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Several experiments on the dynamic properties of the electron spins in quinolinium-di-
tetracyanoquinodimethanide are reported. They include pulsed electron spin resonance (ESR)
over the frequency (v) and temperature (7) ranges 241—400 MHz and 0.04—4.2 K, as well as
cw ESR over the ranges 10—290 MHz and 0.03—300 K. Both polycrystalline and single-platelet
samples were investigated. In all of the cw experiments, a single, narrow, Lorentzian line shape
is observed. It is shown that this is a result of narrowing of dipolar and hyperfine interactions
by an undetermined combination of isotropic-exchange and electron-spin-delocalization effects.
At low T the ESR linewidth AH,/, has a slow logarithmic divergence with decreasing v and 7.
The pulsed ESR experiments include spin-echo measurements of the transverse spin-phase
memory time (7,,), and the recovery of the longitudinal magnetization. Below 100 mK, the
latter displays both a fast (7,) and a slow () recovery time. Typical values for T, and T,,
are 1 us and 0.5 us, respectively, and both vary weakly with v and 7. It is proposed that T,
represents relaxation between the Zeeman and exchange reservoirs. At 50 mK, 75 =7 ms, and
varies as 75 « T-4%1 It is attributed to relaxation of the Zeeman and exchange reservoirs to
the He bath, and may be determined by the Kapitza resistance. These results are further evi-
dence that quinolinium(TCNQ), is a random-exchange Heisenberg antiferromagnetic chain.

I. INTRODUCTION

A substantial amount of recent work on the mag-
netic properties of quinolinium-di-tetracyanodimeth-
anide [quinolinium(TCNQ),] has the characteristics
of a random-exchange Heisenberg antiferromagnetic
chain (REHAC) with spin S = % This interpretation
is supported by measurements of the magnetization!?
(M), magnetic susceptibility’=® (x), and specific
heat” (Cy) at constant magnetic field (H). These
experiments probe the static properties of the mag-
netic chains. In this paper, we present and interpret
measurements of their dynamic properties using cw
and pulsed electron spin resonance (ESR) over a
wide range of temperature. Our work on the static
properties appears in the paper immediately preceding
this one.’

Two types of experiments have already been re-
ported which are related to the dynamics of these sys-
tems. The first is relaxation of the proton spins by
electron-spin fluctuations.®® Significant progress has
been made in the interpretation of these results in
the regime where the electron Zeeman splitting is less
than kp T (kp is Boltzmann’s constant and T is the
temperature) using one-dimensional diffusion models
for the motion of the electron spin.!° On the con-
trary, there is still no detailed explanation for the
unusual behavior reported® at temperatures low

enough that the electron Zeeman splitting is on the
order of or large compared to kzT. The second re-
ported measurement of electron spin dynamics in
quinolinium(TCNQ), is the ESR linewidth.!! In this
case, we are also not aware of any quantitative in-
terpretation of the experimental observations.

In the work reported here, a more direct approach
to the spin dynamics is employed. The longitudinal
and transverse relaxation of the electron spins are
measured using the techniques of pulsed electron
spin resonance. In addition, the cw ESR linewidth is
reported. To the best of our knowledge, the relaxa-
tion measurements presented here are the first direct
measurements of the dynamic behavior of the elec-
tron spins in a REHAC.

The transient quantities measured in our experi-
ments are the recovery time of the electron spin mag-
netization parallel to H after it has been disturbed
from equilibrium by an rf pulse and the spin-phase
memory time using spin echoes. The frequency (v)
temperature ranges covered are respectively
241 < v <400 MHz and 40 mK < T < 4.2 K, which
corresponds to 86 < H < 143 Oe. The linewidth
(half width at;half maximum, AH\;,) is reported for
frequencies ranging from 10 MHz (3.6 Oe) to 290
MHz (103 Oe) and temperatures over the range 30
Mk < T <300 K. The experimental results are
presented in Sec. III, following a description of exper-

5854 ©1981 The American Physical Society



23 LOW-TEMPERATURE MAGNETISM OF QUINOLINIUM(TCNQ),, ... IL. ... 5855

imental details in Sec. II. Preliminary reports of this
have been published elsewhere.5 !?

One of our major results is that the recovery of the
longitudinal magnetization has two components. One
of them is fast (~1 ws) and nearly independent of T
over a range —100:1 in 7. The other component is
much slower and strongly (~77*) dependent on T.
In Sec. IV these properties are interpreted using a
two-reservoir (exchange and Zeeman) model for the
exchange of energy between the magnetic degrees of
freedom. This picture is consistent with the behavior
expected of a REHAC. Since there is not yet any
theory for calculating the appropriate relaxation rates
and AH,/; in a REHAC, our interpretation of these
points in Sec. [V is qualitative, and found to be con-
sistent with the properties of a REHAC.

II. EXPERIMENTAL DETAILS

The samples used in this work were provided by K.
Holczer of the Central Research Institute for Physics,
Budapest, A. J. Heeger of the University of Pennsyl-
vania, and N. Rysava of the Institute of Physics,
Prague. They are labeled 1, 2, and 3, respectively.
They were prepared using standard synthesis tech-
‘niques and, where tested, showed properties recog-
nized as characteristic of quinolinium(TCNQ),. Oth-
er low-temperature magnetic measurements on these
samples have been reported elsewhere; in particular,
the specific heat’ of sample 1 (whose characteristics
are discussed in more detail there) and the static
susceptibility of all three.?

