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Raman scattering anttP NMR results show that the backbone of binagB® _, glasses is composed of
Se,-chain fragments, pyramidal8e,,); units, quasitetrahedral S€(Se,;»); units, and ethylenelike £Se »),
units at low P content(<<0.47). Concentrations of the various building blocks independently established from
each spectroscopic probe are found to be correlated. Theoretical predictions for the glass transition variation
T4(x) from agglomeration theory are compared to the obseiiga) trends established from temperature-
modulated differential scanning calorimetry. The comparison shows that a stochastic network description is an
appropriate one of glasses at lov{x<<0.12). At mediunmx (0.12<x<0.47), substantial medium-range struc-
ture evolves in the form of polymeric ethylenelike units that comprise elements of the barely rigid backbone.
At higher x (x>0.47), a rapid phase separation of monomer8ep units from the backbone takes place,
leading to a molecular glass with a rather |3y at x>0.50.
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I. INTRODUCTION provides a powerful complementary probe to establish de-
tails of glass structure. Because of the diversity and com-
Bulk glass formation in the JSg _, binary occurs over plexity of glass structure and Raman lineshapes, particularly
wide compositions 0<x<0.80, with a narrow window atx<0.50, deconvolution of Raman line shapes and micro-
0.52<x<0.60 centered ak=0.57 corresponding to the scopic identification of vibrational modes have been a chal-
P,Se; stoichiometry across which melts display a propensity€nge. . _
for crystallization rather than glass formation. Melts in the N this work we have examined Se-rich glasses<{0
window usually form molecular solids composed ofSB, <0.52) in Raman scattering andP NMR_ measurements.
monomers. The monomer consfsts a triangular R(Se,,)s Raman and NMR results on the crystalline reference com-

prism capped by a pyramidal($g,,); unit (Fig. 1). As a
solid, B,Se; exists in two orderedd,a’) low-T phases and
two orientationally disordere(3, y) phases prior to melting
at 244 °C. TransformatioAdetween these polymorphs have
been established by differential scanning calorimé@gC).
Raman spectra of the polymorphs have also been stddied.
Furthermore, crystalline 8e, phaseq«, B) have also been
synthesized and characterized by x-ray and Raman
scattering’® The variety of building blocks occurring in the P(Sein)s PSe(Seyn)s P.Se,
present binary are illustrated in Fig. 1, including th&S& '
monomer structures in the and B phases. Upon melting
B-P,Se, melts possessing a polymeric structure are formed
and consist of ethylenelike,fSe ), units. Such structures
apparently constitute an important part of the backbone of
binary P-Se glasses in the 0L28<0.50 range, as will be-
come transparent later.
The molecular structure of the Se-rich<®<0.52) and
P-rich (0.66<x<0.80) glasses has been the subject of pre-
vious investigations by differential scanning calorimétry,

H H -9 H 31 77
diffraction methocﬁ,2 3Fiaman scattermﬁ’, and P and"'Se 0-P,Se, B-P.Se, g-P,Se,
solid-state NMR12 31p NMR chemical shifts of these
building blocks have been establishiédraman scattering FIG. 1. Local building blocks of the P-Se glass system.
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pounds RSe; and RSe have served as an important aid in

mode and site assignments, permitting us to decode the 200 n=n(

structure of these glasses on an atomic level. In addition to /=05 = cohst //
pyramidal FSe,); units, our experiments show that poly- . 150

meric ethylenelike RKSe,), units and quasitetrahedral 8 J
Se=P(Sgy); units also occur in the Se-rich glasses ( — 100 d ase]

<0.50). Glass transition temperaturég) are studietf by
temperature-modulated differential scanning calorimetry /

(MDSC). The observed 4(x) variation is analyzed in terms 50 ¢
of glass structure results using agglomeration th&ofs we
will demonstrate, this analysis shows that Thgx) variation 000 010 020 030 040 050
serves as a good measure of network connectivity, and at low P-content
X (<0.12), the agglomeration of the network is stochastic in 200
character. 180 | o
O  Monteit & Vincent (1977)
160H ¥ Borisova et al. (1973)
~—&— Blachnik & Hoppe (1979)
Il. EXPERIMENTAL RESULTS 140 a T fromMDSC
) O 120
A. Sample synthesis =~ 100
P,Se _, glasses in the €x<0.52 composition range - 80
were synthesized using 99.999% Se and P lumps as starting 60 |
materials from Cerac Inc. The elements were handled in a 40§
glove bag purged with dry-Ngas and reacted at 650 °C for 50 , , . ( .
at least 72 h in evacuated X210’ Torr) quartz ampoules. 000 010 020 030 040 050
After equilibrating the samples at 400 °C, the ampoules were P-content (%)

