattice frequency is the frequency scale for-



the self-energy I'¥ (z). The decay of nuclear
- magnetization is then determined completely by
Y (z=i€)=~iy,.
After having made some well understood ap-
proximations, one arrives at decoupled dynamical
equations for the nuclear magnetization

Tz - LI =%(la|+ )OI+ 1)

X (2+awy+iy)™?, (4.8)

in which wy denotes the nuclear Larmor frequency.

One is only interested in the dynamics of the nuc-
lear magnetization since the aim is to understand
the NMR spectra. The presented formalism gives
all nuclear correlations, for instance also
(@er*+r1+°) | (z = Ly)t{1*+1°1°), which could

be of use in other situations. In (4.8), I* repre-
sents nuclear spin operators of one nucleus. The
extension to include all nuclear operators of in-
equivalent nuclei is straightforward, leading to
uncoupled equations for all of them. The reson-
ance is thus described by a Lorentzian line shape
or a sum of Lorentzians and the decay of non-
equilibrium nuclear magnetization is being char-
acterized by an exponential decay or a sum of ex-
ponentials. If more nuclei are involved with the
same. Larmor frequency, say protons, but with
different linewidths, the resulting linewidth is
still Lorentzian if the individual Lorentzians have
almost the same linewidth. In that case the line-
width is the average of the individual linewidths.
In many calculations this average is calculated,
but it should be realized that this in only meaning-
ful if the condition with respect to the individual
linewidths if fulfilled. An important complication
may occur when the nuclear positions are time
dependent. In our language this means that we
have to extend the Liouville operator of the lat-
tice (4.2). The way one has included these effects
is standard.

In all cases, 7y, is the important parameter and
should be compared with experiment. v, is es-
sentially a property of the electronic spin system
with some geometrical coupling factors involving
the nuclei. The calculation of these geometrical
factors is rather technical and can be involved.
However, the most important part of calculation
of the self-energy

&1 I (le-Lyy—Ly—-Lp- ‘f‘Ez)-l‘eIIa) )

in which @ is 0, (+), or (-), consists of the cal-
culation of

(Sh|(le—0'wy - Ly - £y —L5,)"SE)
in which =0, (+), or (-). The range of |i-j|

depends on the convergence of the dipolar part
of the hyperfine interaction. Taking into account
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the relative magnitude of w, compared to w,, the
two important quantities to be calculated are

f3.5G€)=(S}|(ie =Ly — £, - £5,)S} (4.92)
and
oG =(S| (e~ Ly =L~ L5,)1SY . (4.9)

These quantities have been calculated in Sec. I
and the results were

fi.,(ie)=—iB3S(S+1)D/2¢

X [e+iwy+il*(k=0,4€)]™ /2,  (4.10a)
fo.,(Ge)= —ipLiS(S+1)D /3¢
X [e+iT°(k=0,i€)]™/2 . (4.10b)

It is conventional to write the NMR relaxation
. 25(S+1 . .
')/0=T11=-—£—3—-—);Ajf‘,’(z€)+3, fiGe), (4.11)

in which essentially the real parts of expressions
(4.9) are meant. In such a way the geometrical
factors are separated. The largest problem is
now that these geometrical factors are usually not
known precisely because of the incertainty in the po-
sitions of the ions (for instance protons) subject
to the coupling with the electron spin Even if

the positions are known or quessed, the calcula-
tions of the dipolar factors need not converge very
rapidly.

In the case of the TMMC, the 6=0° and 6=90°
proton 7,’s were measured very thoroughly.®
Clément measured the complete angular depen-
dence.?® In Fig. 10 we present our calculation of
T and T7:. In a T,, experiment a different nuc-
lear correlation is excited, and consequently,
different geometrical factors are involved. We
have used the geometrical factors of Clément
referring to a simplified model of proton loca-
tions.2® The parameter 1 has been adjusted. The
experimental data in this figure are from Clément.
The fit is more than satisfactory, and the value
of # which would result from the used parameters
is 4.75 GHz. This should be compared to n=3 GHz
obtained from the EPR data. The uncertainty in
the proton locations should be recalled.®?3