Most of the work reported here was done on ~5
mg polycrystalline samples which were lightly
compressed into thin-walled quartz tubes. Quartz
was used to avoid the spurious ESR signal found in
Pyrex. The magnetic resonance coil was wound on
the outside of the quartz tube. A few linewidth mea-
surements as a function of field orientation were
made on a single platelet measuring approximately 2
umx 8 umx2 mm (~0.05 ug of material). In this
case a freely suspended coil made from 13-um-
diameter insulated Cu wire and having 60 turns and
an inside diameter of 25 um was used. This coil was
wound on a thin (25 um) wire form. After winding,
the form was removed and the sample carefully slid
into place. Even though the coil was unusually small,
the sample was still much smaller, so that the filling
factor was quite low (~0.03). Nevertheless, viable
signals could be obtained with this arrangement.

Cooling below 4.2 K was achieved via direct con-
tact with He vapor or liquid in the mixing chamber of
a dilution refrigerator. A calibrated carbon resistor
was used for thermometry. Above 4.2 K T was con-
trolled with a gas-flow system and measured with a
Ge resistance thermometer. In both cases, the un-
certainty in T was 2% or less.

Longitudinal and transverse electron spin relaxa-

tion times were measured using a low power, pulsed
magnetic resonance spectrometer' operating over the
frequency range 240—400 MHz. Standard pulse se-
quences, such as those used for pulsed NMR, were
employed. Longitudinal relaxation was observed us-
ing a pair of equal angle pulses and registering the
amplitude of the free-induction decay following the
second pulse as a function of the time interval
between the pulses. Transverse relaxation was mea-
sured with a pair of pulses the first of which was
twice the length of the second, and recording the am-
plitude of the spin echo as a function of pulse separa-
tion. Ideally, the pulse sequences for these experi-
ments would be 90°-90° and 180°-90°. Because of
the low power available with the spectrometer, the
pulse lengths were on the order of the free-
induction-decay time (T5,), with the consequence
that there was an appreciable uncertainty in the actual
angles through which the magnetization was tipped.
The pulses were usually set to maximize the signal
available for each measurement. With our conditions
of low rf power, short Ty, and the recovery time
mentioned below, maximizing the signal usually
meant tipping the magnetization through smaller than
normal angles.

Even though over the temperature range (40
mK—4.2 K) investigated the ESR line is rather nar-
row (0.1-0.25 G), T, and relaxation times were
quite short (~1077 to 107% s). The dead time of the
spectrometer was reduced to ~0.5 us, which was suf-
ficient to produce acceptable signals. Representative
errors are indicated with the data.

_Steady-state linewidth measurements of AH,, at
frequencies greater than 200 MHz were performed
using a high-frequency Q-meter absorption spectrom-
eter,' field modulation, and lock-in detection.’ The
derivative signal thus obtained was integrated to give
the absorption signal. At frequencies below 200
MHz the linewidth was obtained via direct recording
of the absorption signal upon sweeping the field us-
ing a different low-level Q-meter absorption spec-
trometer.'*

Measurements of linewidth as a function of field
orientation were done by keeping the sample fixed in
the mixing chamber and changing the field direction.

III. EXPERIMENTAL RESULTS

In this section we present the experimental results.
Their interpretation is given in the next section.

First the transient measurements are described, fol-
lowed by the steady-state ones.

The recovery of the longitudinal magnetization
(M,) is shown in Fig. 1. There, it is seen that about
90% of the recovery time at 48 mK is very fast (see
inset) with a characteristic time constant of about 1
us followed by a much slower recovery whose charac-
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FIG. 1. Recovery of the longitudinal magnetization as a
function of time at 48 mK. The inset shows the fast com-
ponent in more detail. It is attributed to Zeeman-exchange
relaxation, and the slow recovery is associated with the re-
laxation of both reservoirs to the bath.

teristic time is about-1072 s. Since the two time
scales are so different, the corresponding parts are
easily separated, as shown in the inset of Fig. 1. The
fast recovery is exponential (time constant T',),
whereas the slow recovery is more complicated. The
exponential form of the fast recovery is shown by the
straight line in Fig. 1. On Fig. 2, data showing the
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form of the slow recovery are shown for several dif-
ferent values of 7. For reasons to be made clear
later, the time scale is multiplied by T4, where Ty is
the temperature of the bath. The departure of the
slow recovery from exponential form is seen by com-
parison of the data with the exponential indicated by
the solid line. This separation of the recovery into a
fast exponential part followed by a slow recovery of
more complicated form occurs only in the low T
range, and the lower T is, the more pronounced is
the slow recovery. Within the accuracy of our mea-
surements, only the fast recovery is observed above
100 mK.

The decay of the transverse magnetization at 40
mK as measured in the spin echo experiments is
shown in Fig. 3. At each T a single exponential is
observed, thereby giving a unique spin-phase
memory time T,,.

