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State-of-the-art neutron and X-ray diffraction measurements have been performed to provide 
a definitive picture of the intermediate- and short-range structure of PxSe1-x glasses spanning 
the two glass regions, x = 0.025 - 0.54 and 0.64 - 0.84. Liquid P4Se3 and amorphous red P and 
Se were also measured. Detailed information was obtained about the development with 
increasing phosphorous concentration of intermediate-range order on the length scale around 
10 Å, based on the behavior of the first sharp diffraction peak. Attention is also paid to the 
feature in the structure factor at 7.5 Å-1, identified in earlier numerical simulations, provides 
further evidence of the existence of molecular units. The real-space transforms yield a reliable 
statistical picture of the changing short-range order as x increases, using the information about 
types and concentrations of local structural units provided by previous NMR measurements to 
interpret the trends observed.  
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I. INTRODUCTION 
 
A renewed interest in binary chalcogenide glasses has recently developed due to their 
applications in infrared detectors, lenses, optical fibers and non-volatile memories. The 
phosphorus-selenium system PxSe1-x exhibits the widest glass region among known binary 
chalcogenide systems,i covering almost the entire composition range from x = 0 to 1, and red 
phosphorus (x = 1) is usually also amorphous. A small gap centered at the crystalline 
composition x = 4/7 separates two glass forming regions, Se-rich with x = 0 - 0.54 and P-rich 
with x = 0.6 - 1.  

 
Earlier studies of the Se-rich glass region identified several local structural units whose 
concentrations depend on composition. However, there were significant disagreements about 
the nature of the units present. The authors of neutron diffraction, EXAFS and Raman 
measurementsii,iii by analogy with known crystal structures in the PxSe1-x and PxS1-x systems, 
proposed a model of PSen units embedded in a Se matrix for the range x = 0.25 - 0.5; 
subsequent density functional theoryiv and ab initio molecular dynamics (AIMD) simulationsv 
supported the presence of PSen units at x = 0.5. On the other hand MAS-NMRvi,vii, and 
Ramanviii measurements were interpreted in terms of Se=PSe3 tetrahedra, PSe3 pyramids and 
Se2P-PSe2 ethylene-like units, the latter dominating at higher P concentrations, x = 0.4 - 0.5. 
 
There was also disagreement about the P-rich glass region, although less information was 
available. The authors of neutron diffraction and inelastic scattering experimentsix, x at x = 
0.67 proposed units made up of two P4Se3 molecules joined by two P atoms at their bases. On 
the other hand, Raman scattering measurements in the range x = 0.75 - 0.84 were interpreted 
on the basis of P4Se3 units embedded in a matrix of red Pxi. 
 
Recently, a comprehensive study of eight glasses compositions extending over both the Se-
rich and P-rich glass regions, together with crystalline α- and β-crystalline P4Se3 and 
crystalline violet and amorphous red P as references, was carried out using 2D 31P 
homonuclear through-bond correlation and J-resolved magic-angle spinning NMRxii. Several 
types of structural unit were identified, shown in Fig. 1. The results showed that the most Se-
rich glasses are composed of Se=PSe3/2 tetrahedra (labeled P4 in Fig. 1) linked together by Se-
Se chains; at intermediate compositions one finds a mixture of tetrahedral and original PSe3 
units (P3) with ethylene-like Se2/2P-PSe2/2 motifs (P2) appearing as x increases; and finally, 
approaching the gap between the two regions, the glasses are composed of P4Se3 cage 
molecules (P1) embedded in a Se2/2P-PSe2/2 polymeric network.  The relative concentrations 
of all four units, and by inference those of the Se-Se chains, was established over the range x 
= 0.025 - 0.54. In the P-rich region, the glass at x = 0.67 consists of P4Se3 units embedded in a 
red-P matrix (P0); as x increases further, the concentration of P4Se3 units decreases while that 
of the red-P matrix increases, together with that of other molecular units which may include 
P4Se2 (not shown), obtained from P4Se3 by removing the Se from one P-Se-P bond. 
 