water quenched to realize micaceous glass samples with col-
ors ranging from black to reddish brown as the P content FIG. 2. MDSC measured4(x) variation in RSe _, glasses.
increased tox=0.50. The smooth line through the data points is a guide to the eye. The
Samples ofc-P,Se; were prepared by reacting the ele- dgshed Iin_e ?s thel'4(x) prediction of agglome_ration theoryb)
ments in the desired ratio and slow cooling the melt. Sample$g"(X) variation deduced from total heat flow in MDSC and DSC
of c-P,Se, were synthesized by reacting an intimate finely measurements. The latter are taken from previous publications as
ground mixture ofc-P,Se; and elemental Se in the stoichio- indicated. The threshold behavior neas 0.24 inTgppis an artifact
metric ratio, and heating at 330°C for 72 h. Two glass?S discussed in text
samples were prepared from this material upon heating to its . .
melting temperatureT(,, =340 °C) for a short imé90 min) all pthers usmg.DSC instruments. The agreement between
and an extended perio@® h), respectively. These samples Y2!'0US results is reasonable. A noteworthy feature of the

: . T4(x) trend in Fig. Za) is its smoothness and almost flat
- g
were examined by Raman scattering ail NMR and re variation with x in the 0.26<x<0.45 range, followed by a

\éﬁsaclﬁgsztgIr;rggr.dlfferences in molecular structure as will besteep increase at>0.45. On the other hand, tI‘Eﬁ;‘pp trend
provides some evidence of a discontinuity nea0.30, a
feature also noted by previous work&r§he latter is an ar-

B. Thermal characterization tifact resulting from the use of the total heat flow to extract

We used a model 2920 temperature-modulated DSC fromfg’S (Tg™). Shifts in Tg™ result due to kinetic effects asso-
TA Instruments, Inc. to establish the glass transition temperafiatéd with nonreversing heat flow term. Such shifts are
tures(Ty's) of the RSe _, glasses. A heating rate of 3°C/ nearly ehmmateq wheily's are extracted from the reversing
min and a modulation rate of 1 °C per 100 s were used for alheat flow term{Fig. 2a)].
scans. Scans were made both increasing ipast Ty and
decreasing irl from T,. The inflection point of theotal C. Raman scattering

heat flowendotherm was taken &g, while that of the Raman-Stokes spectra of freshly fractured surfaces of the
reversing heat flovendotherm was taken &%. In general, glasses were taken at room temperature using an Instruments
T,>Tg™ because the presence of a kinetic heat flow, als§&A model T64000 Raman facility, equipped with a triple
called thenonreversing heat flofAH,,), as a precursor to monochromator, liquid-icooled charge-coupled device
the actual glass transition. (CCD) detector and a microscope. Typically less than 1 mW
Figure 2a) shows a summary of 4(x) variation in the  of 647.1 nm radiation from a Krion laser was used to
present glasses. Figurgb? compares the preseﬁlgpp(x) excite the scattering. Sample homogeneity was verified by
with the publishetf glass transitions on the present binary comparing spectra on a 2m spatial resolution using a mi-
glasses from previous work using DSC. In Figb2 in each  croscope attachment. We also recorded spectra of the glasses
instance, one is comparing the glass transition temperatuiia the fused quartz ampoules used to synthesize them. Spec-
deduced from théotal heat flow one using an MDSC, and tra of the samples taken in laboratory ambient looked iden-
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FIG. 4. Relative scattering strengths of various building blocks

IV y_a3%
T from Raman spectra of the P-Se glasses.

cribed to a given building blockTable ). We shall return to
discuss the justification for the proposed mode assignments
(Table ) later.

Figure 5 reproduces Raman line shapes of P-Se glasses in
the low-frequency region (160r<<220cm 1) and permits
one to track growth of the 188 ¢m mode, which is identi-
fied with P(Se,), units. These results show thaf(8e )4
units arefirst nucleatedn the glasses near=0.20.

Figures ©a) and @b) reproduce selective regions of the
Raman line shapes of P-Se glasses at high P content where
modes of RSe; monomeric units manifest at 132 and 482
cm L. A perusal of these line shapes shows that the monomer
is first nucleatechearx=0.47 in the glasses. Figure 7 shows
0 , x = 0% spectra ofc-P,Se;, c-P,Se, andg-P,Se,. The spectrum of
100 200 300 400 500 600 c-P,Seg is in good agreement with earlier published reports.

