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Magnetic relaxation in one-dimensional exchange-coupled (CH3) 4NMnC13 is found to be
dramatically different than it is in three-dimensional exchange-narrowed paramagnets.
A theory which accounts properly for the special long&ime persistence of spin-correla™
tion functions in one dimension is shown to explain the observed behavior.

We demonstrate here the dominant role of di-
mensionality in the spin dynamics of exchange-
coupled systems as reflected in their magnetic-
resonance properties. We have studied the Mn"
EPR in single crystals of the one-dimensional'
antiferromagnet (CH, )4NMnCl, (TMMC). Although
the Mn spins are strongly exchange coupled, the
form of the line shape, the magnitude of the line-
width, and the anisotropy of both with magnetic
field direction differ sharply from the predictions
of standard three-dimensional exchange-narrow-
ing theory. We can explain quantitatively each of
these anomalous experimental results by taking
account of the special long-time persistence of
spin correlations in one dimension.

The single-crystal samples of TMMC used
were grown from solution' and ground in the form
of thin disks with a diameter-to-thickness ratio
greater than 10. The c axis of the sample lay in
the plane of the disk. Measurements were made
at 24 6Hz (K band) using a spectrometer consist-
ing of a frequency source stabilized on an exter-
nal cavity, a reflection-type cavity with variable
coupling, and a crystal detector. A cylindrical
TEogg cavity was used and the dc absorption sig-
nal recorded directly. In all cases the samples
were oriented such that the dc magnetic field
(Hd, ) could be rotated in the plane, with the mi-
crowave field always perpendicular to the plane
of the disk.

The half-power linewidth ~, obtained from
the resonance data at 297'K, versus the angle 8

(between Hd, and the c axis) is shown in Fig. (1)
for 24.031 6Hz. The X-band data were found to
be almost identical, indicating the essential fre-
quency independence of ~ in this region. There

is a small error in the linewidths in Fig. (1)
since the microwave absorption signal was large
enough to detune the cavity even when using the
smallest practical sample size (-1.8 mm in di-
ameter). However, a few profiles were recorded
point by point where the oscillator frequency was
adjusted to the cavity resonance at each IId, set-
ting. These line shapes were symmetric and
centered about a value of g =2.01. As seen in
Fig. (1), the resulting linewidths (labeled "best
data linewidths") do not differ greatly from those
recorded without resetting the oscillator. At
6 =0 (Hd, inc), the observed linewidth is a factor
of 5 larger than predicted by exchange-narrowing
theory. Even more disturbing is the observation
that the anisotropy of ~ is in total disagreement
with the (1+cos'8) dependence' of that theory.

1400

1200

1000

Pn 800

~ 600

400

200

0—80 —60 -40 -20 0 20 40 60 80 100 I 20
0

FIG. 1. The anisotropy of the full width at half-pow-
er, ~H, of the K-band EI'B absorption in TMMC at
297 K. Here 8 is the angle between the linear-chain
axis and the applied field.
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The detailed line shapes observed at the extre-
ma of the ~-vs-8 curve in Fig. (1) are shown in
Fig. (2). To avoid distortion of the true line
shape, the spectrometer was carefully adjusted
to ensure square-law detection over the complete
range of absorption levels. At 0 =0' and 0 =90',
the shape departs significantly from the Lorentz-
ian ordinarily expected. However, the line is
Lorentzian at 8 =54' (where 3 cos'8-1 =0).

Low-temperature studies indicate that there is
no significant change in the line shapes with tem-
perature above about 80'K. Thus the data re-
ported at 297'K may be considered representa-
tive of the infinite-temperature limit. The con-
sequences of the strong one-dimensional correla-
tions that occur below 80'K will be discussed in
a subsequent publication.

In spite of the large ratio (-10-100) of exchange
to dipolar fields in TMMC, the linewidth and
line-shape evidence presented above cannot be
understood in terms of standard exchange-nar-
rowing theory. These failures are particularly
striking in light of the detailed success' of the
theory in explaining paramagnetic resonance in
three-dimensional systems. To understand the
source of this difficulty, we examine the basic
ideas of exchange-narrowing theory. Kubo has
shown4 that, if relaxation is governed by a Gauss-
ian random process, ' then the relaxation function
y(t) (which is the Fourier transform of the line
shape) has the form

p(t) = exp[- MJ (t 7.)g(7-)d7], (1)

where M, = 2/(0) is, by definition, the second
frequency moment of the resonance line. Here
g(r) is the normalized [tj'(0) =1] correlation func-
tion between torques on the spins by the perturb-
ing Hamiltonian H'. In the present case II' is the
dipolar Hamiltonian and $(~) is a sum of four-
spin correlation functions of the form' (S;+(t)
x S„(f)S„(0)S (0)).

