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We examine the temperature and frequency dependence of the proton spin-lattice relaxation rate 1/T„
as a probe of the electron-spin dynamics of the quasi-one-dimensional exchange-coupled paramagnet

TMMC [(CH3),NMnC1$. The rate is measured from 5.5-16 MHz and from 1.4'K to room

temperature. An extension of Moriya's magnetic-relaxation theory to the linear-chain system, using the

exact classical results for static spin-correlation functions, gives over-all good quantitative agreement

between theory and experiment. A sharp minimum in 1/T, at T 18'K, an eo
'" dependence on

frequency at room temperature and co
"~ at low temperature, with the external field parallel to the

chain, and the frequency independence of 1/T, at room temperature with the field perpendicular ta the

chain are all explained by the theory.

I. INTRODUCTION

The special features of spin dynamics in one di-
mension, notably the long-time persistence of
spin correlations, have been shown' to have dra-
matic consequences for the behavior of exchange-
narrowed EPR linewidths and line shapes. How-

ever, the dipolar-broadened EPR line is described
in terms of a four-spin dynamic correlation func-
tion whose calculation has proved feasible only
within a decoupling, or independent-mode approx-
imation. The long-wavelength diffusive behavior
of the resulting two-spin correlation functions, or
dynamic wave- vector-dependent susceptibilities,
dominates the theoretical prediction for the EPR
lines. On the other hand, nuclear spin-lattice re-
laxation rates are given directly by these two-spin
functions, so that a study of the field and tempera-
ture dependence of these rates gives direct access
to the low-frequency spectral weight of the spin
fluctuations. A direct comparison with theory is
possible without the necessity for any decoupling
approximation.

Qf the numerous magnetic linear-chain crystals
which have been investigated, the one exhibiting the

most nearly ideal one-dimensional behavior ap-
pears to be (CHs}4NMnC4, or TMMC. We have
measured the proton spin-lattice relaxation time
T, in this material from 1.4 'K to room tempera-
ture, at resonant frequencies ranging from 5. 5 to
16 MHz at low temperatures, and up to 80 MHz at
300'K. More extended measurements of the fre-
quency dependence of T, at room temperature will
be presented together with measurements in

CsMnC13 ~ 2HzO in a separate publication. The
low-temperature behavior of T, has been measured
independently at 25 MHz and discussed briefly on

the basis of a spin-wave picture. It is difficult to
systematically include in this way the effects of

spin-wave damping or of the contributions of dif-
fusive modes to the low-frequency spectral weight,
and extension to substantially higher temperatures
of this theory is not feasible. The self-consistent
theory of Blume and Hubbard' for calculating dy-
namic spin-correlation functions in three-dimen-
sional Heisenberg systems has recently been ex-
tended to linear Heisenberg chains by carefully
incorporating the effects of short-range order
which are so important in these materials. The
agreement found with neutron-scattering data was
excellent. However, we have chosen to use a sim-
pler theoretical approach, based on the techniques
originally employed by Moriya to study T, in
three-dimensional exchange-coupled paramagnets,
in order to maintain analytical expressions for T,
to as late a stage in the calculation as possible and

to give as clear a physical picture as we can of the
origin of the contributions to the relaxation rate.
We make maximal use of the static spin-correla-
tion functions of the classical Heisenberg linear
chain, known for all temperatures. The neces-
sary parameters for TMMC are well known, with

the exception of some uncertainty in the relevant
proton positions at low temperatures, and we find

good quantitative agreement with the frequency and

temperature dependence of Tz over most of the ex-
perimental range investigated.

The experimental procedures are discussed in
Sec. II, and the theoretical model is presented in
Sec. III. The numerical-predictions of the theory
and comparison with experiment are given in Sec.
IV.

II. EXPERIMENT

A large single crystal of TMMC was grown by
slow evaporation from a dilute (-10%) HC1 solu-
tion of almost equimolar MnC1~ ~ 4H20 and
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(CH, },NC1 salts. The crystal was cut and mounted
on a sample holder so that the c axis could be ro-
tated in a plane containing the magnetic field di-
rection.

The proton spin-lattice relaxation rate was mea-
sured at 5. 5, 8, and 16 MHz using a pulsed phase-
coherent cross-coil magnetic-resonance spectrom-
eter.

For temperatures above about 40 'K the free-
precession decay, S(t), is nearly Gaussian with a
dephasing time ~, defined as S(r) =S(0)e ', which
is slightly temperature dependent. Furthermore,
since the sample was not ellipsoidal, the free-pre-
cession decay was linearly field dependent due to
the inhomogeneous broadening coming from the
nonuniform demagnetizing factor. At 300 'K the
extrapolation to zero external magnetic field yields
T —VO p.sec, for c j- Ho, and it agrees with the field-
independent value measured in a spherical sample.

