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We simulate high-field”®As NMR line shapes by numerically diagonalizing the full Hamiltonian in the
laboratory frame. The results of high fiefdAs NMR in both glassy and polycrystalline 48 _, and AsSe,_,
binary systems are analyzed using this more accurate line-shape simulation. We find thatOfdr 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 perturbation theory becomes particularly significant when
one tries to compare subtle differences of the local bonding
Chalcogenide glasses refer to glasses that contain chalcafrangements at different As sites. In this paper, we report
gen atoms, such as sulf@®), selenium(Se), or tellurium  results concerning asymmetries in the local bonding of As
(Te). In addition to their potential technological applications, sites in AsS,_, and AsSe _ glasses using high fiel°As
these glasses are of interest as prototypical materials fodMR. We simulate the high-field°As NMR line shapes
studying metastable changes in structural propetigdso, ~ using numerical diagonalization of the full Hamiltonian in
these materials exhibit the so-called “photodarkening efthe laboratory frame, and compare the simulations with the
fect,” which is a metastable shift of the optical absorptionexperimental results to obtain more detailed information con-
edge to lower energy after extended exposure to light whoseerning the local order in these materials. Section Il de-

energy is at or above the optical band-gap endfgpl-  scribes the simulations. The experimental methods, experi-
though this effect is closely related to the structural propermental results, and a discussion of the results are given in
ties of the glasses, no detailed understanding currently exist§ecs. lll, IV, and V, respectively.

For these glassy materials, scattering techniques, such as The EFG produced at an As site is defined by the tensor
x-ray-diffraction and Raman scattering, provide incompleteV, whose nine components;; in Cartesian coordinates, can
information about the local bonding arrangements. In addibe written a&

tion, "®As nuclear quadrupole resonan@®QR),>~8 Zeeman

perturbed NQR, and nuclear magnetic resonaHteéNMR) V.- PV
have been extensively used to study local order in the chal- 1j _axiaxj
cogenide glasses. These techniques detect the electric-fiel

gradient(EFG) produced at the As sites by the valence elec_wqherev is the electrostatic potential at an As site. In the

trons. The coupling between the EFG tensor and the nucle&incipal axis system(PAS) of V, the only nonvanishing
quadrupole moment of the As nuclei causes a splitting of th&OMPONeNts ar&/,y, Vyy, andV;,. The Laplace equation
nuclear-spin energy levels, which can be detected by NQRJ'VES
Zeeman perturbed NQR, or NMR. Since the EFG is sensitive

to the local bonding arrangements, these techniques provide
information on the local order that cannot be obtained fromTherefore only two independent components characterize the
scattering techniques. To extract the bonding arrangement&FG tensor. Two commonly used parameters are the quadru-
Zeeman perturbed®As NQR depends on observing subtle pole coupling parameteq and asymmetry parametey.
line-shape changes due to the Zeeman perturbation. In addihey are defined as

tion, this technique suffers from poor signal-to-noise ratios.

(Xi ,X]':X,y,Z), (1)

yy?

Vxx+vyy+vzz:O- 2

High-field "*As NMR provides better signal-to-noise ratios, V=Vl

but still requires inferring the bonding arrangements from the = vV,

observed line shapes. Often these line shapes are calculated

by treating the quadrupolar broadening as a perturbation on V,,

the Zeeman interaction. However, in the chalcogenide crys- a=- ()

tals and glasses, the quadrupole broadening of tAs line
shape is so large that treating the quadrupolar interaction asvehereV,, is chosen such that its magnitude is the maximum
perturbation on the Zeeman interaction does not give an a®f the three components. The quadrupole coupling frequency
curate description of the line shape. The error introduced by is defined as
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3e2qQ in which each As atom is bonded to three S or Se atoms and
Vq=m, (4) each S or Se atom is bonded to two As atoms. In the arsenic-
rich cases, additional bonding configurations, such as
whereQ is the quadrupole moment of the nucleus dnd S,As-AsS, also exist, in which some As atoms have As-As
the nuclear spin. The Hamiltonian of the quadrupole interachonds. For AgsSg s, if the bonding is completely deter-
tion is mined by chemical ordering, then each As atom has exactly
hy one As-As bond. Saleét al. studied the NQR line shapes in
_"Q 2_ 2 2_ 2 detail for various arsenic compositions, and determined the
e 6 [EE=1D+ (1)) © fraction of As sites with one As-As bond, as a function of

_— o _ the normalized arsenic concentratioms follows®
NQR of "As is performed at zero magnetic field. In this

case, the eigenstatds=+32 and|,=+3 are degenerate, 5x—2

and, therefore, only one NQR transitionl, € *3<l, b= X ®
==+1) exists. The experimentally observed NQR frequency

vnor CaN be expressed’as The presence of different bonding configurations can be

probed by NQR, because very different NQR frequencies

arise from these different As sites. The intermediate range
(6) order in these materials consists of rings and chains.

For the stoichiometric compositions, several models have

As can be seen from E@6), both the coupling constamy  peen proposed. Among them is the “raft model” proposed by
and the asymmetry parametgrenter the equation for the phillips in which alternating As and S or Se atoms form a
single NQR transition. Therefore, these two parameters cant2-membered ring structure. One consequence of this model
not be determined independently by NQR alone. Additionaln the local order is a large asymmetry in the electric-field
information can be obtained from NMR, In which an exter- gradient at some As sites. This model is Supported by the
nal magnetic fielH, is applied. In this case, the degeneracyzeeman perturbed®As NQR? but is in contradiction with

of thel=+3 andl= =3 states is lifted byH,. This situa-  recent experimental evidence from high-field NMR.
tion results in a central transition & 3 — — 3) and two sat-

2

J’__
13

1/2
VNQR: VQ

ellite transitions (;=3<+3 andl,=—3< —3). FOr glassy || SMULATION OF THE LINE SHAPES AND DATA
materials, near the perturbation limit, a powder average over ANALYSIS

all possible orientations of the individual As sites yields two

divergences arising from the central transition. The fre- For amorphous materials, the sites are randomly oriented.