We note that our theory gives only the diffusive
contribution. Under those experimental condi-
tions for which the damping is ineffective, for
instance magic-angle experiments on $**(w) or
determination of the magnetic field dependence
of f f,’(ie), one might reach a situation in which the
short-time dependence of the correlations becomes
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FIG. 10. Tji! and T3} of protons in TMMC as a function
of the orientation of the magnetic field. Solid line: this
work using geometrical coupling coefficients of Ref. 23
with n=4.75 GHz. Circles: experiment of Ref. 23.

important. We have discussed this point at the
end of Sec. II. '

The angular dependence of the nuclear spin lat-
tice relaxation times is much less fundamental
than the angular dependence of the electronic
spin-relaxation times. The characteristic one-
dimensional angular dependence of the spin dynam-
ics is masked in an NMR experiment by the un-
interesting angular dependence of the geometrical
coupling factors. If the NMR of the magnetic ions
could be observed, a situation would be present
comparable to the EPR experiments, with an in-
teresting nontrivial angular dependence of the
linewidths.

V. INTERCHAIN INTERACTIONS

Two types of interchain interactions will be
considered here. The first type does not commute
with the total magnetization, like interchain
dipole-dipole coupling, and this interaction adds
a broadening mechanism to the problem. The
line shape remains of pure one-dimensional char-
acter and the decoupling of correlation functions
involving spins on different chains is correct. It
might be surprising that a four-spin correlation
function which is written as a combination of pro-
ducts of two-spin correlation functions having
diffusion tails on their own, also decays according
to a diffusion law. The key lies in the fact that
one has to sum over all lattice sites. In fact
the same effect occurs in the pure one-dimen-
sional case. We would like to stress that solutions

of the one-dimensional diffusion equations, expres-
sed with the help of the imaginary Bessel func-
tions, is very useful in this respect. For in-
stance, the above-mentioned problem is dealt

with very easily using Neumann’s addition theo-
rem of the Bessel functions.?® The other type of
interaction which will be considered, the inter-
chain Heisenberg coupling, does commute with

the total magnetization, and gives the damping
process a three-dimensional character.

The influence of interchain dipolar interaction
can be calculated easily. The most important
work is the calculation of the second moments
of the variousterms of the interchain dipolar in-’
teraction and adding them to the 2=0 second mo-
ment of the intrachain dipolar coupling. These
second moments depend on the orientation of the
magnetic field, although not as simple as the
k=0 part of the intrachain dipolar interaction.

The reason for this complication lies in the fact
that the internuclear vectors of two interacting
spins on different chains are not parallel in gen-
eral. We will not go into details; however, the
corrections are small and they can be easily
calculated within our formalism. One excep-
tion is, of course, the linewidth of $°”(w)

when 6=0°; the line shape will change from a 6
function to a Lorentzian with a width determined
by the intrachain dipolar interaction. The in-
corporation of this effect is thus straightforward.
The change compared to the ideal one-dimensional
case is the inclusion of the second moments of the
interchain dipolar interactions'in the broadening
terms. The calculation of these moments is
straightforward, although in low-symmetry cases
they are certainly not simple. The rest of the
calculation proceeds in the same way as for the
ideal one-dimensional case.

The interchain exchange interaction is much
more interesting. It is obvious that when the in-
terchain exchange becomes comparable to the
intrachain interaction, our approach breaks down
completely. The self-energies would contain no
pronounced resonance structure. When the inter-
chain coupling is small, on the other hand, our
calculation can be extended to include this term.
We will soon be able to state more precisely what
we mean by small. A small interchain interaction
is extremely interesting because in many real
materials this interaction cannot be neglected.

In addition, the introduction of a small interchain
Heisenberg exchange interaction shows beautifully
the fading away of the resonance. structure in the
self-energy, and the decrease in magnitude of the
self-energy (more effective narrowing). We will

>

- first treat the situation in which the Heisenberg

interchain coupling is the only important inter-



chain term, and later on we will show how one
can treat both interchain interactions (dipolar and
Heisenberg) simultaneously.

