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Pulsed nuclear-quadrupole resonance in nonuniformly disordered systems
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Pulsed nuclear-quadrupole resonance (NQR) measurements at room temperature and 77 K have
been performed on distinct specimen of arsenolite in (a) a polycrystalline sample and (b) a specimen
with a varying degree of disorder, ranging from amorphous to crystalline order. The NQR absorption
line in these specimen, obtained by the fast-Fourier-transform (FFT) method, has different intensity
and line shape. A theoretical model is proposed that explains the experimental results very well. The
model is based on the assumption that the electric field gradient (EFG) due to the intermolecular
interaction changes randomly from site to site characterized by a distribution. In sample (b) this
distribution is approximately constant in regions of mesoscopic dimensions (i.e. , large enough to
be a few hundred interatomic distances but small enough compared to the bulk dimensions of the
sainple) but changes throughout the sample. The scanning electron micrographs of these samples
are presented, which support our assumption.

I. INTRODUCTION

Arsenic compounds are common in different materi-
als like crystals, amorphous semiconductors, glasses, su-
perlattices, etc. Due to the importance of and the ease
in observing the nuclear-quadrupole resonance (NQR) of
" As, NQR studies of this nucleus has been reported in a
variety of compounds like elemental arsenic, arsenic sul-
Me, arsenic telluride, and arsenic selenide in crystalline
and vitreous forms. In the late 1970s and early 1980s
some articles were presented discussing the structure of
As203 in crystalline and vitreous states. A few oth-
ers were presented studying this material by means of
NQR, demonstrating the power of this technique to an-
alyze short-range-order properties. s iz NQR of diferent
nuclei has been used to study glasses and the theoretical
model has been presented to describe the NQR line shape
of organic glasses. is A common feature in these NQR
works is that the samples used are either polycrystalline
or amorphous, where the disorder is uniform throughout
the sample. This work deals with a specimen where the
electric field gradient (EFG) due to the intermolecular
interaction changes randomly from site to site, charac-
terized by a distribution which varies in different regions
of the sample.

Crystals containing NQR-sensitive nuclei were used as
6ller material in polymers, to study the internal stress
induced by the polymerization of copolymers. A theo-
retical work with some experimental data of the uniaxial-
stress dependence of the NQR frequency was done by Za-
mar and Brunetti. Arsenolite (As20s) and senarmon-
tite (SbzOs) are good candidates to be used as probes
for the local stress distribution. A commercial powder of
arsenolite, the high-temperature stable phase of As2O3,
has been used to test the NQR imaging by using the ro-
tating frame method. The spatial resolution of the

image and the sensitivity of the technique strongly de-
pend on the NQR line shape and intensity, respectively.
The narrower the lines are, the higher is the spatial res-
olution, and the more intense the lines are, the higher
is the sensitivity of the method. The results presented
in this paper show that the polycrystalline samples ob-
tained &om the commercial powder by a recrystallization
process are much more suitable for these studies.

II. EXPERIMENT

The measurements were performed using an automa-
tized home-made NQR spectrometer which was built us-
ing the following equipment: a Matec gating modulator
(model 5100), a Matec broadband receiver (model 625),
and a Phillips frequency synthesizer (model PM5390S).
The data acquisition system is composed of a Tektronix
digital oscilloscope (model 2430A), an IBM-compatible
AT 286 microcomputer, and a Hewlett-Packard mea-
surement plotting system (model 7090A). A commercial
Asyst program, specially configured for this experiment,
was used for transferring and analyzing the data. The
powder samples of As20s (PW), with grains of approxi-
mately 10—100 pm, were obtained &om Merck Company
and used without further purification. The finer powder
(FP) of material was obtained by grinding the commer-
cial powder; however, the size of the grains was not de-
termined. The polycrystalline sample (PL) was prepared
by slow evaporation at 50 C i.n an oven &om a saturated
and Altered aqueous solution of As203. An additional
set of samples was prepared and annealed at 250 C for
20 h. In the NQR spectra of these material no line due
to claudetite was present, which shows that during the
annealing process no arsenolite to claudetite phase tran-
sition had happened. Due to the toxic nature of As203,
extra care should be taken during the preparation and
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III. RESULTS
A. NQR line shape

Some typical NQR spectra of PW, FP, and PL samples
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figure I shows the NQR absorption line of the polycrys-

to a single Gaussian with a full width at half maximum
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The corresponding NQR spectrum of the FP sample
at room temperature is shown in Fi . 3 a .
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B. Scarming electron micrograph

0The scanrong electron micrographs of the PW sara-
ple with amplification factors of 132 792 an

n in igs. (a), 4(b), and 4(c), respectively. As an
overview of PW sample reveals [Fig. 4(a)], the granulate
material is composed of about 100 ri-ou pm almost spheri-
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generated using Eq. (8).
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cal grains. One of the unbroken grains is shown in Fig.
4(b). Figure 4(c) presents the detail of a broken grain. A
polycrystalline structure is observed in the inner part of
the grain, resembling the arsenolite crystalline structure;
however, the shell material seems to be amorphous.