quency splitting of these two divergences depends on botfherefore the resonance spectrum is an average of the reso-

vq and 5. Therefore, NMR measurements provide an addi-nance over all possible orientations of the principal axes of

tional quantity that, when combined with E(6), enables the quadrupolar tensor with respect to the applied magnetic

one to determine bothg and 7. field. Such a resonance spectrum is called a powder pattern.
If Hq is small compared to the Zeeman interaction, per-Typically, three Euler anglest(¢, ) are chosen to describe

turbation theory can be used to determine the frequencthe orientation, and the actual absorption line sh&(id)

splitting of the two divergencesyv. In this limit the split- ~ within an intervaldH about a magnetic fielt can be ex-

ting is* pressed d3

vA[1(1+1)—(3/4 H+dH
Ap= al € 14:1/0( )](,72_22“25), 7) S(H)dH=4w§n) JH Im(Q)dQ(H,y), )

wherew, is the operating frequency of the spectrometer. BywhereS(H) is called the shape function awd)(H,) is the
combining Egs.(6) and (7), both v and » can be deter- element of solid angle such thidt<H,,<H+dH. The func-
mined. In the cases where perturbation theory does not appl§ion I ,,(£2) is the transition probability for a given transition.
such as in the glassy 4AS,_, and AsSe _, systems, the In the perturbation regimen refers to the transitiom—m
dependence ok v on vg and 7 is much more complicated, —1, whose probability is independent of the orientation.
and diagonalization of the full Hamiltonian is required. The However, in the nonperturbation regime is not a good
procedure of constructing the powder averaged line shape guantum number. Therefotg,({2) is the transition probabil-
described in Sec. Il ity for a specific transition, which depends on all three Euler

The local order in the stoichiometric chalcogenide glassegngles. However, as will be shown later, it is possible to find
is similar to that of their crystalline counterparts. The bond-a reduced transition probability,( 6, ¢) that is independent
ing can be described by the-&\ rule, according to which of . 1,(68,¢) can be expressed as
each As atom is threefold coordinated and each S or Se atom
is twofold coordinated. For the binary systems, ®s , and
As,Se _, the stoichiometry is satisfied for the compositions
As,S; and AsSe;. At these compositions there exist only
As-S and As-Se bonds. In these materials, the building For ®As with nuclear spinl=3, the total spin Hamil-
blocks of the random network are AsSr AsSeg pyramids, tonian in a static magnetic field, can be written as

1 (2=
|m(0.¢)zzﬁ) Im(0, &, ) dip. (10
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H=Hz+Hg+Hs, (11)  tions, v is the operating frequency of the spectrometer, and
the coefficientsA andB are given a¥
where’H; is the Zeeman Hamiltoniarkq is the quadrupole

Hamiltonian defined in Eq(5), and Hg is the Hamiltonian A=24m(m—1)—41(1+1)+9,
due to magnetic shift interactions, such as the Knight shift in L
metallic materials, or the chemical shift in paramagnetic or B=z[6m(m—1)-2I(1+1)+3]. (15

diamagnetic materials. The PAS of the EFG tensor is chosefy, the other hand, it is well known that in the nonperturba-
to quantize the spin operators. The orientation of the externay e regime, multiple values of the resonant field can, in prin-
field Ho is defined by a set of Euler angles, (,) with  ¢inje exist for the same orientation of the interaction tensor.
respect to the PAS. The definition of the Euler angles igp order to take into account this effect, an additional search
consistent with that given by Goldsteihin such a coordi- is performed starting at an initial valu¢(®=0 to pick up
nate system}{z can be expressed as the lower resonant field. If a different value of the resonant
. . . field is found, the contribution from this transition is added
Hz=—=yhHo(l,sin@sing—1,sin 6 cos¢p+1,c0s6), to the total intensity. However, due to the lack of a rigorous
(12) estimate of where the additional resonant field might occur,
where y is the gyromagnetic ratio of°As and6 and ¢ are  this method does not always yield an additional resonant
two of the three Euler angles defining the orientation of thefield. Nevertheless, we found that for the experimental con-
static fieldﬁo with respect to the PAS of the EFG. From Eq. ditions discussed in the present paper, no additional resonant

(12) it can be seen that, does not depend on the angje fields occur. This situation will be discussed in greater detalil
The magnetic shift Hamiltoniat{g can generally be charac- in Appendix A. ) )
terized by three componenks, , K,, andK; along the prin- _Several methods can 8? used to find the resonant field
cipal axes of the interaction tensor. The principle axes of thé“”th the 'n't'?l estlmatel-_| given In Eq.(14): Newton's
quadrupolar tensor are generally not coincident with those d ethod requires calculation of the first derivative, and, there-
the shift tensor. However, because of lack of knowledge o ore, an additional diagonalization of the Hamiltonian. Also,

their relative orientations in powdered samples, it is usually®Ve" for a well-behaved function, this method could result in

assumed that they are coincident with each other. The verf: dtia((jj S{gi’\)’ aﬁ dls?_uss_edtln martlry]/ treat_lstgs oln nutr;egcal
fication of this assumption generally relies on a compariso ethods.” An afternative 1s 1o use the variational metnods

s 17
between the simulation and the experimental results. Bas oposed by .Pala.ngi'é and later employed by Abaett al
e full Hamiltonian can be expressed as

on such an assumption, the magnetic shift Hamiltonian take

the form H=HOG+ Ho, (16

Hs=yhHo(1K1sindsiny—1,Kssin6 cosé +1,K3c0s0), where G is a field-independent operator. For a given trial
(13 field H®, a better estimate of the fielV=H©+ 5H can

whereK,, K,, andK are the components along they, P€ obtained frorf

andz axis in th_e PAS of_ the shift tensdt. _Dlagonallzatlon ﬁwo—ﬁﬂwi(H(l))—wj(H(l))H
of the full Hamiltonian gives the energy eigenvalues as func- = —— o (17
tions of the Euler angles and the static fiélg. The transi- (i1gliy—(ilgli)

tion frequencies can be obtained from the energy diﬁerence\ﬁ/herehw- is the energy of théth energy level. The new
! i .
between each pair of energy levels. A random number gerke g (1) s then used to construct a new Hamiltonian. This
ef&}iOF is g?eq t(lj generate rfa“hdom Euler apg}';g)- b procedure is repeated until the differences between the oper-
(good Initial estimate of the resonant fieltl © can be i frequencies and the transition frequencies, as obtained
o_btalned4from the perturbation calculation. This value is¢.o the differences of the eigenvalues, are smaller than a
given by predefined values. This method does not require an addi-
tional diagonalization, and, therefore, it can reduce comput-
+ VQ[Sco§6— 1— 7C0S 24 Sirt ] ing time significantly. _ _ N
In the nonperturbation regime, some transitions that are
forbidden by the selection rules become allowed. Therefore,

