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The temperature and frequency dependence of the nuclear spin-lattice relaxation in
amorphous B203 has been investigated and a T& minimum with unusual properties has
been discovered at -300 K. The relaxation is described in detail by Raman-like process-
es involving the two-level disorder modes and phonons characteristic of glassy materials.

A direct comparison of the nuclear spin-lattice
relaxation rates of solids in their vitreous and
crystalline forms has been made in only few ma-
terials. Rubinstein and Taylor' studied and com-
pared the relaxation rates of crystalline and
amorphous As, S„and reported a much faster re-
laxation rate in the glass. Earlier, Haupt and
Muller-Warmuth found that the relaxation rate
of protons in some organic glasses is much fast-
er than in their crystalline counterparts. These
results strongly indicate that defects which are
intrinsic to the glassy state of matter are very
effective sinks for nuclear-spin-excitation ener-
gy.

Recently Szeftel and Alloul' examined the nu-
clear spin-lattice relaxation in glassy and crys-
talline B,O„among other samples. These au-
thors report that T, (the spin-lattice relaxation
time) in crystalline B,O, was much longer than
in glassy B,O, and that the temperature depen-
dence of the relaxation time is T, ~ T '3 in the
temperature range 1.2 to 90 K.

We report on measurements of the spin-lattice
relaxation time of "Bin crystalline and amor-
phous B,O, in the temperature range 150 to 500
K, and nuclear resonance frequencies ranging
from 10 to 30 MHz. We find a minimum in T, as
a function of temperature in the vicinity of 300 K,
and an increase in T, with increasing tempera-
ture thereafter. Our data agree with those of

Szeftel and Alloul in the small range of tempera-
ture overlap between the two experiments. Our
values of T, are found to be practically indepen-
dent of Larmor frequency (dz at temperatures
both above and below the T, mimimum, in con-
trast to the predictions of the Bloembergen, Pur-
cell, and Pound' motional-narrowing theory. The
temperature at which the mimimum occurs is
only weakly dependent on cuz, and the value of T,
at the mimimum is nearly independent of ~z. The
measured line shape (due to random distribution
of electric-field-gradient axes with respect to
the applied magnetic field which broadens the "B
nuclear-resonance line because of the sizable
quadrupole moment of this nucleus) does not
change at all in the temperature range we have
covered, indicating that melting of the glass is
not involved at these temperatures. ' We have
made extensive studies of many B,O, glasses
containing widely different paramagnetic impuri-
ty concentrations and absorbed water content
which show that the spin relaxation is unrelated
to these extraneous impurities.

The T, measurements were made on the cen-
1 1tral —~ to + z component of the quadrupole-split

resonance line with a Bruker SXP pulsed spec-
trometer using both the saturating-comb and the
repetition-rate techniques. Both types of mea-
surements gave identical results for T,. The re-
sulting temperature dependence of T, in B,O, is
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FIG. 2. Schematic diagram of potential energy of
single disorder mode versus a generalized separation
coordinate where .E is the energy difference between
the two mode configurations, and E is the potential-
barrier height between them.
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FIG. 1. Spin-lattice relaxation time versus 1000/T
at 10.2, 13.1, 19.3, and 28.9 MHz. Dashed line repre-
sents T& ~T '3, valid at low temperatures, and solid
triangle is room-temperature datum point of Hef. 3,
Heavy solid line is the theoretical fit to the data. Light
solid lines are a guide to the eye.

drawn in Fig. 1, where measurements taken at
-10, 20, and 30 MHz are shown. The nearly
linear dependence of T, on T, found by Szeftel
and Alloul to be valid at low temperatures, is
shown by a dashed line; note that only one of
their data points (300 K) appears in the temper-
ature range shown in Fig. 1. The theoretical tem-
perature dependence, discussed below, is drawn
in a broader line. Values of 7.", in polycrystalline
B,O, are a factor of -30 larger than in vitreous
8203, and will be discussed in a later publica-
tion. The variation of the T,-mimimum tempera-
ture with Larmor frequency is a small, but real,
effect.

