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We present electron-spin-resonance data obtained on finite magnetic chains of
CH3NMni Cd Cl, (TMMC-Cd) for x =0.02, 0.09, and 0.2. The measurements were developed
with the microwave field either parallel or perpendicular to the magnetic field. The longitudinal re-
laxation time was also measured in the x =0.02 and 0.09 samples. All our experimental results
show a noticeable inAuence of the impurities on both the line shape and linewidth, contrary to pre-
viously published data. New nuclear magnetic resonance data dealing with high-frequency proton
relaxation rates are also presented. A full treatment using the memory-function formalism has been
carried out to account for the significant difference observed between pure and doped samples. Our
experimental data are satisfactorily described by this theory and the model of correlation functions
for finite chains.

I. INTRODUCTION

During the past yen years, one-dimensional (1D) mag-
netic materials have been thoroughly investigated. In
particular, the spin dynamics at high temperature has
been studied by magnetic resonance techniques. ' Mea-
surement of the nuclear relaxation times has given infor-
mation on the coupling between the nuclei and the
paramagnetic ions. These times are related to two-spin
time correlation functions or, more precisely, to their
Fourier transforms or "spectral densities" at the electron
(nuclear) angular frequencies to, (to„). On the other hand,
electron spin resonance (ESR) may give information
about a special function P(t) which is composed of four-
spin correlation functions. The aforesaid functions are
characterized at long times by a difFusive process: They
decrease slowly following a (Dt) ' law (D being a spin-
diffusion coefficient), and finally they cancel at a cutofF
time owing to anisotropic or interchain interactions.
Such properties have been observed experimentally in
several quasi-1D systems and principally in tetramethyl-
ammonium trichloromanganate (CH3)zNMnC13 (TMMC)
which is the real system the nearest to the theoretical 1D
model. '

Interesting results have also been obtained in doped
systems. Replacing Mn + ions by Cu + in TMMC, an
appreciable broadening of the ESR line and a shortening
of proton relaxation time are found. These effects are
explained by a slowing down of the diffusion rate along
the linear chains, due to Cu + impurities. Let x be the
impurity concentration; the resulting spin-diffusion
coefficient D (x) can be evaluated using a model proposed
by Richards. Stronger efFects are observed in 1D sys-
tems doped by diamagnetic ixnpurities. Here, the impuri-
ties behave like quasiperfect reAectors for the spin polar-
ization. Proton relaxation rate is enhanced by a factor as

high as 30 in TMMC doped with 20 at. % Cd. This
should be compared to the TMMC-Cu case where this ra-
tio is only 3 with the same impurity concentration. How-
ever, in ESR experiment, the situation is more complicat-
ed than in NMR. An increase of the ESR linewidth with
a weakly doped sample was first observed by Clement
et al. and this result was confirmed with more doped
samples by the authors. Recently, Karra et al. ' have
reported very different experimental data. According to
them, doping does not significantly modify the linewidth
but only alterates the line shape far in the wings. More-
over, the occurrence of hyperfine structure, usually en-
countered in isolated paramagnetic ions, is reported in
the heavily doped samples. Since the doping in 1D com-
pounds usually increases the linewidth (except in some
pathological cases), the results of Karra et al. are highly
surprising and need to be clarified.

In this article, we present an analysis of ESR experi-
ments on TMMC samples doped with different Cd + ion
concentrations x =0.02, 0.09, and 0.20. We have mea-
sured at room temperature and at X-band the derivated
absorption spectra as a function of 8, the angle between
the magnetic Geld Ho and the c chain axis. Two
configurations of the oscillating field H, have been con-
sidered: the usual resonance configuration (where the
fields are perpendicular) and the relaxation configuration
(where the fields are parallel). We have also measured the
electron longitudinal relaxation rate using the modula-
tion method. We present furthermore new NMR data
dealing with high-frequency proton relaxation rates. Spe-
cial attention is paid to the orientation 0=0 where spin
difFusion is expected.