2

1 1
’)/H(O): VO_ E(m_ —

2
+ ﬁ[gsinzé;[(AJr B)coLd—B] transitions between eac_:h pair of energy levels are considered,
1204 (2 regardless of the conditioAm=*=1. For the same reason,
2 the transition probability is instead calculated according to

. n
+ 7c0Ss 2 sint 6] (A+B)cos’ 6+ B]+ g [A-(A STTYRING (18
where H, is the Hamiltonian due to the applied oscillating
+4B)cos 6— (A+B)cos2¢(cos9—-1)°]t, (14 field in the plane perpendicular tdy, |f) is the final state,
and|i) is the initial state. Assuming that the amplitude of the
where H©® s the resonant field calculated to second-ordemscillating field, H,, is along thex axis in the laboratory
perturbation in the quadrupolar and magnetic shift interacframe,; can be written in the PAS as
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H,=— yhH[l(cosy cos¢— cosh sin¢ siny) cases where multiple As sites exist, the NQR lineshape may
) ) S consist of contributions from different bonding configura-
+1y(cosy sing+cosé cose siny) +1,sin 6 siny]. tions. In this case, the NQR line shape is decomposed into

(19 several Gaussian functions for each type of bonding configu-

o ration, and different values of, and o, are used for each
P can be calculated by combining Eq48) and(19). type of bonding configuration.

Obviously, when searching for forbidden transitions that
might contribute to an additional resonance at lower field, it
is likely that no resonant field exists, and the program may
get into a dead loop. To avoid this, an internal counter moni- In the chalcogenide crystals and glasses discussed in this
tors the iterations. If no resonant field is found after ten it-paper, the broad line shapes of tf#\s NMR, which are
erations, an internal flag will be set. At this point the programabout 10 T broad at a central field of about 17 T, make it
will skip the point, save the values of the Euler angles andmpossible to use conventional pulsed-NMR techniques. The
the trial field in a log file, and continue the simulation. The |ine shapes are constructed by scanning the magnetic field in
energy-field relation at those angles can later be reproduceshall steps, with a fixed operating frequency. At each value
by numerically solving the secular equation, and this relatiorof the field, a 90°-180° pulse sequence is used to produce an
can be compared to the simulation. This procedure discrimiecho. The echo height is proportional to the area under the
nates between the possibility that there is no resonant field aésonance line shape within an interval of the field that is
these given angles for a certain transition, and the possibilitgetermined by the RF pulse width. If the pulse sequence is
that the iteration does not converge even though there exiskept the same during the measurements, then the plot of echo
a resonant field. In fact, extensive tests of the program showeight as a function of magnetic field will be the same as the
that, for an initial value given by Eq14), the resonant field resonance line shape. This procedure assumes that there is
can be found after only two to three iterations if there existsnegligible variation of the spin-spin relaxation tinfig across
a resonant field. the line shape. The advantage of this technique is that it

For glassy samples, there is significant broadening of thetilizes the higher signal-to-noise ratio of pulsed NMR to
NQR line shapes due to the distributions of bethand . probe the entire broad line shape.

However, as can be seen from K@), for small variations of Several samples with different glass compositions have
7, the variation of the NQR frequency is also small, typi- been measured, including glassy ,8s, As,Se, and
cally less than a few percent. Typical NQR line shapes ims,Sg s. For comparison, polycrystalline AS; and
these glassy samples have widths that are about 10% of thgs,Se, were also measured. Because of the difficulty in syn-
central frequency. Therefore, the first assumption is that thénesizing crystalline AsS;, a natural mineral(orpimen}
broadening due to variations in is not important in deter- sample was employed. The line shapadfs was also mea-
mining the NQR line shape. In this case, the distributiomof sured for comparison.

can be assumed to be independentvgf For simplicity a The NMR measurements were performed on 24.6-T and
Gaussian function is assumed for the distribution,of 35-T resistive magnets at the National High Magnetic Field
Laboratory (NHMFL), using a conventional pulsed-NMR
spectrometer from Tecmag. The samples were cooled in lig-
uid nitrogen, to increase the signal-to-noise ratio. A typical
90° pulse width was about 2s. The resolution of the field
where 7, is the average value of the distribution amg is ~ was limited by the dc current controller of the magnet. The
the standard deviation of the distribution in the asymmetryminimum step size for changing the magnetic field was

IIl. EXPERIMENTAL METHODS

e (=027, (20)

f(n)=

2ma,

parameter. about 150 G.
To obtain bothwg and#, the NQR line shape is first fitted
to obtain the distribution ofrygg. A series of NMR line IV. EXPERIMENTAL RESULTS
shapes is simulated with different valuesigfor, each with _
a distribution ofz. These normalized lines are then summed A. Polycrystalline As,S; and As,Se

using the distribution ofyqr as the weighting factors. The Polycrystalline AsS; and AsSe, provide a good starting
values of 7y, and o, are then varied to fit the NMR line point for understanding the bonding configurations of the
shape. In this way, both the NQR and the NMR line shapeghalcogenide glasses. In crystalline,8s and AsSe;, there

are consistently fitted. Due to the constraints imposed by thexist two inequivalent arsenic siteswith different bond
NQR line shape, the only adjustable parameters in fitting theingles and slightly different bond lengths. The slight differ-
NMR line shape arep, and o,,. Again, for simplicity, the  ence in bond angles and lengths results in different values of
NQR line shapes are fitted with a Gaussian function vo and 7. The widths of the NQR line shapes for these
samples are about 100 to 200 kHz, which do not significantly
broaden the NMR line shape. Therefore, for the purpose of
calculating the NMR line shapes, the distributions of NQR
frequencies can be assumed tod&inctions.

where v, is the central NQR frequency ang, is the stan- Figure 1 shows the NMR line shape for polycrystalline
dard deviation of the frequency distribution. However, in theAs,Se; at 77 K and an operating frequency

1
f)= Jﬁ(,e‘(”‘%)zﬂvz, (21)
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50 ] : \ FIG. 2. The resolved®As NMR line shape of the central tran-
-"g - / \ sition at 77 K for polycryst.allir)e AsS;. The opergtiqg frequency is
S ] 5 ‘ vo=127.06 MHz. The solid circles and the solid line represent the
kel i data and the fit, respectively. The valuesrofor the two inequiva-
8 400 - lent As sites arep=0.15 for vo=70.12 MHz(site I) and =0.08
§ ] for vo=72.70 MHz((site Il), respectively.
E— ] divergence. Since the sample is from a natural crystal, the
<< 50 4 second possible reason for the discrepancy is that th&;As
] crystal is strained. This reason is consistent with a report that
' the NQR line shape is somewhat distortdd. any case, the
fit to the line shape is still in reasonably good agreement with
0 L L e the data. The values ofy and vq for this sample aren
16 17 18 19 =0.15, ¢,=0.02 for vo=70.12 MHz and =0.08, o
Field (Tesl " S "
ield (Tesla) =0.02 for vo="72.70 MHz.

