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Asymmetries of local arsenic bonding sites in AsxS1Àx and AsxSe1Àx glasses
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We simulate high-field75As NMR line shapes by numerically diagonalizing the full Hamiltonian in the
laboratory frame. The results of high field75As NMR in both glassy and polycrystalline AsxS12x and AsxSe12x

binary systems are analyzed using this more accurate line-shape simulation. We find that forx50.4 the
asymmetry parameters of the electric-field gradient at As sites are less than 0.2 in both glassy and the poly-
crystalline samples, revealing the similarity of the local order in these two materials. In the glasses, we also
find evidence of the influence of statistical fluctuations on the various bonding configurations, even at the
stoichiometric concentrations.
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I. INTRODUCTION

Chalcogenide glasses refer to glasses that contain ch
gen atoms, such as sulfur~S!, selenium~Se!, or tellurium
~Te!. In addition to their potential technological application
these glasses are of interest as prototypical materials
studying metastable changes in structural properties.1,2 Also,
these materials exhibit the so-called ‘‘photodarkening
fect,’’ which is a metastable shift of the optical absorpti
edge to lower energy after extended exposure to light wh
energy is at or above the optical band-gap energy.3,4 Al-
though this effect is closely related to the structural prop
ties of the glasses, no detailed understanding currently ex
For these glassy materials, scattering techniques, suc
x-ray-diffraction and Raman scattering, provide incompl
information about the local bonding arrangements. In ad
tion, 75As nuclear quadrupole resonance~NQR!,5–8 Zeeman
perturbed NQR,9 and nuclear magnetic resonance10 ~NMR!
have been extensively used to study local order in the c
cogenide glasses. These techniques detect the electric
gradient~EFG! produced at the As sites by the valence el
trons. The coupling between the EFG tensor and the nuc
quadrupole moment of the As nuclei causes a splitting of
nuclear-spin energy levels, which can be detected by N
Zeeman perturbed NQR, or NMR. Since the EFG is sensi
to the local bonding arrangements, these techniques pro
information on the local order that cannot be obtained fr
scattering techniques. To extract the bonding arrangeme
Zeeman perturbed75As NQR depends on observing subt
line-shape changes due to the Zeeman perturbation. In a
tion, this technique suffers from poor signal-to-noise rati
High-field 75As NMR provides better signal-to-noise ratio
but still requires inferring the bonding arrangements from
observed line shapes. Often these line shapes are calcu
by treating the quadrupolar broadening as a perturbation
the Zeeman interaction. However, in the chalcogenide c
tals and glasses, the quadrupole broadening of the75As line
shape is so large that treating the quadrupolar interaction
perturbation on the Zeeman interaction does not give an
curate description of the line shape. The error introduced
0163-1829/2003/67~8!/085203~14!/$20.00 67 0852
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perturbation theory becomes particularly significant wh
one tries to compare subtle differences of the local bond
arrangements at different As sites. In this paper, we rep
results concerning asymmetries in the local bonding of
sites in AsxS12x and AsxSe12x glasses using high field75As
NMR. We simulate the high-field75As NMR line shapes
using numerical diagonalization of the full Hamiltonian
the laboratory frame, and compare the simulations with
experimental results to obtain more detailed information c
cerning the local order in these materials. Section II d
scribes the simulations. The experimental methods, exp
mental results, and a discussion of the results are give
Secs. III, IV, and V, respectively.

The EFG produced at an As site is defined by the ten
VJ , whose nine components,Vi j in Cartesian coordinates, ca
be written as11

Vi j 5
]2V

]xi]xj
~xi ,xj5x,y,z!, ~1!

where V is the electrostatic potential at an As site. In t
principal axis system~PAS! of VJ , the only nonvanishing
components areVxx , Vyy , and Vzz. The Laplace equation
gives

Vxx1Vyy1Vzz50. ~2!

Therefore only two independent components characterize
EFG tensor. Two commonly used parameters are the qua
pole coupling parameterq and asymmetry parameterh.
They are defined as

h5
uVxx2Vyyu

uVzzu
,

q5
Vzz

e
, ~3!

whereVzz is chosen such that its magnitude is the maxim
of the three components. The quadrupole coupling freque
nQ is defined as
©2003 The American Physical Society03-1
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nQ5
3e2qQ

2I ~2I 21!
, ~4!

whereQ is the quadrupole moment of the nucleus andI is
the nuclear spin. The Hamiltonian of the quadrupole inter
tion is

HQ5
hnQ

6
@~3I z

22I 2!1h~ I x
22I y

2!#. ~5!

NQR of 75As is performed at zero magnetic field. In th
case, the eigenstatesI z56 3

2 and I z56 1
2 are degenerate

and, therefore, only one NQR transition (I z56 3
2 ↔I z

56 1
2 ) exists. The experimentally observed NQR frequen

nNQR can be expressed as11

nNQR5nQS 11
h2

3 D 1/2

. ~6!

As can be seen from Eq.~6!, both the coupling constantnQ
and the asymmetry parameterh enter the equation for the
single NQR transition. Therefore, these two parameters c
not be determined independently by NQR alone. Additio
information can be obtained from NMR, in which an exte
nal magnetic fieldH0 is applied. In this case, the degenera
of the I 56 3

2 and I 56 1
2 states is lifted byH0. This situa-

tion results in a central transition (I z5
1
2 ↔2 1

2 ) and two sat-
ellite transitions (I z5

3
2 ↔ 1

2 and I z52 1
2 ↔2 3

2 ). For glassy
materials, near the perturbation limit, a powder average o
all possible orientations of the individual As sites yields tw
divergences arising from the central transition. The f
quency splitting of these two divergences depends on b
nQ andh. Therefore, NMR measurements provide an ad
tional quantity that, when combined with Eq.~6!, enables
one to determine bothnQ andh.

If HQ is small compared to the Zeeman interaction, p
turbation theory can be used to determine the freque
splitting of the two divergences,Dn. In this limit the split-
ting is12

Dn5
nQ

2 @ I ~ I 11!2~3/4!#

144n0
~h2222h125!, ~7!

wheren0 is the operating frequency of the spectrometer.
combining Eqs.~6! and ~7!, both nQ and h can be deter-
mined. In the cases where perturbation theory does not ap
such as in the glassy AsxS12x and AsxSe12x systems, the
dependence ofDn on nQ andh is much more complicated
and diagonalization of the full Hamiltonian is required. T
procedure of constructing the powder averaged line shap
described in Sec. II.