The self-energies depend now on three wave-
vector components: k,, k,, and k.. This axis
system is crystal fixed, and c¢ is the chain direc-
tion by definition. The other reference frame
%, vy, and z is magnetic field fixed. The wave-
vector dependence of the self-energy is only known

J
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in the long-wavelength limit. However, the wave-
vector sums over k,, k,, and k,, will also contain
short-wavelength contributions from the @ and b
direction. We will have to make an approximation
which is good throughout the whole Brillioun zone.
In a situation where all modes contribute, the
detailed dynamics of one mode is usually not so
important. With this in mind the following ap-
proximation is made?:

I‘“(E, W+ 3€)= I‘“(§=0, W+1€) — 4i% sin® (—kia) —41'-D—° sinz(k—”‘b) - 4i% sinz(lezic) B (5.1)

2

where D,, D,, and D, are the diffusion coefficients.

There are several theories which relate the off-
chain diffusion coefficients to the off-chain ex-
change constants. The difference between these
theories is at most a factor of 2 in the off-chain
diffusion coefficients.?2¢ Actually, Eq. (5.1) can
only be applied to an orthorombic magnetic lat-
tice due to symmetry reasons. For instance, in
hexagonal crystals cross terms would occur in
k. ky, and k.. This case could be treated also,
the only difference being that the wave-vector

this term of I'*(k=0, w+ i€) reads

2

I

sums would be more involved. The implicit
Markovian character of the Heisenberg dynamics
as expressed by (5.1) obviously breaks down at
short times and large wave vectors, but the cor-
rections due to this effect will probably be small.
We substitute Eq. (5.1) in the mode-coupling equa-
tions (2.12) and to show how the calculation pro-
ceeds we will pick out one term [the first term of
I'*(k=0,w+i€)]. We integrate this term over the
time using the approximation which we have used
to obtain our improved solution. The result for

N3ANFN ;‘ZZZ{IA(kC) | 2[— iw+iwg+ €+ 0%k =0, i€)+iI*(k=0, w + i€)

kg Rp kg

8D, . 2(k“ ) 8D, '2(kb 8D, . 2% -
+—z sin'|5taf +—=5° sin -—Z—b) +—= sin (70)

in which N,, N,, N, denote the number of spins in the @, b, and ¢ direction, respectively.
We will sum over %, and assume D,/c*> D,/a?, D,/b%, '®*. One obtains

A, (5.2)

2
A=N;1Nill—§/%ckz%: [—-iw+iwo+e+il“°(k=0,ie)+iI"'(k=0,w+ie)
8Da 5 z(ka ) 8Db -z(kb =1/2° 5.3
+—z sin’{ Fra) + =52 sin —2—b . ,( -3)

I

When D, or D, is equal to zero, the remaining
wave-vector sum can be done exactly. However,
we would like to be able to trace the three-dimen-
sional correction to the ideal one-dimensional
solution in any stage of the calculation. In ad-

dition, when both D, and D, do not vanish, the re-
maining wave-vector sums cannot be done exactly.
For these reasons we assume that D,/a? D,/b?<T*
and expand the square root in powers of D, o/ T,
One finds after performing the residual wave-
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vector sums

O . N s
=t [—iw +iw + €+ iT0(k =0, i€) + iT*(k =0, w +1€)]™ /2
2‘/5—1)—0 [ 0 ( ) ( ’
X [1 - (2(?" + i’z’b) [—iw + iwy+ €+4T°( =0, i€) +_z‘1“’(k=0,w+z'<)]"+'"] , (5.4)

where the dots indicate higher-order terms,
We will only consider the lowest-order correc-
tions, although inclusion of higher-order terms
is possible. If many higher-order terms need to
be considered, the method becomes impractical.
Qur criterion for a small interchain coupling is
clear whether or not many higher-order terms
are to be included. The procedure followed here
can only be used for materials which exhibit a
qualitative one-dimensional behavior. When many
terms are needed in Eq. (5.4), the dynamics are
not describable anymore as perturbed one dimen-
sional. It is not surprising that our formalism
breaks down or becomes impracical for three-
dimensional dynamics. In this region, other
theories are preferable.?’