In the standard theory, ' a finite correlation
time ~, -1/a&„defined by 7', = Jo"g(7)d7, is as-
sumed to exist, so that for times t » ~, the inte-
gral in Eq. (1) is proportional to t. This expo-
nential time dependence of y(t) implies a Lo-
rentzian line shape. (Since usually the relaxation
rate M, ~, « ~, ', the line is Lorentzian through-
out the region of experimental interest. ) How-
ever, if g(~) is governed by diffusion processes
at long times (g-7 '", where d is the dimension-
ality of the system), then in a one-dimensional
system 7, as defined above diverges, and both
the central line shape and the width are given in-

o 8 =0' (Hllc)
c 8 =eO (HgC)
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FIG. 2. The inverse of the line profiles for the points
labeled "best data linewidths" in Fig. 1. Frequency
is given in units of half-width at half-power, 4~ f/2.
The parameter 4 in the expression for p sets the ab-
solute frequency scale.

correctly by the standard theory.
Previous studies of NMR linewidths' and hyper-

fine contributions to EPR linewidths, ' where ((7)
contains only simple two-spin correlation func-
tions, indicate that the assumption of long-time
diffusive behavior is essential to a proper inter-
pretation of the data. We expect' that the more
complex four-spin correlation functions of the
dipolar problem will also exhibit long-time diffu-
sive behavior. From Eq. (1) the consequent 7 '"
asymptotic dependence of g(7) leads' to a line
shape which is the Fourier transform of exp(-A
&& P"), intermediate between Gaussian and Lo-
rentzian, as shown in Fig. (2). With this single
diffusive assumption we obtain a universal curve
with only one free scale parameter, the full width
at half-maximum. The agreement with experi-
ment when IId, ~~ c is striking.

The same simple model explains the angular
anisotropy in both width and line shape. The time
dependence of the operators in g(i) is governed
by the unperturbed (nonfluctuating) Hamiltonian
—i.e., exchange plus Zeeman interactions. The
former leads to decay of t/r(7') (assumed above to
be diffusive) at long times, but in general this is
also sinusoidally modulated at integral multiples
of the Zeeman frequency ~,. In this regard it is
convenient to make the standard separation of
P(7) into terms coming from the secular part of
the dipolar Hamiltonian [-(3cos'8-1)(5.5-3S,S,)],
whose Zeeman time dependence vanishes, and
those from the nonsecular part, with time depen-
dence exp(-iAMu&ot), where hM e 0 is the change
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in magnetic quantum number associated with the
spin operators in these terms. The modulation
in the nonsecular terms washes out the anoma-
lous contribution from the long-time diffusive
tail. These terms then contribute a simple expo-
nential to y(t). Thus

p(i) —exp [-A,(3 cos'8-1)'t'"-A, f(8)i].

The dominant term in the exponent at most an™
gles 8 is the first one, in which the time t is
scaled by (3 cos'8-1

~
", and this is the principal

angular dependence of the linewidth, as indicated
in Fig. 1. The line shape is particularly simple
at 8 =0, where f(8) ~ sin'8 vanishes [so p(t)
=exp(-4A, t'")] and at 8=54', where 3 cos'8-1 =0,
so that we find a pure Lorentzian. The remark-
able agreement of these predictions with experi-
ment is shown in Fig. 2.

The only appreciable magnetic field dependence
should be found at sufficiently low fields (IId,
& ~). Then the Zeeman modulation of ((~) sets
in at such long times that the line shape at {9 =54'
will deviate increasingly (as &d, is reduced) from
a Lorentzian, with corresponding changes in line-
width anisotropy.

We can go further than this qualitative under-
standing of the experiments; we can calculate
the magnitude of the linewidth. Determination of
the second moment of M2 is standard and straight-
forward. " The diffusion time (-8/J) can also be
estimated" from moment calculations. Proceed-
ing as in Ref. (3) and using a value of 4=7.7'K, '
we find 1500 0 for the full width at half-maximum
for p =0' (Hd, ~~c), in excellent agreement with
experiment.

Thus the EPR measurements in TMMC can be
understood only by recognizing the central im-
portance of the long-time persistence of spin
correlations for spin dynamics in less than three
dimensions. With this long-wavelength, low-
frequency probe of spin correlations we have in-
dependently obtained results as uniquely charac-
teristic of the reduced dimensionality as those
of neutron scattering. We have explained the
magnitude of the linewidth, its dependence on
magnetic field orientation, and the variation in
line shape with field direction, all of which con-
trast sharply with exchange-narrowed resonance

behavior in three dimensions.
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