The local order in the stoichiometric chalcogenide glas
is similar to that of their crystalline counterparts. The bon
ing can be described by the 82N rule, according to which
each As atom is threefold coordinated and each S or Se a
is twofold coordinated. For the binary systems, AsxS12x and
AsxSe12x , the stoichiometry is satisfied for the compositio
As2S3 and As2Se3. At these compositions there exist on
As-S and As-Se bonds. In these materials, the build
blocks of the random network are AsS3 or AsSe3 pyramids,
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in which each As atom is bonded to three S or Se atoms
each S or Se atom is bonded to two As atoms. In the arse
rich cases, additional bonding configurations, such
S2As-AsS2, also exist, in which some As atoms have As-A
bonds. For As0.5Se0.5, if the bonding is completely deter
mined by chemical ordering, then each As atom has exa
one As-As bond. Salehet al. studied the NQR line shapes i
detail for various arsenic compositions, and determined
fraction of As sites with one As-As bond,b, as a function of
the normalized arsenic concentrationx as follows:8

b5
5x22

x
. ~8!

The presence of different bonding configurations can
probed by NQR, because very different NQR frequenc
arise from these different As sites. The intermediate ra
order in these materials consists of rings and chains.

For the stoichiometric compositions, several models h
been proposed. Among them is the ‘‘raft model’’ proposed
Phillips,1 in which alternating As and S or Se atoms form
12-membered ring structure. One consequence of this m
on the local order is a large asymmetry in the electric-fi
gradient at some As sites. This model is supported by
Zeeman perturbed75As NQR,9 but is in contradiction with
recent experimental evidence from high-field NMR.10

II. SIMULATION OF THE LINE SHAPES AND DATA
ANALYSIS

For amorphous materials, the sites are randomly orien
Therefore the resonance spectrum is an average of the
nance over all possible orientations of the principal axes
the quadrupolar tensor with respect to the applied magn
field. Such a resonance spectrum is called a powder pat
Typically, three Euler angles (u,f,c) are chosen to describ
the orientation, and the actual absorption line shapeS(H)
within an intervaldH about a magnetic fieldH can be ex-
pressed as12

S~H !dH54p(
m

E
H

H1dH

I m~V!dV~Hm!, ~9!

whereS(H) is called the shape function anddV(Hm) is the
element of solid angle such thatH,Hm,H1dH. The func-
tion I m(V) is the transition probability for a given transition
In the perturbation regime,m refers to the transitionm→m
21, whose probability is independent of the orientatio
However, in the nonperturbation regime,m is not a good
quantum number. ThereforeI m(V) is the transition probabil-
ity for a specific transition, which depends on all three Eu
angles. However, as will be shown later, it is possible to fi
a reduced transition probabilityI m(u,f) that is independen
of c. I m(u,f) can be expressed as

I m~u,f!5
1

2pE0

2p

I m~u,f,c!dc. ~10!

For 75As with nuclear spinI 5 3
2 , the total spin Hamil-

tonian in a static magnetic fieldH0 can be written as
3-2
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H5HZ1HQ1HS , ~11!

whereHZ is the Zeeman Hamiltonian,HQ is the quadrupole
Hamiltonian defined in Eq.~5!, andHS is the Hamiltonian
due to magnetic shift interactions, such as the Knight shif
metallic materials, or the chemical shift in paramagnetic
diamagnetic materials. The PAS of the EFG tensor is cho
to quantize the spin operators. The orientation of the exte
field H0 is defined by a set of Euler angles (u,f,c) with
respect to the PAS. The definition of the Euler angles
consistent with that given by Goldstein.13 In such a coordi-
nate system,HZ can be expressed as

HZ52g\H0~ I xsinu sinf2I ysinu cosf1I zcosu!,
~12!

whereg is the gyromagnetic ratio of75As andu andf are
two of the three Euler angles defining the orientation of
static fieldHW 0 with respect to the PAS of the EFG. From E
~12! it can be seen thatHZ does not depend on the anglec.
The magnetic shift HamiltonianHS can generally be charac
terized by three componentsK1 , K2, andK3 along the prin-
cipal axes of the interaction tensor. The principle axes of
quadrupolar tensor are generally not coincident with thos
the shift tensor. However, because of lack of knowledge
their relative orientations in powdered samples, it is usua
assumed that they are coincident with each other. The v
fication of this assumption generally relies on a compari
between the simulation and the experimental results. Ba
on such an assumption, the magnetic shift Hamiltonian ta
the form

HS5g\H0~ I xK1sinu sinf2I yK2sinu cosf1I zK3cosu!,
~13!

whereK1 , K2, and K3 are the components along thex, y,

andz axis in the PAS of the shift tensorKJ . Diagonalization
of the full Hamiltonian gives the energy eigenvalues as fu
tions of the Euler angles and the static fieldH0. The transi-
tion frequencies can be obtained from the energy differen
between each pair of energy levels. A random number g
erator is used to generate random Euler angles.

A good initial estimate of the resonant fieldH (0) can be
obtained from the perturbation calculation. This value
given by14

gH (0)5n02
1

2 S m2
1

2D1nQ@3cos2u212hcos 2f sin2u#

1
nQ

2

12n0
H 3

2
sin2u@~A1B!cos2u2B#

1hcos 2f sin2u@~A1B!cos2u1B#1
h2

6
@A2~A

14B!cos2u2~A1B!cos22f~cos2u21!2#J , ~14!

whereH (0) is the resonant field calculated to second-or
perturbation in the quadrupolar and magnetic shift inter
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tions,n0 is the operating frequency of the spectrometer, a
the coefficientsA andB are given as14

A524m~m21!24I ~ I 11!19,

B5 1
4 @6m~m21!22I ~ I 11!13#. ~15!

On the other hand, it is well known that in the nonperturb
tive regime, multiple values of the resonant field can, in pr
ciple, exist for the same orientation of the interaction tens
In order to take into account this effect, an additional sea
is performed starting at an initial valueH (0)50 to pick up
the lower resonant field. If a different value of the resona
field is found, the contribution from this transition is adde
to the total intensity. However, due to the lack of a rigoro
estimate of where the additional resonant field might occ
this method does not always yield an additional reson
field. Nevertheless, we found that for the experimental c
ditions discussed in the present paper, no additional reso
fields occur. This situation will be discussed in greater de
in Appendix A.

Several methods can be used to find the resonant
with the initial estimateH (0) given in Eq. ~14!. Newton’s
method requires calculation of the first derivative, and, the
fore, an additional diagonalization of the Hamiltonian. Als
even for a well-behaved function, this method could resul
a dead loop, as discussed in many treatises on nume
methods.15 An alternative is to use the variational metho
proposed by Palangie´,16 and later employed by Abartet al.17

The full Hamiltonian can be expressed as

H5H (0)Ĝ1HQ , ~16!

where Ĝ is a field-independent operator. For a given tr
field H (0), a better estimate of the fieldH (1)5H (0)1dH can
be obtained from17

dH5
\v02\@ uv i~H (1)!2v j~H (1)!u#

^ i uĜu i &2^ j uĜu j &
, ~17!

where \v i is the energy of thei th energy level. The new
field H (1) is then used to construct a new Hamiltonian. Th
procedure is repeated until the differences between the o
ating frequencies and the transition frequencies, as obta
from the differences of the eigenvalues, are smaller tha
predefined valuee. This method does not require an add
tional diagonalization, and, therefore, it can reduce comp
ing time significantly.