To complement this comprehensive information on the types and concentrations of local 
structural units, the present work aimed to obtain state-of-the-art neutron and X-ray 
diffraction data to provide a definitive picture of the short- and intermediate-range structure of 
P-Se glasses spanning both glass regions. Specific goals were (1) to obtain detailed 
information about the development with increasing P concentration of intermediate-range 
order on the length scale around 10 Å, based on the behavior of the first sharp diffraction peak 
(FSDP); and (2) to obtain a reliable statistical picture of the short-range order, using the 
information about types and concentrations of local structural units provided by the NMR 
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measurements to interpret the trends observed as the P concentration increases. Attention is 
also paid to the feature in the structure factor at 7.5 Å-1, identified in AIMD simulationsv as a 
signature of molecular units. Measurements were made on many glasses spanning both 
concentration regions and also on liquid P4Se3 and amorphous red P. 
 
 

 
 

FIG. 1 (color online): Structural units in P-Se glasses identified by solid-state NMR experimentsxii. 
 
 
II. EXPERIMENTAL 
 
Details of sample preparation and measurements of density and glass transition temperatures 
Tg can be found in Ref. xii, and the results are given in the electronic supplementary 
information for Ref. xii. Neutron diffraction measurements were carried out using SANDALS 
diffractometerxiii at the ISIS spallation neutron source (Rutherford-Appleton Laboratory, UK). 
This instrument provides diffraction data over an extended range in reciprocal space (values 
of scattering vector Q up to 50 Å-1), leading to high resolution in real space. High-energy X-
ray diffraction measurements were conducted at several synchrotron beam lines: 11-ID-C at 
APS (Argonne National Laboratory, USA)xiv, ID15 at ESRF (France)xv and BL04B2 at 
SPring-8 (Japan)xvi. The x-ray energies were 115 keV at APS, 90 keV at ESRF and 62 keV at 
SPring-8, providing data at Q values up to 30 Å-1. At ESRF a 2D setup was used with a 
MAR345 image plate, whereas at APS and SPring-8 the measurements were made in a 1D-
scanning mode with a Ge detector.  All measurements were made at room temperature, except 
for the measurements at ID15 in the liquid at x = 4/7 that covered the range 543 - 663 K. The 
diffraction data were reduced with standard proceduresxvii. 
 
III. RESULTS 
 
A. Reciprocal space 
 
Weighted average structure factors S(Q) were derived from the measured scattering cross 
section per atom dσ/dΩ through the relation 
 

( )
2

( ) 1a a a a
a a

d c b S Q c b
d

σ = − +
Ω ∑ ∑ ,        (1) 
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in the case of neutron scattering, where ca, b a  and ba
2 are respectively the atomic 

concentration, average (over isotopes and spin states) of the neutron-nucleus scattering length, 
and mean square scattering length of element a.  In the x-ray case ba in Eq. (1) is replaced by 
fa(Q), the atomic scattering factor of element a. The S(Q)s measured by neutrons and x-rays 
are quite similar since the ratios of scattering lengths and form factors for P and Se are not 
very different: PSe /bb = 1.6, fSe(0) / fP(0) = 2.3.  
 
Results for S(Q) for some selected compositions are shown in Fig. 2. They exhibit distinct 
oscillations up to 30-35 Å-1 and change systematically with x. The neutron S(Q)s are similar 
to those reported in the literature.ii, iii, x 
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FIG. 2: Structure factors of P, P0.67Se0.33, P0.4Se0.6 and Se glasses and liquid P4Se3: neutron results: solid 
lines, x-ray results: dotted lines. 
 
The most remarkable changes are observed for the FSDP in the region Q = 1 - 1.5 Å-1. This is 
a characteristic signature of intermediate-range order in disordered materials.xviii, xix In order to 
extract the parameters of the FSDP, a parabolic function was used to approximate the 
background underneath it, allowing the FSDP to be isolated and fitted with a Gaussian or 
Lorentzian. Neither function fitted the exact shape of the most intense FSDPs, but the former 
was significantly better for the less intense peaks and was therefore used for all the 
compositions. 
 
The amplitude A1, width W1 and position Q1 of the FSDP are shown as a function of 
composition in Fig. 3. The fitting procedure just described gives a small positive amplitude 
for pure Se, corresponding to the slight shoulder that can be seen in Fig. 2. As x increases, the 
amplitude increases 15-fold to the end of the first glass region at x = 0.5, drops slightly at the 
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beginning of the second glass region at x = 0.64 and then increases again towards pure a-P. 
The width has a non-monotonic variation with x, exhibiting a broad maximum around x = 0.1 
and a broad minimum around the P4Se3 composition (x = 0.57). The position shows an overall 
decreasing trend with increasing x, with a cusp around the P4Se3 composition. The atomic 
volume, shown in the lowest panel of Fig. 3, shows a remarkably similar behavior. The 
reasons for this apparently contradictory behavior will be discussed in the next section. 
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FIG. 3: (a) Amplitude A1, (b) full-width at half maximum w1 and (c) position Q1 of the first sharp 
diffraction peak in P-Se glasses obtained from Gaussian fits: neutron results: ; x-ray results: ; liquid 
P4Se3: ; (d) atomic volume Va of P-Se glasses: Ref. i: ; Ref. xii: . The solid lines are a guide to the eye, 
and the dotted line indicates the P4Se3 composition. 
 
