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Previous investigations have shown that the
spin-lattice relaxation time 7, is eqhal to the
inverse line width! T, and is independent of tem-
perature in the range 77°K to room temperature
in a crystalline free radical with a highly ex-
change-narrowed line.? We have found depar-
tures from this behavior in 7, for several free
radicals between 1.5°K and room temperature
using the saturation technique.

The measurements were made at 10 kMc/sec
and 24 kMc/sec with a conventional magic tee
microwave bridge. The solid free radicals used
were a, a-diphenyl g-picryl hydrazyl (DPPH),
a,y-bisdiphenylene g-phenyl allyl (BDPA), Wur-
ster’s blue perchlorate, and some solid solutions
of DPPH in polystyrene. In all of these free ra-
dicals the exchange interaction between neigh-
boring spins narrows the resonance line® in ac-
cordance with the approximate expression*s*
szwpz/wE, where Aw is the observed line
width, wp is the dipolar frequency, and wg, is
the exchange frequency. From our observed
line widths and calculations of the dipole width
based on Van Vleck’s second moment expression,®
we estimate the exchange frequency to lie be-
tween 10 and 40 kMc/sec. In addition, we have
investigated solid solutions of DPPH in polysty-
rene, where the exchange frequency varied from
effectively zero to about 10 kMc/sec. DPPH
samples recrystallized from different solvents
were found to have different line widths as re-
ported by Lothe and Eia.® This is because the
solvent molecules influence the free radical

spacing and thus the exchange interaction.

We have found that in DPPH, BDPA, and Wur-
ster’s blue the spin-lattice relaxation time T, is
approximdtely equal to the spin-spin relaxation
time T, at 77°K and room temperature. In those
substances with higher exchange frequency as
indicated by the narrower lines, T, is more
nearly equal to T, and temperature independent.
Table I shows these line widths and relaxation
times.

The solid solutions were made by dissolving
DPPH and polystyrene in chloroform and letting
the chloroform evaporate. In the most concen-
trated solution T, was found to be equal to T,
and temperature independent. As the concentra-
tion is reduced, T, becomes longer than T, and
also shows a temperature dependence. When the
concentration is reduced sufficiently, the ex-
change interaction diminishes and the hyperfine
structure characteristic of DPPH appears. Upon
further dilution the lin® width and shape remain
the same, but T, continues to increase. Finally,
T, becomes independent of concentration.

Figure 1 is a plot of the above-described result.

These results can be interpreted using the
three-reservoir model of Bloembergen and Wang,?
which was discussed further by Van Vleck.” ,
Figure 2 depicts schematically the thermodyna-
mic reservoirs and the relaxation times. Since
the exchange Hamiltonian Hp = ‘EijJi'gi'g' com-
mutes with the Zeeman Hamiltonian Z:éigﬁlizszi,
we can ascribe two temperatures to the spin sys-
tem, 6, relating to the Zeeman system and g

Table I. Line widths and relaxation times for free radicals at room temperature
and 7T7T°K.
DPPH No. 1 DPPH No. 2 Wurster’s
BDPA (chloroform) (benzene) blue
Line width (gauss between
points of maximum slope) 0.6 0.8 2.8 2.9
T, (sec) 1.0x1077 gx107% 2.4x1078 2.3x1078
T, (sec) 1.1x1077 8x1078 5x1078 6x10-3
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FIG. 1. Relaxation times of solid solutions of
DPPH in polystyrene as a function of concentration.
T, values are probably within a factor of two of the
true value at low concentrations and 20 % at the high
concentrations. Ultimately both T and T, would in-
crease if higher concentrations were obtainable.

relating to the exchange energy. Both 6, and

6 can be different from the lattice temperature
67. Energy transfer between the exchange sys-
tem and the Zeeman system takes place because
the exchange interaction randomly modulates the
dipolar interaction. This may be illustrated by
the similar random modulation of the dipolar in-
teraction in liquids and the resultant motional
narrowing, where the nonadiabatic part of the
line width is approximately the relaxation time
for energy exchange between the Zeeman system
and the lattice.® Analogously, the nonadiabatic
width for the exchange-narrowed resonance
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FIG. 2. Schematic diagram of the three-reservoir
model of Bloembergen and Wang. The temperature
6 and internal energy U of each reservoir is denoted
by an appropriate subscript. The diagram also iden-
tifies the pairs of reservoirs coupled by the various
relaxation times.