In Sec. II, we describe the sample preparation and the
apparatus used. Our experimental data are reported in
Sec. III, showing unambiguously the doping inhuence on
the ESR spectra. An attempt for explaining the negative
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results of Karra is proposed. The linewidths and the line
shifts need to take into account many terms which are
usually neglected. The complete theory is presented in
Sec. IV within the memory-function formalism. Experi-
mental results are interpreted in Sec. V using this theory
and the correlation function model for the finite chains.
The conclusions are presented in Sec. VI.

II. THE SAMPLES AND THE APPARATUS

The (CH3)~NMni „Cd,C13 single crystals have been
grown by slow evaporation at 30'C of saturated solution
of (CH3)~NCl and xCdC122H20+(1 —x)MnC124H20 in
2X HCl. The crystals so obtained are whitish and must
be kept from altering by moisture. The Mn (TMMC) and
Cd (TMCC) pure salts have similar crystallographic
structures. ' In TMMC:Cd, the Cd-Cd separation is of
3.36 A inside a chain and of 9.13 A between chains while
in TMMC, the Mn-Mn separation values are, respective-
ly, 3.25 and 9.15 A. It is expected that in the doped sam-
ples the Cd ion takes the place of the Mn one.

The linewidth and line shift have been measured using
an X-band homodyne spectrometer operating at room
temperature. T„measurements were also performed at
X-band, by means of a "modulation spectrometer, " a de-
tailed description of which has already been given else-
where. ' '" The microwave field is amplitude modulated
at the angular frequency Q. The signal at resonance is in-
duced in a pickup coil placed close to the sample and
along the magnetic field. When QT„&&1,the longitudi-
nal magnetization follows the law of induction and the

signal S is proportional to Q. When QT&, &&1, the signal
tends towards a limiting value So. T&, can be determined
from the curve S(fl). For very short times (Ti, (10 s)

So is obtained by comparison with a test sample. '

The proton relaxation time T&„was measured by
means of spectrometer Briiker SXP in the frequency
range 10—72 MHz. The conventional II —II/2 pulse
method was used. Generally, the recovery of nuclear
magnetization was not exponential. T&„was defined as
the time required for the off-equilibrium signal to fall to
e ' of its initial amplitude.

III. EXPERIMENTAL RESULTS

A. ESR with resonance configuration

The spectrum observed in this configuration reveals
different compounds. An example is given in Fig. 1,
showing the derivative absorption in the most doped
sample (x =0.20) when the static field is parallel to the
chain axis. Three kinds of lines can be seen:

(i) A relatively narrow, central line which is produced
by isolated Mn ions. It corresponds indeed to the one
which was observed in pure TMMC at low tempera-
tures, ' and attributed to the same causes.

(ii) A symmetrical structure (ten lines) resulting from
ions pairs. Such a structure appears also, though faintly,
in a sample with lower impurity concentration (x =0.09).
These dimmer lines broaden and disappear when the an-
gle between the chain axis and the Zeeman magnetic field

(

4000 6000 8000 H, {G)

FIG. 1. ESR spectrum at room temperature for TMMC doped with Cd (x=0.20). The magnetic field is parallel to the chain axis.
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Ho exceeds 20 . It was studied in a separate publication.
(iii) The broad line on which are superimposed the

preceding ones is attributed to the Mn + belonging to
finite chains bounded by diamagnetic impurities. The ob-
servation of pairs of Mn + ions gives clear evidence that
diamagnetic Cd + ions really entered into the TMMC
matrix. On Figs. 2 and 3 are plotted room-temperature
data concerning linewidths and line shifts, respectively, of
pure and doped TMMC versus orientation; Cd concen-
trations are x =0 for pure TMMC and x =0.02, 0.09,
and 0.2. Large enhancements of linewidths and line
shifts by the doping are observed. As an example, in the
sample doped with x =0.20, the static field being direct-
ed along the chain axis, the linewidth is more than three
times the one in pure TMMC. A line-shape analysis is
difficult, owing to the structure aforementioned.