The FSDP for liquid P4Se3, separating the two glass regions, has an amplitude and width 
slightly higher than the neighboring glasses. Its position, measured at 543 K, was extrapolated 
to room temperature taking into account the thermal shift, ∂Q1/∂T = -2.6.10-4 Å-1K-1, measured 
over the 543 - 663 K range; the extrapolated value is consistent with those of the neighboring 
glasses.  
 
The second and third peaks in the P-Se glasses correspond to chemical and topological short-
range order, respectivelyxix; the second peak tends to increase in intensity towards the 
equiatomic composition, while the third peak exhibits relatively small variations with 
composition and occurs near 5π/2r1 where r1 is the mean nearest-neighbor distance. The 
remaining interesting feature is the small peak near 7.5 Å-1 that is absent at low x, starts to 
appear at x = 0.2, is fully developed at x = 0.3 and remains almost unchanged up to pure P.  
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B. Real space 
 
Total correlation functions T(r) were derived through the usual Fourier transform 
 

T(r) = 4πρ0r + 2
π

Q S(Q) −1[ ]sinQr ⋅
0

Qmax

∫ M(Q)dQ  ,     (2) 

where ρ0 is the total number density, M(Q) is the Lorch modification functionxx and Qmax was 
taken as 30 Å-1 for the glasses and as 20 Å-1 for liquid P4Se3. Results for some selected 
compositions are shown in Fig. 4.  
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FIG. 4 (color online): Total correlation functions for three P-Se glasses; the glass with 10 at.% P is fitted 
with three Gaussians, and those with 40 and 67 at.% P with two Gaussians, using the procedures 
described in the text:  single-bond P-Se and P-P correlations, cyan dashed lines; Se-Se correlations, 
magenta dotted lines; double-bond P=Se correlations, blue dash-dotted line with filled area under the 
peak; total correlations, red solid lines. 
 
The T(r)s defined in Eq. (2) are weighted averages of partial total correlation functions for the 
different atom pairs (a,b): 
 

T(r) = Wab
ab
∑ Tab r( )= ca

ab
∑ cb

b ab b

cab a
a
∑

2 Tab r( )  .    (3) 

 
The first peak in the region Q = 2.0 - 2.5 Å corresponds to a combination of P-P, P-Se and Se-
Se nearest-neighbor correlations, depending on composition. In trigonal Se the Se-Se nearest-
neighbor distance is 2.37 Å,xxi in crystalline P4Se5 the mean P=Se, P-Se and P-P bond lengths 
are 2.12, 2.26 and 2.265 Å, respectively,xxii in crystalline P4Se4 the mean P-Se and P-P bond 
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lengths are 2.20 and 2.27 Å, respectively,xxiii in crystalline P4Se3 the P-Se and P-P bond 
lengths are 2.24 and 2.25 Å, respectively,xxiv and in crystalline white P the P-P bond length is 
2.21 Å.xxv Since the real-space resolution may be estimated as 2π/Qmax = 0.2 Å in the glass 
diffraction measurements, the four types of nearest-neighbor correlations (including both 
P=Se and P-Se) cannot be clearly resolved. A special procedure was therefore adopted to 
obtain information about the separate correlations, making use of the information about the 
relative concentrations of the different structural units in Fig. 1 provided by the solid-state 
NMR experiments.xii 
 
In the Se-rich region, the Se-Se correlations were first separated out. Following the notation 
of Ref. xxvi, we define Na(b) to be the average number of neighbors of type b about an atom of 
type a, and ( )∑=

b
aa bNN  to be the average number of atoms of all types about an atom of 

type a. Then the contribution of the pair (a,a) to the area of the first peak in the weighted 
average radial distribution function rT(r) is given by WaaNa(a)/ca, and that of the pair (a,b), 
a≠b, by 2WabNa(b)/cb, where the Wab are the weighting factors defined in Eq. (3).  The Se-Se 
coordination number at each composition was derived as follows.  Clearly, 
 