. 4 The spectrum ofy-P,Se, is dominated by the modes ob-
Raman Shift (cm") served inc-P,Se and c-P,Se,. Raman peaks in the,8e,
FIG. 3. Raman scattering in8g _, glasses at the indicated P glass are in gen_gral broader in width th_an those obse_rved n
concentrations. The Raman numerals identify modes of varioug_P“.SQ" In addition, Weake,r features in the spectrym
articular, the peak at 250 ¢y also reveal the presence of

building blocks which are summarized in Table I. Line shapes a o . .
variousx are displaced by 0.5 units to assist in viewing. structural units richer in Se than the average glass composi-

Scattering (Arb. Units)

x = 10%|

tion.

tical to the ones recorded in quartz ampoules and further 15
revealed no aging effects. All spectra reported here were 14k i/
taken at laboratory ambient. Tt o7e

Figures 3a) and 3b) reproduce observed Raman line :<_'__7 3¢
shapes at selective compositions plotted as a function of P 5 12t J/
content, starting from pure S 0), up tox=0.50. Start- o 11E2%
ing from the Se-Se stretch modes at 250 énilabeled 1), 5:, 10F
one sees growth of features labeled I, Ill, and 1V, which are, D 00 20% i/
respectively, identified as modes of pyramidéb@),); units, 5 08 f
ethylenelike R(Se ), units, and quasitetrahedral$®,);Se = .
units of the backbone. Ax>0.40 and in particular at é 0'7W
PosoS& 50 the sharp feature labeled V in Figihd is identi- 06t
fied with appearances of,8e; monomer units in these P-rich 0.5 M
glasses. Figure 4 plots the fractional area r&tjg A(x) of 0.4 : .
various species=1-V as a function of P concentration 160 180 200 220
The Raman line shapes were deconvoluted in terms of a Raman Shift (cm")
superposition of Gaussians to obtain mode intensitig, (
frequencies ¢,), and widths (). All three variables were FIG. 5. Nucleation of RSe,,), polymeric units in BSe_,

kept floating in the least-squares refinement. The areas atgasses ax>0.20 as shown by increase in the scattering strength of
obtained by summing contributions of various Gaussians aghe 188 cm* mode(arrow) in Raman scattering.
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FIG. 6. Nucleation of [Se; monomers in Se _, glasses ak

>0.47 as shown by an increase in the scattering strength of the 132

cm™ ! and 482 cm*® modes(arrow) in Raman scattering.

D. 3P NMR spectroscopy and resonance assignments

3P magic-angle spinningVAS) NMR studies were car-
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FIG. 8. 121.5 MHZ®'P MAS NMR spectra of P-Se glasses as a

ried out at 121.5 MHz on a Bruker CXP 300 spectrometerfunction ofx. “ssb” designates spinning side bands.
equipped with a multinuclear 4-mm probe. Spectra were re-

corded on powdered samples, using 90° pulsesys #ength

NMR spectra of PSg _, glasses in the 04x<0.4 concen-

and relaxation delays of 10 min. Typical spinning frequen-tration range. The results are in good agreement with previ-

cies were 15.1 kHz. Figure 8 shows representattPeMAS

3}t
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FIG. 7. Comparison of Raman spectramf,Se; and c-P,Se,

ous work*® At low x, spectra consist of two resonances near
zero and 140 ppm, respectively, indicating the presence of
two distinct P sites. The high-frequency resonance is as-
signed to pyramidal (3e,)s.1% This assignment is consis-
tent with the®P NMR chemical shifts measured on various
crystalline model compounds bearing théS8),); group®
Furthermore, complementary spin-echo decay experiments
reveal that in Se-rich glasses<0.20, no direct P-P bonds
are detected to an appreciable extérf The resonance near
zero ppm is assigned to tetrahedraF$¢Se, ;)5 units. This
assignment is more difficult to justify because to date no
crystalline model compounds are known, in which P is sur-
rounded by three bridging and one terminal doubly bonded
Se atom. Tetrahedrally coordinated BSegroups do exist,
however, in various ternary orthoselenophosphate com-
pounds, and theif'P chemical shifts are generally found
within the chemical shift range zero t6100 ppm*® Further
support for the above assignment comes fromxioepen-
dence of the relative peak areas evident from Fig. 8: the
experimental species concentrations of the=BESeg,);

with g-P,Se,. The principal modes observed in the glass can beunits are in quantitative agreement with the corresponding

traced to those in indicated crystals.

values predicted from an equilibrium modske below.
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FIG. 9. Predicted'P spin-echo decay intensity as a function of dipolar evolution time §8eP, glasses ak=0.10, 0.25, and 0.40,
respectively. Circles show the result of a rigorous calculation with a single dominant two-spin dipolar interaction, while solid lines represent
the approximation of the decay as a Gaussian function. Left side: spin-echo decay for the ethylef®éjg,Rinits. Right side: spin-
echo decay for 5g,); units. For additional details see Ref. 18.