At temperatures lower than 40 'K, the free-pre-
cession decay narrows and displays a structure
which depends on the orientation of the magnetic
field with respect to the crystalline axis. This is
in agreement with a previous study by continuous-
wave techniques of the proton resonance in TMMC.
In fact, in the latter work it was found that the
shape of the proton absorption line is dominated by
the nuclear dipole-dipole interaction. Above 40 'K
the CH3 group undergoes hindered rotations which
partially average out the dipolar interaction. How-
ever, the Gaussian shape observed at room tem-
perature is an indication that the averaging is not
complete and that the line shape is still dominated
by secular terms in the nuclear dipolar interaction,
with a negligible nonsecular contribution coming
from the dipolar interaction of the protons with the
Mn magnetic ions.

The spin-lattice relaxation rate was measured
by a 90'-90 or 180 -90' pulse sequence. The de-
cay was found to be exponential over almost two
decades. The recovery of the nuclear magnetiza-
tion, i.e. , inl [M(t) —Mo]/2Mol versus t, yields a
slope which does not depend on the exact length of
the first pulse. For T &40 'K the resonance spec-
trum is split into four lines, but the measurements
of T& were found to be independent of the exact val-
ue of the external magnetic field at fixed frequency.

In order to vary the temperature we used a dou-
ble-wall cryostat with the sample directly im-
mersed in a refrigerant fluid. For the tempera-
ture range 1.4-4. 2'K liquid helium was used; for
10.2~ T~ 20. 4 'K hydrogen, ' for 24. 8-27. 2 'K
neon, ' for 55 & T & 90'K oxygen. Additional mea-
surements from 4. 2 to 50 'K were performed while
the cryostat was slowly warming up after all the
liquid coolant had evaporated, and the temperature
was continuously monitored with a gold (0. 02-at. %-
iron}-chromel thermocouple. Since these mea-

The very definition of a spin-lattice relaxation
time T, presumes an exponential decay law for the
longitudinal magnetization,

(3.1)

for all times I of importance (t- T,). By standard
techniques, employing a formal perturbation ex-
pansion of I'(t} and a cumulant expansion of the re-
sulting expression for C(t), keeping only the low-
est-order nonvanishing term, we have the ap-
proximate relation

lnC(f) ~ J, «(I - ~)([I'(~), 3e'(~) ]
x [R,'I']} (3.2)

which agrees with Ecl. (3. 1) for times longer than
the characteristic decay time of the correlation
function in the integrand. Here X is the hyperfine
Hamiltonian (of dipolar origin in the present case):

X' =+I+„)S; (3.3)

and all operators are given in the interaction rep-
resentation. Then the correlation functions of in-
terest are of the form (S,(r)S,(0)), with q a wave
vector in the first Brillouin zone. Their decay
rate is set by the exchange interaction strength J,
and is therefore in general very rapid on the time
scale T, of interest, except that at long wave-
lengths (small q) the rate also vanishes with qa.

That is, on general hydrodynamic grounds the
long-wavelength dynamics of a Heisenberg chain
are governed by a diffusion equation. In three di-
mensions the phase-space volume factor dimin-
ishes the importance of these small-q values, and
the exponential form (3. 1) is approximately cor-
rect (this just corresponds to the standard ex-
change-narrowing theory), but the relative impor-
tance of small-q values in one dimension is pre-
cisely what leads to the long-time persistence of
spin correlations in linear chains, and the resul-
tant unusual properties of EPR lines there. ' How-

surements had to be done very quickly, we used the
null-point method, where the re'axation rate is
simply determined from the time t, at which the
magnetization is zero after the first 180' rf pulse.
Because the line is not completely saturated,
M(f =0) is not in fact precisely (- M,}. Then the
measured to must be corrected (by about 20%) to
give the true recovery time from saturation, and
thereby T,. Consequently, the estimated experi-
mental error in both T, and T is larger for these
measurements than for the others (approximately
+10%, rather than +5/g). The measurements in
the range 90-300 'K were performed by Mali in
Pavia with a standard nitrogen-gas-flow system.

III. THEORETICAL MODEL
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dt cos((d„t)Z (F,*",+ iF,'",)
1 m lO

~ (F,",", —tF,",".,) ({S,"(t)s,",'(0)}) (3 4)

ever, the nuclear time scale, t- T„ is so long
that the dipolar interactions, both within a single
chain and between spins on different chains, has
become effective in damping the spin correla-
tions. " We will therefore include an exponential
factor e "&', with I"„ofthe order of the electronic
dipolar coupling strength, in the spin-correlation
functions wherever necessary and thereby recover
an exponential decay for C(t) for times t of inter-
est in the nuclear spin relaxation.

