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The pure As" nuclear quadrupole resonances (NQR) of crystalline and amorphous As~S3 have been
investigated and compared. The temperature dependence of the resonance frequencies, the asymmetry
parameters q, and the orientation of the principal axes of the electric field grandient with respect to
the crystal axes have been obtained for crystalline As,S, (orpiment). %e obtain g, = 0.343 and

q„= 0.374, where I and II refer to the two inequivalent As sites in the unit cell. A Townes-Dailey
calculation for the NQR frequency of the asymmetric AsS, pyramidal unit has also been performed.
The NQR spectrum of crystalline As,S, consists of two narrow lines approximately 50 kHz wide
occuring at 70.38 and 72.86 MHz at 4.2'K, awhile the spectrum of amorphous As, S3 consists of a
broad line with 3.5-MHz halfwidth. This is explained by a distribution of apex pyramidal bonding
angles in the glass with a halfwidth of -1.The nuclear transverse relaxation times T, have been
measured by the spin-echo technique in both the glass and the crystal. In the crystal, T, = 0.6 msec
for site II, and T, =—1 msec for site I; while we obtain T, = 0.6 msec for the' glass. The close
agreement between the glass and crystal transverse relaxation indicates the retention of some crystalline
correlation in the glass. The spin-lattice relaxation time T, has been measured as a function of
temperature in the crystal and can be fit by the relation T, = 30.64sinh'(14. 5/k T), indicating that the
nuclei relax by Raman scattering of optical phonons. The spin-lattice relaxation time measured in the
glass is much faster, obeying the relation T, = 125T '. The faster relaxation in the glass indicates the
presence of extra low-frequency modes which are absent in the crystal.

I. INTRODUCTION

The structure of amorphous materials and. the
nature of the elementary exciiations in these sub-
stances are both subjects of considerable current
interest and debate. X-ray- and neutron-diffrac-
tion data on glassy Sioa have been variously inter-
preted as supporting a structural arrangement
based either on a random network of SiO~ tetrahe-
dra or on a more ordexed network of conformally
distorted regions retaining substantial elements of
the crystalline order. The existence of low-fre-
quency modes in amorphous materials, as inferred
from specific-beat measurements, has been ac-
counted for by several different models. ' The
present paper reports the first application of pure
nuclear quadrupole resonance (NQH) to the study of
an amorphous material. Specifically, NQR and
relaxation results obtained in glassy As&Sea and

As283 are compared with those observed in crys-
talline As&83, and information is obtained concern-
ing the distribution of bond angles, the extent of
crystallinelike order remaining in the glassy state,
and the nature of the low-frequency vibrational
modes in glasses.

The ahsence of wave-vector (or crystal-momen-
tum) conservation in amorphous materials makes
the interpretation of optical (Haman), x-ray, or
neutron scattering experiments much more diffi-
cult than in crystalline materials, and information
concerning the static and dynamic properties of
glasses must therefore be extracted using several
different techniques. In addition to scattering ex-

periments, such measurements as infra. red and

optical absorption, viscosity, and electron micros-
copy have been profitably employed in the study of
vitreous materials. The present NQH results pro-
vide another useful tool. NQR can be divided
roughly into two areas according to the relative
magnitude of the nuclear quadrupole and magnetic
dipole interactions. The first area, termed the
"high-field" case, a,rises in those situations where
the electric quadrupole interaction is a small per-
turbation upon the interaction between the nuclear
ma, gnetic dipole moment and a large applied mag-
netic field. The second area, called "pure, "
"zero-field, " or "low-field" quadrupole resonance,
arises when the quadrupole interaction, even in the
absence of any applied magnetic field, is strong
enough to generate resonance frequencies in the
radio-f requency range. To the experimentalist,
this is more than an academic distinction, since it
determines whether a fixed frequency spectrometer
may be used in which the external ma, gnetic field is
swept to search for the resonance or whether a
variable-frequency spectrometer is required.
"High-field" NQR has been successfully applied in
many vitreous materials to study the nature of the
glassy state.

The difficulty in detecting zero-field NQR in
glasses is very understandable. The magnitude of
the electric field gradient at a nuclear site is an
extremely sensitive function of its near-neighbor en-
vironment. Since the configuration and position of
the nearby atoms vary from site to site in a glass,
the over-all linewidth of the resonance is consider-
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In addition to their magnetic dipole moment, nu-
clei with spin I~ 1 possess an electric quadrupole
moment, which can interact with the gradient of any
electric field that exists at the nucleus. Such elec-
tric field gradients can arise from electrons in the
chemical bonds of the atom containing the nucleus,
and from charges on nearby atoms or ions. In the
presence of an applied magnetic field H, the Ham-
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FIG. 1. Semischematic diagram of pulsed NQR spec-
trometer used in this experiment. Resistance is indicated
in 0, capacitance in pF.

ably broadened. Taking the results presented in
this paper as an example, the halfwidth of the As~

NQR observed in crystalline As~S3 is - 50 kHz,
while the resonance halfwidth in glassy As2S3 is
- 3. 5 MHz. In As~Se3 glass the halfwidth is -6
MHz.

Crystalline AszS3, which is a naturally occurring
mineral called orpiment, is a yellow layered crys-
tal which can be easily cleaved parallel to the plane
of the layers. Vitreous As2S3, which may be formed
either by heating the crystal above its melting
temperature (300'C) or by heating the appropriate
mixture of elemental As and S, is deep red in col-
or, fractures into sharp irregular fragments, and
is 8% less dense than the crystalline form. Vitre-
ous As~S3 is transparent to light in the near infra-
red (-0.5-10 p, m), and windows of pure AspSp glass
are manufactured commercially. AszS, is a very
stable glass and does not crystallize easily. For
these reasons it has been recently studied by many
techniques ranging from Raman and infrared spec-
troscopy to magnetic susceptibility and low-tem-
perature specific heat. The availability of As~S3
in both its amorphous and crystalline forms makes
this material especially useful for the present study
because the information obtained from the As
NQR in the crystal and the glass can be directly
compared.

II. BACKGROUND THEORY AND INSTRUMENTATION

iltonian of a nuclear spin with a quadrupole moment
Q can be written

2
X= —yap I+

1) [3I —I(I+1)

+~(I,+I )], (1)

where y is the nuclear gyromagnetic ratio and e is
the electronic charge. ln Eq. (1), eq= eq„ is the
maximum component of the electric -field-gradient
(EFG) tensor in the principal-axis system, and the
asymmetry parameter q [defined by q =(q,„—q»)/
(q„)] is a measure of the departure of the EFG ten-
sor from axial symmetry.

The As" nucleus is 100% abundant, and has a
spin of I= —,'. For this case, Eq. (1) predicts the
existence of a single resonance line when no exter-
nal magnetic field is applied to the sample at a
resonance frequency

(2)

The quantity e qQ his known as the "quadrupole-
coupling constant, "whose theoretical and experi-
mental determination in AszS3 and As2Se3 will be
discussed in Sec. III.

We note there that the coupling constant asso-
ciated with a single atomic p-state electron which
forms an As-S or As-Se covalent bond is of the
order of (-) 400 MHz. This large value for the
coupling constant per p electron indicates that the
nuclear resonance in AspSp and AspSep will fall into
the "low-field" area of quadrupole-resonance phe-
nomena.

A semischematic diagram of the nuclear-reso-
nance spectrometer used in the present study is
illustrated in Fig. 1. The NQR spectrometer head
is a portable high-power variable-frequency pulsed
rf generator which derives its gated dc voltages
from the power supply of an Arenberg PG 650-C
pulsed oscillator. This head is a modified version
of the rf oscillator section of the Arenberg PG 650
and is constructed on a small aluminum chassis.
The chassis can be inserted between the poles of an
electromagnet when it is necessary to apply a mag-
netic field to the sample. A peak field of -40-G
rf can be achieved in the rotating frame in a 16-
mm-diam coil at a frequency of 70 MHz. The
spectrometer uses the "spin-echo" method of de-
tecting NQR ' where the radio frequency is
applied in the form of short intense pulses, and the
transient response of the nuclei following the pul-
ses is observed.

In the spin-echo method, a sequence of two rf
pulses is applied with an interval ~ between them
as shown in Fig. 2. For optimum signal intensity,
the second pulse should last twice the duration of
the first pulse and the optimum pulse width t is
given by the relationship (&3)yht = —,'p, where h is
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FIG. 2. Sequence of rf pulses, decay tails, and spin
echoes for optimum echo amplitude.

the magnitude of the rf field pulse in the rotating
frame. The application of the first rf pulse at the
nuclear resonance frequency results in a transient
excitation of the nuclear-spin system, and a free-
induction-decay tail may be observed immediately
following the pulse. The application of the second
pulse at a time 7. after the initial pulse, leads to the
generation of a responding signal pulse from the
spins at time 2y, a phenomenon known as a "spin
echo. " Measurements on the amplitude of the
spin-echo signal provide the basic experimental
technique. The linewidth of the resonance is ob-
tained by measuring the spin-echo amplitude as a
function of frequency at a fixed pulse separation.
The relaxation time of the transverse component of
the nuclear magnetization, or spin-spin relaxation
time Tz, is obtained by measuring the decay of the
spin-echo amplitude as a function of pulse separa-
tion r The spi.n-lattice relaxation time (T&) may
be obtained by observing the decay of the spin-echo
signal as a function of repetition rate of the two-
pulse sequence.