Our results are in strong disagreement with those re-
ported by Karra et al. ' These authors reported that the
linewidths and line shifts were not changed by the doping
but fine and hyperfine structures appeared in the most
doped samples. A slight change from 10 character of
the line shape was only found. %'e think that the trouble
arises in fact from the quality of the crystals used by
these authors. As it was noted by Dupas and Renard, '

B. KSR with relaxation con6guration

In this configuration the oscillating field (at angular
frequency co) is linearly polarized in a direction parallel to
the static field. Measurement of the ESR linewidths in
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good quality crystals of TMMC:Cd are exceedingly
difticult to grow. The essential reason is that the impuri-
ty concentration x is 50 times larger than the cadmium
concentration of the starting solution. It results that an
homogeneous impurity distribution of Cd ions in the
crystal is difficult to realize. The fine and hyperfine struc-
ture reported by Karra et al. coincide with those found
by McPherson et al. and by Tazuke' in the cadmium
matrix (TMCC) doped by a low concentration of Mn +

ions. This suggests that the crystals used by Karra et al.
may be composed of very weakly doped TMCC and
TMMC phases.
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FICx. 2. Angular variation of the peak-to-peak ESR linewidth
in TMMC Cd at 300 K and 9 CxHz in the resonance
configuration. The measurements have been performed using a
conventional homodyne spectrometer. 0 is the angle between
the magnetic field:and the chain axis. Impurity concentrations
are x =0 (0 ), x =0.02 (0), x =0.09 (A), and x =0.2 (A).

FIG. 3. Angular variation of the ESR line shift in TMMC:Cd
at 300 K and 9 6Hz in the resonance configuration. The mea-

surements have been performed using a conventional homodyne
spectrometer. 0 is the angle between the magnetic field and the
chain axis. Impurity concentrations are x =0 (o), x =0.02 (),
x =0.09 (4), and x =0.2 (&).
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the relaxation configuration is unusual because it is
dificult to set up. However it is interesting because it
characterizes specifically the samples, the memory func-
tions being approximately described by the line shapes.
Furthermore, the lines resulting from single or paired
Mn + ions disappear, leaving only pure one-dimensional
e6ects. Earlier measurements were done on pure TMMC
by Lagendijk and Schoemaker, ' showing a characteristic
line at half-field resonance. A predicted line at the nor-
mal resonance field was hidden by the strongly allowed
transition of the resonance configuration. Here, we were
able to observe these two lines, owing to the well-defined
polarization of the microwave field. Examples of record-
ed lines obtained in doped TMMC (x =0.2) are presented
in Fig. 4. Both lines disappear near 8=0, while the

high-field line vanishes for 8=90'. Line broadening and
large line shifts (up to 2000 G!) are observed in this doped
sample. The resonance field and the peak-to-peak
linewidths have been plotted on Figs. 5 and 6 for both
lines versus the angle 0.

C. Electron spin-lattice relaxation time

The evolution of the electron relaxation rate T&,
' for

pure and doped TMMC versus 8, the angle between the
resonance field Ho and the chain axis, is presented in Fig.
7. Measurements have been carried out for 2 and 9 at. %
only. In effect, for 20 at. % Cd the broadening of the line
prevents relaxation rate measurement. The reduction of
the relaxation rate by doping is clearly seen in Fig. 7.
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FIG. 4. Angular variation of the field resonance of the two lines in the relaxation configuration.
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6H
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This behavior is apparently surprising, but it was previ-
ously expected from proton relaxation rates measure-
ment. "

D. Proton spin-lattice relaxation time T&„
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FIG. 5. Angular dependence of the peak-to-peak ESR
linemidth in TMMC:Cd (x =0.20) at 300 K and 9 GHz in the

relaxation configuration at half {) and normal resonance field

{O). I.agendijk and Schoemaker results {+).The solid line cor-
responds to theory.