( ) ( ) ( )Se
1

PSe PSeSeSeSe N
x

xNNNN ⎟
⎠
⎞

⎜
⎝
⎛

−
−=−=      (4a) 

 
Using the relations 
 

41
2 PSe f
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( ) 4P3P2P1PP 432
2
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where the fPi denote the relative frequencies the four structural units P1, …, P4 shown in Fig. 
1, we obtain 
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x
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The relative frequencies fPi for these units were taken from Ref. xii. Gaussian fits to the first 
peak in T(r) were carried out at each composition, fixing the amplitude of the Gaussian 
corresponding to Se-Se correlations according to the values of NSe(Se) derived from Eq. (4d), 
and allowing a free fit for a second Gaussian corresponding to both P-Se and P-P correlations. 
This second peak appeared at lower r as expected. A typical fit is shown in Fig. 4(b).  
 
At low P concentrations, x ≤ 0.2, the NMR results indicated a significant presence of SePSe3/2 
units with Se=P double bonds, which according to the crystal data mentioned above should be 
distinguishable from single P-Se and P-P bonds. Fits with three Gaussians were therefore 
carried out in this region. The amplitude of the second peak was fixed to meet the conditions  
 

( ) 3P2P1PP 32
2
3bonded)-(singlySe fffN ++=      (5a)  
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( ) 2P1P0PP 2
33P fffN ++=         (5b) 

 
and the amplitude of the Se-Se peak was kept fixed as before, allowing a free fit for a third 
Gaussian corresponding to P=Se correlations.  A typical such fit is shown in Fig. 4(a). 
 
In the P-rich region, Eq. (5b) was used to fix the amplitudes of the Gaussian corresponding to 
P-P correlations. Taking fP2 = 0 in this region and neglecting the possibility of a small 
concentration of P4Se2 units suggested in Ref. xii, the frequencies are fixed by stoichiometry:  
 

fP1 =
4(1 − x)

3x
; fP0 =1− fP1.        (6) 

 
A second Gaussian corresponding to P-Se correlations was then fitted to T(r).  A typical result 
is shown in Fig. 4(c).  
 
Results of the bond lengths and coordination numbers derived from these fits are shown in 
Figs. 5 and 6, respectively.  Values from Se,xxi Pxxv and P4Sen

vi, vii, xxii, xxiiixxiii crystals are 
shown for comparison. 
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FIG. 5 (color online): Bond lengths in P-Se glasses derived from the Gaussian fits; the points labeled P-(Se-
P) represent the weighted average of single-bond P-Se and P-P correlations: neutron results: ; x-ray 
results: ; crystal values: ×. The solid lines are a guide to the eye, and the dotted line indicates the P4Se3 
composition. 
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FIG. 6 (color online): (a) Partial coordination numbers in P-Se glasses derived from the fitted Gaussians; 
(b) total coordination numbers for Se and P: neutron results: ; x-ray results: ; crystal values: ×. The 
solid lines are a guide to the eye, and the dotted line indicates the P4Se3 composition. 
 
 

 
IV. DISCUSSION 
 
A. First Sharp Diffraction Peak 
 
FSDPs reflect the presence of local structural units in semiconducting glasses.xviii, xix A model 
of random packing of structural units, based on a Percus-Yevick hard-sphere model for the 
arrangement of the centers of the units,xxvii, xxviii was found to reproduce the FSDP in P-Se 
glasses at x = 0.4xviii and 0.5iii satisfactorily, although the structural unit chosen was the P4Se3 
molecule rather than the Se2/2P-PSe2/2 units that according to the NMR results are the major 
component at these compositions, and furthermore the surrounding matrix was neglected.  
 
In the Se-rich region, these considerations can be put on a more rigorous basis as follows. 
Suppose that the glass at a given composition x is composed of structural units with the 
formula PmSen-m and volume Vp, embedded in a matrix of composition PwSe1-w.  Clearly, w ≤ 
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x ≤ m/n. Since the number density ρ0 generally increases with x (Fig. 3(d)), we can write ρ(x) 
= (1+α)*ρ(w), where α is a small number that depends on w and x. It can be shown that  
 

Vp = n

ρ w( ) 1+ α
η

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 ,        (7) 

         
where η is the fraction of the volume filled by the structural units, and 
 

mx x
1 n

w η α
η

⎛ ⎞− ⎛ ⎞− = −⎜ ⎟⎜ ⎟− ⎝ ⎠⎝ ⎠
.        (8) 