Closer inspection of Fig. 8 shows that the center of grav-ously by detailed simulatiotf The simulations assume that
ity of the high-frequency resonance is slightly shifted whenthe multispin interaction can be analyzed as a sum of pair-
x>0.20. These changes in line shape suggest the appearamnise interactions, resulting in a superposition of oscillatory
of new structural units at higher phosphorus concentrationsime dependences of spin-echo decay intensity, where the

Insights have emerged frofiP spin-echo experiments as frequency components depend on the internuclear distances
previously discussed in detail, the homonucledP->'P  involved and on the orientation of the internuclear vector
dipole-dipole coupling strength can be quantified selectivelyelative to the magnetic field direction. Following powder
using a 90°t;-180°-t, Hahn spin-echo sequence by measur-averaging, the simulations produce decays of normalized
ing the spin-echo intensity as a function of the evolution timespin-echo intensity as a function of the evolution ting ,2
2t,.1829 Since this dipolar interaction is rigorously depen- which are summarized in Fig. 9. Here circles show the simu-
dent on the internuclear distance distribution, the experimertted curves calculated with the assumption of a dominant
differentiates between P-bonded and non-P-bonded types 8tP-3'P two-spin interaction, whereas the solid curves are
phosphorus species. This prediction has been verified previsaussian approximations to these spin-echo decay curves.
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All of the computational details and further assumptions (a) Py(Sein)s
made in these simulations are given in Ref. 18. Figure 9 P4Se, glass
reveals that the spin-echo intensities for théS, ), groups (350°C)
(having a strong dipolar interaction owing to the single P-P
bond decay much faster than those predicted for P atoms not
involved in direct phosphorus-phosphorus bonding. From a
deconvolution of the experimental spin-echo decays into
these two distinct contributions, it is then possible to esti-
mate fraction of P atoms involved in P-P bonding. This
analysi$® reveals that P-P bonding starts making a signifi-
cant contribution to the glass structure at P concentrations
above 25 at. %. The quantitative assessment has shown, how-
ever, that the extent of P-P bonding is lower than that ex-
pected on the basis of merely statistical atomic linking. As-
suming, therefore, that homopolar bonding is for the most
part limited to one P-P bond per P, we identify this species

apical P(Se;);

Simulation

with a P(Se,)4 group. The results are in excellent accord 600 460 260 0 -zbo 400 .s]oo
with Raman scattering observation of a threshold xat 8(ppm)
>0.20 for the nucleation of this bonding fragment in the
glasses. The network structure derives from the crystal struc- (b) basal P
ture of polymeric BSe,, which has recently been solved by c-P.Se,-> g-P,Se,
Ruck® The 3P chemical shifts oft- and g-P,Se, closely (80min, 340°C)
match each other, further supporting the important structural Original Spectrum
role played by the BSe,), units in this concentration re- apical P(Seyn)s
gion.
31p MAS NMR spectra ak>0.47 reveal two additional
distinct resonances near 65 arn@5 ppm in an approximate Py(Sein)s

area ratio of 1:3see Fig. 1D These resonances are unam-
biguously assigned to the apical and basal P atoms,$&P
monomers, a result in harmony with the Raman observation
of a threshold compositior>0.47 for the appearance of the
monomer in the glasses. Figure 10 illustrates that the con-

centration of these units can be influenced by the thermal ]
history of the glass. Here th#P MAS NMR spectra of a /\
glass atx=0.50 prepared by melting-P,Se, for the dura- N

tion of 12 h at 350 °Qequilibrated mejtand independently f T T T T

a second sample for 90 min at 340 &@nequilibrated mejt 600 400 200 0 200 400 600
are compared: peak integration reveals that upon equili- 3(ppm)

brating melts by an extended heating contribution of mono-
meric B,Se units in the glass increases from 18% to 34%.

Both the Raman linewidths and NMR widths associated with

P,Se; species are quite narrow and suggest that the underly-
ing molecular unit is decoupled from the glass backbone; . P4Seq:
i.e., it is monomeric in nature. The intrinsic value of these 1.0
results on a nonequilibrated melt is that they serve as an =

ssb ssh

15} (€)

—
%)

=
c

=

L melt-quenched glass (350°C)

Arb

important check on our Raman mode and P NMR site assign- o
ments in the glasses. 'g 05 | c-P4Seqer -> g-P4Seq
= (90min, 340°C)
lll. DISCUSSION S
1))
Some of the issues we will discuss in this section include 0.0 - - : . . : n
Raman mode assignments, evolution of glass molecular 200 250 300 350 400 450 500

structure, agglomeration theory aiig(x) variation, and its

: -1
consequences on network connectivity. Raman Shift (cm™)

FIG. 10. Effect of thermal history on th&éP MAS NMR spectra
(a) and(b) and Raman specti@) of P, sSe, 5 glass.(a) NMR glass

In Table | we have summarized the proposed assignmergrepared by melting crystalline,8e, at 350 °C for 12 h(b) NMR
of modes. In the following we provide some justification for of glass prepared by melting crystallingS, at 340 °C for 90 min.
these assignments and, in select cases, the eigenvectors. (c) Raman spectra of corresponding samples.