The doping strongly shortens the proton spin-lattice
relaxation time T&„. Here we have studied the frequen-

cy dependence of T&„, which gives information on the
spectral densities of electron spins. The evolution of the
proton spin-lattice relaxation time T,„versus 0 in doped
(x =0.20) TMMC is presented in Fig. 8 for various nu-
clear frequencies v„. When the frequency is raised an im-

portant lengthening of T,„ is observed at low values of 0,
but this lengthening is very weak for 0& 50'. Such a be-
havior is also observed in less doped samples (x =0.09
and 0.02) but with longer times. In all samples the results
for 0=0' and 0=10' can be fitted with the relation

T,„'(x)=P(x)(v„) 'i +Q(x),
showing the existence of a diffusion process as in pure
TMMC (Fig. 9). The value of P(x) increases strongly
with the doping, while Q(x), which is positive for x =0,
decreases and becomes negative in doped samples.

IV. GENERAL THEORY

A. KSR calculation
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The inhuence of doping on the ESR linewidth in 1D
chains has been studied by several authors. ' The main
mechanism for the broadening of the ESR line is the di-
polar interaction between spins belonging to the same
chain. The presence of a strong exchange interaction
along the chain axis leads to the diffusion of magnetiza-
tion. To interpret our results which are characterized by
a large broadening of the line, out of the usua1 ESR con-
ditions (i.e., AH ((Ho), it is necessary to use a calcula-
tion valid for the whole rangle of frequencies and mag-
netic resonance fields. This calculation has been
developed previously, ' ' and only the main results are
recalled here. In the usual configuration of fields (the
static field and the oscillating field being perpendicular)
the absorption spectrum can be written as

I(co)-Re[a "(a ++a +a+ +a +)

+(a' —a'+ )(a '—a ') j/D,
with

D =(a+ —
a
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FIG. 6. Angular dependence of the line shift in TMMC:Cd
{x=0.20) at 300 K and 9 GHz in the relaxation configuration at
half {) and normal resonance field {o).Dashed line: theory.

The a ~ terms calculated for a linear chain of spins cou-
pled by exchange and dipolar interactions are given in the
Appendix with some other details. En the mathematic ex-
pressions appear functions 4(co, cg, ) which are related to
the dynamic behavior of four-spin correlations, for an ap-
plied static field co2 (in angular frequency unit).

The relation (2) yields the correct description whenever
the linewidth (in angular frequency unit) is comparable to
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co and co, .' At high frequency/field the terms a+ and
a" are dominant and one recovers the usual relation'

I(co) ~ Re[i(co —co, )+K +(co)]
A + (co) being a memory function.

For the relaxation configuration one gets then

I, (co)= (S'S')(a+ a —a +a )/D

where I,(co) is proportional to the line absorption in this
configuration.

For 0=90 one has simply

I = &S'S')(a")-'

When a strong exchange is present, the electron spin-

lattice relaxation rate is usually depicted by the three-
reservoirs model of Bloembergen and Wang. In
TMMC at room temperature the spin-lattice relaxation
time T„can be calculated by the Kubo-Tomita ' ap-
proach.

T&,
' —Isin Ocos 8[4&(co,)+4( —co, )]

+sin 8[4(2', )+4( —2', )]I .

B. NMR calculation

The relaxation rate of protons comes essentially from
the fluctuations of the dipolar interaction which couples
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FIG. 7. Angular variation of the spin-lattice relaxation rate in TMMC:Cd at 300 K and 9 GHz. The measurements have been per-
formed with a "modulation" spectrometer. Impurity concentrations are x =0 (o), x =0.02 (0), and x =0.09 (A). Dashed line:
theory.
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them with the Mn + electron spins. For one-dimensional
systems one can write'

fj (co) are the Fourier transforms of the spin-correlation
functions

g, (t)=[S(S+1)] '(S, (t)S, +,(0)) .