In the nonperturbation regime, some transitions that
forbidden by the selection rules become allowed. Therefo
transitions between each pair of energy levels are conside
regardless of the conditionDm561. For the same reason
the transition probability is instead calculated according t

P}u^ f uH 1u i &u2, ~18!

whereH1 is the Hamiltonian due to the applied oscillatin
field in the plane perpendicular toH0 , u f & is the final state,
andu i & is the initial state. Assuming that the amplitude of t
oscillating field, H1, is along thex axis in the laboratory
frame,H1 can be written in the PAS as
3-3
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H152g\H1@ I x~cosc cosf2cosu sinf sinc!

1I y~cosc sinf1cosu cosf sinc!1I zsinu sinc#.

~19!

P can be calculated by combining Eqs.~18! and ~19!.
Obviously, when searching for forbidden transitions th

might contribute to an additional resonance at lower field
is likely that no resonant field exists, and the program m
get into a dead loop. To avoid this, an internal counter mo
tors the iterations. If no resonant field is found after ten
erations, an internal flag will be set. At this point the progra
will skip the point, save the values of the Euler angles a
the trial field in a log file, and continue the simulation. T
energy-field relation at those angles can later be reprodu
by numerically solving the secular equation, and this relat
can be compared to the simulation. This procedure discr
nates between the possibility that there is no resonant fie
these given angles for a certain transition, and the possib
that the iteration does not converge even though there e
a resonant field. In fact, extensive tests of the program s
that, for an initial value given by Eq.~14!, the resonant field
can be found after only two to three iterations if there exi
a resonant field.

For glassy samples, there is significant broadening of
NQR line shapes due to the distributions of bothnQ andh.
However, as can be seen from Eq.~6!, for small variations of
h, the variation of the NQR frequency is also small, typ
cally less than a few percent. Typical NQR line shapes
these glassy samples have widths that are about 10% o
central frequency. Therefore, the first assumption is that
broadening due to variations inh is not important in deter-
mining the NQR line shape. In this case, the distribution oh
can be assumed to be independent ofnQ . For simplicity a
Gaussian function is assumed for the distribution ofh,

f ~h!5
1

A2psh

e2(h2h0)2/2sh
2
, ~20!

whereh0 is the average value of the distribution andsh is
the standard deviation of the distribution in the asymme
parameter.

To obtain bothnQ andh, the NQR line shape is first fitted
to obtain the distribution ofnNQR. A series of NMR line
shapes is simulated with different values ofnNQR, each with
a distribution ofh. These normalized lines are then summ
using the distribution ofnNQR as the weighting factors. Th
values ofh0 and sh are then varied to fit the NMR line
shape. In this way, both the NQR and the NMR line sha
are consistently fitted. Due to the constraints imposed by
NQR line shape, the only adjustable parameters in fitting
NMR line shape areh0 and sh . Again, for simplicity, the
NQR line shapes are fitted with a Gaussian function

f ~n!5
1

A2ps
e2(n2n0)2/2s2

, ~21!

wheren0 is the central NQR frequency andsQ is the stan-
dard deviation of the frequency distribution. However, in t
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cases where multiple As sites exist, the NQR lineshape m
consist of contributions from different bonding configur
tions. In this case, the NQR line shape is decomposed
several Gaussian functions for each type of bonding confi
ration, and different values ofh0 andsh are used for each
type of bonding configuration.

III. EXPERIMENTAL METHODS

In the chalcogenide crystals and glasses discussed in
paper, the broad line shapes of the75As NMR, which are
about 10 T broad at a central field of about 17 T, make
impossible to use conventional pulsed-NMR techniques. T
line shapes are constructed by scanning the magnetic fie
small steps, with a fixed operating frequency. At each va
of the field, a 90°-180° pulse sequence is used to produc
echo. The echo height is proportional to the area under
resonance line shape within an interval of the field that
determined by the RF pulse width. If the pulse sequenc
kept the same during the measurements, then the plot of e
height as a function of magnetic field will be the same as
resonance line shape. This procedure assumes that the
negligible variation of the spin-spin relaxation timeT2 across
the line shape. The advantage of this technique is tha
utilizes the higher signal-to-noise ratio of pulsed NMR
probe the entire broad line shape.

Several samples with different glass compositions h
been measured, including glassy As2S3 , As2Se3, and
As0.5Se0.5. For comparison, polycrystalline As2S3 and
As2Se3 were also measured. Because of the difficulty in sy
thesizing crystalline As2S3, a natural mineral~orpiment!
sample was employed. The line shape ofa-As was also mea-
sured for comparison.

The NMR measurements were performed on 24.6-T a
35-T resistive magnets at the National High Magnetic Fi
Laboratory ~NHMFL!, using a conventional pulsed-NMR
spectrometer from Tecmag. The samples were cooled in
uid nitrogen, to increase the signal-to-noise ratio. A typi
90° pulse width was about 2ms. The resolution of the field
was limited by the dc current controller of the magnet. T
minimum step size for changing the magnetic field w
about 150 G.

IV. EXPERIMENTAL RESULTS

A. Polycrystalline As2S3 and As2Se3

Polycrystalline As2S3 and As2Se3 provide a good starting
point for understanding the bonding configurations of t
chalcogenide glasses. In crystalline As2S3 and As2Se3, there
exist two inequivalent arsenic sites,5 with different bond
angles and slightly different bond lengths. The slight diffe
ence in bond angles and lengths results in different value
nQ and h. The widths of the NQR line shapes for the
samples are about 100 to 200 kHz, which do not significan
broaden the NMR line shape. Therefore, for the purpose
calculating the NMR line shapes, the distributions of NQ
frequencies can be assumed to bed functions.

Figure 1 shows the NMR line shape for polycrystallin
As2Se3 at 77 K and an operating frequencyn0
3-4
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5127.06 MHz. These data were first reported in Ref.
Figure 1~a! shows the full line shape. Figure 1~b! shows the
resolved structure in the central transition on an expan
scale. The data are fitted using the two NQR frequenc
reported previously.18 Figure 1~b! clearly shows two distinct
As sites, with different values ofnQ andh. The values ofh
are 0.1160.01 for nQ560.13 MHz and 0.1760.01 for nQ
555.80 MHz.