A. Raman mode assignments

134204-6



MOLECULAR STRUCTURE, GLASS TRANSITION . .. PHYSICAL REVIEW B4 134204

TABLE |. Raman mode assignments. 1004~
A
1 . \‘ A
Mode frequencycm ) Local unit ~
0,80+ N
| 210, 330 RSe )5 pyramidal units | Se-Se -——'?\‘ PDSe
Il 237, 250 Se chains and rings 4 4\ S
Il 180, 330, 350, 370 RSe,,). ethylene like units % ' N v
IV 510 Se=P(Sey,); quasi tetrahedral units 1 c \‘k '/
V  Narrow modes at 184, Modes of RSe; monomer S o404 Se=P(Sei1)s /
212, 320, 371, 1483 B Y
1 P(Sey)s ¥ N
0,20 LN
1.G I modes: P(Se,,); pyramidal unit . \“°/ '/ e
] roup | modes: &y2)3 pyra a-u S ’i*"/;%&’\'*o*
The pair of modes at 210 and 330 ¢thin the Raman 0.00 M/ S A S A

spectra of the glasses are identified with a pyramidal

P(Sg ;)5 unit and are labeled | in Table I. The eigenvectors

of the 330-cm®* mode represent a symmetric breathing of  FIG. 11. Indicated species concentrations in P-Se glasses as de-

the three Se atoms with the P-cation stationary. Theluced from NMR spectroscopyk: Se-Se bondsB: P(Se,); units,

210-cm * mode represents an asymmetric stretch of the uni€: Se=P(Se;,); units.D: P,(Sey,), units. For additional details, see

in which the displacement of the P cation is nearly opposite?ef. 18.

to that of the three Se neighboring anions. These modes are

also observed in Raman spectraceP,Se; monomef* and

have been labeled ag and v,, respectively, in Ref. 10. The sharp peaks appearing at 184, 212, 370, and 483

cm ! labeled collectively as V in Raman spectra of a glass at

x=0.50 identify the Se; monomer. These modes have been

previously assigned tog, v4, v,, andv, vibrations from a
The strongly Raman-active band observed near 250'cm normal mode analysis of the monomer in Ref. 21. There is a

in the present glasses is traced to a Se-Se stretch jn Sgeakly excited mode at 320 cmy labeled asvz, which

chains fragments of Se glagsThe band is asymmetric and overlaps with a mode of the,f8g,), units (group Il1).

has a lower-frequency companion at 237 ¢rin a Se glass,

a feature that apparently persists upon P alloying. We iden- B. Glass structure evolution with P content

tify band Il in Table | as signature of $ehain fragments in Lo a1 .
Both Raman scatteringrig. 4) and the>*P NMR (Fig. 11)

the binary glasses. ) s .
results independently provide the type and concentration of
o building blocks in the present glasses. The correlation be-
3. Group Il modes:  P,(Sey,), polymeric units tween the details of glass structure between the two spec-
The set of modes at 180, 330, 350, 370 ¢mand some troscopies is rather comfortingrigs. 4 and 1L In Raman
weaker ones in between 310 and 340 ¢rare collectively ~ scattering, the richness of observed line shapes provides a
labeled as Ill in Table | and are identified with the presencemeans to directly resolve contributions of various building
of a polymeric network made up of ethylenelike(®g,), blocks of the network and, in particular, establispecific
units. Support for such identification comes from the Ramar¢oncentrationswhere a given building block is first nucle-
scattering results of-P,Se, and g-P,Se, shown in Fig. 7. ated in the glasses. A disadvantage of the method is that
The glass obtained by melting the crystal has essentially afince the observed mode cross sections are never identical,

the principal modé¥ seen in the crystal, except that they arethe observed scattering strengtlsg. 4) can currently only
broadened. serve as a qualitative measure of concentrations of various

species.

Fortunately, the’’P NMR results are, on the other hand,
inherently more quantitative. But these experiments do re-

Although it may be tempting to assign the weak scatteringjuire a combination of measurements to deduce the concen-
at 510 cm* to second-order scattering from Sehains, the trations of the various units as we discuss below. The spin-
observed trends in scattering strength at 510 tsuggest echo experiments allow quantification of thg$®,,), units,
otherwise. The latter shows a maximum at aboa0.20 and  while the MAS NMR spectra serve to quantify the
is thus uncorrelated to the monotonic decrease in concentr&e=P(Seg,); groups. All of the P atoms remaining at each
tion of Sg, chains in the glasses with increasingrhe mode glass composition are then attributed #88),); units. Fur-
at 510 cm ! is identified with a quasi tetrahedral$¥,,);Se  thermore, by comparing the concentrations with glass com-
unit. A mode at 537 cmt' is observetf in some samples of positions, the number of Se-Se bonds can be ded(ied
P,Se, and has been identified with the presence efSe@  11). As expected, Se-rich moieties dominate at low P content,
stretch. The molecular configuration in quesfibis consid-  whereas the P-bonded species become dominant at35,
ered to isomerize to thg-P,Se, form. in harmony with the Raman scattering resufsg. 4). The

at% P

5. Group V modes: RSe; monomer units

2. Group Il modes: Sg chain units

4. Group IV modes: SeP(Sey,)3 units
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concentration dependence on glass composition is mono- TABLE Il. Parametersy and z for possible and hypothetical

tonic, and in particular no discontinuity is observed ngar molecular units in the P-Se system. Hypothetical molecular units