We describe spin-lattice relaxation in amor-
phous materials using a model for these materi-
als introduced by Anderson, Halperin, and Var-
ma' and by Phillips, ' which has successfully ex-
plained many of the anomalous thermal and ultra-
sonic properties of glass. In this model the ex-
citations consist of phonons plus a series of two-
level systems (which we call "disorder modes")
with a distribution of energy splittings which is
continuous in energy and whose levels are sep-
arated by a relatively high potential barrier (see
Fig. 2). Such a two-level mode is thought to
arise from a group of atoms which can sit in two

configurations separated by a small energy dif-
fer ence. '

The relaxation of the nuclear spin states is
caused by the usual coupling of the lattice to the
nuclear quadrupole moment Q,

Xo —— Q QV

(a)
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FIG. 3. Processes in which nuclear spin state chang-

es from ~ to ng'; (a) involves excitation of a disorder
mode of energy E, and de-excitation of a disorder
mode of energy E', (b) a phonon and a disorder mode,
and (c) two phonons.

where V are the matrix elements of the electric
field gradient at the nucleus and Q are irreduce-
able tensor operators of the nuclear spin at, or
near, a defect site. V is expanded in the coor-
dinates of phonons and disorder modes of the sys-
tem. ' The resulting relaxation is transmitted
throughout the glass by rapid spin diffusion. ' The
dominant processes which cause changes in the
nuclear-spin states are Raman processes involv-
ing two modes and are shown schematically in
Fig. 3. The direct decay of the nuclear spin into
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a single disorder mode or phonon gives a neg-
ligible contribution to T,.' Process (a) involves
a nucleus which is acted on by two overlapping
disorder modes; such a pair of modes involves
two different disorder modes, each of which pro-
duces an electric field gradient at the nucleus.
Process (b) is decay via a phonon and a disorder
mode and was suggested by Szeftel and Alloul. '
Process (c) is decay via two phonons. " Each

process is mediated by thermally activated hop-
ping.

The contributions to T, from the processes in
Fig. 3 are now obtained. For T ~ T;„, the tem-
perature at which the minimum in T, occurs, the
intrinsic lifetimes of the states (especially the
disorder modes) must be included. Using a gen-
eralization of the density-matrix formalism, we
obtain for the contribution of process (a) to the
relaxation rate

&&([1+exp(E'/kBT)] '[1+exp(-E/k~T)] '+ [1+exp(-E'/k&T)] '[1+exp(E/k, T)] ') .

Here ([VX] ) is an averaged electric-field-gradient matrix element and overlap integral for process
(a); r, is a combined lifetime for the two disorder modes; p is the density in energy of disorder modes
(which is taken to be a constant), E is their maximum energy; and m~ is the nuclear Larmor frequen-
cy (ken„/E «1). There are similar contributions for processes (b) and (c).

For T «T~;„, process (a) accounts for available experimental results. s There v(T) beco'mes very
long, and the factor in the first curly brackets of Eq. (2) becomes an energy-conservation & function.
Taking the energy density of disorder modes to be constant, process (a) gives T, «T in the low-tem-
perature limit. Processes (b) and (c) give contributions proportional to T ' and T ', respectively, at
low temperatures. The low-temperature data of Ref. 3 show that mechanism (a) dominates below -100
K. The observed deviation of the exponent of T from unity at low T may arise from a weak energy de-
pendence of the disorder-mode density of states.