Values of T, and T,, over a wide range of T at
several values of v are shown in Figs. 4 and 5,
respectively. In addition, T, calculated from AH),
is shown on Fig. 5. The experimental values of T,
and T,, obtained at any given T depend weakly on
the pulse angles used. Our maximum observed vari-
ation is about +8%, and is the main contribution to
the experimental uncertainty indicated by the error
bars. A given pulse sequence gives an uncertainty in
recovery time which is somewhat less, about 3—8%.
The central fact evident from Figs. 4 and S is that
over a range of 100:1 in T for T, and a smaller fac-
tor of 10 for T, these relaxation times are ne=rly in-
dependent of T.
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FIG. 2. Recovery of the slow component of the magneti-
zation of sample 3 as a function of time for several different
temperatures. The time axis is normalized by Té" to show
that, although the form of the slow recovery is not exponen-
tial (solid line), it has the same shape at different tempera-
tures and varies approximately as 774,
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FIG. 3. Spin-echo decay as a function of time.
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FIG. 4. Fast relaxation time of sample 3 as a function of
T at several frequencies. The weak dependence of T and v
is used to identify the process as magnetic cross relaxation
between the Zeeman and exchange reservoirs.

In contrast to the fast relaxation, the slow relaxa-
tion has a strong T dependence. This is indicated on
Fig. 2, where it is seen that scaling T by T4 gives a
form to the relaxation which is nearly independent of
Tg. Although the shape of the recovery curve is not
exponential, there is characteristic time for the slow
recovery to go halfway to its final value (75) which
has the same meaning for all 7. It is shown in Fig. 6
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FIG. 5. Spin phase memory time and inverse linewidth of
a polycrystalline compaction of sample 3 as a function of
temperature.
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FIG. 6. Slow relaxation time as a function of temperature
at two frequencies. The strong T dependence may be deter-
mined by the Kapitza resistance of the sample.

at two frequencies as a function of Ty using logar-
ithmic scales. There it is seen that 75 varies approxi-
mately as 7~* (we estimate 75 oc T-40£10))

Next, we present our cw ESR absorption line
shapes. Although not all of our recorded ESR lines
have been analyzed for their shape, many of them
have been checked covering all of the conditions
representative of our measurements. In no case has
a significant deviation from a Lorentzian shape been
observed. Visual inspection of the rest shows them
all to have the features characteristic of a Lorentzian
shape. We therefore conclude that all of the condi-
tions covered in our experiments generate Lorentzian
ESR absorption lines.

Our measurements were made on both polycrystal-
line samples consisting of many platelets oriented at
random and a single-platelet sample. First, we con-
sider the polycrystalline samples. The linewidth
AH\y, at several frequencies over the temperature
range 0.03 < T < 300 K for samples 1 and 2 is shown
in Figs. 7 and 8, respectively. It drops from about
0.15 G to a minimum of about 0.05 G at 25 K and
then slowly rises as the temperature is lowered fur-
ther. The onset of this low-temperature rise also
coincides with the beginning of the low-temperature
exponent behavior of the magnetic susceptibility X
observed in these samples.> At v =42 MHz and
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below, the low-temperature behavior of these two
samples is similar, but not identical. The low-
temperature data of sample 1 follow rather closely the
empirical relation

AHm=3BXIWH41%£]G. (1)

In Fig. 9 the dependence of AH,;; on v at T =42 mK
is shown for sample 1. There, it is seen that below

v =100 MHz, H increases slowly with decreasing fre-
quency according to the empirical relation

5J3GHz]G _ -

AH]/; =0.63x 107! ln[
14

Above 200 MHz, AH,, starts'to rise, perhaps to the
same value reported? at 9.5 GHz.
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FIG. 8. ESR linewidth as a function of T for (polycrystal-
line) sample 2 at several frequencies. The solid and dashed
lines are a guide to the eye.

FREQUENCY v (MHz)

FIG. 9. ESR linewidth of a polycrystalline sample as a
function of v at 42 mK. The linewidth 0.26 G for a single
needle at 9.5 GHz and extrapolated to 42 mK (Ref. 2) is
also indicated.

Measurements of AH;, as a function of field
orientation are shown for a single platelet of sample 3
in Figs. 10—12. The z axis was taken as the chain
axis (the longest direction of the platelet), and the x
and y axes to form an orthogonal basis with the y
axis perpendicular to the largest face. Rotations were
made in three orthogonal planes as follows: First a
rotation was made in the xy plane (Fig. 10) to identi-
fy the directions giving maximum and minimum
values of AH ;. These directions were found to be
30° beyond the x and y axes as shown. Subsequent
rotations (Figs. 11 and 12) were made in planes con-
taining the z axis and the directions corresponding to
the maximum and minimum of Fig. 10. . For defini-
tions of the various angles refer to the figures.

The needle chosen had well-defined faces when
viewed under magnification. It is not known, howev-
er, if this platelet was a single crystal. The frequency
of measurement, 56.5 MHz, was not high enough to
use the anisotropy of the g-value® as a test of this
point. On the other hand, the large anisotropy with a
simple two-fold symmetry suggests that the sample
was, in fact, a single crystal.