For both polycrystalline samples, the valuesipoére less
IIthat 0.2. These small values gfsuggest that in these crys-
talline materials, the EFG is very close to axially symmetric.
line shape of the central transition ag=127.06 MHz. The two This result is consistent with the fact that the apex pyramidal
inequivalent As sites are denoted by | and II. The valuegyéer ~ PONd angles for the three As-S or As-Se bonds are nearly the

these two inequivalent As sites arg=0.17 for vo=55.80 MHz =~ S&@Mme.
(site ) and »=0.11 for v=60.13 MHz(site II), respectively.

FIG. 1. "®As NMR line shape of polycrystalline ASe; at 77 K.
The open circles and the solid lines represent the data and the f
respectively(a) Full line shape aty=125.57 MHz.(b) Resolved

B. Glassy AsSe _, binary system

=127.06 MHz. These data were first reported in Ref. 10. Figure 3 shows the previously published NQR line shape
Figure Xa) shows the full line shape. Figuréhl shows the of As,Se;,® and Fig. 4 shows the corresponding NMR line
resolved structure in the central transition on an expandedhape. Both spectra were obtained at 77 K. In Fig. 3, the
scale. The data are fitted using the two NQR frequenciedlQR frequencies of the corresponding crystal are shown at
reported previously® Figure Ab) clearly shows two distinct the bottom as vertical dashed lines. It can be seen that al-
As sites, with different values afy and . The values ofy  though the line shape is significantly broader than in the
are 0.110.01 for vo=60.13 MHz and 0.1%0.01 for vq  crystal, the magnitude of the quadrupolar coupling, as re-
=55.80 MHz. flected by the center of the NQR line shape, is very close to
The NMR line shape and the fit to the central transition inthat in the crystals. The line shape is fitted according to Eqg.
polycrystalline AsS, are shown in Fig. 2° The two NQR  (21). The central NQR frequency is 57.9 MHz, with a width
frequencies at 77 K are also taken from previously reportedr~2.9 MHz. The NMR line shape is fitted by assuming a
resultst® In Fig. 2, there is a significant discrepancy betweendistribution of » according to Eq(20). Figure 4 shows the
the fit and the data near the high-field divergence. There argata and the fit to the NMR line shape. The valuegfis
two possible reasons for this discrepancy. The first is an in0.18 as compared to 0.11 and 0.17 in the crystal, and the
accurate measurement of the line shape. Because of the navidth is o,=0.1. Indeed, the variation of is small. This
row widths of the divergences in the crystal, it is difficult small variation provides aa posteriorijustification for the
experimentally to define the line shape in the vicinity of theassumption made in Sec. Il that the broadening of the NQR
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FIG. 3. The NQR line shape of glassy &#®;. The solid circles 300
and the solid line represent the data and the fit, respectively. The - b
vertical dashed lines represent the NQR frequencies in the crysta : (b)
(56.07 MHz and 60.25 MHz The data are fitted with a Gaussian -~ .
function. The central frequency of the fit is 57.9 MHz, and the § » ]
width of the fit is ro~2.86 MHz. 5 207
S ]
line shape is predominantly due to the variationgf. g 4
Figure 5 shows the NQR line shape for glassy, £&® 5 2 .
at 77 K. The NQR frequencies for both crystalline,8s g 100 7
and crystalline AgSe, are shown as vertical lines at the top < J
of the figure. For crystalline AS$e,, which has the same
composition as AgsS s, each As atom has one As-As
bond. As a result of this bonding arrangement, the NQR (U L B B B B B B BB B L
frequencies in this crystal are much higher than those in crys: 15 16 17 18 19 20
talline As,Se;.?° These NQR frequencies in the crystals en- Field (Tesla)
able us to identify the different arsenic sites in the glass. As
mentioned in Sec. |, in glassy AsSe s, if the bonding is FIG. 4. "As NMR line shape of glassy ASe; at 77 K. The

determined completely by chemical ordering, then each aroperating frequency iso=125.57 MHz. The solid circles and the
senic site has one As-As bond. However, it is clear from Figsolid lines represent the data and the fit, respectivelyFull line

5 that the bonding cannot be described by complete Chemicéhape-(b). antrgl transition on an expanded scale. The parameters
ordering. In addition to the dominant peak at about 80 MHzor the distribution ofy are 7,=0.18 ando,,=0.1.

which has an NQR frequency similar to those in crystalline

As,Se,, there is a tail to lower frequency, which extends tocontain three-membered As rings. Therefore in order to pre-
about 60 MHz. The smaller peak at the lower frequency isserve both the stoichiometry and the chemical order.,
suggestive of the presence of arsenic sites with no As-Aghree-fold coordinated As and two-fold coordinated %e
bonds. This attribution is made by comparison with the NQRassume that curvB corresponds to As sites, which have two
frequencies in the corresponding /S®& crystal. Clearly, As-As bonds and one As-Se bond.