Here S, + is the a (z or +) spin component of the jth
neighbor of the spin S; at site i. The A and 8 terms are
geometric coeScients which depend on the angle 0. The
positions of protons in TMMC are not exactly known but
A. - and 8 can nevertheless be evaluated by using various
models of location.

T) {ps)

10 30

8 (deg)

FIQ. 8. Angular dependence of the proton spin-lattice relaxation time T&„ for several frequencies at 300 K in TMMC doped with
Cd: 0, 72 MHz; U, 54.3 MHz; 4, 40.2 MHz; 0, 27. 1 MHz; ~, 14MHz.
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FIG. 9. T,„' variation vs v„'~ for 0=0' in doped TMMC samples (A, x =0.09; ~, x =0.20). The straight lines give the I' and Q
values.

V. INTERPRETATION AND DISCUSSION
OF EXPERIMENTAL RESULTS

strongly peaked at very low frequencies (co=0, co„) while
it is depressed at intermediate frequencies (co, ).

A. The spin dynamics model

In pure 1D systems the correlation functions g(t) or
P(t), after an initial Gaussian decay, become diffusive at a
"diffusion time" tD, and finally cancel at a cutoff time t, .
One has D -co,„, the exchange frequency, and tD &)~,, '.
In our case the same dipolar interactions are responsible
for the cutoff mechanism and the ESR linewidth hH so
that t, =co, -y, AH.

In paramagnetically doped compounds the enhance-
ment of the relaxation rates is explained by the reduction
of the spin-diffusion coefficient D. In addition to the
diffusion slowing down there is an increase of tI, .

In diamagnetically doped samples (TMMC-Cd), a
linear chain of spins is broken into quasinoninteracting
segments. We can consider as an approximation a n-

spins finite chain. Computer simulations on classic
spins show that correlation functions rapidly attain a
constant value if n is not too high (n & 10). Spin
diffusion, if any, is insured by the weak interaction be-
tween Mn spins separated by Cd atoms and thus occurs
at very long times tD. As a result the diffusion coe%cient
is extremely small, but the diffusion regime lasts a rela-
tively short time, beginning at a longer time tD and end-
ing at a shorter t„since the linewidth is broadened (Fig.
10). It follows that the frequency spectrum becomes

B. Analysis of the NMR results

f(co)=G n[2IID(x)] '+[D—(x)co, ] (4)

The diffusion can be observed with the condition
tD ))co&)co,. In this case

The NMR results are somewhat easier to analyze and
we consider them first. We discuss here essentially the
new results concerning the frequency dependence near
0=0. The results for 0~50' were explained in a previ-
ous paper and it was shown that necessarily the cutoff
co'„and thus T,, ', should be reduced by the doping. This
is indeed experimentally verified (Fig. 7).

We proceed now to the spin dynamics model men-
tioned in the preceding section. The limit of the two-spin
correlation functions g (t~ae) is approximately n if
exchange interactions only are involved. Here we neglect
the boundary effects occurring for the shorter chains.
We define the following model for an n-spins chain:

0& t & tD, g, (t) =g(t) =n

tn &t & ~, g(t)=[2IID(x)t] '~'e

D (x) is an "averaged" diffusion coefficient, which is a de-
creasing function of the concentration x. The Fourier
transform of g (t) at frequency co « co, is
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FIG. 10. Time evolution of spin correlation functions for finite magnetic chains: 1, Gaussian part; 2, diffusive part; 3, finite
n =seven-spins chain; 4, finite n =five spins chain.

f (co) =G —n [,„IID(x)] '+ [2D (x)co]

6 represents the contribution of [g(t) n'] a—t shorter
times (-co,„').