There is a complication in comparing Figs. 10—12:
Figs. 11 and 12 were obtained at 79 mK, whereas the
45 mK indicated for Fig. 10 is a lower limit; the actu-
al temperature may have been as much as a few mK
above this. The reason for this is that there was a
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FIG. 10. ESR linewig}h of a single platelet as a function
of field orientation for H perpendicular to the chain axis.
For comparison with other results, Fig. 7 has been used to
extrapolate to 79 mK. The solid line is a guide to the eye
and the dashed line is Eq. (3).

slight amount of rf heating for Fig. 10 and none for
the others. The amount of heating was the same for
all the data of Fig. 10. This was verified by measur-
ing the area under the absorption curve at each angle.
It is plotted as X as a function of ¢ (solid circles,
right hand axis) on Fig. 10, and shows that the in-
tegrated intensity, and therefore the temperature, was
the same for all of the points.

It is easy to extrapolate the 45 mK data of Fig. 10
to the 79 mK of Figs. 11 and 12. The minima of
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FIG. 11. ESR linewidth of a single platelet as a function
of field orientation in a plane containing the chain axis. The
solid line is a plot of Eq. (4).
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FIG. 12. ESR linewidth of a single platelet as a function
of field orientation in a plane containing the chain axis. The
solid line is a plot of Eq. (5).

Figs. 11 and 12 correspond, respectively, to the same
directions as the minimum and maximum of Fig. 10.
Inspection of these figures shows that Fig. 9 can be
brought into coincidence with Figs. 11 and 12 by sim-
ply subtracting 0.03 G from all values of AH,;; on
Fig. 10. This is shown by the dashed line on Fig. 10.
It is very close to the correction (0.025 G) which one
would infer from Fig. 7.

The curves used to fit AH;, (determined from a
least-squares fit) at 79 mK for the various rotations
are:

(Fig. 10) AH/;=10.125cos?(¢ +60°) +0.195]1 G ,

3)
(Fig. 11) AH/;=(0.189 cos?9, +0.167) G , 4)
(Fig. 12) AH ;= (0.086 cos?9,+0.270) G . (5

It is seen that for all the orientations tested, H paral-
lel to the chain axis corresponds to the largest AH ;.

IV. INTERPRETATION

In this section we analyze and discuss the data
presented in Sec. III.

A. Longitudinal relaxation

The main features in the relaxation of M, are the
following: Below 0.1 K, two components of relaxa-
tion are seen, a fast one and a slow one (Fig. 1).
The fast one is exponential (Fig. 1), almost indepen-
dent of temperature between 0.04 and 4.2 K (Fig. 4),
and only weakly dependent on frequency between
0.04 and 4.2 K. The slow relaxation is strongly tem-
perature dependent below 0.1 K (Fig. 6), nonex-
ponential (Fig. 2), and not observed above 0.1 K.

Here, we present a model which we believe con-
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tains the correct physical explanation for the behavior
of M,. It is based on three weakly coupled thermal
reservoirs, as indicated in the upper part of Fig. 13.
They are the Zeeman reservoir, with a Hamiltonian

Hy=—gugH 3 S (6)

and temperature 7, the exchange reservoir, with a
Hamiltonian

H;=23J5,S4 (7)
i

and temperature Tg, and the helium bath, for which
an infinite heat capacity and constant temperature T
are assumed. In Egs. (6) and (7), i is the site index
on the one-dimensional chain of spins, §,» is the spin
operator (S =%—) of the ith site, and J; is the
nearest-neighbor antiferromagnetic (J > 0) exchange
interaction, which is random with a distribution func-
tion P(J). Models of this type have been used re-
peatedly to explain the relaxation behavior of elec-
tron spins coupled by exchange and other interac-
tions,!’ and even for nuclei in solid *He.!6

The Hamiltonian H = Hg + H; has been widely
used to explain the static magnetic properties of

Zeeman
reservoir
Tz, Mz fast relaxation
T anisotropic
te (dipolar )
Z -E coupling
Exchange
reservoir
Te=Ce
slow relaxation
Ty exch. - phonon ¢
bulk th. cond.?
Kapitza resist, 9
He bath
Tgy Cg=®
- T

o [2 Tye (fast) ':5,
S p=] /
g 4 /__rB (slow) I’
2 KT.LJ -“:.—TE r—
o i S e e SCtTTSEE I
- TB »

er pulse Time

FIG. 13. Block diagram for the reservoir model used to
explain T, and 7 (upper part). Schematic graph of T, and
T, as a function of ¢ at low T in a pulsed ERS experiment
(lower part).

quinolinium(TCNQ),. For example, H is responsi-
ble for the zero-field specific heat’ [Cy (0,T)], which
varies as

Cy(0,T) =BT'~@ €)]

at low T. (The parameter « is a constant which ap-
pears in the various theoretical models.) Both Hg
and H combine to give the observed®

X=AT™® 9

at low H. These points are covered in detail else-
where, where the Bulaevskii' model, the ECP
model,%'”'® the cluster model of Theodorou and
Cohen,'? and the recent renormalization calculations
are discussed.?0-22

In order for Hr and H; to function individually as
thermal reservoirs it is important that they not be
strongly coupled to any other reservoir and that there
be a means of establishing internal thermal equilibri-
um.?* They are not coupled strongly together be-
cause [Hg, H;1=0.