some statistical fluctuations exist in the bonding configura- The NMR line shape and the fit are shown in Fig. 6,
tions that occur in the glass. In order to maintain the correctvhere the values of; for each type of As site have been
composition of the glass, there should exist As sites with twdndependently adjusted to fit the experimental data. The val-
As-As bonds, whenever there are As sites with no As-Agdles of 5 are 79~0.16 for curvesA and B, which represent
bonds. For this reason, we decompose the line shape intds sites with zero and two As-As bonds, respectively. The
three Gaussian functions, as denoted\bi, andCin Fig. 5.  value of 5 is 7y~0.6 for curveC. Apparently, the presence
By comparison with the NQR frequencies in crystals, we carof one As-As bond at an As site results in a much larger
identify curve A as the signal due to As atoms bonded tovalue of the asymmetry parameterq =0.6), presumably
three Se atoms, i.e., with no As-As bond, and cu®vas due due to the different electronegativities of the As and Se at-
to As atoms with one As-Se bond. Previously reported valuesms. Because of the lack of resolved structure, particularly in
of vyorfor As sites in molecular crystals, such a;8g,, in -~ the NQR spectrum of Fig. 5, the fits to the NQR and NMR
which each As site contains two As-As bonds, do not showspectra are not unique. Our philosophy, therefore, must be to
NQR frequencies in the range denoted by cuBvélowever, capture the essence of the microscopic model for the As sites
these crystalline structures probably have very different bongvith the smallest number of adjustable parameters. For this
angles than those occurring in glassy materials, because thegason, we ignore any distributions in the asymmetry param-
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FIG. 5. NQR line shape of glassy AsSe s at 77 K. Open 20
circles represent data. The dashed lines represent the decompositic {b)

of the line shape. The NQR frequencies in crystallinge and

As,Se, are shown as solid vertical lines at the top. The dashed__ 15
curvesA, B, andC are decomposed line shapes for the arsenic sites'§
with zero, two, and one As-As bonds, respectively. The solid line is_e-

the sum of curved\, B, andC. 10

eter » for the three types of sites, even though variations
certainly exist in the real glass. Note that in Figb) the
small bump near 14 T is due to the approximation of a
unique value ofy, as are probably the three peaks in the
lower-field region of Fig. €). These features can be

Amplitude (al

smoothed out by assuming a distribution f For the ar- 0 1'2 T 1'4 ST 1'6 T 1'8 T 2'0 T
senic sites with no As-As bonds, the valuesg£0.16 is very .
close to that in stoichiometric glassy /8. Also, 7 is Field (Tesla)

much larger for the As sites with one As-As bond. This dif- -\~ ¢ ¢ NMR line shape of glassy AsSes at v
ference enables us to clearly distinguish the two different ;15 51 MHz. The open circles and the solid line represent the
local bonding configurations, i.e., the sites with one As-ASyata and the fit, respectivelg) Full line shape(b) Central transi-
bond and the sites with no As-As bonds. In addition, the;on on an expanded scale. The values sgf are 7,=0.16 for
arsenic sites with two As-As bonds have a valueydhatis  cyrvesA andB in Fig. 5 (As sites with zero or two As-As bonds,
similar to those with no As-As bonds. This empirical result isrespectively, 7,=0.6 for curveC in Fig. 5 (As sites with one
rather surprising and not understood. As-As bond.

C. Glassy AsS,_, binary system subtracting this component from the experimental data, it is
found that the high-frequency tail may have two compo-
nents, as shown in the inset in Fig. 7. The small peak cen-

quencies, this line shape is very similar to that for glassy€ed near 90 MHz probably is due to As atoms with one
As,Se, shown in Fig. 3. The major difference is the higherAS'AS bond. Thls a_ttr|but|on is made by comparison with _the
frequency, which is probably a result of the larger electroneNQR frequencies in crystalline 4S,, where each arsenic
gativity difference between As and S. Compared to the NQR&tOM has one As-As bond. The identification of the smal
line shape of glassy AsSe s, the majority of the As atoms Peak near 82 MHz, if indeed it exists, is probably due to As
in glassy AsS; do not have As-As bonds. However, unlike Sites with two As-As bonds.

g|assy AsSe;, this particu|ar Samp|e of g|a55y 5 does The fit to the NMR line Shape at 127.05 MHz for this
have some As-As bonds as indicated by the low-intensity taisample is shown in Fig. 8. This fit, which accurately repro-
extending up to about 90 MHz. Presumably, this feature igluces the NMR spectrum, assumes three types of As bonding
due to a slight departure from stoichiometry. The frequenciesites. Figure @) shows the full spectrum. Figurét8 shows

in crystalline AsS; and AsS, are shown in the figure as the central transition on an expanded scale. By analogy with
vertical solid lines®?! The major peak is fitted with a the fit to the NMR spectrum for glassy 48e, (Fig. 4), the
Gaussian function with center at72 MHz with a widtho  vast majority of the As sites have no As-As bonds, apd

~3 MHz. This peak can be identified as due to the As sites=0.16 for these sites. The width of the distribution »fis
bonded to three sulfur atoms, i.e., with no As-As bonds. Byo,=0.03. For the sites with one As-As bong=0.6. The

Figure 7 shows the NQR line shape of glassy,&sat
T=77 K. Except for the long tail extending to higher fre-
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FIG. 7. NQR line shape of glassy #& at T=77 K. The solid
circles represent experimental data. The vertical solid lines repre-
sent the corresponding NQR frequencies ip®sand AsS, crys-
tals, as labeled. The dashed line is a fit to the main peak using ¢
Gaussian function. The inset shows the portion of the line shape az 30
higher frequencies, on an expanded scale, after subtracting the f5
from the data. '

40

(b)

20
third contribution, whose origin is unknown but may be due
to As sites with two As-As bonds, was fitted for simplicity
with the samen, and o, as the primary sites.

Figure 9 shows a second NMR line shape at a slightly
different operating frequency at 125.69 MHz. The spectrum
contains data at lower magnetic fields. It can be seen from
Fig. 9a) that the fit agrees with the data very well even down 15 16 17 18 19 20 o1
to the lower fields. Figure (®) shows the fit to the central ]
portion of the spectrum on an expanded scale. The param- Field (Tesla)
eters are the same as those used to fit Fig. 8. These results are;5 g 75a5 NMR line shape of glassy AS; at T=77 K. The

consistent with the assumption made in Sec. Il that althougpen squares and the solid lines represent the data and the fit, re-

different As sites occur, broad distributions gffor these  gpectively.(a) Full line shape(b) Central transition on an expanded

sites are not present in these materials. scale. The values of; are =0.14 for As sites with no As-As
The asymmetry parameters and their distributions for th@onds and for the central region of the NQR spectrum. The value of

three different bonding configurations are summarized in;=0.6 for As sites with one As-As bond.