 
Noting from Fig. 1 in conjunction with Fig. 8 of Ref. xii that, as x increases, the predominant 
structural units have values of n equal to 3.5, 2.5, 4 and 7, Eq. (7) shows that Vp will generally 
increase with x approximately proportional to n, even though the mean atomic volume is 
decreasing (Fig. 3(d)).  If the volume Vp is approximated by a sphere of diameter σ, σ will 
increase as n1/3. Calculations with the random packing of structural units modelxxix mentioned 
above show that an increase in σ leads to both a shift of the FSDP to smaller Q and an 
increase in the amplitude, similar to the trend observed in Figs. 3(a,c). The increasing values 
of n will also lead to increase in the form factor of the unit at low Q, further enhancing these 
two effects.  In the region at very low x, 0 - 0.05, where n decreases from 3.5 to 2.5, the very 
low values of the packing fraction η ( ~ x) means that the structural units have very little 
contribution to the total structure factor. 
 
Taking a numerical example at x = 0.4, where the principal structural unit is Se2/2P-PSe2/2 
with n = 4, m = 2, and putting η = 0.45, the value used in the model calculation in Ref. xviii, 
Eq. (8) gives w ≈ 0.32, whence ρ(w) ≈ 0.035 Å-3, α ≈ 0.035, Vp ≈ 106 Å3 and σ ≈  (6Vp/π)1/3 = 
5.9 Å, reasonably close to the value 5.4 Å used in the model calculation that reproduces the 
FSDP.xviii 
 
In the P-rich region, these trends are continued, with the FSDP increasing in amplitude and 
shifting to lower Q, but for a different reason. The FSDP in red amorphous P can be ascribed 
to a void structurexxx in which in the voids are likely to be filled with an increasing 
concentration of P4Se3 units as the P concentration is reduced, resulting in an FSDP with 
lower amplitude and centered at higher Q.  A similar trend is observed in applying pressure to 
red a-P.xxx  
 
 
B. Feature in the structure factor at 7.5 Å-1 
 
In AIMD simulations of two P-Se glasses by Segri et al.v, this feature, which starts to appear 
at x = 0.2, shows up in a simulation of the glass at x = 0.5 started with intact P4Se3 molecules 
(five out of the original eight surviving) but not in one started from random atomic positions. 
Their two sets of results (fitted by a sixth-order polynomial) are compared with the present 
results at x = 0.5 in Fig. 7. The simulation starting with P4Se3 molecules gave excellent 
agreement for the position and width of the FSDP but the amplitude was lower, perhaps 
because P4Se3 is not the dominant unit at this composition. 
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FIG. 7: Structure factor of PSe glass near Q = 7.5 Å-1: points, neutron diffraction data; solid line: 
simulation of Sergi et al.v started with intact P4Se3 molecules; dashed line: simulation started from random 
atomic positions.  
 
 
C. Nearest-neighbor bond lengths and coordination numbers. 
 
Figures 5 and 6 show that a reliable interpretation of the diffraction data can be obtained with 
the information about the speciation obtained from the NMR results.xii The bond lengths 
shown in Fig. 5 are consistent with the crystal data referred to previously at compositions 
where these exist. In the Se-rich region the Se-Se and double P=Se bond lengths remain 
essentially constant, while the average of the P-P and single P-Se bond lengths shows a steady 
decrease by about 1% as x increases from 0.025 to 0.54. Since the P-P bond length is slightly 
greater than the P-Se one in the crystals, this trend is probably due to decreases in both P-Se 
and P-P bond lengths rather than the increasing weight of P-P bonds in the average.  In the P-
rich region the trend reverses, with both P-Se and P-P bond lengths increasing by about 1% as 
x increases from 0.64 to 0.84.  
 
The trends in speciation in the glasses are also generally similar to those observed in the 
crystals. A notable exception is the behavior of the double P=Se bonds, which are present in 
the crystal at x = 4/9 but not visible in the NMR data or the total correlation function beyond x 
= 0.3.  Correspondingly, the P2 (Se2/2P-PSe2/2) species is predominant in the glasses for x = 
0.25 - 0.5, but absent in the crystals.  
 
In the total coordination numbers for P and Se shown in Fig. 6(b), it should be noted that the 
values of NP are above 3 for x = 0.025 - 0.15 and those of NSe below 2 for x = 0.05 - 0.3, both 
a consequence of the presence of P=Se bonds in this range. 
 