We assume that they have no strong interactions
with other reservoirs, such as the phonons in the
sample or the helium bath. In order to allow some
energy flow between Hg,H;, and the bath, additional
weak couplings among them are needed. They are
also needed to explain the linewidth measurements
discussed in the next section. The real system pro-
vides a large number of such couplings, some of
which are the electron-electron dipolar interaction?*
(Hy), the isotropic (/) and anisotropic (4) electron-
nuclear (hyperfine and dipolar) interactions, *H,,
and Hy,, and the exchange-phonon interaction?® H,,,.
The term H, is especially important for the reservoir
model of relaxation, as it may provide the weak cou-
pling between reservoirs, which gives the observed re-
laxation, as well as provide a coupling within each
reservoir, which is important for the establishment of
an internal temperature. These properties of H, can
be shown for example, with the ECP model."?

Now consider the relationships between the three
reservoirs and the observed behavior of M,.?5 Before
attempting to justify them, we give a qualitative
description of what happens. This is illustrated in
time sequence on the lower part of Fig. 13, where the
various temperatures are sketched as a function of
time (r). The quantity directly observed is the value
of M, just before an rf pulse is applied to the elec-
trons. The amplitude of the signal is proportional to
M,. Since M, =X(T;)H and X « T;*, observation of
the signal amplitude constitutes a measurement of
T7. Starting from thermal equilibrium (7; =T
=Tg), the rf pulse is applied, which immediately in-
creases Tz. The subsequent fast (1 us) relaxation
time T, is interpreted as relaxation of the Zeeman
and exchange reservoirs to a common intermediate
temperature. Thus, on a time scale of 1 us, the ESR
signal also provides a measure of T;. Below 0.1 K,
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the slow relaxation time 75 represents the relaxation
of T and Tg in unison to Tp.

There are several arguments to make plausible the
near independence of T, on T and v. Following
standard transition probability theory,?’ T is pro-
portional to | H,|? for interacting pairs of spins, pro-
portional to the number of possible transitions which
conserve energy (density of states factor), and
depends on the thermal populations of the states in-
volved in the transitions. As demonstrated in our
experiments, the spectral width of H; is narrow
(~y.AH;;) and centered about v. On the other
hand, the spectrum of energy levels of Hf is ex-
tremely broad, as exemplified by the experiments
which support’ Eq. (8). The relevant density of
states is therefore determined mainly by Hy. As long
as gugH << kgT, none of these factors is expected
to show a strong dependence on T or v; hence nei-
ther should Ty, in agreement with our experimental
results. The process just described is a form of mag-
netic cross relaxation rate which is strongly influ-
enced by the overlap in the states of Hr and H;.
Phonons play no direct role in it.

We have not been able to translate these ideas into
a quantitative calculation of T, for a REHAC. Part
of the problem is that at low T there is not charac-
teristic J in the problem. The range of J is so large
(at least after renormalization?®~22) that there are al-
ways a substantial number of values which are both
large and small compared to both k37T and gugH.
This large range in J and one dimensionality are two
features which distinguish a REHAC from earlier
treatment of Zeeman-exchange reservoir relaxa-
tion, 1516

There are two other observations about T, in
quinolinium(TCNQ),. which help to identify it as
due to Zeeman-exchange relaxation. The first is the
rise in T¢ at the end of the short time interval when
Ty and T have first reached a common T after an rf
pulse, as measured by the fraction of the recovery
(8x/x) represented by the slow mode. In Fig. 1, this
fraction is seen to be 8.5% at 48 mK and H =143 Oe.
The rise in T can be estimated using simple energy
balance arguments. The effect of the rf pulse is to
reduce M, from its equilibrium value M, (o) to
M, (o0) cosB=X(Tgz)H cosB, where B is the angle by
which the pulse tips the magnetization from the z
axis. When M, relaxes back to M,(Ty) by the
amount AM, a quantity of energy E = (AM)H
= X(Tg) (1 —cosB)H? is absorbed by Hy, which
raises Tz by 86Tz =~ E/Cy(0,Tp). Since X « T™%, we
have for small 8 7¢

3T 8X

=—q— , 1
T, ax (10a)

8T _ (1—cosp)(Tp)H?
Tg Cy(0,Tg) Ty

(10b)

These equations can be compared with our experi-
ment at 75 =48 mK and H =143 Oe by using

C; (0,48 mK) =1.3 x 10° erg/mole K (extrapolated
from measurements’ to 70 mK on a sample with
a=0.82, which is similar to our sample 3) and

x(48 mK) =5.6 x 10~2 cm?/mole for sample 3, which
has® a=0.85. Equation (10a) yields 8T¢/Tg = 10%,
whereas if 8=90°, Eq. (10b) indicates 8T/ Tz = 18%;
if B=64°, 8Tg/Tr =10%, which is observed. As in-
dicated in Sec. II, the angle B8 is not precisely deter-
mined in our experiments, but is probably somewhat
less than'90°. Thus, 8T just calculated is consistent
with the idea that T, is due to Zeeman-exchange re-
laxation.

The other observation tending to substantiate this
reservoir model is the disappearance of the slow re-
laxation above about 100 mK. The fraction of the
whole recovery signal corresponding to the slow
recovery is approximately 8 Tz/ Tz « H?*/T?. Since this
scales as T2, going from 48 to 100 mK reduces the
amplitude of the slow relaxation mode from 10% to
only 2.5%, at which point it becomes difficult to ob-
serve.