Table I. It can be seen from Table | that the asymmetry

arameters for different bonding configurations are consis- . . .
Fent among the various glass cc?mposit?ons studied. shows the NMR line shape at 77 K and the fit corresponding

to the solid line in Fig. 10 with the distribution ofy and »
discussed below. The tail extending to lower frequency
makes it impossible to fit the NQR line shape with a Gauss-
The NMR and NQR line shapes of amorphous arsenidan function, and there is no physical justification for decom-
have also been studied. In this amorphous solid, both thposing this line shape into several Gaussian functions. In
NQR and NMR line shapes are much more sensitive to disprinciple, one may be able to assume a specific form of dis-
tortions in the arsenic pyramidal sites because there are rtobution for bothvg and », and self-consistently convolute
twofold coordinated “bridges” to relax the strains in the ran- these two distributions to reproduce the NQR line shape.
dom network. Every arsenic site is bonded to three otheHowever, in the absence of a detailed structural model for
arsenic sites so that any bond angle fluctuations directly afamorphous arsenic, it is not possible to find unique distribu-
fect the pyramidal apex angles. The NQR line shape in amottions in v and 5. Therefore we simulated the NQR line
phous arsenic has been studied previoGéfyand here we shape by assuming a Gaussian function for the distribution of
compare it with the high-field NMR line shape. Figure 10 7, while Eq.(6) is employed to ensure that each valuernof
shows the NQR line shape at 4.2’#2 The solid line is the reproduces the NQR line shape of Fig. 10 independently. In
smooth curve that we assume represents the NQR line shapeder to fit the NMR spectrum of Fig. 11, it is necessary to
to be used in fitting the NMR line shapes self-consistentlyassume a much broader distribution#than is required to
This line shape remains the same up to 77 K, and therefordit the spectra for the binary systems. In the Gaussian func-
can be compared with the NMR line shape at 77 K. Figure 1%ion, the “average” value ofy is 0.6 and the width of the

Amplitude (arb

10

0|||||||||||||||||||||||||||||||

D. Amorphous arsenic
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FIG. 10. The NQR line shape afAs at 4.2 K. The solid circles
20 represent data. The solid line is an aid to the éReproduced from
(b) Ref. 22 with permission.

-
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experimental spectrum. Further progress awaits the availabil-
ity of a direct comparison with a detailed structural model
for amorphous arsenic.

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

Amplitude (arb. unit)
5

o
3}

O.oIlIl|llIl|lIll|lIlI|lIlI

15 16 17 18 19 20 V. DISCUSSION

Field (Tesla) The NMR powder pattern line shapes shown in Figs. 1, 2,

FIG. 9. ®As NMR line shape of glassy AS, at T=77 K. The 4,6,8,9, ar_1d 1_1 are cqlculated k_)y the exact diagonaliza_ltion
operating frequency is 125.69 MHz. The open circles and solioOf _the Hamiltonian, which contains the Zee”’,'a”' Chemllcal
lines represent the data and the fit, respectiv@lyFull line shape.  Shift, and quadrupolar terms. As expected, in the regime
(b) Central transition on an expanded scale. The values afe Where perturbation theory IS appropriate, the results agree
7=0.14 for As sites with no As-As bonds, and for the central re-With those calculated using perturbation theory. However,

gion of the NQR spectrum. The value ofis 0.6 for the As sites When perturbation theory is not strictly valid, there are sig-
with one As-As bond. nificant differences between these two approaches. Details

are described in the Appendix.
distribution is 0.4, but the distribution extends only over the Although the chemical shift interaction is included in the
allowed values ofy (0=#n=1) It has been suggested that Hamiltonian, its influence is negligible for th&As high-
the asymmetry in the NQR line shape is due to the distribufield NMR data presented in this paper. Typical chemical
tion of the dihedral angles in this materi€2 However, the shifts for "As, as estimated from inorganic arsenic com-
results from these previous calculatiéf&do not reproduce ~pounds, are on the order of 19of the Zeeman field” This
the NQR line shape very accurately. In particular, the asymmagnitude is too small to be measured accurately in the Bit-

metry at the low frequency is not as pronounced as in théer magnets employed for this study.
Many polymeric glasses are well described by the random

TABLE I. Summary of the asymmetry parameters for different network model, which assumes that there are well-defined

As bonding configurations. structural units, such as the Si@etrahedra in Si@ glass,
which are connected in a random fashion through a rather
Bonding AsSe ASy 5585 As,S; large variation in the bond angles of an element with low
confiquration - ” - nearest-ngighbor coordination number. I.n Siglass this
9 o L 7 o 7 later role is played by the two-fold-coordinated oxygen at-
No As-As bond 0.18 0.1 0.16 ~ 0.16 0.03 oms. A consequence of this structure is that the,S&ra-
1 As-As bond 0.6 0.6 hedra remain relatively undistorted. In the chalcogenide
2 As-As bond 0.16 0.16 glasses discussed here, the role of oxygen is played by sulfur

or selenium, and as a consequence theg/@m®l AsSe py-
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N
=

One other important consequence of increasing the ar-
senic concentration abowe=0.4 is the fact that, in a mean-
field sense, the network becomes “rigid” at this
concentratiof? This rigidity transition occurs when the
number of degrees of freedom per atom is equal to the aver-
age number of constraints per atom. Because there can be
regions that are overconstrained coexisting with regions that
are underconstrained, the mean-field approach is not strictly
accurate?® but the concept of a transition region where the
rigidity percolates through the network remains. Increasing
the As concentration in the As-S and As-Se glasses allows
one to move continuously through the region from an under-
constrained to an overconstrained network. Unfortunately,
except for an increase in the inhomogeneous NMR line-
widths, the present®As high-field NMR data provide no
obvious test of this expected behavior.

Amplitude (arb. unit)
3 8

—y
o

o

10 15 20 25
Field (Tesla)

o

N
S

A. Local bonding asymmetries in polycrystalline and glassy
AsS;—x and As,Se

For crystalline AsS; and AsSe;, the asymmetry param-
eters are small, as expected from the local structure. The
three bond angles between the As-S or As-Se bonds are close
to each other, so the EFG’s at As sites are nearly axially
symmetric. For glassy AS; and AsSe;, despite the signifi-
cant quadrupole broadening, the values of the asymmetry
parameter are not significantly different from those in the
crystals. Moreover, for glassy AS;, even the distribution of
7 is small, suggesting that the majority of the Agfyramids
R remain almost undistorted from those .in the crystal. The
14 15 16 17 18 19 20 twofold-coordinated S or Se atoms provide enough freedom
for connecting the randomly oriented pyramids without dis-
torting each pyramid. In arsenic-rich samples {4385,