The combination of this model with Ref. 4 gives a
qualitative' agreement with experimental results: the fre-
quency variation with an efFective" difFusion coefficient
enhanced by the doping, and the negatively increasing
P(x). We have to find the origin of the diffusion. I.et us
recall briefly the conditions in pure TMMC. %e know
that the total spin components 5' and S commute with
the Heisenberg Hamiltonian while S' commutes with the
secular intrachain dipolar interaction. Thus f (co) and.
f~+(co) can show a . diff'usive behavior provided that
cu &&cu, : the respective cutoff frequencies m', correspond-
ing to the "longitudinal" electron relaxation rate,
identified with T],' in TMMC, and co,

+ to the "transver-
sal" rate, i.e., the ESR linewidth. For 8—0', g,. A is
very small, owing to nearly perfect compensation of the

terms, so the difFusive behavior of the functions
f J+(co) is only observed. At other orientations the
diffusion is not observed because co', is itself frequency
dependent.

In doped TMMC there are additional interactions: ex-
change or dipolar interactions between chain ends then
can allow diffusion processes. However, it is highly
doubtful that the observed diffusion is related to the be-
havior of g Bf+(co, ) as in the pure. case. The main
reason is that it would imply extremely low values of
D(x): more than 10 smaller than the pure case value.
As a result, the following condition required for probing
the difFusion zone is not fulfilled: co, ((tD ' —D(x). On
the other hand the condition can be observed for co„, and
we think that the difFusive behavior occurring near 0=0'
in doped TMMC is indeed related to f;(co„):

(i) Owing to the existence of impurities in the chains,
the symmetry is broken and there is no more compensa-
tion of the A terms.

(ii) The cutoff frequency

co~ = T)e 10 rad s

near 0=0, corresponding to a nuclear frequency v„=15
MHZ. In effect, T,„appears to be frequency independent
below this value. It results that fj+(co, ) &(f J(co„) so
that

T, ' (x ) = ( —,
' S(S + 1 ) g A jf '( co„) .

The averaged relaxation rate can be evaluated by con-
sidering, as in Ref. '4, the probability that a Mn + ion be-
longs to a chain of n spins and the resulting efFect on the
geometric terms. One obtains

T, ' =Q(x)+( —', )S(S+1)[2D(x)co„] ' A (x)

with

A (x)= g AJ(1 —x)j

The value of D (x) obtained from

[P(x)/P(x =0)]=(co,/co„)' A (x) +BJ.
J

X [D (x =0)/D (x)]'

is given in Table I with other parameters. As in the
TMMC-Cu, it is possible to interpret the average
difFusion coefficlent by means of a relation

[D (x)] '=(1—2x)[D (0)] '+2x(D )

D being a "local" diffusion coefficient related to the Mn-
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TABLE I. Experimental and theoretical parameters for the proton spin-lattice relaxation rates.
P(x) and Q(x) are experimental parameters (Ref. I) obtained from Fig. 9. A (x) is an interaction pa-
rameter calculated for the impurity concentration x. u=y, y„A where y, and y„are, respectively, the
electron and nuclear gyromagnetic ratio. D(x) (the di6'usion coefficient) and D (the "local" diftusion
coefficient) are deduced from experiment.

0
0.02
0.09
0.20

Q(x)
(s ')

350
—700

—4700
—12000

P(x)
6 —3/2)

3.92
15
61

1SO

aA (x)
(10 A )

0.5
10.5
32
49.7

D (0)/D (x)

1

168
300
750

D (0)/D

(3600)
1650
1865

Mn interaction between chain ends. One notes the good
consistency of the D/D values obtained in the two most
doped samples. In fact, the rather high uncertainty
comes from the lack of accuracy of the A (x) value. The
less doped sample contains semilong chains (n ~ 10) for
which the spin dynamics model is not valid: The
diffusion processes are established before the asymptotic
value is reached.

The frequency term Q(x) cannot be calculated easily.
However, it can be seen from the relations (4) and (5) that
it contains a negative part proportional to [xD(x)]
which is strongly enhanced by the doping. Of course, the
relaxation rate is not described in the whole range of fre-
quencies by relation (1), since it would give unphysical re-
sults at high frequencies. The spectral density f (co) is
not diff'usive at low frequencies (if co is below the cutoff,
but also at high frequencies, if m is greater than, approxi-
mately, the spin-di6'usion coeKcient in frequency unit.
As a result, one has not Ti ' ~Q when co~ oo, and, of
course, the T&

' value remains always positive and tends
towards zero since f(co~ac)~0. In fact the spectral
densities f (cu) tend towards zero as co is increased. The
model used and the resulting relations (4) and (5) are val-
id only for frequencies co && tD '.