The Inicrographs corresponding to the PL sample with
ampli6cation factors of 44, 125, and 1250 are presented
in Figs. 5(a), 5(b), and 5(c), respectively. As can be
seen, this material is made of diferent size moncrystals
and there is no evidence of amorphous parts.

sip Al(

C. Integrated spin-echo intensity

It is well known that amorphous arsenolite has a much
broader NQR absorption line than the polycrystalline
one. Therefore, in order to compute the &action of
material in the PW sample which is narrow enough to
be detected, we compared the area covered by the spin
echo of 200 mg of the PW and PL samples. The experi-
mental condition was checked by measuring the PW and
PL spin-echo intensity in a PW, PL, PW sequence by
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FIG. 3. NQR absorption line of fine powder (FP) (a) with-
out annealing at 300 K and (b) annealed one at 77 K. The
experimental data (solid circles) are superimposed with a the-
oretical curve (solid line) generated using Eq. (8).

FIG. 4. The scanning electron micrographs of the PW
sample with ainplification factors of (a) 132, (b) 792, and (c)
2500.
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changing the sample without any change in spectrome-
ter adjustment. No appreciable change in the signals of
each sample was observed in the sequence. The (area
PW)/(area PL) ratio was 0.55; in other words, only 55%%uo

of commercial powder is detectable. Another 45%%uo is too
broad to be detected. It is reasonable to assume that the
NQR line in the PW sample is progressively broadened
from center to the border of the grains and eventually be-
comes so broadened that it is not detectable any more.

IV. THEORY

{a)

I I
» ~,

iIg i =;,.

I i!I '8
. I»

iissl'»«

= »IIIII(Its II ssi1 ls Ii',

K ~ I I
»». s.i'Is i is i

i IS ii

.;,«s isi '

8 i» 5 ~ I

» I.
~i »i@I'iii I( l(I—IR J»i I /

II»»»i"
IS"'~ «Lslll I'

"-"==M'
I

I
i »

The effect of disorder on the line shape of the NQR
spectrum has been the subject of previous studies. The
aim of this work is to study both theoretically and ex-
perimentally this e8'ect in a more general setting, where
the disorder is not uniform, but varies throughout the
sample.

Due to the dependence of the resonance &equency on
the EFG, the disorder will inBuence the resonance &e-
quency in a manner which reQects the local distribution
of disorder. Consider a generalized random diplacement
field u. The resonance &equency in a region can be
thought, barring extreme cases, as an analytical function
of u and can thus be expanded in a Taylor series

Gg
P = Vp + Gytl + —tk + ' ' '

2

The actual value of the derivatives of v with respect
to u is not known, for its theoretical calculation is be-
yond present approximation schemes. As has been done
before, this lack of knowledge leads to the treatment of
a; as 6tting parameters.

The model of the disorder we have in mind is as fol-
lows. On an intermolecular scale, u varies randomly &om
site to site, characterized by a distribution. This distri-
bution is the same inside a certain region of mesoscopic
dimensions (Ar), i.e. , large enough to have a few hun-
dred interatomic distances but small compared to the
bulk dimensions of the sample.

It is natural to assume that u is described by f„(u),a
Gaussian distribution which we take to be

1
2 cF

/2vro„
and the width of the distribution may vary on a meso-
scopic length scale.

Due to Eq. (2), it can be seen that the contribution of
a given region (Ar)s will be

thus

«J»I»:

(c)
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(4)

the total spectral density, will be the incoherent sum of
all such contributions &om the sample:

FIG. 5. The scanning electron micrographs of the PL sam-
ple with amplification factors of (a) 44, (b) 125, and (c) 1250.

(5)
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where the integral is over a sample of volume V. This
is quite general and we now look at the particular case
where the material, as described in Sec. III, is a powder
which, according to the experimental data, has a crys-
talline order at the center and is rather amorphous at
the surface of almost spherical powder particles.