FIG. 11. NMR line shape oé-As at 77 K. The operating fre- Mmost of the As sites have one As-As bond for each atom,
quency is 125.69 MHz. The open circles and solid lines represerfiesulting in a much higher asymmetry parameter. However,
the data and the fits, respectivelg) The full spectrum.(b) The  since AsSe has an average coordination number of 2.4, any
central transition on an expanded scale. The small peak denoted larsenic-rich glass will be overconstrained. For this reason, it
the arrow is due to a small concentration ef1%) the crystalline is not easy to determine the local order at As sites, because
phase in the sample. The parameters for the distribution afe  the asymmetry parameter can be affected by both the hetero-
70=0.65 ando,=0.5. nuclear As-Se or As-S bonding and the distortion of the bond

angles. As seen in Fig. 6, although the overall line shape is
ramidal units remain relatively undistorted for arsenic con-fitted well, there are still discrepancies between the data and
centrations less than or equal to the stoichiometric composthe fit. The effect of an overconstrained random network is
tions, A4Sy 6 and Ag 4S8 6- further demonstrated in the case of amorphous As, in which

For arsenic concentrations greater than0.4, two ef- all As atoms are threefold coordinated, and the entire net-
fects occur. First, the presence of like-atdAs-As) bonds  work has a higher average coordination number. The very
has a strong influence on the asymmetry of the pyramidabroad distribution ofy is a direct result of the large distor-
units. This influence shows up in the high-field NMR as bothtion of the As-As bond angles. In principle, one may improve
an increase in the asymmetry parameter and as an increasetlre fitting by assuming more complicated forms of the dis-
the quadrupolar coupling constant, presumably due to differtributions of bothvg and 7, and self-consistently convolute
ences in electronegativity between the As-S or As-Se and thinese two functions to fit both the NQR and the NMR line
As-As bonds. In addition, as the arsenic concentration inshapes, but the underlining microscopic details will still be
creases above=0.4, the connectivity of the As pyramidal difficult to discern.
units becomes more and more constraineda-is, there is Although no information on intermediate range order can
no “weak chalcogen link” that connects the arsenic atomsbe inferred directly from the high-field NMR measurements,
and each As pyramidal site is directly affected by distortionshese results do impose restrictions on possible models of the
at neighboring As sites. As we shall see below, this complistructure. First, the widths of the NQfRefs. 5,8, and 25
cation makes both the interpretation of tiR\s NMR spec- and NMR peaks can be related to the As apex bond angle
tra and the modeling of the structure much more difficult. variations. In glassy AsSy s and Ag 4S&) ¢ One estimate of

0
o

—
o

Amplitude (arb. unit)
8
I TN T W N TR WO TN T Y TN W TN M I T N N 1

o

Field (Tesla)

085203-10



ASYMMETRIES OF LOCAL ARSENIC BONDING SITE. .. PHYSICAL REVIEW B 67, 085203 (2003

these variations can be obtained by comparing the average TABLE Il. Comparison with experimental results for the signal
apex bond angles for the two arsenic sites in the crystallingactions from a binomial distribution and for chemical ordering in
unit cells. As seen in Figs. 3 and 5, these two sites are spre@pssy AgsS&s.

apart by approximately the full width of the NQR line in the

respective glasses. In the two crystalline compounds the two Bonding Binomial Chemical  Experiment
inequivalent arsenic sites have average apex bond angles thagonfiguration distribution ordering result
differ by a few degrees (2°5°), so one maynfer that in the 0 As-As 0.3 0 017

two stoichiometric glasses, the average deviations in apex

2 - . 1 As-As 0.44 1 0.50
bond angles are similar. If one tries to extend this very
simple analysis to the AsAey s glass composition, the de- 2 ASAS 0.22 0 0.33
W05 ’ 3 As-As 0.04 0 ?

viations become larger, but the analysis is greatly compli-
cated by the presence of As-As bonds, which make the field

gradlents depart strongly from axigl symmetry. A second esg¢ Eq. (8). From the NQR spectrum of Fig. 7 we estimate
timate of the apex bond angle distributions can be made,at the fraction of As sitegwith NQR frequencies near 90
using a simple tight-binding model to calculate the field MHz) with one As-As bond is<3%. This concentration and
gradients’® and this method also yields deviations of a few Eq. (8) yield a value ofb=0.402, which means that the
degrees. sample is only about 0.5% off stoichiometry.

Second, the low values of; for glassy Ag,S¢ and There are two possible interpretations for the intensity in
ASp.4S& 6 are inconsistent with at least one madtfat has Fig. 7 between the peaks near 72 and 90 MHz. First, this
been proposed to explain the intermediate range order ifyensity may be due to distorted sites with no As-As bonds
these two glasses. In this model, one-third of the arsenic sitg$; one As-As bond or. second. due to the presence of a small
are highly distorted and should therefore have a large valug,mper of sites with two As-As bonds. The suggestion of the
of 7. Sites withyp~0.3 were inferred from previous Zeeman presence of sites with two As-As bonds is based on an NQR
perturbed NQR measurement® but this inference required study of glassy AsSe,, where a peak near 70 MHz has been
fitting subtle features in the NQR line shapes. On the otheLrinuted to As sites with two As-As bondsln the As-S
hand, the present high-field NMR results show conclusivelySystem this frequency would be-87 MHz. At present
that there are very few, if any, arsenic sites with large values$ia gata are insufficient to distinguish between these two
of 5. From the fits shown in Figs. 8 and 9, we estimate thabossibilities.
the fraction of As sites withy greater than about 0.2 is less |t o the other hand. the bonding is not determined by

than about 1%. chemical ordering but is completely random, then an esti-
mate of the fractions for the different bonding configurations
can be obtained from a binomial distributiGtThis situation
may hold for As-rich compositions in the £Se_, (x
During the formation of binary glasses, the structure will >0.4) system. Table Il compares the results from a binomial
be influenced by both chemical ordering and statistical flucdistribution and the decomposition as described in Sec. IV B
tuations. If the glass forming process is completely deterfor glassy Ag<Se,s. This table also presents the results ex-
mined by chemical ordering, then heteronuclear bonding igected from perfect chemical ordering for comparison. From
preferred, while a process controlled completely by randonTaple Il we see that the experimental result falls somewhere
statistics will show no preference of bonding, i.e., the num+n between perfect chemical ordering and a statistical distri-
bers of heteronuclear bonds and homonuclear bonds willution. This result suggests that in glassy,4®s s the
only depend on the composition and the number of valencgonding configuration depends on both chemical ordering
electrons on each type of atom. From the experimental reand statistical fluctuations. For the case of three As-As
sults on glassy AssSey s, it is easily seen that both chemical ponds, the NQR frequency is 60 MHz, which overlaps the

ordering and statistics are involved in the glass forming proregion with no As-As bonds. In any case, the contribution
cess. In particular, for systems at stoichiometry, such ague to these sites is expected to be small.