In terms of the hyperfine tensor I' defined by
Eq. (3. 3) and the above assumption on sufficiently
rapid decay of the spin-correlation functions, we
have for the nuclei at equivalent positions r~

X (q) =(guz)'R:(0) (s. 9)

The connection between correlation and relaxation
functions is

f dte'"'(S, (t)S, '(0)) =
& tf(d coth[g&ph &o)]R, ((d)

(s. lo)
where R(&u) is the Fourier transform of R(t). It
will be convenient to extract explicitly from the
time dependence of the spin operators that part due
to the Zeeman Hamiltonian, so that the remaining
dynamics will be governed solely by exchange.
Then the relevant values of (d in Eq. (3.10) will be
~„or ~„ the nuclear or electronic Zeeman fre-
quency, and, except at the lowest temperatures and
highest fields with co = ro„

where P=l/kzT, a=+, —,or z, and the static sus-
ceptibility is given by

where the sum is over j, j', v, and v", v, v'=x, y,
z, the nuclear Zeeman frequency is (d„,' and {AB}
denotes the symmetrized product 2(AB+BA) In.
TMMC the three-dimensional magnetic ordering
temperature T~= 0. 8 'K implies an exchange cou-
pling between chains of at most the order of the
dipolar coupling, so we will ignore correlations
between spins on different chains. For the partic-
ular case of an external field Ho parallel to the
chains, or c axis, Eq. (3.4) becomes

~ Kw coth[—,'(Ptf(d))] = 1/P (3. 11)

Having replaced the spin-correlation functions in
the expression (3. 5) for 1/T, by the corresponding
relaxation functions, we write the latter in the con-
venient form

R:(t) =(gVz) 'X (q)f:(t) (S. 12)

which effectively extracts the thermodynamic stat-
ic response function X (q) from the normalized re-
laxation function f, (t) = R, (t)/R, (0). The suscepti-
bility y'(q) is known at all temperatures for the
linear Heisenberg chain, at least in the classical
spin limit. ~ Measurement of )t(q =0) in TMMC
shows' excellent agreement with the classical spin
theory, indicating that S = ~ (for Mn") is large
enough to be treated classically for determining the
static properties even at temperatures of a few de-
grees kelvin. The uniform susceptibility is quite
anisotropic below about 20 'K, and it was neces-
sary to include the effects of magnetic dipole in-
teractions between Mn spins to obtain agreement
with experiment. However, at low temperatures
we will find we need y(q = v). At q = 0 the maximum
anisotropy is less than a factor of 2. It may well
be more important in the critical q = m fluctuations,
but in the absence of any better theory we take for
simplicity the isotropic form of X(q) which, at
least, exhibits the important thermodynamic in-
stability 1(v)- ~ as T-0:

.d;(s)«'. (s)s;(s»)), (3.5)

where the coefficients A{q) are the Fourier trans-
forms of the spherical components of the product
of two dipole-interaction tensors:

(1 —3 cos'8„)(1—3 cos'8„.) + 9 sin 8„sin28„.
A~~). =

(s. 5)9 sin8» cos8» sin8». cos8».
f'p

(3.7)

Bere the polar angles 8» are defined relative to the
c axis and j' and j are restricted to be on the same
chain (because the correlation functions vanish
otherwise), so that q is a scalar wave vector,
—m~q» m in units of the inverse separation between
neighboring magnetic ions along a chain.

Now it is convenient to write the correlation func-
tions in terms of the corresponding relaxation func-
tions,

() ' ()-
2 a+ b cosq

a = (f)z+ 1)' ~ z = 1+@
1 —u

(3.13a)

(s. Isb)

(3.13c)u= ——cothK, K=2PJ'S(S+1)1

R, (t) =(S;(t), S (O))

= f'dx(s;(t tw)s (o-))
~here J has been defined to be positive for the
antiferromagnetic coupling in TMMC. We mention(3.3)

tf d(sss( d) fdd)-,' A'(s)((d:((td (0))).
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parenthetically that the form (3.13a} for X is also
the result of molecular-field theory (but with a = 1;
b = e/T), and that with the inclusion of the Onsager
reaction field (equivalent to the spherical model}'o

we also recover Eq. (3. 13b), but u must be rede-
fined. We have used the latter results in a treat-
ment of resonance behavior in three-dimensional
exchange-coupled paramagnets. '4