There are several mechanisms for the common
(slow) relaxation of the Zeeman and exchange reser-
voirs to the helium bath, which we associate with 7.
The most conventional one has three steps in series:
relaxation of the exchange reservoir to the phonons
in the bulk of the sample, conduction of heat by the
phonons from the bulk to the surface, the conduction
of heat across the surface into the bath against the
Kapitza resistance (Rz). Roughly speaking, since
these operate in series, the overall time scale in the
slow relaxation will be set by the weakest of the three
processes acting as a bottleneck. The observation
5« Ty**! indicates that the Kapitza resistance may
be the limiting process, since the acoustic mismatch
theory?® and many experiments on other materials in-
dicate Rg o T~3 when the temperature difference
across the boundary is small, and Rz < 77* when it is
not. It is suggestive to estimate the thermal time
constant 7, = RgCy of a typical needle of quinolin-
ium(TCNQ); in *He at 50 mK. By using the typical
dimensions 0.2 X 107 x 4 x 10~* cm?, density? p=1.4
g/cm?, specific heat’” Cy =20 nJ/gK, and typical
boundary resistance coefficient?® r = (100/73)
(K*cm?/W) we obtain 7, = 0.8 ms. The observed
value (7 ms in Fig. 6) is an order of magnitude
larger. ‘However, given the uncertainties in such esti-
mates, the Kapitza resistance remains a plausible can-
didate for the physical origin of 7. If this process is
the determining factor, it could also explain the
nonexponential recovery (Fig. 2) as due to the distri-
bution in size of the platelets, which we have ob-
served under magnification to be rather broad.

Although the above interpretation of 75 « T74¥! as
coming from Rjp is plausible, it should be accepted
with caution as there are many factors whose impor-
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tance to the relaxation has not been evaluated. They
include estimates of the exchange-phonon relaxation
rate, the possibility that transport to the surface of
the platelet is carried by magnetic excitations rather
than phonons, the possibility that relaxation occurs
via direct magnetic coupling to *He in the mixing
chamber,? the possibility that coupling out of the
magnetic degrees of freedom is via the Zeeman rath-
er than the exchange reservoir, and the possibility
that there is heating of the bath in the vicinity of the
sample. Another point which could be important for
the energy transport in the system is the fact that the
wavelength Ay, of a thermal phonon at the lowest 73!
is comparable to the smallest dimension (~1 um) of
a typical platelet.

B. ESR linewidth

In this discussion we focus attention mainly to the
linewidth results below 20 K, where there is a sub-
stantial degree of localization of the electrons along
the TCNQ chains.’?> The main experimental observa-
tions are: a single, narrow, Lorentzian line, a AH ),
which increases slowly (~logarithmically) as T is de-
creased, a AH;; which at low frequencies decreases
slowly with increasing resonance frequency, and an
angular dependence of the form AH,/,=A4 + B cos’d.

The observation of a single, narrow ESR line is
evidence that substantial narrowing of AH ), takes
place. There are several interactions known to be
present which, in the absence of narrowing, would
lead to AH/, larger than observed. First, we discuss
the contributions to AH;, without narrowing, and
then comment on the narrowing. Similar considera-
tions have been employed by Hughes and Soo0s.%?

To begin, let us assume that the electronic spin
states responsible for X are localized to individual
TCNQ molecules. Three of the contributions to
AH,, are broadening by longitudinal relaxation
(T,.), the exchange and dipolar interactions of the
electron spin with the nuclei, and the dipolar interac-
tion with other electron spins. Anisotropy of the in-
trachain exchange is not considered for reasons given
near the end of this section.

For an estimate of the importance of T, to the
linewidth, we compare T, = 1.0 us at 295 MHz and
0.3 K (Fig. 4), T5, =0.67 us at 280 MHz and 0.3 K
(Fig. 5), and the inverse linewidth (y,AH ;)™
=0.32 us at 280 MHz and 0.3 K (Fig. 5). The fact
that Ty, and (y,AH ;)" are clearly less than T,
shows that although -some of the linewidth is caused
by longitudinal relaxation, a substantial part of it
must come from spin processes which do not cause
longitudinal relaxation.

We can estimate the linewidth due to the electron
dipole-dipole interaction by considering quinolin-
ium(TCNQ), as a random, 3D, pseudodilute spin sys-

tem.>* By this we mean the dipolar width of free
spins having the same X as that actually measured.
The measured ESR molar susceptibility (X) is
represented as a fraction ( f) of a Curie susceptibility
(Xo): X=/fXo. The range of f for the samples con-
sidered here varies from approximately 0.5% at 30
mK to 3% at 10 K.> An average spin density (n,) is
calculated using the equation n; = fpN,/M where N,
is Avogadro’s number, M is the molecular weight,
and p is the mass density of quinolinium(TCNQ),.%
The linewidth is then estimated using Anderson’s
result®* for a dilute, random, nuclear spin system

AH ;=3 8y2n, an

and the substitutions M =538 g/mole and p=1.4
g/cm’. This gives a linewidth (in the absence of nar-
rowing) ranging from 1 G at 30 mK to 6 G at 10 K.
It is much larger than what we measure and has the
wrong T dependence. Clearly, this contribution to
AH,;, must be modified by narrowing.