The NMR line shape and the fit to the central transition
polycrystalline As2S3 are shown in Fig. 2.10 The two NQR
frequencies at 77 K are also taken from previously repor
results.19 In Fig. 2, there is a significant discrepancy betwe
the fit and the data near the high-field divergence. There
two possible reasons for this discrepancy. The first is an
accurate measurement of the line shape. Because of the
row widths of the divergences in the crystal, it is difficu
experimentally to define the line shape in the vicinity of t

FIG. 1. 75As NMR line shape of polycrystalline As2Se3 at 77 K.
The open circles and the solid lines represent the data and th
respectively.~a! Full line shape atn05125.57 MHz.~b! Resolved
line shape of the central transition atn05127.06 MHz. The two
inequivalent As sites are denoted by I and II. The values ofh for
these two inequivalent As sites areh50.17 for nQ555.80 MHz
~site I! andh50.11 fornQ560.13 MHz~site II!, respectively.
08520
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divergence. Since the sample is from a natural crystal,
second possible reason for the discrepancy is that the A2S3
crystal is strained. This reason is consistent with a report
the NQR line shape is somewhat distorted.5 In any case, the
fit to the line shape is still in reasonably good agreement w
the data. The values ofh and nQ for this sample areh
50.15, sh50.02 for nQ570.12 MHz andh50.08, sh
50.02 fornQ572.70 MHz.

For both polycrystalline samples, the values ofh are less
that 0.2. These small values ofh suggest that in these crys
talline materials, the EFG is very close to axially symmetr
This result is consistent with the fact that the apex pyrami
bond angles for the three As-S or As-Se bonds are nearly
same.

B. Glassy AsxSe1Àx binary system

Figure 3 shows the previously published NQR line sha
of As2Se3,8 and Fig. 4 shows the corresponding NMR lin
shape. Both spectra were obtained at 77 K. In Fig. 3,
NQR frequencies of the corresponding crystal are shown
the bottom as vertical dashed lines. It can be seen tha
though the line shape is significantly broader than in
crystal, the magnitude of the quadrupolar coupling, as
flected by the center of the NQR line shape, is very close
that in the crystals. The line shape is fitted according to
~21!. The central NQR frequency is 57.9 MHz, with a wid
s'2.9 MHz. The NMR line shape is fitted by assuming
distribution ofh according to Eq.~20!. Figure 4 shows the
data and the fit to the NMR line shape. The value ofh0 is
0.18 as compared to 0.11 and 0.17 in the crystal, and
width is sh50.1. Indeed, the variation ofh is small. This
small variation provides ana posteriori justification for the
assumption made in Sec. II that the broadening of the N

fit,

FIG. 2. The resolved75As NMR line shape of the central tran
sition at 77 K for polycrystalline As2S3. The operating frequency is
n05127.06 MHz. The solid circles and the solid line represent
data and the fit, respectively. The values ofh for the two inequiva-
lent As sites areh50.15 for nQ570.12 MHz~site I! andh50.08
for nQ572.70 MHz~site II!, respectively.
3-5



p

s
QR
ry
n
A

a
ig
ic
z

ine
to
i

-A
R

ra
e
w
A
in

a
to

ue

o

on
th

re-

o

6,
n
val-

he
e
er

at-
y in
R
e to
ites
this
m-

T
ys
n
he

e

ters

T. SU et al. PHYSICAL REVIEW B 67, 085203 ~2003!
line shape is predominantly due to the variation ofnQ .
Figure 5 shows the NQR line shape for glassy As0.5Se0.5

at 77 K. The NQR frequencies for both crystalline As2Se3
and crystalline As4Se4 are shown as vertical lines at the to
of the figure. For crystalline As4Se4, which has the same
composition as As0.5Se0.5, each As atom has one As-A
bond. As a result of this bonding arrangement, the N
frequencies in this crystal are much higher than those in c
talline As2Se3.20 These NQR frequencies in the crystals e
able us to identify the different arsenic sites in the glass.
mentioned in Sec. I, in glassy As0.5Se0.5, if the bonding is
determined completely by chemical ordering, then each
senic site has one As-As bond. However, it is clear from F
5 that the bonding cannot be described by complete chem
ordering. In addition to the dominant peak at about 80 MH
which has an NQR frequency similar to those in crystall
As4Se4, there is a tail to lower frequency, which extends
about 60 MHz. The smaller peak at the lower frequency
suggestive of the presence of arsenic sites with no As
bonds. This attribution is made by comparison with the NQ
frequencies in the corresponding As2Se3 crystal. Clearly,
some statistical fluctuations exist in the bonding configu
tions that occur in the glass. In order to maintain the corr
composition of the glass, there should exist As sites with t
As-As bonds, whenever there are As sites with no As-
bonds. For this reason, we decompose the line shape
three Gaussian functions, as denoted byA, B, andC in Fig. 5.
By comparison with the NQR frequencies in crystals, we c
identify curve A as the signal due to As atoms bonded
three Se atoms, i.e., with no As-As bond, and curveC as due
to As atoms with one As-Se bond. Previously reported val
of nNQR for As sites in molecular crystals, such as As3Se4, in
which each As site contains two As-As bonds, do not sh
NQR frequencies in the range denoted by curveB. However,
these crystalline structures probably have very different b
angles than those occurring in glassy materials, because

FIG. 3. The NQR line shape of glassy As2Se3. The solid circles
and the solid line represent the data and the fit, respectively.
vertical dashed lines represent the NQR frequencies in the cr
~56.07 MHz and 60.25 MHz!. The data are fitted with a Gaussia
function. The central frequency of the fit is 57.9 MHz, and t
width of the fit issQ'2.86 MHz.
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contain three-membered As rings. Therefore in order to p
serve both the stoichiometry and the chemical order~i.e.,
three-fold coordinated As and two-fold coordinated Se! we
assume that curveB corresponds to As sites, which have tw
As-As bonds and one As-Se bond.