There are distinct advantages to using the spin-
echo method of detecting NQR over the more com-
monly employed method of continuous-wave detec-
tion, especially if the lines are extremely broad
as in the case of vitreous AszS3 and As2Se3. Opti-
mum sensitivity in the cw method is achieved by
using field or frequency modulation equal in mag-
nitude to that of the linewidth; and this is impossi-
ble to achieve for a very broad line. The degrada-
tion of the spin-echo signal by the excessive line-
width is not nearly as severe. Moreover, the
spin-echo method gives both the longitudinal and
transverse nuclear relaxation times directly.

III. NQR IN CRYSTALLINE As2 S3

It is necessary to understand the crystalline
state NQH in order to interpret better the results
found in the glass. Quadrupole resonance in crys-
talline AszS (orpiment) was first reported by
Pen'kov and Safin who investigated the resonance
spectra of orpiment at both room and liquid-nitro-
gen temperatures, using the pulse-echo method.
Two resonances, one from each of the two inequiv-
alent As sites in the unit cell, were found with fre-
quencies of 69. 54 and Vl. 94 MHz, respectively,
at 300'K. Pen'kov and Safin also measured the
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FIG. 3. As'~ nuclear-quadrupole-resonance spectra
of crystalline As2S3 at 4. 2 and 295 K.

room-temperature nuclear -relaxation behavior of
AszS3. They did not, however, make measure-
ments using an applied magnetic field, and hence
did not determine values for the asymmetry pa-
rameter.

We have extended the investigation of Pen'kov
and Safin on the NQR of orpiment to include the
study of resonance frequencies and relaxation
effects at lower temperatures with and without the
influence of an externally applied magnetic field.
We have also developed a theoretical treatment of
the various parameters involved, including the
quadrupole-coupling constant, the asymmetry pa-
rameter, and the dipolar second moment.

A. Quadrupole-coupling constant

The NQR spectra of orpiment, obtained at
room-temperature and at liquid-helium tempera-
ture, are displayed in Fig. 3. Natural crystals were
used in this study, and identical results were found
in crystals originating in several different areas.
The spectra were obtained by measuring the ampli-
tude of the As nuclear spin-echo signal as a func-
tion of frequency across the broadened resonance
line. Corrections for the frequency variation of the
receiver sensitivity were achieved by injecting a
pulsed rf reference signal into the pick-up coil of
the oscillator tank circuit, and adjusting the ampli-
tude of the reference signal to match that of the spin
echo. The amplitude of the reference was then mea-
sured and recorded. At room temperature, the signals
were repetitively stored in a Nicolet signal- averaging
computer to increase the signal-to-noise ratio. At

4. 2 K the exceedingly long spin-lattice relaxation
time made this technique impractical, and each
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FIG. 4. Temperature dependence of As'~ resonance
frequencies in crystalline As&83. Freehand curves are
drawn through the data points.

coupling constants. In fact, there are only two
nonequivalent As atoms in the unit cell, giving rise
to the two distinct As NQR lines, and these are
labeled as I and II in Fig. 5(a).

The x-ray results of Morimoto, coupled with
basic chemical-bonding arguments, ~ indicate that
linked As83 pyramidal molecules form the basic
structural units of the layers in orpiment. There
exists much evidence from x-ray diffraction, '"
inf rared spectroscopy, and viscosity measure-
ments that the pyramidal units (as well as the
layers} are retained in the glassy state. To a first
approximation then, the quadrupole resonance fre-
quencies may be interpreted in terms of isolated
AsSS pyramids in both the crystal and the glass,
which are shown in Fig. 5(b).

The As83 "molecule" contains sp hybridized
electron orbitals, of which three form covalent
As-S bonding orbitals and the fourth forms an un-
shared or lone-pair orbital. Each occupied p-elec-

point was obtained from a single pulse sequence,
after which the sample was removed from the li-
quid-helium Dewar, warmed to room temperature
where the nuclei achieved thermal equilibrium with
their surroundings, and reimmersed in liquid heli-
um. The process was then repeated at the next
frequency.

The NQH spectrum in orpiment consists of a pair
of As resonance lines, one from each of the two
inequivalent As sites in the unit cell. At 4. 2'K,
the nuclea, x resonance frequencies occur at 70. 38
and 72. 86 MHz, and decrease with increasing temper-
ature due to the thermal effects of the lattice vibra-
tions. The temperature dependence of the NQH

frequencies of the two sites in orpiment is shown

in Fig. 4. The room-temperature frequencies
agree with those reported by Pen'kov and Safin,
but our liquid-nitrogen values are slightly greater
than their values. The measured linewidths are
all of the order of 50 kHz. As will be shown be-
low, this linewidth cannot be accounted for by di-
pola, r interactions, and it represents a combina, -
tion of instrumental broadening and broadening
caused by inhomogeneities and strains.

The crystal structure of As383 is monoclinic,
although it is nearly orthorhombic since the angle
between the g and 5 crystal axes is 90. O'. The
unit cell, projected on the gb plane, is shown in
Fig. 5(a). Monoclinic orpiment has a layer struc-
ture in which each As atom is covalently bonded to
three 8 atoms in a triangular pyramidal arrange-
ment with an As atom at the apex and three S atoms
at the base. The layers are parallel to (010), and
held together by weak van der %aals forces. The
unit cell consists of eight As atoms and 12 8 atoms,
but many of these are related by symmetry trans-
formations, and hence have identical quadrupole

FIG. 5. (a) Unit cell of orpiment (As2SS) projected on
a (001) plane (cb face). The indicated distances between
atoms are in ~. The center of the cell is the inversion
point. Small circles denote S atoms (b) The linked AsS3
pyramidal units of orpiment. Small circles denotes S
atoms; large circles denote As atoms.
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TABLE I. Eulerian angles [as defined by H. Gold-
stein, in Classicul Mechanics (Addison-Wesley, Cam-
bridge, Mass. , 1951), p. 107] describing the orientation
of the principal axes of the electric-field-gradient tensor
with respect to the crystalline axes. The x, y, and z
axes of the crystal are taken as the a, c and b axes,
respectively.

Site I

8=37'
4 =149'
4' = 53'

Site II

O~ =40'
4 =33'
4' = 128'

tron As orbital produces an electric field gradient

q~ at the As nucleus of magnitude q~=e((3cos28
—1)/r ). This gradient is modified by the effect
of the induced distortion of the inner shell elec-
trons: the Sternheimer antishielding effect. Rath-
er than directly calculate q, Townes and Dailey~
introduced the concept of the atomic coupling con-
stant e q~, Q, which is the empirically determined
quadrupole-coupling constant between the atomic
nucleus and a single-orbiting P electron. This has
the value e q«Q = —412 MHz for As '. The molec-
ular quadrupole-coupling constant e2q „Q is then

evaluated, in the Townes-Dailey approximation,
by tensor addition of the contribution of each hy-
brid P electron to the field gradient. Provided that
the nucleus is not situated in a site of cubic sym-
metry, a finite quadrupole coupling will result.

The theory relating the NQR frequency to the
bonding configuration of a regular pyramidal mole-
cule is described in the review by Das and Hahn,
and results in the following equation:

retical calculation. ) It is clear, however, that
most of the field gradient at the As sites is pro-
duced by the intrapyramidal hybridized orbitals.
The asymmetry parameters are very sensitive to
small changes in the bond angles, a fact which

must be considered when comparing these values
of g to the experimentally determined values to be
discussed in Sec. IIIB.

B. Asymmetry parameter

We have determined an estimate of the asymme-
try parameters for sites I and II in crystalline
As'~ by measuring the effect of an applied external
magnetic field on the NQR spectrum. Zeeman
splitting of a pure quadrupole spectrum was first
treated by Bersohn using a perturbation proce-
dure. Dean subsequently treated the theory of
Zeeman splitting rigorously and discussed the case
of I= -', in detail. The Zeeman field removes the
+m, or the Kramers degeneracy of the quadrupole
energy levels, and four lines which are symmetric
about the zero-field frequency result. Since the
quadrupole coupling constant e qQ and the asymme-
try parameter g cannot be individually determined
in a zero-field experiment for I= —'„ it is necessary
to apply a small magnetic field. The resulting
splittings of the NQR line determine the asymme-
try parameter, as well as the orientation of the
principal axes of the electric-field-gradient tensor
with respect to the crystalline axes.