We can also estimate a lower limit to the breadth
of the structure caused by the hyperfine and dipolar
interactions of an electron on an isolated TCNQ™ ion.
The hyperfine field seen by the electron from each of
the protons®’ (4 /2ky,) is about 0.6 G and the aver-
age dipolar coupling® (d/2ky,) is about 0.3 G. In
addition, there is a contribution from the four '“N
nuclei. In solution, they show a scalar coupling® of
about 1 G. This should be reduced in the solid by an
amount difficult to evaluate since the electric field
gradient of the noncubic environment introduces a
quadrupolar interaction for the "N which can de-
crease the magnetic character of its spin states,’’ and
therefore their magnetic interaction with the electron.
A lower limit to the linewidth introduced by these
electron-nuclear interactions on an isolated ion is
AH ), for the envelope of the binomial distribution
of the hyperfine field of the four protons, which is
3.3 G,3? and, for the range of H and T covered in our
experiments, independent of 7. These properties are
also at variance with our measurements of AH,/, and
point to narrowing of the interactions.

There are two kinds of effects expected to narrow
AH\;, from the above interactions: exchange narrow-
ing®*3%3% and electron delocalization.”?> Both are
present in quinolinium(TCNQ),. The occurrence of
large values of J is implicit in 3Cz, and appreciable
delocalization of the electrons is indicated by the fre-
quency dependent transport*>#' and magnetic proper-
ties of irradiated samples.’?

Unfortunately, it is not currently possible to evalu-
ate these factors quantitatively. There is not ex-
change narrowing theory for the special conditions
(random 1D exchange with values both large and
small compared to kg T) of a REHAC. As far as the
narrowing due to the delocalization of electrons is
concerned, it has been pointed out elsewhere?? that
AH,; should be reduced as n~"/2, where n is the
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number of TCNQ molecules over which a spin state
maintains coherence. It is much more difficult to
evaluate the effect of delocalization on the electron-
electron dipolar interaction in quinolinium(TCNQ),.
More experimental and theoretical work is needed to
clarify these issues.

There is another point to be made from the fact
that a single, narrow line is observed in polycrystal-
line samples at all T. This means that the intrachain
exchange coupling is extremely isotropic, i.e., of the
pure Heisenberg form. If, on the contrary, there
were any important anisotropy to this interaction, the
magnetic splittings would, in the absence of exchange
narrowing, depend on the orientation of H, and a po-
lycrystalline sample would exhibit a power-pattern
line shape with a width comparable to the magnitude
of the anisotropy in J. Even when the effect of ex-
change narrowing is estimated using the standard for-
mulas for uniform 1D and 3D antiferromagnets,’
the anisotropy permitted in J is much less than 1%.
According to recent calculations by Hirsch,?! another
manifestation of anisotropy in J would be removal of
the low T divergence in X. Experimentally,* the loss
of this divergence occurs in the vicinity of 1—2 mK,
and may be due to effects other than anisotropic ex-
change. Although it is difficult at present to develop
this argument into a quantitative limit on the ex-
change anisotropy, qualitatively it is clear that the an-
isotropy is very small because the divergence is re-
moved at such a low T.

An indication of the relative importance of
electron-electron and electron-nuclear spin interac-
tions to AH; can be obtained by dividing the corre-
sponding electron-free-induction decay into its rever-
sible and irreversible parts. As an example, we use
the 0.3 K values of T}, (1.0 us), T, (0.67 us), and
T3 =1/y.AHy; (0.32 us). We estimate the reversi-
ble part (w,) of the free-induction decay rate to be
w,=veAH ;;—1/Ty =~ 1.6 X 10® s™', which is about
half of the overall rate y,AH/;=3.1x10°s™!. Since
w,~! is much shorter than the proton spin correlation
time (~10 us) inferred from the proton NMR ab-
sorption half-width we measure (4 G), the protons
may be considered static on the scale of the electron
spin correlation time. This means that the nuclear
spin contribution to electron spin dephasing is nearly
reversible. Let us make the reasonable assumption
that it is the most important contribution to w,. The
anisotropy of the g tensor should contribute about
10% (0.02 G) to AH,; for the conditions considered
here. It then follows from the magnitude of w, that
the electron-nuclear spin interaction is responsible for
about 40% of AH,/,. Also note that the irreversible
part of the electron spin dephasing can be roughly di-
vided between longitudinal and transverse (w,) relax-
ation rates which are determined mainly by electron-
electron interactions. By using the assumption that
the rates are additive, we find w,=1/T5,—1/T),

=~0.5x%10% s™!. Thus, at 0.3 K, we estimate that
about 40% of AH, is due to electron-nuclear spin
interactions, about 10% is due to the anisotropy of
the g tensor, about 33% is due to Zeeman-exchange
reservoir relaxation, and about 17% is due to
transverse spin relaxation. The last two are probably
driven by electron-electron dipolar interactions.