 
V. CONCLUSIONS 
 
This work has shown that not only can the previously contradictory NMR and diffraction 
results for the structure of P-Se glasses be reconciled, but also that taken together they lead to 
a comprehensive picture of the different structural units that evolve with change in 



 12

composition. As soon as small quantities, on the order of a few %, of P are added to vitreous 
Se, structural units develop that lead to pronounced intermediate range order on the length 
scale of about 6 Å, evidenced by the sharp FSDP at 1 Å-1.  Both the previous NMRxii and the 
present diffraction data point to the presence of 4-coordinated P up to about x = 0.3, and the 
almost constant P=Se bond length in the region is quantified by the diffraction results.  At 
about x = 0.05, 3-coordinated P becomes the dominant unit until about x = 0.25 where the 
ethylene-like (Se1/2)2P-P(Se1/2)2 units take over until the end of the Se-rich glass region at x = 
0.54.  A small concentration of P4Se3 molecular-like units starts to appear above x = 0.3 and 
increases up to the end of this region. The average of the irresolvable single P-Se and P-P 
bond lengths decreases slightly with increasing P concentration over this region, most likely 
due to a simultaneous decrease in both bond lengths.  Se-Se bonds, present up to about x = 
0.4, have an almost constant length over this concentration range. 
 
In the P-rich glass region that begins at x = 0.64 and continues up to pure red P, the 
concentrations of structural units in the NMR data was harder to quantify, but the dominant 
units were identified as P4Se3 and a red-P-like network, the latter dominating at the highest P 
concentrations. Neglecting the small concentrations of other units that could not be positively 
identified in the NMR, the relative concentrations of the two dominant units could be 
calculated.  The peak intensities in the correlation functions derived from the diffraction data 
were consistent with these values. The P-Se and P-P bond lengths exhibited steady increases 
with increasing P concentration.  
 
The apparent paradoxical behavior of the position in reciprocal space of the FSDP, decreasing 
with increasing P concentration in a similar way to the atomic volume, along with its steadily 
increasing intensity, can be explained in the Se-rich glass region by the increasing size of the 
units as the number of atoms they incorporate increases.  In the P-rich region, on the other 
hand, this behavior can be explained by the void structure opening up as pure red P is 
approached.  
 
The other intriguing feature in the diffraction pattern, the feature at 7.5 Å-1 that starts to 
appear at x = 0.4, is further evidence of the presence of P4Se3 structural units at higher P 
concentrations.  
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Figure captions 
 
1 (color online): Structural units in P-Se glasses identified by solid-state NMR experimentsxii. 
 
2: Structure factors of P, P0.67Se0.33, P0.4Se0.6 and Se glasses and liquid P4Se3: neutron results: 
solid lines, x-ray results: dotted lines. 
 
3: (a) Amplitude A1, (b) full-width at half maximum w1 and (c) position Q1 of the first sharp 
diffraction peak in P-Se glasses obtained from Gaussian fits: neutron results: ; x-ray results: 

; liquid P4Se3: ; (d) atomic volume Va of P-Se glasses: Ref. i: ; Ref. xii: . The solid 
lines are a guide to the eye, and the dotted line indicates the P4Se3 composition. 
 
4 (color online): Total correlation functions for three P-Se glasses; the glass with 10 at.% P is 
fitted with three Gaussians, and those with 40 and 67 at.% P with two Gaussians, using the 
procedures described in the text:  single-bond P-Se and P-P correlations, cyan dashed lines; 
Se-Se correlations, magenta dotted lines; double-bond P=Se correlations, blue dash-dotted 
line with filled area under the peak; total correlations, red solid lines. 
 
5 (color online): Bond lengths in P-Se glasses derived from the Gaussian fits; the points 
labeled P-(Se-P) represent the weighted average of single-bond P-Se and P-P correlations: 
neutron results: ; x-ray results: ; crystal values: ×. The solid lines are a guide to the eye, 
and the dotted line indicates the P4Se3 composition. 
 
6 (color online): (a) Partial coordination numbers in P-Se glasses derived from the fitted 
Gaussians; (b) total coordination numbers for Se and P: neutron results: ; x-ray results: ; 
crystal values: ×. The solid lines are a guide to the eye, and the dotted line indicates the P4Se3 
composition. 
 
7: Structure factor of PSe glass near Q = 7.5 Å-1: points, neutron diffraction data; solid line: 
simulation of Sergi et al.v started with intact P4Se3 molecules; dashed line: simulation started 
from random atomic positions.  
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