The Hamiltonian describing the Zeeman splitting
of the quadrupole spectrum in the principal-axis
system of the electric-field-gradient tensor is
given by Eq. (1). The Zeeman portion of this
Hamiltonian can be expressed as

e q„q (I+1)(1—3cos 8')~~

2 sin~8' ) ' (3) R// = —Q(I, cos8+I„sin8 epos+I„i s8sninp), (4)

where 8' is the angle between the threefold symme-
try axis and the As-S bond, and I is the ionic char-
acter of the bond. We have extended Eq. (1) to
cover the case of an asymmetric pyramidal mole-
cule, which is applicable to As2S3. This calcula-
tion is presented in the Appendix. Using Eq. (A6),
the bond angles and distances given by x-ray data,
'and an ionic character I= 2(X„~-X ) = 0. 25 (where
X, is the electronegativity of a), the following
parameters are calculated for the two nonequiva-
lent sites in orpiment:

vc ——117 MHz, gz =

vzc
——114 MHz, gzz = 0.42.

Better agreement with the experimentally observed
frequencies (72. 9 and 70.4 MHz) can perhaps be
obtained by taking into account other contributions
such as v bonding of the lone-pair orbital. (We
have chosen the higher-frequency resonance to be
associated with site I, in agreement with the theo-

v, = —,'s'qQ(1+ 3g ) + (nE3/p+ AEg/g),

vz = —'& qQ(l + —'// ) + (6'E3/2 +E1/2)

v ~ = ~e qq(1+& ) -(nEB/2+DE~/2)

vs' = 2e qQ(1+ s'// ) —(&Eg/g —&Eg/g),

where

4E3~&=
2

1+— cos g
0 2

(5)

1~g2g
+ 1-— + —+—1-— cos2p sin 6),

P P P P

where 0 = yHO and 8, y are the polar and azimuthal
angles, respectively, for the direction of Ho with
respect to the Z axis of the EFG. The four reso-
nance frequencies computed from Eq. (1) when
I= ~ are
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0 I' 2 g&Eggy= —
l
I — cos 8

2 I p

1 2 g2 2g 1
+ 1+- +—2-—1+- cos2q sin'e

P O' P P

oil a

The usual method for determining q consists of
mapping out the locus of zero splittings by orienting
the crystal in an applied magnetic field. In the
present case, this careful procedure is not neces-
sary since the best natural crystals consisted of
slightly distorted layers whose principal axes var-
ied + 3' to 5' over the crystal volume (as deter-
mined from Laue x-ray photographs). The small
spread in principal-axis directions causes the NQR
resonance to broaden in an applied magnetic field,
and makes a detailed investigation unprofitable.
Instead, the asymmetry in the EFQ was obtained
by applying the external magnetic fieM along the
three mutually orthogonal%, b, and c axes. These
directions could be ascertained from a visual in-
spection of the crystal since orpiment cleaves
along the gc planes, and these planes are striated
along the a axis. The three spectra, obtained with
an applied field of -875 Q are shown in Fig. 6.
The frequencies p, p, p, , and p, are indicated
on this figure for sites I and I, respectively, for
each direction of the applied magnetic field.

%hen the magnetic field is applied along the three
(mutually perpendicular) principal crystal axes,
the following sum rules are obtained using Eq. (5):

(~:)'+ (~'. )'+ (~:)'+(~~)'

+(v', )'+ (v,')'= (3@HO/2v)', (5)

p~ pg = p~ py + p~ vg.
c c e b.g

Superscripts in Eq. (5} refer to the crystal axis
along which the magnetic field is applied. The fre-
quencies indicated in Fig. 6 obey these sum rules
quite well, indicating they can be determined de-
spite the field-induced linewidth. The formulas in
Eq. (5}form a set of overdetermined equations for
the unknown parameters: the asymmetry constant
g and the three Euler angles which determine the
orientation of the principal axes with respect to the
crystal axes. These parameters, determined by a
method of successive approximations, are listed in
Table I. The values of g determined for sites I
and II are 0. 343 and 0. 374, respectively.

From the parameters of Table I it can be seen
that the principal z axis of the field gradient tensor
forms an angle of nearly 40' with the 5 axis which
is essentially what one would anticipate from the
disposition of the As@ pyramids with respect to the
crystal axes. This fact explains why the three

Ve 69 V)S Sfo ~70 V~Vh 7I VP 7P Vjl& 7$Vet

NQR FREQUENCY (QHg)

FIG. 6. NQR spectra obtained at room temperature
vrith an applied field of 875 G applied along the crystal
a, b, and c axes, respectively. The zero-field frequen-
cies are indicated by vo, 71.94 MHz for site I and 69. 54
MHz for site II. vo, v&, v~. , and v@ are the values of the
four resonance frequencies obtained with the externally
applied magnetic field.

traces in Fig. 6 are so similar, since the projec-
tion of the z component of the EFQ on all three
principal crystal axes is substantial.

C. Transverse relaxation effects

The nuclear-transverse, or spin-spin, relaxa-
tion time T2 is obtained by measuring the decay of
the spin-echo amplitude is a function of pulse
separation 7. In a solid T2 is determined by the
dipolar interaction between the nuclear spins and
represents the characteristic time mith which the
nuclei achieve thermal equilibrium with each other.
A graph of the spin-echo amplitude as.a function of
pulse separation, w, is shown in Fig. 7 for site II
of the orpiment crystals at 300'K. The initial de-
crease of the echo amplitude with v is Qaussian
exp[- (2~/T2) ] for small ~. Evidence of an oscil-
lation is seen at 2y=1 msec. At larger values of
the pulse separation, a slower, exponential decay
seems to be indicated. This behavior is in agree-
ment with that noted by Pen'kov and Safin in their
investigation of As283.

A complete theoretical description of the time
evolution of the transverse nuclear magnetization
following a spin-echo pulse sequence is not availa-
ble, but the initial Qaussian decay of the spin echo
can be explained by the method of second moments
first given by Van Vleck for nuclear-magnetic-
resonance linewidths and extended to the broaden-
ing of quadrupole spectra by Abragam and Kambe.
Abragam and Kambe calculated the second moment
( b, &o } of the NQR line due to the dipole-dipole in-
teractions between both like (resonant) and unlike
(nonresonant) neighboring nuclei. For like nuclei
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pulse. When this criterion is applied to crystal-
line As~S3, we find all As-I spins are to be consid-
ered as mutually resonant, and all As-II spins are
mutually resonant, but that no As-I spin is reso-
nant with an As-II spin. Equation (8) will be of im-
portance in Sec. IV where the transverse relaxa-I
tion of the very broad resonance in the amorphous
state is interpreted.

Equation (7) predicts linewidths which are orders
of magnitude less than the experimentally deter-
mined linewidth of Fig. 3, since random strains
and crystal defects are much more effective causes
of line broadening than dipolar interactions. How-

ever, the second-moment calculation does apply to
the transverse relaxation of the spin-echo signal in
the limit when the pulse separation y is small. It
can be shown that'

d2) d (P(&)
~

(0} 1

dT To
(9)

zvocE: PULsE sEP~~ ( msec)

FIG. 7. Echo amplitude of As in site II of crystalline
As2S3, following a 90'-180' pulse sequence, as a function
of twice the pulse separation. The data were obtained at
room temperature with a frequency of 69. 5 MHz.

with I= —,', one obtains
4

(S(o') = y Z & [207(1 —3y'„)'
96

+ 1512y&&(1 —y&z} + 459(1 —y&z)

—1o8(1 3ypa)(&~a——PgaH. (7)

&v& I/t, (8)

where Av is the resonance frequency differenc be-
tween the spins and t is the time duration of the 90

In Eq. (7}the direction cosines of the radius vec-
tor rz~ between nuclei j and k in the principal-axis
system are given by n», P», and y». This equa-
tion assumes that the asymmetry parameter is
zero. The summation is over like nuclei only.

When applying second-moment calculations to
spin-echo phenomena it is necessary to retain only
the contribution to the second moment due to reso-
nant nuclei. One must ignore the contribution to the
second moment caused by nonresonant neighboring
nuclear spins. The resonant spins precess in local
fields set up by the nonresonant spins. In lowest
order, the contribution to the local field at the
resonant spins due to the nonresonant spins is
static. Therefore, the contribution of the nonreso-
nant spins is removed in a spin-echo experiment.
A criterion determining whether spins are consid-
ered resonant is then

where y(7) is the amplitude of the spin-echo signal
at pulse separation v. If y(2v) = exp[- (2r/Tz) ],
then

T2 = (2/(&~') )"'. (10)

Equations (7) and (10) may be used with the x-
ray data to determine the transverse relaxation
time expected in crystalline As~S, . If the sum is
carried out to all like nuclei within a 20-A sphere,
the results for sites I and II are

(h&u~), = 2. 2x 108, Tz= 0. 95 msec; (11a)

(a&u )„=3.7x 10, T2= 0. 7 msec. (lib)

The initial decay of the experimental spin-echo sig-
nal in Fig. 7 for site II is Gaussian with a relaxa-
tion time T~=O. 6 msec. Similar results were ob-
tained for site I (T2-1 msec). The agreement be-
tween the calculated and experimental transverse
relaxation times is sufficient to conclude that the
dominant contributions to the relaxation in crystal-
line AszS3 are the dipolar effects.