There remains then the problem of the deter-
mination of the normalized relaxation functions

f, (t). We follow Mori and Kawasaki~' (and
Moriyao) by writing f;(t) in terms of relaxation of
the torques, or time derivatives of the spin opera-
tors, which in general are not subject to the hydro-
dynamic ~:onservation laws appropriate to S, as
q-0, and therefore decay more rapidly in time.
Then we write

f;(&) =I —f (f —~)lf, (~)l «=e "",
(3.14)

r. =f, d lf":()I
for t» ~„where v, is the characteristic decay
time ofj, (t) If we .further make the standard
Gaussian assumption

f, (&) =f,(0) e ' (3.15}

=i" „ f",(f) l,r=O (s. is)

&', = 2M,/M„r; = (vM', /2M, )"'

The moments are given explicitly'6 as

(s. i7)

—8'(1 —cosq)(a+ b cosq)2-
P

Mo/Mo = 8ZoS(S+ 1)[(1+u/K)(1 —u —3 cosq+ 2u

&& cos'q+ 3/u) + 1+ (1 —2u) cosq —2/u]

(s. is)

where the quantities u and K are defined by Eq.
(3.13c). We will later find that at high tempera-
tures (K«1) the important contributions arise
from q «1 (the lowest-energy fluctuations q = 0)
and at low temperatures (K»1}they are from

Q —= (v - q) «1 (critical fluctuations, large suscep-
tibility near q = v). In these limits

M, = —,
' [Lr'S(S+ i)q']

M4/Mo = o [167 S(S + 1)], K, q «1
(3.19a)

and if r,~,«1 so that the exponential decay (3.14)
is already appropriate for t & I', ', then 7, and I',
can be determined by the second and fourth fre-
quency moments of f;:

M:tq)= J—"f:t )

Mo= 1ST S(S+1)(Q +K )

M4/Mo= 167 S(S+1)(Q +K ),
K-', Q=(v-q)«1.

(3. 19b)

We point out that M4 does not satisfy the scaling
requirement that it be a function only of QK (the
correlation length g = K), although Mo does. How-

ever, in the critical region Q K, we can neglect
the Q dependence of M,/Mo in Eq. (3. 19b) altogeth-
er. Since both M~ and M4 are proportional to q
for small q (and all P), this yields the long-wave-
length diffusive behavior of f,'(t) with the usual dif-
fusion coefficient, I', =Dq . In fact, the above pro-
cedure is equivalent to the assumption'~

fa(&) 2I ae A8z [ado+ (ra)2] 1 (s. 20)

This single-central-mode structure for f,(&o), or,
equivalently, for the dynamic structure factor
S(q, td), leaves out the important short-range cor-
relations which result in well-defined short-wave-
length spin waves at low temperatures and a corre-
sponding three-peak form for f,(td). However, we
are interested in the low-frequency behavior to
determine T,. Insofar as the long-wavelength con-
tribution dominates, the theory should be valid,
and it may not be seriously in error for contribu-
tions from q close to z where the spectral weight
is again concentrated at small +. ' In fact, once
short-range order at q = 7t becomes established, the

dynamical fluctuations near q = m are of long wave-
length for the local magnetic lattice of twice the
crystal lattice spacing. Although this form can-
not properly account for the contributions from the
spectral tails of higher-energy spin waves, we
would not expect this to be important either at high

temperatures or at temperatures sufficiently low
that the spin-wave peaks are relatively sharp.
Furthermore, the theory has the advantage of an-
alytical and physical simplicity.

We turn next to the question of the modifications
due to the dipolar coupling between electrons.
This will introduce a further source of decay" of

f, (t), which we can represent for simplicity by an
additional factor e ~' in those functions, with I'~

of the order of the dipolar interaction energy. The
effect is to replace I', in Eq. (3. 20) by I', + ro,
which is important only at small q because ex-
change is so much stronger than the dipole inter-
actions. Thus we need not be concerned with any

q dependence of I'„. Further, the inclusion of I'~

is inessential in (3.20) if »&I'~, which is the case
for ru = (d, in the external magnetic fields consid-
ered here. We then require the dipolar decay only
for the longitudinal fluctuation contribution to 1/T„
or o=z, where cu =&„. Finally, then, we have
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1 1 1—=—+
T1 T1 T1

(3. 21a)
1 TK'r(q = 0)

T' u +I' (Q=0)(Q +K ) K

+ = (b y,y„) Pike, coth
1 z S(S+1) Pbu,
1

x
2 ~ p ~ 3 ~ (3 2lb

1 wf

A~(q) l( 1
a+bcosq&~ I",+I'~ (3.21c)

as expected from one-dimensional diffusion-dom-
inated spin dynamics.