The NMR line shape and the fit are shown in Fig.
where the values ofh for each type of As site have bee
independently adjusted to fit the experimental data. The
ues ofh0 areh0'0.16 for curvesA andB, which represent
As sites with zero and two As-As bonds, respectively. T
value ofh0 is h0'0.6 for curveC. Apparently, the presenc
of one As-As bond at an As site results in a much larg
value of the asymmetry parameter (h0'0.6), presumably
due to the different electronegativities of the As and Se
oms. Because of the lack of resolved structure, particularl
the NQR spectrum of Fig. 5, the fits to the NQR and NM
spectra are not unique. Our philosophy, therefore, must b
capture the essence of the microscopic model for the As s
with the smallest number of adjustable parameters. For
reason, we ignore any distributions in the asymmetry para

he
tal

FIG. 4. 75As NMR line shape of glassy As2Se3 at 77 K. The
operating frequency isn05125.57 MHz. The solid circles and th
solid lines represent the data and the fit, respectively.~a! Full line
shape.~b! Central transition on an expanded scale. The parame
for the distribution ofh areh050.18 andsh50.1.
3-6
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eter h for the three types of sites, even though variatio
certainly exist in the real glass. Note that in Fig. 6~b!, the
small bump near 14 T is due to the approximation o
unique value ofh, as are probably the three peaks in t
lower-field region of Fig. 6~a!. These features can b
smoothed out by assuming a distribution ofh. For the ar-
senic sites with no As-As bonds, the value ofh'0.16 is very
close to that in stoichiometric glassy As2Se3. Also, h is
much larger for the As sites with one As-As bond. This d
ference enables us to clearly distinguish the two differ
local bonding configurations, i.e., the sites with one As-
bond and the sites with no As-As bonds. In addition,
arsenic sites with two As-As bonds have a value ofh that is
similar to those with no As-As bonds. This empirical result
rather surprising and not understood.

C. Glassy AsxS1Àx binary system

Figure 7 shows the NQR line shape of glassy As2S3 at
T577 K. Except for the long tail extending to higher fre
quencies, this line shape is very similar to that for glas
As2Se3 shown in Fig. 3. The major difference is the high
frequency, which is probably a result of the larger electro
gativity difference between As and S. Compared to the N
line shape of glassy As0.5Se0.5, the majority of the As atoms
in glassy As2S3 do not have As-As bonds. However, unlik
glassy As2Se3, this particular sample of glassy As2S3 does
have some As-As bonds as indicated by the low-intensity
extending up to about 90 MHz. Presumably, this feature
due to a slight departure from stoichiometry. The frequenc
in crystalline As2S3 and As4S4 are shown in the figure a
vertical solid lines.19,21 The major peak is fitted with a
Gaussian function with center at;72 MHz with a widths
;3 MHz. This peak can be identified as due to the As s
bonded to three sulfur atoms, i.e., with no As-As bonds.

FIG. 5. NQR line shape of glassy As0.5Se0.5 at 77 K. Open
circles represent data. The dashed lines represent the decompo
of the line shape. The NQR frequencies in crystalline As2Se3 and
As4Se4 are shown as solid vertical lines at the top. The das
curvesA, B, andC are decomposed line shapes for the arsenic s
with zero, two, and one As-As bonds, respectively. The solid lin
the sum of curvesA, B, andC.
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subtracting this component from the experimental data, i
found that the high-frequency tail may have two comp
nents, as shown in the inset in Fig. 7. The small peak c
tered near 90 MHz probably is due to As atoms with o
As-As bond. This attribution is made by comparison with t
NQR frequencies in crystalline As4S4, where each arsenic
atom has one As-As bond. The identification of the sm
peak near 82 MHz, if indeed it exists, is probably due to
sites with two As-As bonds.

The fit to the NMR line shape at 127.05 MHz for th
sample is shown in Fig. 8. This fit, which accurately repr
duces the NMR spectrum, assumes three types of As bon
sites. Figure 8~a! shows the full spectrum. Figure 8~b! shows
the central transition on an expanded scale. By analogy w
the fit to the NMR spectrum for glassy As2Se3 ~Fig. 4!, the
vast majority of the As sites have no As-As bonds, andh0
50.16 for these sites. The width of the distribution ofh is
sh50.03. For the sites with one As-As bond,h50.6. The

tion

d
s
s

FIG. 6. 75As NMR line shape of glassy As0.5Se0.5 at n0

5115.21 MHz. The open circles and the solid line represent
data and the fit, respectively.~a! Full line shape.~b! Central transi-
tion on an expanded scale. The values ofh0 are h050.16 for
curvesA andB in Fig. 5 ~As sites with zero or two As-As bonds
respectively!, h050.6 for curveC in Fig. 5 ~As sites with one
As-As bond!.
3-7
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third contribution, whose origin is unknown but may be d
to As sites with two As-As bonds, was fitted for simplici
with the sameh0 andsh as the primary sites.

Figure 9 shows a second NMR line shape at a sligh
different operating frequency at 125.69 MHz. The spectr
contains data at lower magnetic fields. It can be seen f
Fig. 9~a! that the fit agrees with the data very well even do
to the lower fields. Figure 9~b! shows the fit to the centra
portion of the spectrum on an expanded scale. The par
eters are the same as those used to fit Fig. 8. These resul
consistent with the assumption made in Sec. II that altho
different As sites occur, broad distributions ofh for these
sites are not present in these materials.

The asymmetry parameters and their distributions for
three different bonding configurations are summarized
Table I. It can be seen from Table I that the asymme
parameters for different bonding configurations are con
tent among the various glass compositions studied.

D. Amorphous arsenic

The NMR and NQR line shapes of amorphous arse
have also been studied. In this amorphous solid, both
NQR and NMR line shapes are much more sensitive to
tortions in the arsenic pyramidal sites because there ar
twofold coordinated ‘‘bridges’’ to relax the strains in the ra
dom network. Every arsenic site is bonded to three ot
arsenic sites so that any bond angle fluctuations directly
fect the pyramidal apex angles. The NQR line shape in am
phous arsenic has been studied previously,7,22 and here we
compare it with the high-field NMR line shape. Figure 1
shows the NQR line shape at 4.2 K.7,22 The solid line is the
smooth curve that we assume represents the NQR line s
to be used in fitting the NMR line shapes self-consisten
This line shape remains the same up to 77 K, and theref
can be compared with the NMR line shape at 77 K. Figure

FIG. 7. NQR line shape of glassy As2S3 at T577 K. The solid
circles represent experimental data. The vertical solid lines re
sent the corresponding NQR frequencies in As2S3 and As4S4 crys-
tals, as labeled. The dashed line is a fit to the main peak usi
Gaussian function. The inset shows the portion of the line shap
higher frequencies, on an expanded scale, after subtracting th
from the data.
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shows the NMR line shape at 77 K and the fit correspond
to the solid line in Fig. 10 with the distribution ofnQ andh
discussed below. The tail extending to lower frequen
makes it impossible to fit the NQR line shape with a Gau
ian function, and there is no physical justification for deco
posing this line shape into several Gaussian functions
principle, one may be able to assume a specific form of d
tribution for bothnQ andh, and self-consistently convolut
these two distributions to reproduce the NQR line sha
However, in the absence of a detailed structural model
amorphous arsenic, it is not possible to find unique distri
tions in nQ and h. Therefore we simulated the NQR lin
shape by assuming a Gaussian function for the distributio
h, while Eq.~6! is employed to ensure that each value ofh
reproduces the NQR line shape of Fig. 10 independently
order to fit the NMR spectrum of Fig. 11, it is necessary
assume a much broader distribution ofh than is required to
fit the spectra for the binary systems. In the Gaussian fu
tion, the ‘‘average’’ value ofh is 0.6 and the width of the

e-

a
at
fit

FIG. 8. 75As NMR line shape of glassy As2S3 at T577 K. The
open squares and the solid lines represent the data and the fi
spectively.~a! Full line shape.~b! Central transition on an expande
scale. The values ofh are h50.14 for As sites with no As-As
bonds and for the central region of the NQR spectrum. The valu
h50.6 for As sites with one As-As bond.
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distribution is 0.4, but the distribution extends only over t
allowed values ofh (0<h<1) It has been suggested th
the asymmetry in the NQR line shape is due to the distri
tion of the dihedral angles in this material.7,22 However, the
results from these previous calculations7,22 do not reproduce
the NQR line shape very accurately. In particular, the asy
metry at the low frequency is not as pronounced as in