At somewhat larger values of g an oscillation is
observed in the transverse relaxation of AszSg.
This oscillatory behavior is nearly what one would
expect from the Zeeman splitting of the As7 quad-
rupole resonance by the earth's magnetic field.
However, when the sample is shielded from the
earth's field by placing the spectrometer in a mu-
metal box, no alteration of the oscillatory behavior
is observed. It is therefore concluded that the
oscillations are an intrinsic phenomenon, similar
to the oscillations first observed in the free-induc-
tion decay of CaFz by Lowe and Norberg.

At longer times the decay of Fig. V becomes ex-
ponential (Lorentzian) with a characteristic relaxa-
tion time of -I msec for both site I and site II. If
the Lorentzian and Gaussian portions of the curve
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(b)

FIG. 8. (a) Saturating comb pulse sequence for mea-
suring T&. Q) Repetition rate pulse sequence for mea-

suringg

Tg.

are due to independent mechanisms, then the ini-
tial intensity of the Lorentzian decay is approxi-
mately 30% of the total intensity.

The interpretation of the I orentzian component
is uncertain, although the oscillatory behavior of
the spin-echo amplitude, and the evolution from
Gaussian decay at short times to exponential decay
at long times, have been observed in other materi-
als. This behavior has been noted, for exa,mple,
in the nuclear relaxation of ferromagnetic cobalt
and in the transverse nuclear quadrupole x elaxa-
tion of K&PtC16. ' In the case of cobalt, Shaw at-
tributes these effects to microscopic, inhomoge-
neous broadening, and presents a detailed theoreti-
cal description of the case of spin-spin coupling via
the Suhl-Nakamura interaction. The applicabibty
of this explanation to the situation in orpiment is
uncertain.

D. Spin-lattice relaxation

Spin-lattice relaxation is the process by which
the magnetization of an ensemble of nuclei
approaches its thermal equilibrium value following
a perturbing influence such as a pulse of rf energy.
Interactions between the nuclear spin system and
the low-energy excitations of the solid (phonons)
are responsible for spin-lattice relaxation in crys-
talline materials. Thus, a study of spin-lattice
relaxation in orpiment provides information con-
cerning details of the phonon spectrum.

The As ' nuclear spin-lattice relaxation rates
were measured using two different techniques. In
the first technique [Fig. 8(a)], a saturating comb
of 90' rf pulses is initially applied to the crystal.
At a time I; after the termination of the saturating
comb, an interrogating 90' -180' pulse sequence
whose separation is less than T2 is applied. The
amplitude of the resulting spin echo is proportional

. to 1 —e ' ~, where Tz is the spin-lattice relaxa-
tion time. The second technique, illustrated in
Fig. 8(b), uses a 90 -180 pulse sequence (with
pulse separation less than T2), which is periodical-
ly xepeated after an interval I;. It may be shown
that the steady-state echo signal is again propor-
tional to 1 &-tlrq The validity conditions for this
technique are discussed elsewhere. ' Good agree-

ment was obtained between the two methods of mea-
suring spin-lattice relaxation.

The spin-lattice relaxation time T~ is obtained by
plotting the unsaturated echo height minus the echo
height at time t after the termination of the satu-
rating comb of 90' pulses on semilog paper, and by
noting the time at which the resulting curve de-
creases to e of its initial value. This curve, ob-
tained from data on the lower frequency line of
orpiment at VV K, is shown in Fig. 9. Theexpect-
ed exponential decay of the nuclear magnetization
with time is found at 297, 77, and 4. 2'K. The
spin-lattice relaxation times obtained at these three
temperatures are displayed in Table 11, along with

the values obtained in previous investigations.
The relaxation time of orpiment at 4. 2 K was so
long (-2 h) that it was necessary to warm the sam-
ple to room temperature between each measure-
ment to avoid saturation by the previous pulse
sequence.

Quadrupole nuclear spin-lattice relaxation re-
sults primarily from first-order Raman processes
involving the inelastic scattering of a phonon by the
spin system. ' The relaxation can proceed via
either acoustical or optical ' phonons. When
a single optical mode dominates the relaxation pro-
cess, the temperature dependence of the relaxa-
tion time is given by

T& = A si hn(z/2kT), (12)

SPIN-LATTICE RELAXATIQN 77 K

hl
I

8
LIJ

t(msec)

FIG. 9. Spin-lattice relaxation of crystalline As283
at 77'K.

where z is the phonon energy and A is a proportion-
a.lity constant.

As shown in Fig. 10, the data for orpiment are
best fit with A = 30. 64 sec and e = 29' K, which cor-
responds to an optical lattice vibration of frequency
20 cm '. The lowest optical phonons in orpiment,
as determined by Raman spectroscopy, lie at 25
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TABLE II. Spin-lattice relaxation times in orpiment, .

Temp. ('K)

4
77

297

aReference 13.

T& (sec)

7. 4x 103

x. i, (0. 3)'
3.2x j.o+. (3.3&10 23+

Reference 36.

and 35 cm ', '~'3'~9 and have been attributed to rig-
yer vibrations 'v'4O The fit to the tempera-

ture dependence of the 7& data is in reasonable
agreement with the Raman data. The deviation
from the theoretical curve in Fig. 10 near 300'K
probably results from the influence of higher-lying
optical phonons.

IV. NQR IN AMORPHOUS As~ S3 AND As~ Ses

Despite numerous investigations concerning the
structure of glassy As~ and AszSes, the subject
is still a matter of considerable debate. The pro-
posed structural models for AsA and As&Sea glass-
es fall into two categories: those that are based on
a continuous three-dimensional random network of
well-defined AsSB or AsSe3 pyramidal units "and
those that invoke two-dimensional layerlike corre-
lations between pyramidal units such as exist in the
crystal modifications.

X-ray and neutron-diffraction results on these
two glasses have been discussed using these two
somewhat disparate interpretations. Hopkins
et al. deduced from their x-ray diffraction study
that order barely extends beyond the AsS3 struc-
tural unit Konnert et g/. interpret their neutron-
diffraction results as indicating that the local
structure of As~Ses glass looks very much like
crystalline layered As~See out to at least 20 A,
while Leadbetter et gE. ' deduce a correlation
length of 10 A in glassy As&Se~. X-ray studies by
Porai-Koshits and Vaipolin are interpreted as in-
dicating that the sheet structure is retained, but
that it is distorted and cross linked at various
points. Tsuchihashi and Kawamoto46 also conclude
that the structure of As83 glass is a layer struc-
ture similar to that of orpiment, but with a distort-
ed and open structure. In a recently published
x-ray diffraction study, Henninger and Averbach
state that their results do not support the existence
of As28es layers in AsISe3 glass.

The existence of strong covalent bonding within
the layers, and the much weaker bonding between
layers, in crystalline As~83 and As~Se3 makes it
reasonable that a layer structure could be main-
tained in the glassy state. The relatively low glass
transition temperatures (T = 187 and 212 C in
AszSe~ and AsA, respectively) have been inter-
preted as reflecting the breakup of the weak van
der %aals forces between the layers while the

break in the slope of the viscosity curves, which
occurs at considerably higher temperatures, has
been attributed to the breakup of the layers them-
selves. ' Optical properties in the 1-14-eV
range ' and in the infrared region ' provide
supporting evidence for the existence of layerlike
correlations in glassy As~8~ and Assges, even in the
liquid phase. Our NQR results in vitreous As'~
and AszSes are best interpreted by assuming that
layers are still retained in the amorphous phases
of these materials. Although we have indicated a
lack of unanimity on this point, it seems to us to
be the most reasonable conclusion in light of the
available evidence. Moreover, this conclusion is
supported by our measurements of the spin-spin
relaxation in the anamorphous state of As&83, which
shows a great similarity to the spin-spin relaxa-
tion of the crystalline material. As will be dis-
cussed in Sec. IV B, this indicates that the local
environments of the As nuclei in the crystalline
and the glassy state of As2S3 are quite similar.

A. Quadrupole-coupling constant

The As NQH spin-echo spectrum of amorphous
As83 is shown in Fig. 11 where the spectrum of

jo~

Ti =30.64sintP( —j2T
8=29 K=20. I cm

lO

lO

IO =

l I I 1 I I I l
'O O eO t2O eo 2&O

TEMPERATURE ( 4 K )

FIG. 10. Spin-lattice relaxation times in crystalline
As&SS as a function of tempexature. The three points are
the experimental data, and the line is a fit to theory.
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crystalline As&83 is also displayed for comparison.
The data were obtained by measuring the intensity
of the spin-echo signal as a function of frequency
across the inhomogeneously broadened resonance
line. The NQR spectrum of crystalline As~S con-
sists of two narrow lines approximately 50 kHz

wide, but in glassy As&SS the spectrum consists of
a, single extremely broad line of approximately 3.5-
MHz halfwidth at 1/e. The glass line, whose cen-
ter is located about midway between the two crys-
talline lines, is presumably itself composed of two
lines, one from each of the two inequivalent As
sites in the unit cell. The transverse-relaxati. on

(Tm) results in glassy AsaS~, to be described below,
support this contention. The width of the line is
caused by a distribution in the EFG due to bond
angle distortions present in the glass.