=0.40, where a rapid change Ty is observedFig. 2. whose io_Ientity has not been experimentally documented are marked
The formation of SeP(Se,); groups in the present by asterisks.

glasses is of particular interest because, to date, this moiety s

unknownin the crystal chemistry of phosphorus selenides. In  €ompound y z
particular, this unit is not present in the molecular structure  p gq 0 0.75
of P,Se recently deduced by Blachnik and co-workéfs. P,Se(M-V)* 0.25 0.75
Unlike the situation in the stoichiometrically analogous a-P,Se, 0 0.5
phosphorus oxide and sulfide, the structure of monomeric B-P,Se, 0 05
P,Se, is based on two (Sg,); units which are connected to P,Se 0.25 05
each other by bridging selenium atoms and by two diselenide * ' '
bridges. a-P,S& 0.5 0.25

Results of Figs. 4 and 11 show that th tration of £PsS% 0-25 0

gs. 4 an show that the concentration o
Se=P(Sg,); reaches its maximum value near0.2. The :34220 3'0 8
2

concentration dependence of the=3%Se,); species orx

can be modeled quantitatively by assuming the presence of

an equilibrium C. Comparison of present structure results with neutron
diffraction and EXAFS results

P(Se )3+ Se—~Se=P(Sa s, 1 It is instructive to compare glass structure results from the
present NMR and Raman results with previous results based
characterized by an equilibrium constéqtin the vicinity of ~ on a combined interpretation of neutron diffractidfD) and
0.81%18This equilibrium is operative in the molten state and extended g(-ray-absorption_ fine-structure (EXAFS)
is arrested permanently &. Studies in meltsT>T,) have experiments:® In these previous studies, Price and co-
further shown that this equilibrium shifts significantly to- Workers have described the structure of the present glasses in
wards the left as the temperature is increaSed. terms of two parametegsandz, wherey denotes the fraction

At higher P-content, the glass structure is dominated b)gf four-fold-coordinated P atoms ardhe ratio of the num-
the three-fold-coordinated (8e,,); and R(Se,), species. er of P-P bonds to the number of P atoms present. They

Figure 11 also shows that a maximum in the concentration 0Ipave described their findings with reference to the molecular

L _ : . units R,Se;, P,Se, (of which they use the particular isomer
P(S units is reached near=0.35; at higher P content, 4 4 .
th(e e_LF/’zzzsse_L,zh species dominate. Again t%\ese two three—prOposed by Monteil and Vincert and RS, the structure

: . ; . of which was reported by Penney and SheldfitRable I
coordinated species can be viewed as being connected by ) mmarizes the parameteysand z represented by these
equilibrium process of the form

structures. We have further included thend z parameters
for a- and B-P,Se, (Fig. 1), for the molecular structure of

P,(Sen)+Se—2P(Se ). (2 P,Se, of Blachnik et al, as well as for two hypothetical
structures 5e (x=0.36) and BSe, (x=0.29).
In the case of this equilibrium, however, highNMR The comparison of these data illustrates that the specia-
studied’ do not reveal any significarft dependence. tions derived from NMR and Raman spectroscopies are in

P,Se; monomers make a significant contribution to thegood_ agreement with each other, whereas they Qeviate sub-
glass structure only at>0.47 as also revealed by the RamanStantially from those extracted frgm the previous ND-
results of Figs. @) and @b). As Fig. 10 illustrates, the con- EXAFS results. At P content30at. %, ND and EXAFS

; he indicate a substantially higher fraction of four-fold-

centration of these units is strongly dependent on the thermd¢!c2 . ;
: . : ordinated P atoms than found in NMR or Raman studies.
2:3}?;}/ '”qﬁ%li?;eglgsﬁmﬁg?j digzvci‘ ;’_%znmrgl?iinlgi;iizeﬁrthermore, the number of P-P contacts inferred from the
48 at. % phosphoruS. Furthermore, these liquid-state NMR ND-EXAFS results also exceeds that deduced from the

. resent Raman and NMR results atalFinally, comparison
experiments have also revealed that, although no molecul f Tables Il and Ill illustrates that the values gfand z