C. Analysis of the ESR results

The "dipolar" function P(t) can be constructed like
g (t). For a finite chain of n spins (n ~10), P(t) rapidly
attains a constant value. The computer simulation on
classical spins shows that

P(t ~ ~ )/P(0) =C

is approximately equal to n ' . For a sample with a
concentration x of impurities we define a mean value
C(x). The correlation function is written as (the initial
Gaussian decay being neglected)

P(t)=P(0)C(x)e c' for O~t ~tn,
P(t)=P( )0C(x)(t Dt/)' e c' for tD ~t ~ ~ .

P(0) is obtained from spin decoupling

$(0)=(—',g(6)S(S+1), g(x)= g n

theory, let us focus on a specific point. It has been shown
that the ESR spectrum is a function of the angle between
the chain axis c and the oscillating field polarization: It
is characterized by a line shift and an alteration of the
shape and the amplitude of the line. ' In our experiment
the oscillating field is nearly perpendicular to the plane
containing c and the static field (y=90'), so the resulting
line shift is negligible and the most visible effect appear-
ing in the derivated line is a greater peak in the upper
field side. The important shifts that are observed are re-
lated to the complex spectral densities 4(co). The orien-
tation 0=90' is of particular interest since it is known
that, in this case, the spectrum can be described by means
of generalized Bloch equations with two damping rates:
I/Tz, h along the chain axis, and 1/T2, perpendicular to
the chain:

1/T2, —( —', )coD[4(co+co, )+4&(co—co, )],
1/T2, h being caused by the weaker interchain contribu-
tion. Low-frequency measurements have shown that'

1/T2, h
—5 X 10 rad s

1/T„—10" rad s

in pure TMMC. If we apply the relation (7) of Ref. 19 to
the linewidth measured at X-band in doped (x =0.20)
TMMC we obtain

1/T2, -3.4X 10' rad s

( I /T2, h has a negligible inffuence). Of course this calcu-
lation is not rigorous since the field dependence of the
damping rate has been neglected, but it shows that the
spectral density P(0) is altered by the doping, but in a
lesser extent than the two-spin f (0). A cause is the
enhancement of the cutoff frequency, varying approxi-
mately as the linewidth. An approximate value of the
cutoff for 0=90' can be obtained by considering the spec-
trum in the relaxation configuration. In this case one can
write I, ~ Re[4(co—2', )]. Let us suppose, for simplici-
ty, that no diffusion occurs for P(t) (i.e., tD~ ~). It fol-
lows

Before a direct comparison between experiment and co 3 p AHpp 2 5 X 10 rad s
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TABLE II. The C(x) and tD values necessary to compute the
linewidths. The values of C(x) should be compared to the
values obtained from simulations on classical chain of n spins: "
C =0.4 for n =5 and C =0.25 for n = 10.

x (doping rate)

0.02
0.09
0.20

C(x)

0.15
0.3
0.5

tD(x) (in J units)

24
30
55

VI. CONCLUSION

We have reported in this publication ESR experiments
on TMMC-doped samples. Two configurations of the os-
cillating field have been considered: the resonance and

I

From the 1/T2, value previously calculated we deduce
C(x =0.20)-0.35.