At low temperatures K»1, u= I/K- 1, a~K~ p,
b =& —0(1/P), and lf(q)

- p(s+ b cosq) becomes
large near q = z, reflecting the tendency toward
antiferromagnetic ordering. There is a corre-
sponding slowing down in I', near q = m; from Eq.
(3.19b) we see that, for low temperatures (K»1)
and for Q «E '«1, where Q =m-q,

where the geometrical factors A(q} are given by
Eqs. (3.6) and (3. 7), the coefficients a and b in the
susceptibility by Eq. (3.13), and the relaxation
rates I", by Eq. (3.17). We have taken &u„= 0,
since it is negligible with respect to both cu, and
I'„. For most values of temperature and field
which we will consider, coth[ & (Pb&u, )]= [ ~(Ph~, )] ~,

but we retain the more general form in (3.2lb).
Before considering explicit numerical results we

comment on some of the general features of the ex-
pression (3.21) for I/T~. The frequency, or ex-
ternal-field, dependence is all contained in the
transverse contribution I/T;. At high tempera-
tures (K«l) we have from (3.13) that u= ——,

' K~ P,
a = I+ 0(p ), b = 0(p), and 1(q) = C/T The dom. inant
contribution to the integral in (3.21b} comes, as
one would expect, from small q, am@ the frequency
dependence is determined by

1 "dq, Dq~—A~(0) 2
( g)z

~ (~ )

(3. 22)

T =Awe + B for E'«1-1&2

For &u, « I'(Q =0) =D /K' (above a few degrees
kelvin for TMMC with v„-10 MHz) ~, can be ne-
glected, and 1/T; (and indeed 1/T, ) is predicted"
to decrease as T" . At lower temperatures we
can neglect K in Eq. (3.25) (although not in I/Tf}
and we expect

I/Ti =A'(u + B', K» 1, w, K /D' & I
{3.26)

As we have noted above, the approximations of the
theory are most questionable in this low-tempera-
ture region. Ne cannot expect to have correctly
treated the immediate vicinity of the three-dimen-
sional ordering temperature (T„O.84 'K for TMMC),
but we find (see Fig. 9) that there does appea, r to
be a small range of temperatures in TMMC where
Eq. (3. 26) is valid.

Finally, we point out that T, will exhibit a peak
as a function of temperature. Both the inverse of
the diffusion constant D ' and T}({0)behave like
{1-A'P) for small P, so that both 1/T; and I/Tf
decrease as the temperature is reduced from large
values. The low-temperature behavior depends
somewhat on the parameters of the system, but, as
discussed above, there is a region in which 1/T,
is approximately' proportional to P

~ . There is
therefore a minimum of 1/T, at some intermediate
temperature (- 18 'K in TMMC}. The low-'tempera-
ture behavior was discussed by Richards on the
basis of the very different undamped-spin-wave
model, involving direct magnon emission pro-
cesses, which predicts 1/T, ~ P in its simplest
form. The steeper rate of decrease found in the
present theory is more in accord with the experi-
mental behavior of I/T~ (see, however, Ref. 18).
At sufficiently low temperatures 1/T,' exhibits a
maximum and may lead to a flattening of 1/T, be-
low that temperature.

r, = D'(q'+K-')K"' (3. 23)

where D'=8~(J' S{S+1}and K appears as a correla-
tion length. In fact, the static susceptibility in the
same region (Q, K «1}has similar behavior,

X(q)=C/(q' K ') (3. 24)

which explicitly exhibits the role of K as a correla-
tion length. Then the dominant contribution to T1,
from the region Q K is given by

FIG. l. Structure of TMMC as viewed along magnetic
chains. Carbons of (CH3)&N groups shaded.
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IV. NUMERICAL RESULTS; COMPARISON WITH
EXPERIMENT

In the spirit of treating TMMC as a classical
Heisenberg linear chain, at least as far as its stat-
ic magnetic properties are concerned, we have
chosen a value of the exchange constant J= 7 K,
consistent with a fit'2 of the uniform-susceptibility
data to the classical theory. What is of principal
importance is that we have used a temperature-
independent value of J, which then just sets the
temperature scale. The susceptibility, from
(3.13}, depends on Z only as PJ, and from Eqs.
(3.1V) and (3.18) we see that the same is true for
I',/J. Therefore, our results for Z/T~ for fixed
frequency &ups (and I',/Z) will be independent of J
except for an over-all temperature-scaling factor.
Superexchange interactions are highly sensitive to
geometry. Although there is a structural phase
transformation at about 128 K in TMMC, with un-
known influence on the Cl-ion positions, and the
Mn nearest-neighbor separation increases grad-
ually with decreasing temperature (approximately
a 1% increase from 300 to 4 'K), the low-tempera-
ture value of J deduced from the spin-wave spec-
trum observed in inelastic neutron scattering" is
in close agreement with the higher-temperature
susceptibility value. '~