Vitreous AsaSe, which is based on a crystalline
material isomorphic to-crystalline As2S3, also dis-
plays a bxoad spectrum located near 60 MHz as
shown in Fig. 12. The vertical lines in Fig. 12 in-
dicate the position of the resonances in crystalline
As28e3 as reported by Kravchenko et gl. at 300 K.

The NQR linewidth in the glasses is primarily
due to deviations in the apex bonding angles (o., of
Fig. 5) of the As@ and ASSe3 pyramjdal units. In

As2S~ we estimate the magnitudes of these devia-
tions in 0. by comparing the width of the glass line
to the frequencies of the two As sites in the crystal
for which the apex angles are known from x-ray da-
ta. The average apex bonding angle of the first As
site in crystalline orpiment exceeds that of the sec-
ond by 1.O'. A difference in NQR frequencies of
2. 48 MHz is observed between these two sites. If

As
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FIG. 11. Nuclear-quadrupole-resonance spectrum of
vitreous As283 at 4.2'K. The experimental data are
shorn by the points. The solid and dashed lines are fits
to the data by Lorentzian and Gaussian distributions,
respectively, of resonance frequencies. The spectrum
of crystalline As2S& is also displayed for purposes of
comparison,
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FIG. 12. NQB spectrum of vitreous As2Se3 at 4.2'K.
The vertical lines indicate the resonance frequencies of
crystalline As2Se3.

the spread in frequencies is assumed to vary lin-
early with ~ over the region of interest, then one
may extrapolate to the NQR data of vitreous AsaS~.

Since the transverse relaxation-time measure-
ments to be discussed in Sec. IV 8 indicate the two
inequivalent As sites of the crystal remain in the
glass, we assume two Gaussian distributions of
equal width and fit the data of Fig. 11 (dashed line).
The data are fit by two Gaussians of halfwidths at
1/e of 2. 0 MHz separated by 2. 0 MHz (dashed line
of Fig. 11). A halfwidth of 2. 0 MHz corresponds
to a distribution of average apex bonding angles for
the two sites in the glass of approximately 1~ 1'.

The data of Fig. 11 can also be approximated by
assuming two Lorentzian lines (solid line of Fig.
11}, separated by 1.9 MHz, whose halfwidths at
half-height are 1.4 MHz. This fit corresponds to
a distribution of average apex bond angles for each
site whose halfwidth is 0.75'.

A third estimate of the average apex-bond-angle
deviations in the glass can be obtained by using Eq.
(3), which assumes that g= 0, and by calculating
the best fit to the spectrum assuming two Gaussian
distributions of average apex bonding angles o
[which can be easily related to the angle e' of Eq.
(3}]. The resulting distributions in frequency are
slightly skewed to the low-frequency side but are
very nearly Gaussian. This method yields an aver-
age halfwidth at 1/e for the average apex bond angle
of each glass site of 0.6 . Although the exact num-
ber for the distribution of average apex bond angles
in glassy AsaSS varies somewhat (0. 6' to 1. I.' ) de-
pending on the method of estimation, the obvious
fact which emerges is that the pyramidal units are
very well defined.

Similar calculations for crystalline and glassy
As28e3 can be performed with the result that the
deviation of average apex bond angles is on the or-
der of +3 in glassy As2Se3. The data for glassy
As~Ses as presented in Fig. 12 are not accurate
enough to warrant the fitting procedures discussed
for glassy As~83, and the solid line through the data
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TRANSVERSE RELAXATION IN

VITREOUS As2S3 4.2 K
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FIG. 13. Transverse relaxation of amorphous As2S3
at 70. 75 MHz. The echo decay is plotted as a function of
twice the pulse separation.

points in Fig. 12 represents two Gaussian curves
of 4. 5-MHz halfwidths, separated by 4 MHz. Al-
though the glassy AsSe3 pyramidal units are more
distorted than the AsSs units, the average apex
angles of the two inequivalent pyramids in crystal-
line As~Se3 differ more than in crystalline As&SS.

'

B.Transverse-relaxation effects

The transverse-relaxation measurements in vit-
reous As&S& were obtained using the same proce-
dure as described above for crystalline Aszg with
the exception that they were performed on a sample
at 4. 2 K at 70. 75 MHz. The results were indepen-
dent of frequency within experimental error. As in
the crystalline case, the initial decay is Gaussian
(e' ' ra', where 7. is the pulse separation), with a
transverse relaxation time T&= 0. 6 msec as shown
in F'ig. 13. The asymptotic behavior at long times,
where the decay appears to be exponential, is dif-
ferent from that observed in orpiment (compare
Figs. 7 and 13). The asymptotic slope in the glass
is approximately a factor of 2 less than in either of
the two sites in the crystal, and corresponds to a
relaxation time of - 3 msec if the exponential and
Qauusian decays are due to independent mecha-
nisms. The decay curve of Fig. 13 is independent
of the frequency at which the measurement was
performed.

The results of the second-moment calculation for

crystalline AszS~ reveal that approximately half the
contribution to the second moment is due to the
nearest-neighbor resonant As nuclei (second-near-
est-neighbor As nuclei), and the dipolar fields
from second- and third-nearest resonant neighbors
are responsible for most of the remainder. The
transverse-relaxation time, to which the second
moment calculation is intimately related, is there-
fore useful in obtaining information on the near-
neighbor environment. From the near equality of
the crystalline and amorphous initial relaxation
behavior, we conclude that the near-neighbor en-
vironments of the crystal and the glass are quite
similar. Specifically, these results argue for the
existence in the glass of the two inequivalent As
atoms in the crystalline unit cell, and also for the
retention in the glass of the two-dimensional cor-
relations between As83 pyramidal units which exist
in the crystalline phase.

As discussed in Sec. IIIC, only the interactions
between mutually resonant nuclei are effective in
contributing to transverse relaxation as measured
by the spin-echo technique. In this context, mutual-
ly resonant nuclei refer to those interacting nuclear
spins that are simultaneously flipped by the applied
rf pulse. With a pulse duration of -7 p,sec, only
nuclei whose resonance frequencies are within - 150
kHz of each other can be considered mutually res-
onant, according to Eq. (8). The distinction be-
tween the effects of resonant and nonresonant nu-
clei on the spin-echo transverse relaxation time
can be seen in the data of Mestagh et al. Qn the
proton relaxation time of zeolite. In that work, the

T~ obtained from the echo is compared to the Tz ob-
tained from the slope of the free-induction-decay
signal and from the value of cw linewidth, and found
to be an order of magnitude longer than either of
these. Since there is no inhomogeneous broadening
in this system, the discrepancy is due to the differ-
ing effects of the nonresonant Al nuclei upon the
transverse relaxation time measured by the differ-
ent techniques.

Two criteria must be satisfied in order for the
transverse-relaxation times in the crystal and the
glass to be nearly equal. First the number of first,
second and third-nearest-neighbor resonant nuclei
must be essentially the same in the two materials.
This means that the two As sites in the crystal
must be preserved on the average in the glass.
For the pulse width used, near-neighbor nuclei in
the glass must have quadrupole-resonance fre-
quencies within hp- I/t-150 kHz in order to be
mutually resonant. Thus even though the two As
sites in the glass have resonance frequencies w'hich

vary by np-1. 5 MHz (Sec. IVA) throughout the
bulk sample, the variance locally is nearly always
ten times less than this spread. This fact implies,
of course, that on the average the shift in frequency
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of nuclei in the glass corresponding to site I in the
crystal is not great enough to overlap the frequency
of nearest-neighbor nuclei corresponding to site II.
In terms of the variation of average apex bond
angles discussed in Sec. IVA, this restriction im-
plies that on the average near-neighbor like As nu-
clei (which are in fact second-nearest neighbors
within a layer) have average apex bond angles dif-
fering by no more than 0. 1' even though the total
deviation in the bulk sample is on the order of 1'.

The second criterion which must be satisfied in
order for the transverse-relaxation times of the
crystal and the glass to be nearly equal is that
near-neighbor resonant nuclei must be separated
by approximately the same distances in both ma-
terials. This fact, coupled with the preservation
of the two inequivalent As sites in the glass,
strongly suggests that the two-dimensional correla-
tions between AsS3 pyramidal units which exist in
the crystal are by and large present in the glass.

Until now, we have been discussing the distribu-
tion of S-As-S apex angles [n» o!z, and os of Fig.
5(b)], while the random-network model is con-
cerned with the distribution of the As-S-As bond-
ing angles [P of Fig. 5(b)]. The random-network
model, as applied to As383 and AszSG3 glass in its
simplest form, postulates the existence of a ran-
dom distribution of As-8-As bond angles (P), with
no variation whatsoever in the S-As-S pyramidal
apex angles. However, the T~ data on glassy and
crystalline AslS3 are not consistent with such a
model.