P,Sg is detected in the glassy statexat 0.47, these Species ghserved as a function of P content are by and large fairly
are formed at high temperatures in P-Se melts wittalues  consistent with the values observed for the various known
as low as 0.40. Systematit-dependent studies reveal the molecular and crystalline structures in the P-Se system. Con-
presence of a melt depolymerization equilibrium of the kindtrary to Refs. 7 and 8, we do not obserx& increase as a
function of P content in the glasses relative to the crystals.
3P,(Se ) s—PSe+2R(Se )3, (3 The present results do not support a model &86? clusters
embedded in a selenium-rich matrix as a possible description
resulting in significant changes of the structural specificatiorf the present glasséd.
present. As the temperature increases, the right side of the , ) -
equilibrium is increasingly favored. From the temperature®: Ad9lomeration theory, slope equations, and'y(x) variation
dependence of the equilibrium constant, a reaction enthalpy The agglomeration theory introduced by Kerner and
value near 50 kJ/mol was obtain&d. Micoulaut® provides a means to predi€(x) trends when
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TABLE lIl. Comparison ofy andz deduced from NMR, Raman, Let us consider the statistics of bonding between LSC’s in
and ND and EXAFSRefs. 7 and 8 n.d. stands for not determined. a particular region of a liquidT>T,) at timet=0. Let us

denote byp,(0) (the O in the parentheses refers to0) and

X y (NMR) y (Raman y (Refs. 7, and B ps(0)=1—pA(0) the probability distributions foA and B
0.05 0.43 n.d. n.d. LSC’s in the liquid. After a finite stepy, these probabilities
0.10 0.37 0.45 nd. evolve and acquire new valugs (7o) and pg(7g) as bonds

_ reform and LSC’s diffuse. Lepaa and p,g designate, re-
8:;2 8:;13 8:; 23 06 spectively, the probabilities for ator to bond withA and
025 0.22 nd 025 for atomA to bond withB. These probabilities depend on the

' ' by ' coordination numbers of atordsandB, the initial probabili-
0.30 0.15 0.15 n.d. . L
0.35 011 0.08 nd ties pa(0) apde(O), andBoltzmann factors which myolve

bond energies and temperatures. Thuéry) can be written
0.40 0.05 0.05 0.25 as
0.45 0.01 n.d. n.d.
0.50 0 0 0.280.2) 1

x Z(NMR)  z(Raman  z(Refs. 7, and B Pa(70)= 5 [PantPasl ~Pa(0). @
0.05 0 n.d. n.d. At T4, structural arrest manifests and fluctuations in the
0.10 0 0 n.d. probabilities pa(79) —pa(0) must vanish because LSC's
0.15 0 0 0-0.4 cease to move and are trapped. This condition serves to de-
0.20 0 0.25 n.d. fine Ty, as we will see later. In the present binary glass
0.25 0.05 n.d. 05 system, at low P content, there are three ways to connect P
0.30 0.12 031 n.d. with Se (we exclude the possibility of P-P bonds Se-Se,
0.35 0.23 0.38 n.d. P-Se, and P Se (Fig. 12. The probabilitiegge.se P3, and
0.40 0.42 050 0.75 p4 (Fig. 12 of these bonding configurations are given by
0.45 0.53 n.d. n.d. 4
0.50 0.57 0.55 1.100.9 Pse.sbT)= z(l—x)ze_BESe-Sg (5)

agglomeration of atoms or molecules to form a glass network _ 1_2 v\~ BEp.se
: : oS : > 1 p3(T) x(1-x)e , (6)
proceeds in atochastic fashionlt is instructive to inquire z
what message is contained in the obser¥g@x) trend of
Fig. 2(@) given the local structural units established from the 40 — BEn_
two spectroscopic probes. To address the issue, we outline Pa(T)= = Xx(1=x)e F=p=sq )

the agglomeration theory as it relates to present binary glass
system. whereZ represents the Partition function ape= 1/kgT.

The central idea of the theory is to relate an increase of The Boltzmann factors appearing in E¢9—(7) take into
viscosity in a glass-forming liquid with creation of bonds account bond energieSp.se, Ep—ge, andEse.se While the
between well-definetbcal structural configuration$LSC's)  Statistical factorg12, 40, and #represent, respectively, the
at random. In the present case, we will consider two LSC’s1umber of equivalent ways to connect a P atom to a Se atom
consisting of two-fold-coordinated Se atort®) and five-  to form single bondgand create a3 ,); structural unit or
fold-coordinated P atom@) as shown in Fig. 12. to form double bondgand create a SeP(Seg,); structural

unit], or a Se atom to bond to another Se at@mnform part
of a Se chaip These statistical factors can be regarded as

15 degeneracie®f corresponding energy states of a canonical
P4 system(here the different possible bond energies of the net-
14 1 work). For simplicity, we will setEp_ge=Ep.getA in the
B= forthcoming. An equivalent way to think is to say that the
13