The proton positions, required for calculation of
the dipolar sums A(q}, are much less well known,
as discussed in Sec. II. In view of the consider-
able present uncertain' in the position of the pro-
tons we have chosen a model which places them on
the average at the carbon positions deduced from
the high-temperature x-ray data. The few-per-
cent changes in interchain separations associated
with the structural transformation have little ef-
fect on the dipole sums, but any substantial re-
orientation of the TMA groups or freezing out of

rotations would. We will consider below the modi-
fication in 1/T, associated with changes in the pro-
ton positions, but first we take them at the carbon
positions labeled 1 and 2 in Fig. 1. (For the ex-
ternal field Ho parallel to the chains, there are
three equivalent "2" positions in each tetramethyl-
ammonium group. ) Finally, we point out that the
interaction between protons is sufficiently strong
(Tz«T, ) tha, t energy exchange takes place readily
between inequivalent protons, and the single mea-
sured 1/T, represents a weighted-average transfer
rate to the lattice of the various protons.

We consider quantitatively only the case with Ho

parallel to the c axis. From Eqs. (3. 6) and (3.7)
we see that only three separate dipole sums are
required, namely,

and

+ e'" ~ cos 8,~e"*
3 7 3
Pz P9

+ sin8~,. cos8~,e "'
3
P4

where z, is the coordinate of the jth Mn spin along
its chain axis. The contributions fall off rather
slowly with distance along a chain, but we found
rapid convergence by the time ten spins on either
side of the closest Mn spin were included for each
of the six closest chains to a given proton. The
results for A&(q) and A~(q) for protons at the two
carbon sites C(1) and C(2) are given in Fig. 2. The
general behavior can be understood from symmetry
considerations, as shown in Fig. 3. I et us choose
the origin of the e axis (parallel to the chains) at a
Mn position and take length units of the nearest-
neighbor Mn separation (=——,c, where c is the unit
cell dimension along the chain so that e, =j). If
the proton labeled P has a z coordinate of 0 or 0. 5,

FIG. 2. Geometrical
(dipolar) sums A& {q) [Eqs.
(3.6) and {3.7)] for nuclei
at the carbon positions C(i)
{i=1or 2).

0
0 vr/2 0
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FIG. 3. 5t(t) and 5~(t) are representative(not neces-
sarily near-neighbor) spins giving dipolar fields H& and

H2 at the site of the proton, indicated by a circle. Hp

Ilc. (a) Transverse field at nucleus located on mirror
plane at z = 0 (plane contains an electron spin) or z = 0. 5
(plane is bisector of line connecting near-neighbor spins)
vanishes for longitudinal fluctuation at q=0. Similarly,
it vanishes for q=7I if z = 0, and is maximal at q =7I if z
=0. 5 (reverse one of fields shown). (b) Transverse
field is maximal at nucleus for q=0 if z=Oor 0. 5, or
for q=7I and z=0, and vanishes for q=~ and z=0. 5.

then sin8» cos8»/r~, is an odd function of j and
A~(q=0) =0. In fact, because of the relatively long
range of the interaction, A~(q =0) is sufficiently
small for any proton position that the small-q con-
tribution (I', & I', ) to 1/Tf [see Eq. (3.21c)] is neg-
ligible for any reasonable value of I'„. Our results
are then insensitive to the cutoff associated with

I'&. The transverse fields at the nucleus which
contribute to T, processes tend to cancel for a
q =0 longitudinal spin fluctuation, as can ')e seen
readily from the geometry (Fig. 3). Similarly for
q = m, where the phase factors alternate in sign,e'" =(-1)~, it is easily seen that A'(z) =0 for a pro-
ton at z=0 and A'(z) =0 for a proton at z=0. 5. In
Fig. 4 we show the sensitivity of A (z) to the proton
z coordinate for the two horizontal positions corre-
sponding to C(1) and C(2). In contrast we find, as
suggested above, that A (0) is virtually unaffected
by changes in the proton z coordinate. The long-
wavelength behavior is also relatively insensitive
to the xy coordinates of the proton, particularly
after summation over all neighboring chains of
spine, so the high-temperature results (dominated
by small q) depend very little on the choice of pro-
ton coordinates in the model.