The nice thing about Eq. (5.4) is that it can be
separated into a one-dimensional contribution and
three-dimensional corrections. We have used the
approximation method as expressed by Eq. (5.4)
for all terms in the mode-coupling equations; and,
of course, the whole machinery of the self-con-
sistent procedure can be started again. As indi-

T T T T T
Wgq=56.55GHz ——— no interchain exchange
& M =3.3GHz —— with interchain exchange

(Dq =Dp=0.35GHz)
——.~ three dimensional case

A A
| i
A I
R [\

© =90°

-F*"(k=0,W)(GHz)

three dimensional case

0 - 1 Il Il 1 1
-3 -2 -1 0 1 2 3

FREQUENCY/ W,

FIG. 11. Self-energy T’ (=0, w) as a function of fre-
quency for the magnetic field perpendicular to the chain
direction. Dashed line: no interchain exchange. Solid
line: with perpendicular diffusion constants of 0.35 GHz.
Dash-dot line gives the results when the Heisenberg sys-
tem would have cubic symmetry.

T

cated above, again a simple and an improved
solution exists, and the calculation of Secs. II and
IIT can be repeated again, but now with a finite in-
terchain exchange coupling. We will only give
some general results. Inspection of Eq. (5.4)
shows that the self-energies with finite interchain
exchange result in self-energies having resonances
which are smaller and broader as has been antici-
pated. A practical consequence of this behavior is
that the difference between the simple solution and
the improved one becomes smaller. InFig. 11 we
present the results of a calculation of the self-ener-
gies with inclusion of interchain exchange. In Fig. 12
we present the results of a calculation of the angular
dependence of the full halfwidth of the fundamental
resonance of the transverse magnetization (EPR
linewidth). We see that the influence of the inter-
chain coupling is twofold. In the first place, the
linewidth becomes smaller, and in the second
place, the angular variation becomes less pro-
nounced. Both features are inherent to the three-
dimensional character of the narrowing process.

2.8 T T T T T T T

—— Dg=Dy=0.35GHz |
24 | .

— Du=Db=0
i W =56.55 GHz
20 [ N =3.3 GHz

FULL EPR HALFWIDTH (GHz)

© (DEG)

FIG. 12. Full half width of the EPR line as a func-
tion of the orientation of the magnetic field. Dashed line:
1=3.3 GHz and no interchain exchange. Solid line: 7
=3.3 GHz and with perpendicular diffusion coefficients
of 0.35 GHz.
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For illustrative purposes we have also indicated
in Fig. 11 the results in case the Heisenberg
dynamics would be completely three dimensional
(cubic).

One might wonder if it is possible to treat the
corrections due to interchain dipolar and inter-
chain exchange coupling both at the same time. If
both corrections are small this is even simple.

In this case when the broadening term; which con-
sists of a one-dimensional dipolar and a three-
dimensional dipolar part, is multiplied with nar-
rowing terms like Eq. (5.4), one does not need

to take into account the cross terms of both in-
terchain interactions and the extension is trivial.
If this is not allowed, the calculation becomes
complicated. We will not go into-detail because
we do not think that this is of much practical value
at present.

VI. COMPARISONS WITH OTHER THEORIES

Hennessy et al.'? developed a theory within the
Kubo and Tomita framework which was used to
explain experimental data on one-dimensional
systems. Interchain exchange coupling was in-
cluded in their study. The theory of Kubo and
Tomita’ has some disadvantages which were dis-
cussed recently? Apart from this point, the cal-
culation of Hennessy et al.'? is essentially a cal-
culation in the time domain. In general, a cal-
culation in the time domain is not suitable to treat
extra resonances and, in particular, the Kubo
and Tomita theory” cannot deal with the extra
resonances at all. The reason is that in the Kubo
and Tomita theory one deals with pure Heisenberg
evolution operators and these cannot cut off the
one-dimensional diffusion.

Furthermore, Hennessy et al.'? included only
the secular part of the dipolar interaction. In the
neighborhood of 6=0° both our theory and the
theory of Hennessey e? al.'? will probably give
similar results, and the use of either of them is
a matter of taste or of calculdtion time. We note
that in the neighborhood of 6=0° our theory is
completely equivalent to the theory of Reiter
and Boucher? if no interchain coupling is present.