Now we return to the model, taking into account a
possible spin diffusion. To compute numerically the ESR
spectra we calculate the transform of P(t). Three param-
eters must be considered in order to fit the experimental
and computed linewidths and shifts for the two
configurations: the amplitude C(x), the difFusive time tD,
and the cutoC' frequency co, . In fact the ~, value is
locked to the linewidth: co, -nb H

The C(x) and tD(x) values chosen are given in Table
II. For the resonance configuration the agreement is
quite satisfactory for the linewidths and quantitatively
gratifying for the line shift (Figs. 2 and 3). For the relax-
ation configuration it is merely passable. The lengthening
of the spin-lattice relaxation time T„ is related to the
rapid decreasing of spectral densities 4(co) at high fre-
quencies resulting from the reduced diffusive part. It
should be noted that, as for the nuclear relaxation, there
is a broad range of T„ in the sample. Furthermore, the
method of measurement tends to favor the longer T, (the
signal delivered by the modulation spectrum is a growing
function of T, ) and a quantitative comparison with
theory is not easy.

the relaxation ones. "We have also measured the electron
longitudinal relaxation rate using the modulation
method. These experiments point out evidence of consid-
erable effects both on the linewidths (enhancement) and
on the electron spin-lattice rate (reduction). New NMR
data dealing with high-frequency proton relaxation rates
have also been reported. Besides the very strong shorten-
ing of the proton spin-lattice relaxation time caused by
the doping, one notes a frequency dependence giving evi-
dence of a spin diffusion of. two-spin correlation func-
tions, as in pure TMMC. Here, however, the longitudi-
nal (in the field direction) spin fiuctuations are involved,
contrarily to the pure case. The diffusion occurs through
the weak interactions between Mn ions across a Cd im-

purity. A correlation function model with delayed
diffusion time has been proposed to account for the con-
siderable effects observed in NMR and ESR. The ESR
spectrum has been divided from a generalized memory-
function formalism. The ESR linewidths and line shifts
so calculated are in fairly good agreement with experi-
ment. The diffusion time values tD obtained from NMR
and ESR appeared to be quite different. However, the be-
haviors of the two-spin function g(t) and the dipolar
function P(t) cannot be compared in the diffusion regime
because the decoupling procedure is not expected to be

valid in this case. We note also that the enormous shift
observed in the relaxation configuration remains to a
large extent unexplained. A more realistic model of spin
dynamics is thus needed.
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APPENDIX

For a linear chain of spins, the a "~ terms occurring in
relations (2) and (3) can be expressed as

a+ =i(co+co, )+BI(1—3cos 8) @(co+co,)+sin Ocos 8[6@(co)+4&(co+2co,)]+sin 84'(co —co, )I,
a + =i(ai ci), )+BI(1——3 cos 8)~4(co co, )+sin —8cos 8[64(co)+44&(co 2', )]+sin —94(co+co, )I,
a"=ico+B [sin 8cos 8[4(co+co, )+4(co—co, )]+sin 8[4(co+2co, )+4(co—2co, )]),
a + =Be2™I( 1 —3 cos 8)sin 9[4(co+co, ) +C&(co —~, ) ]+6 sin 8 cos OC (co)I,
a '=Be '+[2(1—3cos 8)sinOcos8y(co —a~, ) —4sin Ocos04(co —2', ) —2sin Ocos94(co+co, )],
a' =Be '~[(1—3 cos 8)sinO cosO@(co+co, ) —2 sin 8 cos@(co+2co, ) —sin 8 cos@(co—co, )],
a+ (co, )=a +( —co, ),
a' (co, )=a '( —co, ),

with B= ( —,', )coD and coD =Ay, /c the dipolar frequency,
c the smallest separation between ions in the chain, and y
the gyromagnetic ratio. The chain axis c is defined by

spherical coordinates (9,y), the static magnetic field Ho
being directed along the z axis.

4(co) is the Laplace transform of the four-spin correla-
tion function
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N(t)=e c'g (i —j) (k —1) (S;+(t)S+(t)S Sk ) l(5+8 ),
ij kl

where the evolution of the spins (S,—are the ladder opera-
tors at site i) is governed by exchange interaction only.

I

The effect of the dipolar interaction is described in a phe-
nomenologica1 way by the cutoff frequency m, .
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