Now we comment briefly on the temperature and
frequency dependence of AHy, indicated on Figs.
7-9. First, consider the increase in AH,, as T is de-
creased. (It has already been pointed out this
behavior is the opposite of that estimated for the
pseudodilute model without exchange narrowing.)
We speculate that the mechanism responsible for this
is a reduced exchange narrowing as T is decreased.
The reduction comes about through the following
steps. (a) For all the models we know of, AH, de-
creases as J increases. (b) In a random exchange
system, the magnetic properties are determined main-
ly by the spins for which J < kT, as indicated by the
ECP model. (c) Hence, as T decreases, the effective
J decreases and AH, increases. . Although this quali-
tative picture is a plausible explanation of the tem-
perature dependence of AH,, it has not yet been
quantified, and a direct comparison with the observed
behavior [Eq. (1)] cannot be made.

The dependence of AH;; on v (Fig. 9) is divided
into two regions. Below 100 MHz, a logarithmic
divergence [Eq. (2)] is observed. This follows quali-
tatively the behavior of T\, and T, (Figs. 4 and 5)
observed at higher v. One factor which may contri-
bute to this increase in AH, is an increase in the
Zeeman-exchange relaxation rate due to a low-energy
divergence in the exchange reservoir density of
states.!” There are two comments to be made about
the high v deviation above Eq. (2). Since it has
about the magnitude expected from the anisotropy of
the g factor and the use of a powder sample discussed
above, it is tempting to interpret it on that basis. In
this case, it is expected that Eq. (2) holds for a single
crystal to still higher v. On the other hand, the 9.5
GHz measurement on a single crystal has a value of
AH,;, which just corresponds to the break from Eq.
(2). This suggests that AH, for a single crystal be-
comes independent of v above 100 MHz. More work
on this problem is required before the intrinsic
behavior of AH,/, above 100 MHz is known.

We conclude this section with a few brief remarks
about the angular dependence of AH/, [Egs.
(3)—(5)]. The origin of this anisotropy must lie with
one of the anisotropic spin interactions: electron-
electron dipolar, electron-nuclear dipolar, or perhaps
a weak anisotropic term in the exchange interaction.
Even with exchange narrowing, the interaction
responsible for AH,, should reflect the same sym-
metry seen in AH,,, twofold rotation symmetry
about all rotation axes and a maximum for H along
the chain axis.
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Unfortunately, for several reasons we are unable to
tell if one of these interactions is primarily responsi-
ble for the angular dependence of AHy;,,. The
electron-electron dipolar width for a random pseudo-
dilute model is isotropic. A maximum in AH,, for
H directed along the chain axis would be expected for
a strongly one-dimensional dipolar interaction, but
not the angular dependence perpendicular to the
chain axis [Eq. (3)1.3%%% In principle, an angular
dependence of AH,, for H perpendicular to the
chain axis can be caused by the electron-nuclear dipo-
lar interaction. However, a simple model'® using
published electron densities at various sites on the
TCNQ molecule does not explain it in detail. In par-
ticular, this calculation exhibits a maximum in AH
for H perpendicular to the chain axis, rather than
parallel to it. Finally, it is not known if there is a
contribution to the anisotropy of AH s, from an an-
isotropy in T,.

V. CONCLUSIONS

We have reported measurements of the dynamic
electron spin behavior in quinolinium(TCNQ), using
pulsed ESR over the frequency and temperature
ranges 241—400 MHz and 0.03—4.2 K, as well as cw
ESR over the ranges 10—290 MHz and 0.03—-300 K.
Below 0.1 K, the longitudinal spin relaxation has fast
and a slow recovery components following distur-
bance from thermal equilibrium. Above 0.1 K, only
the fast recovery is seen. The fast recovery, which is
nearly independent of T and v, is interpreted as mag-
netic cross relaxation between the Zeeman and ex-
change reservoirs. The observed characteristics are
consistent with the identification of quinolinium
(TCNQ), as a REHAC. The slow relaxation com-
ponent, which is strongly temperature dependent, is
interpreted as relaxation of the Zeeman and exchange
reservoirs together to the He bath. It is speculated

L. C. TIPPIE AND W. G. CLARK

pX)

that the rate of this process is limited by the Kapitza
resistance. From cw measurements of the linewidth
AH,p, it is found that AH/, diverges logarithmically
as T is reduced below 10 K and v is reduced below
100 MHz. Also, the dependence of AH;; as a func-
tion of magnetic field orientation is reported for a
single platelet sample. Insofar as possible, the role of
electron-electron and electron-nuclear interactions in
determining the relaxation rates have been indicated.

The series of experiments reported here indicate
the need for much more theoretical and experimental
work. Quantitative calculations of T, based on the
Zeeman-exchange relaxation model of a REHAC
should be carried out, along with calculations of the
exchange-phonon relaxation characteristics. Further
experimental studies should include work on samples
treated to increase the surface to volume ratio to. test
for the importance of the Kapitza resistance in limit-
ing energy transfer to the bath. Transient ESR mea-
surements in the 1—20-GHz range should be per-
formed to determine the relaxation characteristics
under conditions in which the Zeeman splitting is
large compared to kg 7. The importance of electron-
nuclear interactions to AH;; should be investigated
using samples in which these interactions have been
changed by replacing deuterons with protons. Final-
ly, direct relaxation measurements should be extend-
ed to samples whose disorder has been increased by
neutron irradiation.*?
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