For T &T~;„, on the other hand, v(T) becomes small and T, once again becomes large. The mini-
mum in T, near room temperature can be understood from the form of Eq. (2). Changing variables to
the sum and difference of E and E', and performing one integration gives for the integrals in T,

T (T) = r, exp(&/kP') . (4)

We neglect the contributions to w from barrier-
tunneling and scattering processes which we ex-
pect to be much smaller at these temperatures.
The function Fr(y) is a smoothly varying func-
tion of y for all temperatures. For temperatures
such that E I'r, (T)-O(1), 'the term in curly
brackets in Eq. (3) is a rapidly varying function.
T, has a minimum at a 7 given by the solution of

(E +h(o~)8' '~, (T,„)=g(T, „), (5)

J E.~.(T)a-'
1+y'[y+ (Nco„/k, T)]'[E r, (T)8 ']'

F (y) = [e"-1] 'in[(e&+'+1)/(e&+e')],

where y= (E /k~T) and y= (E -E')/kBT. We as-
sume that the dominant contribution to r, (T) for
T in the neighborhood of room temperature and
higher comes from the disorder modes decaying
and nuclei hopping over potential barriers, which
has the form"

(3)

where the function g(T) arises from the T depen-
dence of Fr(y) and g(T;„)=10for B,o,. pro
cesses (b) and (c) give expressions similar to (5).

By using (4) in (3) and noting that (8'v„/E ) «1,
we see that the temperature at which the mini-
mum in T, occurs is weakly dependent on (Ku~/
E ) and that the magnitude of T, at the minimum
is virtually independent of ~I. Both of these ob-
servations are in agreement with experiment.

The integrals for T, have been evaluated nu-
merically using (4) for r, (T), and estimates of
the several parameters have been obtained. When
T»T;„, T,(T)~ exp(-b/kBT), and from the
slope of the data we find 4 = 2000 K. Fitting the
shape of T, to experiment over all T gives E
= 800 K. Using T;„=300 K in Eq. (5) gives
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E I 'r, =l0exp(-b, /300); this yields r, =l.2
&& 10 "sec. The overall magnitude of 7.', is scaled
to agree with experiment near the minimum, and
the curve for the above parameters is shown in
Fig. 1.

In summary, we have discovered the existence
of a T, minimum in vitreous B,O, at -300 K, well
below its melting point of 730 K. We have de-
veloped a theory which explains the experimental
properties of the longitudinal relaxation time in
the vicinity of the minimum, as well as both the
low- and high-temperature behavior. At low tem-
peratures, Raman-like processes involving two-
level disorder modes and acoustic phonons are
dominant; at high temperatures thermally ac-
tivated relaxation involving two-level defects
dominates. Thus, the anomalous nuclear spin-
lattice relaxation in glasses is caused by the
same defects which are now believed to be re-
sponsible for their anomalous thermal and ultra-
sonic properties.
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A field-dependent charge-carrier trapping process has been observed in the photocon-
duction mechanism of phenanthrene-pyromellitic acid dianhydride. This effect can be ob-
served at electric field strengths exceeding 103 V/cm. A calculation on the basis of a
hopping model shows that field-induced charge-carrier trapping occurs in a three-dimen-
sional system at critical field strengths well above 10 V/cm. In a one-dimensional mod-
el, however, the critical field strength can be as low as 1 V/cm.

Organic charge-transfer crystals belong to the
class of solids which exhibit quasi one-dimension-
al properties. This one-dimensionality is due to
a characteristic packing of the molecules in the
solid state. In phenanthrene-pyromellitic acid
dianhydride (-PMDA), which belongs to the class
of weak charge-transfer crystals, the molecules
form stacks of alternating donors and acceptors.
The molecular planes are parallel or close to
parallel and have a spacing which is close to 3.5
A. ' Consequently, the intermolecular interaction

along the stack axis is considerably larger than
the interaction perpendicular to the stack axis.
This gives rise to an anisotropy of those physical
properties which are governed by the overlap of
molecular wave functions (short-range interac-
tion) such as triplet-exciton energy transfer' and
charge-carrier transport. '

In this Letter we report a specific charge-car-
rier-trapping phenomenon which has to our know-
ledge not been reported in the field of photocon-
duction of organic solids: field-induced charge-
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