Boucher et al.® presented a complete theory
regarding long-wavelength dynamics in one-di-
mensional magnetic systems including interchain
effects. The theory was used to explain EPR and
rather extensive NMR data concerning TMMC.
Their calculation was done in the frequency do-
main. There are principal differences with this
work and they will be discussed now. Boucher
et al.® interpret their data in terms of what they
call the “total spin torque” (TST) correlation
function. This function appears after calculating

the spectral function of a two-spin correlation
function. To compute the frequency dependence
of a two-spin correlation function they essentially
use the following identity:

(z - ‘,(3)"1 =21+ L2724+ £22%(2 - L) . (6.1)

This is a moment expansion and can be expected
to be useful at high frequencies, where a simpli-
fication of £227%(z — £)™ might be possible. In
one-dimensional systems the major difficulty lies
in the low-frequency behavior. The use of identity
(6.1) to describe the low-frequency properties
does not seem profitable. One would like to have
an equation which is able to treat low- and high-
frequency behavior such as Mori’s equations of
motion. Boucher et al.® manipulate (6.1) incor-
rectly to get such an equation. This can be seen
as follows: taking matrix elements of identity
(6.1), the second term 6n the right-hand side
causes the shift of the resonance. These shifts
are small and can be neglected. The third term
on the right-hand side was argued to be negligible
compared to 2!, The conclusion of this simplifi-
cation should be (z - £)™ ~2z™, which is not of any
use because all information of the system is lost.
The equation used by Boucher ef al.® can be der-
ived correctly within the Mori framework. One
uses the expansion of (z — Q*£LQ%)™ in powers

of the dipolar interaction. This expansion is very
useful in describing the long-wavelength dynamics
of three-dimensional magnetic systems. The ob-
vious reason why it cannot be applied directly to
one-dimensional systems, is that when z-7¢,
divergencies will show up when matrix elements
are taken. An expansion in diverging diagrams

is very inconvenient; however, if one keeps z far
away from i€, the expansion of (z — Q*£Q%)™ in
powers of the dipolar interaction might still be of
value. This situation is present in the wings of
the principal resonance of $*”(w), which is the
normal EPR line. The wings of the EPR line are
thus determined by pure four-spin correlation
functions that is, without dipolar evolution opera-
tors. Analyzing the wings of the resonance line
could yield information about the Heisenberg sys-
tem without invoking any &ecoupling. The wings
of a resonance line are of course difficult to study
for intensity reasons. Boucher et al.® did not
analyze the wing structure of the 6=0° spectrum
directly, but they scaled it with the central part
of the resonance, which spoils the argument that
information is gained regarding uncoupled pure
correlation functions. The situation is much simp-
ler at the magic angle (6=54.7°), where the secu-
lar part of the dipole-dipole interaction vanishes.
The expansion of (z - Q*£Q*)™ can now be used
for the central portion of the resonance and, con-
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sequently, the central part reflects properties of
pure four-spin correlation functions. The experi-
mental data indicated unambigiously that the four-
spin correlation functions involved in this experi-
ment possess diffusive tails.® In some cases the
pure four-spin correlation determine the NMR
cut-off frequencies, and the diffusive character
was also proven in this case.**° However, if one
wants to describe the resonance properties of
one-dimensional magnetic systems without in-
voking decoupling procedures, it is impossible
to extract the diffusion coefficient of the four-
spin correlation functions from the experimental
data. Boucher ef al.® did infer the magnitude of
the diffusion constant of the four-spin correlation
functions (Dqgr) from the experimental data. It
will be demonstrated that such a procedure im-
plies decoupling and cannot considered to be a
way of finding D,gr independent of decoupling arg-
uments.

The total-spin-torque correlation is connected
with

(LpS%(k=0)| e uat-i2e2t L SR =0)) ,

which is a combination of pure four-spin corre-
lation functions. The four-spin correlation func-
tions which differ only in their spin components
are linearly dependent.?® This holds because the
dipolar interaction is not present in the propaga-
tor. A typical term for S*(2=0) is proportional to

(1) = N"1952(S + 1)

3 3
D9 ( ¢ ) (-9—) (2 S+ ent 5050y
i#j1#m \7i Yim .