Since only resonant nuclei contribute to the syin-
echo transverse relaxation, a model of the vitreous
state of As~83 which postulates a completely random
and uncorrelated distribution of p-type bonding
angles would result in an initial spin-spin relaxa-
tion time in the glassy state - 10 times longer than
the initial spin-spin relaxation time in the crystal-
line state for the experimental parameters used in
this study —a prediction which is at variance with
what is actually observed. (The factor of 10 is ob-
tained from the ratio of the NQB linewidth in the
glass to the amplitude of the applied rf field. )
Thus, even if we assume that a distribution of As-
S-As bonding angles contributes to the distribution
of resonance frequencies implied by the NQR spec-
trum of vitreous As28~ (Fig. 11), we must still con-
clude that these angles are correlated as in the
crystal.

The transverse-relaxation measurements in
glassy As&S3 support structural models which in-
voke the preservation of layerlike correlations be-
tween pyramidal units and are at variance with
models invoking a continuous random network of
pyramidal units. There is significant short-range
structural order remaining in the amorphous state
of AsS3.

C. Spin-lattice mlaxation

Measurements of the specific-heat, ' thermal
conductivity, ' ' acoustic attenuation, ' far in-
frared and microwave absorption, ' ' and Haman
scattering" of glasses at low temperatures have
indicated the existence of an enhanced density of
very-low-frequency vibrational modes which ap-
pear to be characteristic of the amorphous state.
At temperatures above 1' K, a large excess heat
capacity is found in glasses upon comparing them
to crystalline forms of the same substance; this
excess heat capacity (which is proportional to T )
has been attributed to optical modes of very low
frequency which are intrinsic to the glassy state.
At temperatures below 1 K a contribution to the
specific heat which varies linearly with tempera-
ture has been discovered in a variety of glass-
es.' ' It has quite recently been proposed that
this anomalous specific heat may arise from a
distribution of localized defects, present in amor-
phous solids, in which tunneling between two near
equilibrium positions can occur. ~'6~

This model, hereafter termed the AHVP model
after its originators, ' postulates that a certain
number of atoms or groups of atoms have two equi-
librium positions described by an asymmetric dou-
ble-well potential. Transitions between the two
positions are possible by tunneling, whereby a res-
onant phonon is absorbed or emitted. The linear
temperature dependence of the specific heat is then
explained by AHVP by postulating that the two-level
systems must have a constant distribution of level
spacings AE, which remains finite and continuous
in the vicinity of 6E = 0. The total number of such
levels with bs& kT is then proportional to T, lead-
ing to a specific heat likewise proportional to T.

The AHVP theory has received some independent
experimental confirmation by the recent discovery
that the acoustic attenuation of 1-6Hz sound waves
in vitreous silica is strongly dependent on the
acoustic amplitude at temperatures below
0. 5 K."' A large increase in attenuation is ob-
served as the incident acoustic intensity is de-
creased. Such an effect is in accord with the
AHVP model, since the resonant absorption of
sound by the localized two-level systems saturates,
and can be observed only if the sound amplitude is
extremely small. Since nuclear spin-lattice relax-
ation proceeds via vibrational modes, and since the
vibrational spectrum appears to be significantly
altered by the disappearance of crystalline order,
it may be anticipated that the nuclear spin-lattice
relaxation of vitreous AsA will differ markedly
from that of crystalline As~83. Comparison of the
spin-lattice relaxation of the crystalline and amor-
phous states makes it possible to verify the exis-
tence of an enhanced density of low-frequency
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modes in the amorphous state by a new and inde-
pendent technique.

Increased nuclear spin-lattice relaxation rates
may be a general feature of disordered materials.
Greatly increased spin-lattice relaxation rates
have been observed for protons in organic glasses
as compared to the rates in crystalline counter-
parts. Whether the relaxation proceeds via a
Raman process as in most crystalline materials
or via a direct process, these measurements indi-
cate an enhanced density of low-frequency modes
in the organic glasses. A similar increase in the
relaxation rate of 8 in glassy BzQ3 over the crys-
talline material has also been observed. s' Finally,
the present measurements of the temperature de-
pendence of As spin-lattice relaxation in glassy
and crystalline AsA indicate an enhanced density
of low-frequency modes in the vitreous material.

The As nuclear spin-lattice relaxation in amor-
phous As~83 has been investigated using both the
saturating comb and the pulse-repetition-rate tech-
niques described above (Sec. IIID, Fig. 8). The
resulting relaxation curve at a sample tempera-
ture of 4. 2'K is shown in Fig. 14 where circles
and triangles represent measurements taken using
the repetition rate and saturating comb techniques,
respectively. One difference between spin-lattice
relaxation i.n the amorphous material and the crys-
tal, which is immediately apparent from this fig-
ure, is that the decay cannot be represented by a
single exponential characterized by one relaxation
time. A second difference is the rate of decay,
which is -15 sec to reach I/e in the glass com-
pared to - 2 h in the crystal.

In crystalline materials the measured relaxation
is characterized by two competing processes —di-
rect interaction of nuclei with the phonons (T, pro-
cesses) and interactions between nuclear spine
(Ta, spectral or spin diffusion processes). Spin-
diffusion processes are effectively removed in
crystals by completely saturating the nuclear spin
system with the rf pulses. However, the measure-
ment of Tj in amorphous As&SS involves considera-
tions which were not important in the measure-
ments of crystalline As~83. The glass linewidth is
3.5 MHz, while the crystal linewidth is 50 kHz.
It is not possible, therefore, to saturate the entire
NQH line in the amorphous state by applying a train
of rf pulses. With the available rf power we are
only capable of "burning a hole" in the broad reso-
nance line. Under these conditions it is conceiv-.
able that the nuclear spin system can lose its ex-
citation energy by spectral or spin diffusion to
nearby nonresonant spins, instead of directly to the
lattice via spin-lattice relaxation. Such a process
would render comparisons between the crystal and
the glass meaningless since different physical
phenomena would be involved.
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FIG. 14. Normalized spin-echo intensity tE/) -E(t)/
E(~)] vs time (twice the 90'-180' pulse separation) for
vitreous As283 at 4.2 K. Circles represent Tq data taken
with repetition rate technique; triangles, T~ data taken
with saturating comb technique.

The weight of evidence indicates that spectral-
diffusion is not a significant factor in the relaxa-
tion of the nuclear excitation in the glass and that
direct spin-lattice relaxation is the dominant pro-
cess. Spectral diffusion can occur when a fraction
of the spins are selectively excited by an rf pulse;
the excitation may spread out to unexcited spins
with different resonant frequencies through spin-
spin coupling. This mechanism leads to an appar-
ent loss of excitation at the frequency of measure-
ment, but does not involve the lattice. Hence it is
expected to be temperature independent. We have
observed, a strong dependence of relaxation rate on
temperature, which indicates that spectral diffusion
is unimportant. Moreover, there is no indication
of spectral, diffusion from the previously discussed
Tz measurements. The effect of diffusion is to

-ass/3cause the spin echo to decay as e ~ ~3, where 0 is
the probability of spectral diffusion. Such be-
havior is not observed, and is further evidence for
the lack of spectral diffusion. The spin lattice re-
laxation is also unaffected by changing the duration
of the saturating comb of rf pulses illustrated in
Fig. 8 which again indicates the absence of spec-
tral diffusion in the amorphous state. Finally,
when two oscillators are employed at slightly dif-
ferent frequencies, there is no effect at one fre-
quency upon saturating the line at the second fre-
quency. If spectral diffusion were important, one
would expect some saturation to occur at the mea-
surement fxequency due to saturated spins diffusing
from a nearby frequency.

The spin-lattice relaxation behavior of amor-
phous As&83 at VV'K is shown on a semilog plot in
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The temperature dependence of an effective Tz,
as defined above, in glassy Aszg is presented in
Fig. 16. The effective relaxation rate T z is pro-
portional to T from 77 to 1.1' K and can be de-
scribed fairly accurately by the empirical relation
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FIG. 15. Normalized spin-echo intensity vs time
(twice the 90'-180 pulse separation) for vitreous As283
at 77'K.

Fig. 15. It has the same characteristic shape as
at 4. 2'K (Fig. 14), but the relaxation at VV'K is
much faster. We interpret the nonlinear decay
curves of Figs. 14 and 15 in terms of a continuous
distribution of relation times resulting from the
disorder intrinsic to the amorphous state.

The models proposed to explain the anomalous
low-temperature thermal properties of amorphous
materials fall into two general categories —those
which invoke atomic tunneling between two near-
equilibrium positions, ' and those which assume
low-frequency vibrational modes which obey Bose
statistics. ' %'ith either type of model one can
obtain a distribution of relaxation times which
would yield nonlinear decay curves. In the tunnel-
ing models, the magnitude of the spin-lattice relax-
ation depends on the relaxation time of a two-level
state to the phonons v, as wiQ be indicated below.
A distribution of nuclear spin lattice relaxation
times results from a distribution in y, 's. In the
models which assume low-f requency vibrational
modes which obey Bose statistics, one obtains a
distribution of relaxation times if the vibrational
states are to some extent localized and vary from
region to region in the glass.