In Fig. 5 the predictions of the theory, with no
adjustable parameters, are compared with the pro-
ton 1/T, data at room temperature, for H, parallel
to the c axis, as a function of frequency v„. The
theory is for a proton at the position of C(2). The
results for a proton at C(1) are only about 10'%%ug

smaller, and, as discussed above, the observed
relaxation rate should be a weighted average for
the inequivalent protons. The various approxima-
tions of the theory are expected to be most accu-
rate at high temperatures, and the agreement with
experiment, including the ~,' dependence of dif-
fusion-dominated dynamics predicted by Eq. (3. 22),
is excellent. The contrasting lack of frequency de-
pendence of 1/T, for Ho &c, also shown in Fig. 5,
just means I/Tf » I/T~ for this case, and it can

0.2— o Hollc
~ Ho J.c

O.I5

O.IO

0.05
0

0
I

O. i

l I

0.2 0.3
p„~{MHz '+)

I

0.4 0.5

0 t' O. l 0.2 0.3 f 0.4 0.5
2z/c

FIG. 4. Geometrical (dipolar) factors A&(q =7r) for
nuclei located at the horizontal positions C(1) and C(2)
of Fig. 1, as functions of the vertical position z.

FIG. 5. Nuclear relaxation rate 1/T& as a function of
frequency. The circles are experimental points and the
curve the theoretical prediction for Hp Ilc neith no adjust-
able parameters. The choice of v„' as abscissa clearly
exhibits the frequency dependence (3.22). The experi-
mental values for Hp-Lc are indicated by squares.
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again be understood on the basis of Fig. 3. At high
temperatures we recall that the major contribution
to 1/T, is from long-wavelength fluctuations q = 0.
The contribution 1/Tf was small with Ho Ii c because
of the geometrical cancellation of the transverse
components of the dipolar fields associated with the
longitudinal fluctuations, as indicated in Fig. 3(a).
Such cancellation does not occur for H, ic, if the
vector from the nucleus to the chain axis is neither
parallel nor perpendicular to H~. But the azimuthal
angles Ig~ of the protons (relative to a chain as po-
lar axis) are distributed over a broad range of val-
ues, and the longitudinal fluctuations at q = 0 will
give substantial transverse fields at most of them.
Moreover, for small qwe have f,'(u, ) -Dq /u&„
whereas f,*(0)-1/F, . Therefore, if the geometrical
factors are comparable, as we have suggested, the
spectral weight f;(~) at the nuclear resonance fre-
quency co = 0 associated with the longitudinal fluctua-
tion can be so much larger than f;(&u,) that 1/T f,
which is intrinsically independent of frequency,
will dominate the behavior of 1/T, .

The experimental proton relaxation rates at nu-
clear resonance frequencies v„=5.5, 8, and 16
MHz, and for H, tt c, are plotted as functions of
temperature in Fig. 6. The corresponding the-
oretical curves, again for a proton at the t (2) posi-
tion, are given in Fig. 7. We reemphasize that
there has been no adjustment of parameters in
these results. In addition to the agreement at room
temperature we find the minimum in 1/T, of ap-
proximately the observed size and at very nearly
the observed temperature (which is almost indepen-
dent of frequency). The principal failures of the
theory include an insufficiently sharp dip and the
lack of substantial frequency dependent'. e at low
temperatures. The low-temperature theoretical

I I I I I I il

O. l

0.05 I I I I I I lit
IO

I I I I I I I I I

100
T( K)

I I

400

FIG. 7. Theoretical prediction corresponding to the
experimental curves of Fig. 6. The curves in the lower
left-hand corner represent the contributions of trans-
verse fluctuations 1/T& alone for low temperatures.

0 Q I I I I I I I

0
0

I I I I I I I[

frequency-dependent contributions, from the trans-
verse spin fluctuations, are also shown in the fig-
ure. They exhibit qualitatively the observed be-
havior, but their numerical contribution to 1/T, is
too small. These features can be seen more clear-
ly in Fig. 8, where a direct comparison of theory
and experiment is made for a nuclear-resonance
frequency of 8 MHz.

One might anticipate a jump in 1/T, at the struc-
tural phase transition near 128 'K associated with
an abrupt change in proton positions, but none was
observed experimentally. There may be a gradual
change in position (or motion), which might explain

0
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FIG. 6. Experimental nuclear relaxation rates 1/Tj
vs temperature for v„= 5. 5, 8, 16, and 80 MHz, for Ho

II f".".