should represent the 1/7, coupling the Zeeman
and exchange systems. The Gaussian correlation
spectrum usually employed, together with

Eq. (36) of reference 5, gives an approximate
form®

1/T1az(1/T2) exp(—wZZ/sz). (1)

Since this relaxation process does not involve the
lattice phonons, it is independent of lattice tem-
perature 6;. The exchange-lattice relaxation
time Ty, is due to the modulation of the exchange
energy by the lattice vibrations and therefore
should be strongly temperature dependent. The
direct relaxation between the Zeeman system
and the lattice is negligible.” In the region k6,
>2BH and kO >J, the specific heats vary® as -2
and thus the Zeeman and exchange energies are
Uz=-Kz/67 and Ug =-Kg/6g. If one defines T,
as the inverse decay rate of internal energy, the
following equations describe steady-state energy
flow from left to right in Fig. 2 (ignoring direct

processes):

dUZ 1

—— =0=-42 2 - — -

0= PHPTU0,) - =—[U.6)- U6, )], (@)

la
U6 -ue - 6)-0.6) @
T z2'z' ZE T EE" "E'L™
la 1
The observed ratio of Zeeman and lattice tem-
peratures is interpreted as the saturation factor:
- 277 2
OZ/9L 1+y H1 TZ(Tl)eff' (4)
Equations (2), (3), and (4) yield
2 2
1+y H1 TZ(T )

1" eff

L™ T+ T,Ty (5)
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where

(1))

Vets = Tiat K2 /KTy ()

Since the Zeeman and exchange energies are
about the same order of magnitude, K, /Kp =1
and therefore (Tl)effz Ty,+ Typ- In those sam-
ples with appreciable wg the observed (7y)o¢s is
temperature independent and equal to 7). We
conclude that T3 << Ty,. In the solid solution
samples of medium dilution, (Ty)e¢s is longer
than 7y in accord with Eq. (1), but only slightly
temperature dependent, indicating that Ty, is
still not long enough to be observed. With in-
creasing dilution, exchange plays a smaller part
in producing relaxation of the Zeeman system
and finally the direct Zeeman-lattice relaxation
is observed.

In the liquid helium temperature range we find
a broadening of the lines in samples with a large
exchange interaction. This is similar to the be-
havior observed in known antiferromagnetic sub-
stances as the Curie point is approached.® At
room temperature the correlation frequency of
the exchange system is approximately the ex-
change frequency J/#. However, it may be that
as the Curie point is approached the onset of
local ordering reduces the correlation frequency.
As the microwave power is increased, we ob-
serve a pronounced narrowing of the resonance
line as well as a saturation of the total intensity.
This effect is more pronounced in samples with
higher exchange interaction. Effective spin-
lattice relaxation times calculated from the satu-
ration of total intensity (derivative peak xwidth?)
lie in the range of 107® sec and are temperature
dependent. We believe that these relaxation
times are determined by Ty;. This increase in
relaxation time is too great to be explained by
Eq. (1), even when the reduction of the correla-
tion frequency is taken into account. Since Ty,
is still about 5x10-® sec, the temperature of the
exchange system becomes greater than the lattice

temperature upon saturation, in accord with
Eq. (5). It is as if the increased exchange tem-
perature destroys the local order thus raising
the correlation frequency and narrowing the line.

In the samples with the highest exchange
(DPPH-1, BDPA) we have observed a variation
in line shape with power at temperatures below.
2°K. In BDPA there is an increase in crystal-
line anisotropy below 2°K, since the observed
line width of a polycrystalline sample is greater
than that of a single crystal. In these cases the
temperature may be below the Curie point. Spe-
cific heat measurements are in progress to de-
termine the Curie temperatures in these mate-
rials.

We wish to thank Professor C. Kittel for com-
municating to us some of his ideas concerning
exchange as a heat reservoir.
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