One may still define a characteristic relaxation
time for the glass as the tixne for the nuclear spin
system to attain (1 —1/e} of its equilibrium mag-
netization after the application of a saturating comb
of rf pulses (i. e. , the time at which the decay
curves of Figs. 14 and 15 fall to 1/e}. This defi-
nition is particularly meaningful because the shape
of the decay curves is independent of temperature,
as will be demonstrated below.
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FIG. 16. Relaxation rate (1/T&) vs temperature
squared for vitreous As283 (circles), crystalline As&83
(triangles), and vitreous As28e3 (squares).

The relaxation rates in crystalline As&83 and glassy
As&Se3 are also plotted in Fig. 16 for comparison.
The effective spin-lattice relaxation rate (I/T&)
measured in Aszg glass is much greater than the
relaxation rate in the crystals at any given tem-
perature, and this difference is enhanced at lower
temperatures where the crystal relaxation rate de-
creases exponentially with temperature, while the-

glass relaxation rate remains proportional to T .
In a crystalline material, a T dependence of the

relaxation rate occurs whenever the dominant
modes relaxing the nuclear spins are at energies
which correspond to temperatures lower than the
measurement temperatures. The T temperature
dependence in glassy Asm@ is strong evidence for
the existence of very-low-frequency vibrational
modes in the glass which are thermally excited
even at - 1' K, and are strongly coupled to the nu-
clear spins,

It is informative to divide out the T tempera-
ture dependence of the relaxation curves in glassy
As2S3 to determine if the shape of the curve is
otherwise invariant. Figure 17 plots the decay
curves at 4. 2, 14.8, and 77 ' K as a function of
T t. The data taken at all three temperatures faQ
on a universal curve, whose shape is determined
by a temperature-independent distribution of re-
laxation centers. The maximum and minimum re-
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FIG. 17. Normalized spin-lattice decay for vitreous
As&83 taken at 4.2, 14.8, and 77 K vs T t, w'here T is
temperature and t is the time. The solid line is a the-
oretical fit to the data as described in the text.

laxation rates, as given by the maximum and mini-
mum slopes of the curve, differ by a factor of
- 100. Since the distribution of relaxation rates is
governed by the slope of the decay curve, all re-
laxation rates in the distribution have the same 7
temperature dependence.

Although the relaxation rates in amorphous ma-
terials are generally much faster than in corre-
sponding crystalline materials, not all vitreous
materials show a 7 temperature dependence. In

organic glasses the proton spin-lattice relaxation
is proportional to T in 0-terphenyl+20% xylene
from 4. 2 to VV' K, while it appears to be propor-
tional to T ' in 0-terphenyl and 0-terphenyl+ 20%
benzene over this same temperature range. How-

ever, one does not observe a temperature depen-
dence of the relaxation rate stronger than T as
one does in crystalline materials whenever the
measurement temperature falls below the charac-
teristic temperature of the modes effective in re-
laxing the nuclear spins. All relaxation measure-
ments in glassy materials to date point to interac-
tions with low-frequency modes.

Spin-lattice relaxation of Si in glassy SiO3 has
also been reported at 300'K. 7 Since Si 9 js only

1% naturally abundant and has no quadrupole mo-
ment, its relaxation rate is considerably slower
than that of As in As~S~ (10 h at 10 kG and 1.1 min
'in the earths magnetic field); these long relaxation
times would make any measurements at low tem-
peratures in vitreous SiOz extremely difficult,
which is unfortunate because the low-frequency
modes in this material are, at present, the most

thoroughly studied.
Before attempting to apply specific models for

the low-frequency modes to the nuclear spin-lattice
relaxation of amorphous AsmSS, there are two

points which can be made without recourse to cal-
culation. First, the much faster reIaxation of the
glass vis-a-vis the crystal indicates the existence
of an enhanced density of low-frequency modes in
the glass. Second, the nonexponential decay is
evidence of a distribution of relaxation times due
to a corresponding distribution of mode frequencies
or of mode relaxation rates. Any quantitative ana-
lysis of the spin-lattice relaxation behavior in
amorphous As&83 is at best an order of magnitude
estimate because even the number of atoms partic-
ipating in these low-frequency modes is unknown.

Nonetheless, we conclude with two calculations of
the number of modes necessary to give the ob-
served relaxation rates in glassy As~@ assuming
first that the modes are two-level tunneling states
(AHVP model) and second that the modes are har-
monic oscillator modes spacially localized due to
inhomogeneities in the glass structure.

Relaxation via two level localized states should
follow in form relaxation via spin--,' paramagnetic
impurities with the modification that the interac-
tion is by modulation of the electric field gradient
instead of the magnetic field. As in the case of
relaxation via paramagnetic impurities, reasonable
nuclear spin-lattice relaxation rates are obtained
only if the relaxation is assumed to proceed by nu-
clear spin diffusion processes (outside of a small
region of radius ro surrounding the two level state)
and not by the direct interaction of the localized
two level state with the nuclear spins.

We assume the existence of two nearby potential
minima such that an atom or group of atoms can
tunnel through the energy barrier separating these
two equilibrium positions. A Boltzmann distribu-
tion between the localized states is established by
resonant absorption or emission of single phonons
or by a two-phonon Raman process. The charac-
teristic relaxation time z for tunneling from one
equilibrium position to the other due to such one-
and two-phonon processes can be obtained by ultra-
sonic attenuation measurements. 6~ Such measure-
ments have been performed by Ng and Sladek on
amorphous As&83, and they obtain y -10 ' sec at
2'K.

The usual approach to spin-lattice relaxation fol-
lows the classical work of Bloembergen, Purcell,
and Pound. The nuclear spin Hamiltonian is
divided into a secular part (+) and a fluctuating
nonsecular perturbation (3C,). One calculates the
transition probabilities between the states of Ko
induced by the perturbation K&. %'hen the time
dependence. of R z can be described by a single cor-
relation time 7; the theory gives the well known
result which may be applied to a nucleus adjacent
to a tunneling defect

1/7', - [v/((goav'+1)j(g, ',
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where &uo (-2vx VO MHz) and ~~ are typical frequen-
cies of Xo and SCAN, respectively, and v is the relax-
ation time of the two level state (-10 ' sec).

Only nuclei near the two-level state are relaxed
directly, but the more distant As nuclei can relax
to the tunneling defect by nuclear spin diffusion
that occurs through the mutual spin flips between
neighboring nuclear spins, in a manner similar to
nuclear relaxation caused by fixed paramagnetic
impurities in solids. Assuming rapid diffusion,
the average relaxation time T &' will be given by

T =T,/c,

where c is the concentration of tunneling defects.
Since &F07- 10» 1 in Eq. (14), one obtains for

the average relaxation time

tence of low-frequency modes of the harmonic
osciQator type. ' Assuming that the number of

these modes per unit energy remains finite and

constant as the mode energy 6 approaches zero,
(an assumption which is necessary to account for
the linear variation of the specific heat with tem-
perature at low temperatures) it is possible to
account for the observed distribution of spin-lattice
relaxation times shown in Fig. 16, and to estimate
the expected relaxation times at low temperatures.

%e utilize the same theory as discussed earlier
for crystalline As&83 (i. e. , nuclear relaxation
through Raman scattering of optical phonons. ) In

the high-temperature limit, where kT» &, the re-
laxation rate T~(c) of nuclear spins to a single op-
tical phonon of energy e may be written

Tj~~ ((dol(dg) 7'/c. (16)
I/T, (e) = AN', O'T '/e', (18)

The concentration of two-level states can be ob-
tained from the magnitude of the linear term in the
specific heat of As2S3, and has been determined by
Stephens~4 as g-2x10 tunneling states per K per
As nucleus. An upper bound on the frequency
associated with the perturbation wz is the linewidth
of the resonance line in the glass (&oq & 2vxV MHz).
With this maximum value, &uo/&o& 10 and Eq. (16)
yields

50 sec~ (1V)

which is consistent with the average relaxation
times observed in glassy As~S3 at low temperatures
(T& is between 10 and 100 sec for temperatures be-
tween 4. 2 and 1.1'K).

One possible difficulty with this estimate is that
the very effect which creates the large fluctuating
field gradient of magnitude u& may violate a neces-
sary criterion for the occurrence of spin diffusion
processes. That is, it may be energeticaQy im-
possible for the nuclear spin surrounding a two-
level state with large &z to interact via spin dif-
fusion processes. If this restriction is valid, then
the predicted average relaxation time ean be or-
ders of magnitude greater than that indicated by the
NQR experiments.