As,S; and AsSe;, the bonding is dominated by chemical

ordering. In the case of glassy /g, the NQR and NMR V1. SUMMARY

spectra shown in Figs. 3 and 4, respectively, are consistent

with the presence of only As-Se bonds. On the other hand, The high-field NMR, line shape can be studied in great
for the particular sample of glassy /& employed in this detail using simulations of the high-fielAs NMR line
study, there is evidence from the NQR spectr(and more  shape by numerically diagonalizing the full Hamiltonian in
subtly from the NMR spectra in Fig.)8or the presence of the laboratory frame. For samples that are stoichiometric
As sites with one or perhaps two As-As bonds. This behaviofAsy sSy s and Ag sS& e, the asymmetry parameters of the
is probably not due to any departure from chemical orderingelectrical-field gradient at the As sites are less than 0.2 in
but rather to a small departure from stoichiometry. It is wellboth glassy and polycrystalline samples. The similarities be-
known that the As-S system is more difficult to make exactlytween the NMR spectra in the glasses and crystals can be
on stoichiometry because of the high vapor pressure of sukelated to similarities in the local order in these materials. In
fur. If the sample is indeed slightly As rich, then As-As particular, the small distributions of in the glasses suggest
bonds will naturally be formed according to the predictionsthat the Asg and AsSg pyramids are well defined. This is

B. Statistical influences on the bonding
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FIG. 12. Comparison of the line shapes with and without the
contribution from the forbidden transitions in perturbation calcula-  FIG. 13. Effects of multiple resonant field on the line shapes. All
tions. Here we choosg=0.1 ands=10. The solid lines represent line shapes are simulated by diagonalizing the Hamiltonian with
the results by perturbation calculation and the dotted lines represemyor=70 MHz. The line shapes are plotted with a rescaled field
the results from diagonalization of the full Hamiltonida) The full H—vy/y. (@ 7=0.15, the solid line represents the line shape for
line shape. The arrow denotes the differences due to the contribuxy=125 MHz, the dotted line represents the line shape ifgr
tion from forbidden transitions(b) The central part of the line =80 MHz. (b) »=0.75, the solid line represents the line shape for
shape on an expanded scale. vo=125 MHz, the dotted line represents the line shape ifpr
=80 MHz.

not the case for the As-rich samples, in which an overcon-
strained random network distorts the local bonding. We also APPENDIX: COMPARISON OF EXACT
find evidence for a statistical influence on the various bond- DIAGONALIZATION WITH PERTURBATION THEORY

ing configurations at high As concentrations. We considered the Hamiltonia =H,+H, where H,

and Hqg are given by Eqs(12) and (5), respectively. We
further consider the case whdre 3 ("°As). The quadrupole
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e?qQ This mechanism provides an additional contribution to the
A= A2-1) (A2)  line shapes.
For the nonperturbation calculations, we choasel0
and an operating frequency,=120 MHz. This condition

_3 _ ; ; . ;
For I_z’.A._hVQ/G' The parametes is the ratio of the closely resembles our experimental conditions. Figure 12
characteristic Zeeman energy to the characteristic quadrupg,o\ws the results fop=0.1. Thecontribution from transi-

lar energy, and hencecharacterizes the validity of the per- (ions that are forbidden in the perturbation regime can be

turbation approach. seen at low fields in Fig. 1B). In the central region on the

Several issues arise in the nonperturbation regime. Firsgpectrum, the line shape calculated by the perturbation

the large quadrupole splitting of the energy levels at zergnethod (,= 1< m=—1) is broader than that calculated by

field causes a nonlinear relation between frequency and fielgye diagonalization methofFig. 12c)]. The low-field dis-
Even at reasonably high fields, the energy levels are offsgfepancy[Fig. 12b)] is due to the large offset at zero field as
significantly by the quadrupole splitting. Therefore, conver-giscyssed above. Similar behaviors are also found for other
sion from frequency dependence to field dependence is nQhjyes of 5. All the features of the line shapes calculated
trivial. This effect has important experimental implications, from perturbation theory are preserved in the results calcu-
because in the experiments the field is scanned, while in thgyeq by diagonalization, such as the additional shoulder for
perturbation calculations the frequency shift with respect to77>% and the collapse of the two central divergences into a
the operating frequency is generally calculated. In the pertur_é’ing|e divergence for=1. However, significant deviations

bation calculations, the field dependence is obtained by gccyr from perturbation theory, especially in the central por-

linear conversion, tion of the spectra. Also, the contributions from the transi-

tions that are forbidden in the perturbation regime are more

v=vyH/27+Av, (A3)  prominent as the value of increases. Specifically, for

=0.6 andn»=1, an additional peak appears at lower fields
whereAv is the shift of the resonant frequency due to thethat is completely missing in the results from the perturba-
local interactions. The net effect is that the field dependencejon calculation. When the operating frequency is close to the
which is converted from the frequency dependence, results iqguadrupole splitting at zero field, the effects of the multiple
a shift of the resonant line shape toward higher field. A moraesonant fields begin to show up. This is clearly shown in
detailed discussion can be found in Refs. 12 and 17. To conFig. 13. Figure 18) shows the simulated line shape with an
pare with experiments, the field dependence must be calciNQR frequency of 70 MHz at operating frequencies of 125
lated. and 80 MHz. The value ofy is chosen to be 0.15. Figure

A second issue is that in the nonperturbation regimés  13(b) shows the line shape with conditions identical to those

no longer a good quantum number. The selection Are  in Fig. 13a), except the value of; is chosen to be 0.75. The
==*1 is no longer valid and additional nonzero matrix ele-field has been rescaled to eliminate the difference in the cen-
ments appear. Therefore some transitions that are forbiddaral field due to the different operating frequency. For lower
in the perturbation regime are now allowed. These transitionsperating frequency80 MHz), an additional peak occurs at
contribute additional features to the line shape. Also, for op{ower field (10 T below the central fie)d This peak persists
erating frequencies that are low enough, multiple resonarfor operating frequencies up to about 100 MHz, and disap-
fields exist for the same orientation of the interaction tensorspears at higher operating frequencies.
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