FIG. 9. 75As NMR line shape of glassy As2S3 at T577 K. The
operating frequency is 125.69 MHz. The open circles and s
lines represent the data and the fit, respectively.~a! Full line shape.
~b! Central transition on an expanded scale. The values ofh are
h50.14 for As sites with no As-As bonds, and for the central
gion of the NQR spectrum. The value ofh is 0.6 for the As sites
with one As-As bond.

TABLE I. Summary of the asymmetry parameters for differe
As bonding configurations.

Bonding As2Se3 As0.5Se0.5 As2S3

configuration h0 sh h0 sh h0 sh

No As-As bond 0.18 0.1 0.16 ; 0.16 0.03
1 As-As bond 0.6 0.6
2 As-As bond 0.16 0.16
08520
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experimental spectrum. Further progress awaits the availa
ity of a direct comparison with a detailed structural mod
for amorphous arsenic.

The small narrow peak near the central field in Fig. 11
probably due to a small fraction of the crystalline phase
corporated in the amorphous network. The NQR freque
for rhombehedral arsenic is 22 MHz,22 which results in a
much smaller splitting between the two divergences in
NMR spectrum and probably cannot be resolved.

V. DISCUSSION

The NMR powder pattern line shapes shown in Figs. 1
4, 6, 8, 9, and 11 are calculated by the exact diagonaliza
of the Hamiltonian, which contains the Zeeman, chemi
shift, and quadrupolar terms. As expected, in the regi
where perturbation theory is appropriate, the results ag
with those calculated using perturbation theory. Howev
when perturbation theory is not strictly valid, there are s
nificant differences between these two approaches. De
are described in the Appendix.

Although the chemical shift interaction is included in th
Hamiltonian, its influence is negligible for the75As high-
field NMR data presented in this paper. Typical chemi
shifts for 75As, as estimated from inorganic arsenic com
pounds, are on the order of 1023 of the Zeeman field.23 This
magnitude is too small to be measured accurately in the
ter magnets employed for this study.

Many polymeric glasses are well described by the rand
network model, which assumes that there are well-defi
structural units, such as the SiO4 tetrahedra in SiO2 glass,
which are connected in a random fashion through a ra
large variation in the bond angles of an element with lo
nearest-neighbor coordination number. In SiO2 glass this
later role is played by the two-fold-coordinated oxygen
oms. A consequence of this structure is that the SiO4 tetra-
hedra remain relatively undistorted. In the chalcogen
glasses discussed here, the role of oxygen is played by s
or selenium, and as a consequence the AsS3 and AsSe3 py-

d

-

t

FIG. 10. The NQR line shape ofa-As at 4.2 K. The solid circles
represent data. The solid line is an aid to the eye.~Reproduced from
Ref. 22 with permission.!
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T. SU et al. PHYSICAL REVIEW B 67, 085203 ~2003!
ramidal units remain relatively undistorted for arsenic co
centrations less than or equal to the stoichiometric comp
tions, As0.4S0.6 and As0.4Se0.6.

For arsenic concentrations greater thanx50.4, two ef-
fects occur. First, the presence of like-atom~As-As! bonds
has a strong influence on the asymmetry of the pyram
units. This influence shows up in the high-field NMR as bo
an increase in the asymmetry parameter and as an increa
the quadrupolar coupling constant, presumably due to dif
ences in electronegativity between the As-S or As-Se and
As-As bonds. In addition, as the arsenic concentration
creases abovex50.4, the connectivity of the As pyramida
units becomes more and more constrained. Ina-As, there is
no ‘‘weak chalcogen link’’ that connects the arsenic atom
and each As pyramidal site is directly affected by distortio
at neighboring As sites. As we shall see below, this com
cation makes both the interpretation of the75As NMR spec-
tra and the modeling of the structure much more difficult

FIG. 11. NMR line shape ofa-As at 77 K. The operating fre-
quency is 125.69 MHz. The open circles and solid lines repre
the data and the fits, respectively.~a! The full spectrum.~b! The
central transition on an expanded scale. The small peak denote
the arrow is due to a small concentration of (,1%) the crystalline
phase in the sample. The parameters for the distribution ofh are
h050.65 andsh50.5.
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One other important consequence of increasing the
senic concentration abovex50.4 is the fact that, in a mean
field sense, the network becomes ‘‘rigid’’ at th
concentration.24 This rigidity transition occurs when the
number of degrees of freedom per atom is equal to the a
age number of constraints per atom. Because there ca
regions that are overconstrained coexisting with regions
are underconstrained, the mean-field approach is not str
accurate,24 but the concept of a transition region where t
rigidity percolates through the network remains. Increas
the As concentration in the As-S and As-Se glasses all
one to move continuously through the region from an und
constrained to an overconstrained network. Unfortunat
except for an increase in the inhomogeneous NMR li
widths, the present75As high-field NMR data provide no
obvious test of this expected behavior.

A. Local bonding asymmetries in polycrystalline and glassy
AsxS1Àx and AsxSe1Àx

For crystalline As2S3 and As2Se3, the asymmetry param
eters are small, as expected from the local structure.
three bond angles between the As-S or As-Se bonds are c
to each other, so the EFG’s at As sites are nearly axi
symmetric. For glassy As2S3 and As2Se3, despite the signifi-
cant quadrupole broadening, the values of the asymm
parameter are not significantly different from those in t
crystals. Moreover, for glassy As2S3, even the distribution of
h is small, suggesting that the majority of the AsS3 pyramids
remain almost undistorted from those in the crystal. T
twofold-coordinated S or Se atoms provide enough freed
for connecting the randomly oriented pyramids without d
torting each pyramid. In arsenic-rich samples (As0.5Se0.5),
most of the As sites have one As-As bond for each ato
resulting in a much higher asymmetry parameter. Howev
since As2Se3 has an average coordination number of 2.4, a
arsenic-rich glass will be overconstrained. For this reason
is not easy to determine the local order at As sites, beca
the asymmetry parameter can be affected by both the he
nuclear As-Se or As-S bonding and the distortion of the bo
angles. As seen in Fig. 6, although the overall line shap
fitted well, there are still discrepancies between the data
the fit. The effect of an overconstrained random network
further demonstrated in the case of amorphous As, in wh
all As atoms are threefold coordinated, and the entire n
work has a higher average coordination number. The v
broad distribution ofh is a direct result of the large distor
tion of the As-As bond angles. In principle, one may impro
the fitting by assuming more complicated forms of the d
tributions of bothnQ andh, and self-consistently convolut
these two functions to fit both the NQR and the NMR lin
shapes, but the underlining microscopic details will still
difficult to discern.