In the above calculation, the temperature depen-
dence of Tz is proportional to the temperature de-
pendence of v. For kT» z where z is the energy
difference between the two lowest states of the dou-
ble well potential, the temperature dependence of
w is v'~ T for a one-phonon process and v~x: T
for a two-phonon Raman process. Sussmann
has shown that Raman processes predominate over
direct processes above a critical temperature,
which is consistent with the observed T depen-
dence of the spin-lattice relaxation in glassy AsA.

Some authors have attributed the low-tempera-
ture specific-heat anomaly in glasses to the exis-

where A is a proportionality constant, No is the
constant density of low-frequency modes, and the
energy denominator takes explicit account of the
energy dependence of the transition matrix ele-
ments according to Van Kranendonk's theory. 3~

The intensity decay curve for a distribution of
relaxation rates can be expressed as a sum over
volume elements within which there exist given
densities of localized modes. If all low-frequency
modes are localized to roughly the same extent,
and the relaxation in any given region of the glass
is dominated by modes at a given energy 6„ then
the expression for the decay in intensity becomes

I(] T)~ j x f/1 g(r)d~ (19)

where e ~ is the maximum phonon energy in the
constant distribution of modes effective in relaxing
the nuclear spins. An upper bound on & ~ is the
lowest measurement temperature at which one ob-
serves a T temperature dependence for the nu-
clea, r spin-lattice relaxation rate. -

With T~ from Eq. (18), the integral of Eg. (19)
can be easily evaluated. The solid line in Fig. 17
is the theoretical fit to the experimental data where
the asymptotic behavior at long times has been fit
by a suitable value of the adjustable parameter

=~o~~m.
A crude estimate 'of No can be obtained from the

value of C necessary to fit the data. If one
ass~~es (i) that the value of A necessary to fit the
relaxation rate in crystalline As383 in the high-
temperature approximation is appropriate to the
low-frequency modes in the glass, (ii) that there
is one oscillator per unit cell in the crystalline
mode, and (iii) that c ~- I'K, then No- 10 modes
per As83 group per K. Although this number is
an order of magnitude greater than the density pre-
dicted from specific-heat measurements, it repre-
sents an upper bound imposed by the experimental
limitations. If e ~ is assumed to be 0. 3 K (i.e. ,
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if the T~ temperature dependence in Fig. 2 exists
down to 0. 3 'K), then the estimated value of N be-
comes -10 5.

To distinguish between the two proposed relaxa-
tion mechanisms-relaxation via the two-level tun-
neling states of the AHVP model or relaxation via
low-frequency localized harmonic-oscillator
modes-careful measurements in the temperature
range from 1 to 0. 1'K. are needed. In addition,
ultrasonic attenuation measurements in crystalline
and glassy ASS83 are indicated to determine if there
is a nonsaturating component in the glassy materi-
al, as would be expected if there is a substantial
density of low-frequency harmonic-oscillator
modes.

V. SUMMARY

We have used the technique of nuclear-quadru-
pole-resonance spectroscopy to investigate the
amorphous state of Ass+ and AS~Ses. The avail-
ability of crystalline AS~S3 (orpiment) proved very
useful, since comparisons between the crystalline
and the amorphous state could be made. By com-
paring the linewidths of crystalline and glassy
As&83, we have concluded that a distribution of py-
ramidal apex bonding angles exists in the glass,
with a halfwidth of approximately 1'.

The similarity between the transverse relaxation
times of crystalline and glassy ASKS, shows that the
glass retains elements of crystalline correlations.

On the other hand, we have found the spin-lattice
relaxation of the crystal and the glass to differ both
in magnitude and temperature dependence. We at-
tribute this to the presence of extra low-frequency
vibrations in the glass which are absent in the
crystal.
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APPENDIX

The neutral As atom has a valence-electron con-
figuration of 4s 4p . According to the principles
of molecular bonding, these electrons reside in sp

—p„sin8 sin6),

Ssys+ (1 —g)'~~(y, cos8 —y, sin8 cosy

—y„sin8 siny).

(Al}

The angles of Eq. (Al) are shown in Fig. 5(b).
Orthogonalization of these wave functions yields
the following six equations in the six unknowns

S, Sg, Sp, S3, a, and b:

SS +(1 —S ) ~ (1 —S,}'I (acos8 —bsin8)=0,

SSz+(1 —S )
~ (1 —S2) ~~[acos8 —bsin8cos6

—(1 —a —b )
~ (sin8sin6)]=0,

SSS + (1 -S ) ~ [a cos8 —b sin8 cosy

+ (1 —a —b')'~'(sin 8 siny)]= 0,

$1$q+(1 —$1)'~ (1 —Sz)'~ (cos 8+sin 8cos6)=0,

$1S3+(1—S1) ~ (1 —$3)'~ (cos 8+sin 8 cosy) =0,

Sz$3+(1 —Sz) ~ (1-S,) ~ [cos 8+sin 8 cos

X(6 - y)] =0.

(A2)

By introducing the new parameters u, = S,/(1 -S,)',
uq=Sq/(1 —Sq), uB=S3/(1 —Ss), and u=S/
(1-S )

~ the latter three equations may be solved:

i cos 8 + sin 8 cosyu1= —
l~

2- . 2 (cos 8+sin 8cos6),&cos28+ sin~8 cos&

u2 ] g8
. a8 (

(cos 8+ sin 8 cosa),
&cos'8+ sin 8 cos61 2

(cos&8+ sin~8 conj
(A3)

(cos 8+ sin 8 cost
us= —

i z . z (cos 8+sin 8 cosy).
I,cos 8+ sin~8 cos6

We define the variables x and y by the relations
x= a/(1 —a —b ) and y = b/(1 —a —b ) and
solve the remaining three equations in terms of the
new variables. We obtain

hybrid orbitals, whose lobes are directed along the
As-S bond, or in orthogonal "lone-pair" orbitals.
The wave function describing these directed orbit-
als may be written'

Sy, +(1 S-)'~'[ay, +by„+(1-a' —b')'~ y„]

$1lpg + (1 —S1) i
(41, cos8 —y„sin8),

Szp, + (1 —Sz)' (p, cos8 —y, sin8 cos6

(1 —~/u1) sin6 —[1 —(u~/u1) siny]
(1 —us/u1)(ug/u1 —cos 6) —(1 —u, /u1)(us/u1 —cosy)

x= (Ic$/u1 cosy) sin6 —(uqlu1 —cos6}siny
+ cos8,

(us/u1 —cosy)(1 —um/u1 ) —(um/u1 —cos6)(l —us/u1)

(A4)

u = [(bsin8 —a cos8}u1]
1+x +y'

u1 sln8 —x cos8)
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(Ae)

Kith the @rave functions expressed in terms of the asymmetrical pyramid it is now necessary to calculate
the electric-field-gradient tensor produced by each occupied orbital, sum the contributions of the five or-
bitals involved, and diagonalize the resulting matrix. This process is facilitated by using the %igner-
Eckart theorem to calculate the electric-field-gradient tensor q».

q» = ——,'q[z (l)lz+ I~I)) —6)„l(I+ 1}]. (As)

In Eq. (A5), the orbital angular-momentum operators I, operate within the I.= 1 manifold of the p electron
states, since the s electrons are spherically symmetric and produce no electric field gradient at the As
nucleus. The electric-field-gradient tensor is then formed by evaluating the sum of the matrix elements of
q» for each of the occupied orbitals in the AsS molecule-two electrons in the lone-pair orbital, and one in
each of the three bonding orbitals. The resulting 3&&3 matrix becomes

q„„=(1-S,)(sin 8 ——,
' cos 8)+(1 —Sz}[sin 8(sin 5 —-', cos 8) ——,

' cos 8]+(1-Sz)[sin 8(sin y --,'cosp) --', cos 8]

+ (1 —S')(3b' —1),

q~ = —,'(1 —Sz) sin 8(sin5 cos8)+ —', (1 —Sz) sin 8(siny cosy)+3(l —S )b(1 —cP —5 )'

q„= ——', (l. —Sq}cos8 sin8+ —', (I. —Sz) cos8 sin8 sin5+ —', (1 —Sz) cos8 sin8 siny+ 3(1 —S )ab,

q =+ (1 -S&)(-—,')+ (1 —Sz)[sin 8(cos 8 ——,
' sin 8) ——,'cos 8]

+(1 —Sz}[sin 8(coszy ——,
' sin y) ——,

' cos 8]+ (1-S )(2 —Sa —Sb },

q„,= z(1 —Sz}cos8sin8cos8+z(1 —Sz) cos8sin8cosy+3(1 —S )a(1 —a —1 )

q„=(1-S,)(cos 8 ——,
' sin 8)+(1-Sz)(cos 8 ——,

' sin 8)+ (1-Sz)(cos 8 ——', sin 8}+(1-S )(3a -1).

When the matrix is transformed (by computer), to a
set of principal axes X, 1', and g with diagonal
components q~~, q», q~~, then the NQR frequency
is given by

v = ze qg(1+-', qz)~~z,

whe~e q=qzz and 6=(qxx qrr)lqzz.
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