(6.2)

If one assumes diffusive behavior for ¢(f) we know
that at long times ¢(t) is proportional to #1/2, If
¢(2) is diffusive, 2¢(¢) also is, and obviously one
needs a normalization factor to be able to infer the
complete time dependence of ¢(¢) from the as-
sumption of diffusive behavior. This normalization
should be found without invoking decoupling argu-
ments because we investigate the possibility of
extracting information from experiment without
decoupling. Exact properties known of ¢(f) con-
cern the small time behavior. One could like to
normalize ¢(f) using its value at =0. However,

it is impossible to make a connection between

¢(0) and #/2 directly. A solution of the one-
dimensional diffusion equation which has a finite
short time behavior and shows the /2 tail is
proportional to

e2Prs1°%] (2Dng,c7?)

where Ii(¢) is the modified Bessel function of
zero’th order and argument ¢, Dy, would be the
diffusion coefficient of ¢(?) and consequently, also
of the TST correlation. Calculating ¢(0) exactly
gives the result ¢(0)=4p(6), where p(n) is the
Rieman ¢ function of order #.2* Using the Bessel
function solution and ¢(0) as normalization, we
find for the long-time behavior

& (2)=4p(6)(4mDygrc 2ty /2 )

()~ 4.08(4nDpgc )2 (6.3)

ST .
It is interesting to investigate the long-time be-
havior of ¢(¢) introducing decoupling of the four-
spin correlations. The decoupling gives

baeclt) =2NL D E2(R)e™2PKt | (6.4)
]

in which
E(k)=2 e*is|r, |,
7

and where D is the diffusion coefficient of the two-
spin correlation functions.
The long-time behavior of ¢4, (2) is

Pacelt) = 8p%(3)(8nDc2t)™ /2
~11.56(87Dc2(#)™/2 .- (6.5)

There is a large numerical difference between
(6.3) and (6.5) if one realizes that Dqgy will be of
the order of 2D. Using Eq. (6.3) in the analysis
of experimental data, one would obtain values
for Dpgr which are much too small (~400%).
Furthermore, the short-time normalization we
sketched is arbitrary and other normalizations
are equally good or bad. Boucher et al.® used

¢(#)=11.56(47Dpgpc™2t)™/2 | (6.6)

It is clear from the discussion above that such
an assumption implies decoupling and consequent-
ly cannot be considered correct if one does not

" want to apply decoupling of four-spin correlation

functions. In our opinion, at the present stage of
the theory two possibilities exist for a diffusive
¢(2): (i) Eq. (6.5) implying an independent mode
approximation or (ii) ¢(#)=M#"'/2, in which M is
an unknown normalization factor. Without de-
coupling Dpgr cannot be obtained from experiment
because it is not the only factor determining M.
In the formalism of this paper, no four-spin
correlation functions are needed because they
are decoupled directly. It is nevertheless easy
to trace back the frequencies where the results
could have been interpreted in terms of pure
four-spin correlations. Whenever in the equa-
tions for I'*(2=0, w+i€) in the inverse complex



square-root terms like I'*(k =0, w+i€) can be
neglected, the results could have been des-
“cribed using the pure four-spin correlation func-
tions. This situation arises for instance in
I'*(=0, w+i€) at the magic angle. In the major
part of the frequency domain this simplification
is invalid and even if the pure four-spin correla-
tion functions can be used, one cannot extract the
diffusion constant of these functions from experi-
ment as has been outlined above. Consequently,
the use of decoupling everywhere in the frequency
domain is much more elegant, and that is why
this procedure has been followed throughout this
paper. ‘

The way Boucher et al.® introduced the cutoff
of the diffusion is arbitrary because it is applied
essentially to a three-spin correlation function
which is not suited for these purposes and, in
addition, their argument is based on an order of
magnitude estimate. For instance, the satellite
in 397 (2w,~w) would have a completely different
angular behavior than the angular behavior pre-
dicted with our theory, which is in agreement with
experiment.® There remains one thing which needs
to be clarified. Boucher et al.° used for the §=0°
EPR experiments a theory which is mathematically
similar to our simple solution. We have indicated
that exactly in this region the value of the simple
theory is doubtful because it can produce a two-
peaked structure for the EPR line (see Fig. 5).
Apart from this problem they get a much smaller
width than we get, and their width is also much
smaller than the calculated linewidths of other
theories.?!? ' In our opinion the explanation for
this dlscrepancy is that they used the wrong sign
for the real part of the self-energy I*'(¢ =0, w).