FIG. 8. Detailed comparison of theory (no adjustable
parameters) and experiment for 1/T& at 8 MHz. The
solid line is the theoretical 1/T&, the dashed curve 1/Tf,
and the dot-dashed curve 1/Ti.
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FIG. 9. Frequency de-
pendence of 1/T& at 1.4 K,
showing the v„3 dependence
predicted by Eq. (3.26).
The curve here is a
straight line fitted to the
experimental points —not
the numerical result of
the theory, as in Fig. 5.
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the unexpectedly weak temperature dependence of
1/T, above 60 'K. The proton-resonance line shape
does change character at that temperature. ' The
position of the minimum in 1/T, might not be
changed much; we found it to be relatively insensi-
tive to the proton position. This point may be clar-
ified with data on the 'N nuclear relaxation in
TMMC, and these experiments are presently being
planned.

The behavior at low temperatures can also be
fitted by a suitable (temperature-dependent) choice
of proton position. For 4& T&12'K, T~ is found

to be nearly frequency independent, as predicted
[see Eq. (3. 25) and the discussion following it],
although the temperature dependence is more
nearly T than the T predicted. ' Furthermore,
the observed frequency dependence of 1/T, at the
lowest temperature, 1.4 'K, can be successfully
fitted to the form given in Eq. (3.26), as shown in

Fig. 9. However, in spite of this apparent suc-
cess of the present theory, we know that the ap-
proximations tend to break down at low tempera-
tures, and we must consider to what extent the be-
havior determining T, might be altered. First, the
classical spin theory, used both for )f(q) and for the
moments which determine I'„may no longer be
accurate for describing the spin- & system. How-

ever, the classical theory does appear to work well
for the uniform susceptibility, if the effects of
dipolar anisotropy are included. The anisotropy
may be important in y(q = v) as well, but its influ-
ence on the dynamics in f, (ru) is a more likely
source of trouble. %e know that once fluctuation
energies are comparable to anisotropy energies
there can be a "crossover" to critical behavior
characteristic of the lower symmetry. For an

30'
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FIG. 10. Experimental relaxation rates 1/T~ vs tern-
perature for pn=5. 5, 8, and 16 MHX, with HOJ-c.

easy magnetic axis this would give Ising-like crit-
ical behavior; for the actual case of xy anisotropy
the form of the critical behavior (for S = ~) is not
known. Because the anisotropy is set by the in-
trachain rather than interchain dipole strengths,
this crossover should occur well above that to
three-dimensional critical behavior. Finally,
there is the assumption of a cutoff Lorentzian form
(3.20) for f,(&u). For q sufficiently close to v,
Q=v —q«I, there is some indication that f,(&u) may
still have a single-peak structure. ' Spin waves
will be well defined only for Q=m —q &g ', where
$(=K) is the static correlation length. If this single
peak is to have our assumed cutoff Lorentzian
shape, then the formalism of Sec. III [see Eqs.
(3.14) and (3. 15) and the related discussion] re-
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which is indeed small compared to unity for Q K ',
the important values of Q contributing to 1/Tt at
temperatures of interest. In that case we are
looking at the spectral weights f,(s&) at &o =0. How-
ever, for the transverse-spin-fluctuation contribu-
tion 1/T; we need the spectral weight at &o„and if
spin waves are well defined at energies of the or-
der of v, then there is substantially more spectral
weight at the frequency than implied by the I o-
rentzian approximation. We take the spin-wave
energy E(Q) =4TS sinQ to be well defined for Q & ( ',
where E = K at low temperatures. Then we have

E(Q = $ ) = 47$/K = 0.6T (4. 2)

for TMMC. For v„-10 MHz we have co, -0.3'K,
suggesting important spin-wave effects at the low-
est experimental temperatures. We are investigat-
ing the predictions of a more sophisticated theory
to compare with the low-temperature experiments.

Finally, we give in Fig. 10 the results of pro-
ton relaxation rates 1/T, measured with the field
perpendicular to the c axis. We see qualitatively

tluires I',r, «1. From Eti. (3.19b) we have for low
temperatures (K»1) and for Q«1

2

the same temperature dependence, but much less
frequency dependence, as discussed above. The
geometrical relations are much more complex for
this case, and, considering the uncertainties in the
proton positions, we have not attempted a numer-
ical calculation.

In summary, we believe we have quantitatively
explained the major features of the temperature
and frequency dependence of the proton spin re-
laxation in the linear-chain compound TMMC. The
theory is algebraically simple and physically it is
readily interpreted in some detail. Increased un-
derstanding will come with experiments on other
nuclei, notably 'N, and with the application of
more sophisticated theories.
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