Although no information on intermediate range order c
be inferred directly from the high-field NMR measuremen
these results do impose restrictions on possible models o
structure. First, the widths of the NQR~Refs. 5,8, and 25!
and NMR peaks can be related to the As apex bond an
variations. In glassy As0.4S0.6 and As0.4Se0.6 one estimate of
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these variations can be obtained by comparing the ave
apex bond angles for the two arsenic sites in the crystal
unit cells. As seen in Figs. 3 and 5, these two sites are sp
apart by approximately the full width of the NQR line in th
respective glasses. In the two crystalline compounds the
inequivalent arsenic sites have average apex bond angles
differ by a few degrees (2° –5°), so one mayinfer that in the
two stoichiometric glasses, the average deviations in a
bond angles are similar. If one tries to extend this ve
simple analysis to the As0.5Ae0.5 glass composition, the de
viations become larger, but the analysis is greatly com
cated by the presence of As-As bonds, which make the fi
gradients depart strongly from axial symmetry. A second
timate of the apex bond angle distributions can be m
using a simple tight-binding model to calculate the fie
gradients,5,8 and this method also yields deviations of a fe
degrees.

Second, the low values ofh for glassy As0.4S0.6 and
As0.4Se0.6 are inconsistent with at least one model1 that has
been proposed to explain the intermediate range orde
these two glasses. In this model, one-third of the arsenic s
are highly distorted and should therefore have a large va
of h. Sites withh'0.3 were inferred from previous Zeema
perturbed NQR measurements,9,26 but this inference required
fitting subtle features in the NQR line shapes. On the ot
hand, the present high-field NMR results show conclusiv
that there are very few, if any, arsenic sites with large val
of h. From the fits shown in Figs. 8 and 9, we estimate t
the fraction of As sites withh greater than about 0.2 is les
than about 1%.

B. Statistical influences on the bonding

During the formation of binary glasses, the structure w
be influenced by both chemical ordering and statistical fl
tuations. If the glass forming process is completely de
mined by chemical ordering, then heteronuclear bonding
preferred, while a process controlled completely by rand
statistics will show no preference of bonding, i.e., the nu
bers of heteronuclear bonds and homonuclear bonds
only depend on the composition and the number of vale
electrons on each type of atom. From the experimental
sults on glassy As0.5Se0.5, it is easily seen that both chemic
ordering and statistics are involved in the glass forming p
cess. In particular, for systems at stoichiometry, such
As2S3 and As2Se3, the bonding is dominated by chemic
ordering. In the case of glassy As2Se3 the NQR and NMR
spectra shown in Figs. 3 and 4, respectively, are consis
with the presence of only As-Se bonds. On the other ha
for the particular sample of glassy As2S3 employed in this
study, there is evidence from the NQR spectrum~and more
subtly from the NMR spectra in Fig. 8! for the presence o
As sites with one or perhaps two As-As bonds. This behav
is probably not due to any departure from chemical order
but rather to a small departure from stoichiometry. It is w
known that the As-S system is more difficult to make exac
on stoichiometry because of the high vapor pressure of
fur. If the sample is indeed slightly As rich, then As-A
bonds will naturally be formed according to the predictio
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of Eq. ~8!. From the NQR spectrum of Fig. 7 we estima
that the fraction of As sites~with NQR frequencies near 90
MHz! with one As-As bond is'3%. This concentration and
Eq. ~8! yield a value ofb50.402, which means that th
sample is only about 0.5% off stoichiometry.

There are two possible interpretations for the intensity
Fig. 7 between the peaks near 72 and 90 MHz. First,
intensity may be due to distorted sites with no As-As bon
or one As-As bond or, second, due to the presence of a s
number of sites with two As-As bonds. The suggestion of
presence of sites with two As-As bonds is based on an N
study of glassy As3Se2, where a peak near 70 MHz has be
attributed to As sites with two As-As bonds.27 In the As-S
system, this frequency would be'87 MHz. At present
the data are insufficient to distinguish between these
possibilities.

If, on the other hand, the bonding is not determined
chemical ordering but is completely random, then an e
mate of the fractions for the different bonding configuratio
can be obtained from a binomial distribution.28 This situation
may hold for As-rich compositions in the AsxSe12x (x
.0.4) system. Table II compares the results from a binom
distribution and the decomposition as described in Sec. IV
for glassy As0.5Se0.5. This table also presents the results e
pected from perfect chemical ordering for comparison. Fr
Table II we see that the experimental result falls somewh
in between perfect chemical ordering and a statistical dis
bution. This result suggests that in glassy As0.5Se0.5 the
bonding configuration depends on both chemical order
and statistical fluctuations. For the case of three As-
bonds, the NQR frequency is 60 MHz, which overlaps t
region with no As-As bonds. In any case, the contributi
due to these sites is expected to be small.

VI. SUMMARY

The high-field NMR, line shape can be studied in gre
detail using simulations of the high-field75As NMR line
shape by numerically diagonalizing the full Hamiltonian
the laboratory frame. For samples that are stoichiome
(As0.4S0.6 and As0.4Se0.6), the asymmetry parameters of th
electrical-field gradient at the As sites are less than 0.2
both glassy and polycrystalline samples. The similarities
tween the NMR spectra in the glasses and crystals can
related to similarities in the local order in these materials.
particular, the small distributions ofh in the glasses sugges
that the AsS3 and AsSe3 pyramids are well defined. This i

TABLE II. Comparison with experimental results for the sign
fractions from a binomial distribution and for chemical ordering
glassy As0.5Se0.5.

Bonding Binomial Chemical Experiment
configuration distribution ordering result

0 As-As 0.3 0 0.17
1 As-As 0.44 1 0.50
2 As-As 0.22 0 0.33
3 As-As 0.04 0 ?
3-11
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not the case for the As-rich samples, in which an overc
strained random network distorts the local bonding. We a
find evidence for a statistical influence on the various bo
ing configurations at high As concentrations.