Ps probability pg. of Se atoms computed from a random distri-
12 —_— bution of bonds is only equal to the concentration-(4) of
>j——©/ Se, when the entire network becomes connecteti atFor
T>Ty, we havepge<l—x. At T=Ty, we have

sl \O/ s2 1
Pse=5 [2Pse-set P+ P4]=1—X, 8

Se-S . . .
Pse-se which gives the same result ag( 7o) = pa(0). Equation(8)
FIG. 12. Linkages oA and B LSC’s to produce SeP(Sg,);  can be solved exactly from the aforementioned construction

units (R) and RSeg,); units (R) and Sg-chain fragments. and yields
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3ep.get 10ep_ge— 2 fourfold-coordinated P atoms in addition to the threefold-
= 2(3ep.act 108p_o 1) ) coordinated P atoms drasticallycreases the total number of
waysin which P and Se atoms can bond to each other to
where  €p.se=€Xd —(Ep.se~ Ese-sd/kgTg]l and ep_ge  produce possible clusters. The denominator in the slope, Eq.
=eX{] —(Ep-se¢— Ese-sd/kTy]. One can reduce the number (13), is related to the entropy of the network. Thus an in-
of parameters appearing in E@) by considering thex—0 crease in connectivity of a network can also result from an
limit, with the glass transition temperatufg— Ty, the glass  increase in the number of accessible structural states ac-
transition temperature of Se glass. From E9), we obtain counting for a decrease in the slog&,/dx at finite x.
31p NMR measuremenftsreveal thatn, starting from a
(10) value of 1/2 atx— 0, extrapolates almost linearly to zeroxas
increases to 0.45. Taking such a variationzgik) into ac-
count, we have calculated the expeclgdx) variation[Eq.
(13)] given by the stochastic agglomeration theory. The re-
sult is projected in Fig. @) as the dashed line. One finds that
the agreement between theory and experiment is excellent at
Pa 10 x=0.12, but at highek, a systematic deviation sets in. Our
. 107 3eP5 (1) interpretation of these results is that in the <0.12 com-
Pa Pa position range, the present glasses can be visualized as a
Equation(10) then becomes, in the limif,— T, stochastic network composed of Se chain fragments bridging
pyramidal FSe,); and quasitetrahedral S&(Se,); units
(12) in arandom fashionAt higherx, new building blocks com-
posed of ethylenelike J/Sg ,), polymeric units emerge and
further reduce the slopeT,/dx (0.15<x<0.45) by increas-
ing the possible number of pathways in which these three
different types of P-centered local units can agglomerate.
Stochastic theory suggests that the increase in the number of
pathways to agglomerate lowers the slopd,,/dx at x
>0.12. At x>0.45, only two building blocks contribute to
the network backbone, sehain fragments and,F5e ),
units, and one finds that the slopdy/dx increases drasti-
cally as the number of pathways in which clusters can form
is severely reduced.

3+10e*'To
2
It is convenient to express the energy differencén Eq.

(10 in terms of the fractiony of fourfold-coordinated P
atoms(Se=PSg,, configurationg in glasses defined as

Ep.se Ese.sekgToln

n=

Ep.se Ese.seKgToIn

3
2(1-n)|
In Eqg. (12), the conditionny=1 is to be excluded, because it
implies an infinite value for the energy differende= Ep_ g
—Ep_se thus leading to a network composed 6t 8e links
only, which is clearly unphysical. With the energy differ-
ences established, E() provides a relation betweeln, and
X with only one parameter, the fraction of fourfold-
coordinated P in the glasses.

Finally, the relationshig9) can be cast in a more compact
form: if the slope ax— 0, the origin is computed. Upon the
insertion of the established energy difference from @g),
one obtains the final slope equation result:

T IV. CONCLUDING REMARKS
0

= 3 : (13 The rich Raman scattering arid® NMR line shapes on
n 200—7) melt-quenched F5g _, glasses have been decoded to yield
n the concentrations of Sehain, pyramidal FSe,);, qua-

At low X, two types of P-cation sites occur and we find Sitetrahedral SeP(Se,)3, polymeric B(Se;), and mono-
that the slopedT,/dx) at the origin depends on the param- meric B,Se; units atx<<0.50. Such information has provided
eter 7, the fraction of fourfold-coordinated P units. In other @ Means to decode the global connectivity of the backbone
chalcogenide systems such as the,)Ge, (X=S,Se), @and to quantitatively account for the observeg variation
wherein only one cation site is formed, the slap&,/dx with x at low x using stochastic agglomeration theory.
actually becomes parameter fféeand equaIsTo/In(rGe
rso =To/In2, in excellent agreement with experiments.

Equation(13) reveals that whem=0 the slopedT,/dx
equals toT,/In1.5. The slope decreases 1¢/In3 at 7 It is a pleasure to acknowledge discussions with W. J.
=1/2, however. The latter result is not obvious. It is, for Bresser during the course of this work. The work at the Uni-
example, difficult to see how the connectivity of a networkversity of Muenster was supported by the Deutsche Fors-
would change by the inclusion of a finite fraction of chungsgemeinschaft, Grant No. EC168-1, the work at Uni-
fourfold-coordinated P atomsy 0) in the backbone when versity of Cincinnati by National Science Foundation Grant
these only provide three linkages to the rest of the networkNo. DMR-97-01289, and the work at the Laboratoire de Phy-
as do the threefold-coordinated P atoms itS4),); units.  sique Therique des Liquides by Center Nationale dé-Re
The answer resides in the recognition that the presence eherche Scientifigue Grant No. UMR 7600.

dTy
dx

x—0
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