It is not difficult to show, with the help of the
Kramers-Kronig relation (2.19), that if the im-
aginary part of the self-energy consists of a single
symmetric resonance, the real part will always
act so as to broaden the spectral function. A re-
versal of the sign of the real part in our case nar-
rows the resonance and removes the double-
peaked structure in most cases, although this is
of course an invalid procedure.

Recently, some new spectacular effects were
predicted to be observable with NMR experiments
on one-dimensional systems.!® These predictions
are in contradiction with the excellent data ob-
tained on TMMC.**° We have aobtained elsewhere
that these new spectular effects were obtained
by solving an unphysical model incorrectly.?!

VII. CONCLUDING REMARKS

In this paper, a theory has been presented on
high-temperature dynamics of one-dimensional
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magnetic systems in the presence of a magnetic
field. The interactions which have been taken in-
to account are the Heisenberg exchange interac-
tion, the Zeeman interaction, and the intrachain
dipole-dipole coupling (secular and nonsecular
terms). In addition, corrections due to interchain
effects have been incorporated. The basic assump-
tion of the theory is the decoupling of certain four-
spin correlation functions leading to equations
which can be classified as mode-mode coupling
equations. The qualitative aspects of our results
do not depend on the decoupling, but of course the
actual widths and magnitudes of resonances re-
sult from the decoupling approximation.

Many features were shown to be purely one di-
mensional. A striking feature of all the results
is the appearance of well-defined resonances in
the self-energies (memory functions) of the spec-
tral functions. It is this resonance structure in
the self-energies which gives rise to satellite lines
in the spectral functions. The ultimate success of
the theory is undoubtedly the observation of such a
satellite line in the EPR spectrum of TMMC.® The
three-dimensional systems behave quite different-
ly. The self-energies have extremely broad reso-
nances, and these resonances do not show up in any
way in the spectral functions (see Fig. 11).

The theory is valid for all orientations of the
magnetic field. An important result has been ob-
tained when the magnetic field makes an angle of
90° with the chain axis. At this orientation the
EPR linewidth is reduced when one introduces
the nonsecular terms of the dipole-dipole coupling.
In three-dimensional systems the introduction of
the nqnsecu‘lar terms always gives rise to an addi-
tional broadening of the resonance lines. An ex-
perimental determination of the dependence of
line shape, linewidth, and line position on the fre-
quency of the microwaves at this orientation would
be very welcome. Such an experiment would con-
stitute a critical test of the theory.

The spectral function which have been calculated
in this work can also be used to evaluate NMR
linewidths in one-dimensional magnetic systems.
The complicated angular dependence of the geo-
metrical factors masks somewhat the influence
of the anisotropy of the dynamical properties on
the NMR linewidths. In addition, these geometri-
cal factors are not known to a high precision. We
have obtained satisfactory agreement between ex-
perimental and theoretical T, and T,, data of pro-
tons in TMMC for all orientations of the magnetic
field using a simplified model for the geometrical
factors.

At some frequencies and at some specific orien-
tations of the magnetic field, an interpretation is
possible which does not rely on decoupling of four-
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spin correlation functions. However, in contrast
to conclusions of previous work,® the diffusion
constant of the four-spin correlation functions can-
not be inferred from experiment directly. Real-
izing, in addition, the limitations in frequency and
orientation, the formalism without decoupling was
not pursued. Although we have indicated where
and how, one transforms the equations so as to

let them apply to the case of no decouplihg.

The influence of interchain exchange starts to
become important if its magnitude cannot be ne-
glected when it is compared with the (theoretical)
EPR linewidth obtained without the interchain per-
turbation. Its effect is most dramatic when the
magnetic field is parallel to the chain direction.
At the magic angle (6=54.7°) the influence of the
interchain exchange is much less pronounced.

We hope that the theory will be applicable to the
magnetic resonance of a variety of one-dimension-
al materials.*® Because some controversy exists

with respect to the EPR linewidth in TMMC, 2% 12,30
more experiments are necessary to find out
whether or not TMMC behaves somewhat patholog-
ically. Throughout this paper we have used the -
dipole-dipole interaction as the broadening mech-
anism. The treatment of single-ion anisotropy or
even both single-ion anisotropy and dipolar inter-
action as the broadening mechanisms is possible,
and would only change the £=0 second moments

in our theory.*°
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