The basic point of the following analysis is to argue
that the width of f„(u)grows as one goes from the cen-
ter to the surface of the sphere. For the polycrystalline
sample this is not true and the crystallization is more
or less constant throughout the sample, as can be seen
in the electron micrographs of Fig. 5 and the Gaussian
shape of the NQR line of Fig. 1. We model the width
0 (r) of the distribution by a homogeneous function of r.
The important feature is its growth and not the specific
details of its variation. For simplicity and because it is
not necessary to put more details than necessary to ex-
plain the experimental data, we take 0 (r) to be linear in
r and assume spherical symmetry,

cr(r) = br. (6)
The value of b is not known and it will turn out not to be
important. With this simpification the spectral density
is given by

Rp

/2R
i

—i/ ()b
where R0 is the radius of the sphere. By defining a new
rescaled integration variable —= x and calling
we have

1
3 2~(~) = y 8 &+ xdx./2'

/

"„„"
f

o-
In this form we have rescaled the generalized displace-
ment field u and substituted by y. Equation (1) can be
rewritten as

(8)

a2
v = v0+ a~y+ —y +.

2

where a~ and a2 are related to the previously unknown
a~ and a2 by

ai = oib&o, ~2 = o2(b&o)

Notice the important fact that all new unknown param-
eters that were introduced in the modeling process have
not been implied in a larger number of fitting parame-
ters. The line shape is thus described by a prefactor,
which carries basic quadrupolar inQuences, times a uni-
versal function I" (y) given by

The only parameters to be fitted are aq, a2 and the or-
dered state resonance &equency v0.

As reported in Ref. 13 the eKect of a nonzero a2 is to in-
troduce asymmetry with respect to v0. In the case of the
material we study, the symmetrical line shape strongly
indicates that the eKect of a2 is negligible and thus can
be taken as zero. We are left with a one-parameter fit.

The excellent agreement with the experimental data is
discussed in the next section.

V. DISCUSSION

Before attempting to compare Eq. (8) with the exper-
imental results we should mention several points.

(a) As can be seen in Fig. 4 the grains of the powder
are neither spherical nor uniform in size, varying almost
an order of magnitude in diameter.

(b) In developing the theory it was assumed that the
disorder starts at the center and goes all the way to the
surface. However, it is perfectly possible that there is a
central part of the grains which maintains the crystalline
order and contributes to the line shape with a Gaussian
of constant linewidth. This would change slightly the line
shape.

With the above considerations it is clear that the the-
ory presented is an order of magnitude calculation and
the general shape of the spectrum is the best test for the
theory rather than the values of the parameters derived
&om it. However, it should be mentioned that the the-
ory can be used for a more quantitative analysis when
the disorder profile is known.

A careful search was carried out &om 90 to 117 MHz
within the temperature range of 77 —300 K. The only
absorption line detected was the one corresponding to
arsenolite around 116 MHz. In particular, no signal &om
claudetite was found. The experimental data of Figs.
1(a) and 1(b) can be well fitted to a single Gaussian.
Therefore, it is reasonable to assume that the polycrys-
talline arsenolite has a Gaussian shape NQR line with a
linewidth of approximately 5 kHz. The NQR lines corre-
sponding to the PW and FP samples are neither a pure
Gaussian nor Lorentzian and are broadened compared to
the PL sample, Figs. 2 and 3. In the case of the FP sam-
ple the NQR line is broader than the PW line; however,
after the annealing process its linewidth is comparable
to the PW linewidth and the annealing process does not
have any appreciable e8'ect on the PL and PW samples.

Since we could not find any extra lines in the PW sam-
ple, it is clear that the 45%%up reduction in the NQR signal
in this saxnple is due to the broadening of the NQR line
in some region of the sample, making the signal &om this
region undetectable. Furthermore, the annealing process
does not show any appreciable effect on the NQR line
of the PW sample which indicates that the broadening
is due to structural disorder and not to any mechanical
stress. Therefore, it is justified to use Eq. (8) to fit our
experimental data. As can be seen in Figs. 2 and 3, the
theoretical curves (solid line) fit very well the experimen-
tal data (solid circles). These confirm our assumption
that the linewidth of NQR line changes from region to
region of the sample.

A series of works ' ' ' has been done using As203
as a probe to measure the stress eÃect in polymers and
for imaging porposes. In these works a commercial pow-
der of As203 was used; however, our results show that a
recrystallized material would render much better results,
increasing the sensitivity and the resolution of these tech-
niques.
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