ACKNOWLEDGMENTS

The authors thank W. A. Harrison and M. F. Thorpe f
helpful discussions. T.S. thanks A. Reyes and S. Smith
their technical support. P.H. thanks A. Kleinhammes and
Cladwell for their support at the NHMFL. The work done
the University of Utah was supported by the NSF und
Grant No. DMR-0073004. The work done at NHMFL wa
supported by the United States National Science Founda
through Cooperative Agreement No. DMR-0084173 and
State of Florida.

FIG. 12. Comparison of the line shapes with and without
contribution from the forbidden transitions in perturbation calcu
tions. Here we chooseh50.1 ands510. The solid lines represen
the results by perturbation calculation and the dotted lines repre
the results from diagonalization of the full Hamiltonian.~a! The full
line shape. The arrow denotes the differences due to the cont
tion from forbidden transitions.~b! The central part of the line
shape on an expanded scale.
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APPENDIX: COMPARISON OF EXACT
DIAGONALIZATION WITH PERTURBATION THEORY

We considered the HamiltonianH5HZ1HQ where HZ
and HQ are given by Eqs.~12! and ~5!, respectively. We
further consider the case whereI 5 3

2 (75As). The quadrupole
interaction depends on the materials and, therefore, ca
chosen as an adjustable parameter. A parameters is defined
as

s5
hn0

A
, ~A1!

wheren0 is the operating frequency of the spectrometer, a
A is defined as

e
-

nt

u-

FIG. 13. Effects of multiple resonant field on the line shapes.
line shapes are simulated by diagonalizing the Hamiltonian w
nNQR570 MHz. The line shapes are plotted with a rescaled fi
H2n0 /g. ~a! h50.15, the solid line represents the line shape
n05125 MHz, the dotted line represents the line shape forn0

580 MHz. ~b! h50.75, the solid line represents the line shape
n05125 MHz, the dotted line represents the line shape forn0

580 MHz.
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A5
e2qQ

4I ~2I 21!
. ~A2!

For I 5 3
2 , A5hnQ/6. The parameters is the ratio of the

characteristic Zeeman energy to the characteristic quadr
lar energy, and hences characterizes the validity of the pe
turbation approach.

Several issues arise in the nonperturbation regime. F
the large quadrupole splitting of the energy levels at z
field causes a nonlinear relation between frequency and fi
Even at reasonably high fields, the energy levels are of
significantly by the quadrupole splitting. Therefore, conv
sion from frequency dependence to field dependence is
trivial. This effect has important experimental implication
because in the experiments the field is scanned, while in
perturbation calculations the frequency shift with respec
the operating frequency is generally calculated. In the per
bation calculations, the field dependence is obtained b
linear conversion,

n5gH/2p1Dn, ~A3!

whereDn is the shift of the resonant frequency due to t
local interactions. The net effect is that the field dependen
which is converted from the frequency dependence, resul
a shift of the resonant line shape toward higher field. A m
detailed discussion can be found in Refs. 12 and 17. To c
pare with experiments, the field dependence must be ca
lated.

A second issue is that in the nonperturbation regime,m is
no longer a good quantum number. The selection ruleDm
561 is no longer valid and additional nonzero matrix e
ments appear. Therefore some transitions that are forbid
in the perturbation regime are now allowed. These transiti
contribute additional features to the line shape. Also, for
erating frequencies that are low enough, multiple reson
fields exist for the same orientation of the interaction tens
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This mechanism provides an additional contribution to
line shapes.

For the nonperturbation calculations, we chooses510
and an operating frequencyn05120 MHz. This condition
closely resembles our experimental conditions. Figure
shows the results forh50.1. Thecontribution from transi-
tions that are forbidden in the perturbation regime can
seen at low fields in Fig. 12~b!. In the central region on the
spectrum, the line shape calculated by the perturba
method (I z5

1
2 ↔m52 1

2 ) is broader than that calculated b
the diagonalization method@Fig. 12~c!#. The low-field dis-
crepancy@Fig. 12~b!# is due to the large offset at zero field a
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and 80 MHz. The value ofh is chosen to be 0.15. Figur
13~b! shows the line shape with conditions identical to tho
in Fig. 13~a!, except the value ofh is chosen to be 0.75. Th
field has been rescaled to eliminate the difference in the c
tral field due to the different operating frequency. For low
operating frequency~80 MHz!, an additional peak occurs a
lower field ~10 T below the central field!. This peak persists
for operating frequencies up to about 100 MHz, and dis
pears at higher operating frequencies.

t.

troscopy~Academic Press, New York, 1958!.
12P.C. Taylor, J.F. Baugher, and H.M. Kriz, Chem. Rev.75, 203

~1975!.
13H. Goldstein, Classical Mechanics,2nd ed. ~Addison-Wesley,

Reading, MA, 1980!, pp. 145–148.
14G.H. Stauss, J. Chem. Phys.40, 1988~1964!.
15W.H.P.,et al., Numerical Recipes in C: The Art of Scientific Com

puting ~Cambridge University Press, Cambridge, 1988!.
16E. Palangie´, C.R. Seances Acad. Sci., Ser. B284, 25 ~1971!.
17J. Abart, E. Palangie´, W. Socher, and J. Voitla¨ nder, J. Chem.

Phys.78, 5468~1983!.
18S.A. Dembovskii and A.A. Vaipolin, Fiz. Tverd. Tela~Leningrad!

6, 1769~1964!.
19G.K. Semin, Phys. Status Solidi A11, K61 ~1972!.
20E.A. Kravchenko, S.A. Dembovskii, A.P. Chernov, and G.

Semin, Phys. Status Solidi31, K19 ~1969!.
21T.J. Bastow and H.J. Whitfield, Solid State Commun.11, 1015

~1972!.
22J.G.E. Jellison, G.L. Peterson, and P.C. Taylor, Phys. Rev. L

42, 1413~1979!.
3-13



d,

T. SU et al. PHYSICAL REVIEW B 67, 085203 ~2003!
23G. Balimann and P.S. Pregosin, J. Magn. Reson.~1969-1992! 26,
283 ~1977!.

24M.F. Thorpe, D.J. Jacobs, N.V. Chubynsky, and A.J. Rader,Ri-
gidity Theory and Applications~Plenum, New York, 1999!, p.
239.

25P.C. Taylor, Z. Naturforsch51, 603 ~1996!.
08520
26E. Ahn, G.A. Williams, P.C. Taylor, D.G. Georgiev, P. Boolchan
B.E. Schwickert, and R.L. Cappeletti, J. Non-Cryst. Solids299-
302, 958 ~2002!.

27E. Ahn ~unpublished!.
28M.F. Thorpe~private communication!.
3-14


