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Characterizing the nature of medium-range order (MRO) in liquids and disordered solids is important for understanding their
structure and transport properties. However, accurately portraying MRO, as manifested by the first sharp diffraction peak (FSDP) in
neutron and X-ray scattering measurements, has remained elusive for more than 80 years. Here, using X-ray diffraction of amorphous
red phosphorus compressed to 6.30 GPa, supplemented with micro-Raman scattering studies, we build three-dimensional structural
models consistent with the diffraction data. We discover that the pressure dependence of the FSDP intensity and line position can
be quantitatively accounted for by a characteristic void distribution function, defined in terms of average void size, void spacing
and void density. This work provides a template to unambiguously interpret atomic and void-space MRO across a broad range of
technologically promising network-forming materials.

The functional versatility of non-crystalline materials has
enabled revolutionary technological advances. Examples include
amorphous silicon, an important component of solar cells1

and flat-panel displays2; chalcogenide glasses such as Ge2Sb2Te5,
which are used in novel storage devices including optical DVDs
(ref. 3); and nanolaminates such as copper–zirconium glass, which
significantly enhances the plasticity of crystalline materials4. And
yet, unlike crystalline material characterizations, the molecular
functions of disordered materials are not definitively correlated
with atomic structure, which hinders systematic engineering routes
towards advanced materials design. Although non-crystalline
materials do not exhibit long-range order, they can exhibit
medium-range order5 (MRO) on the scale of 5–20 Å. Atomic
structures are typically quantified in terms of site–site pair-
distribution functions (PDFs) g(r), which provide probabilities
for nearest-neighbour bond distances, bond angles and bonding
coordination numbers. Nevertheless, in the absence of theory,
these provide an insufficient basis to confidently identify intrinsic
building-block structures.

To capture the underlying physics that accounts for novel
MRO materials properties, compelling explanations have been
sought to quantifiably link observed first sharp diffraction peak
(FSDP) attributes to medium-range atomic-scale architectures. The
FSDP intensity, occurring at scattering vector values Q < 2 Å

−1
,

is thought to indicate the degree of atomic MRO. The origin of
the FSDP has been attributed to numerous models, including
nanovoids intrinsic to continuous-random network (CRN) ring
structure topologies6, interstitial-void correlations concurrent
with bond directionalities induced by chemical ordering7 (the

concentration–concentration partial structure factor, Scc(Q)
in the Bhatia–Thorton formalism8), separations between
CRN inter-layered structures9–15, cation–cation correlations16,
long-range atomic correlations17, zones of low atomic occupancy18,
transient atomic layered void separations14, cluster correlations19

and density deficits induced by loan-pair interactions15.
Complications arise when developing MRO structural models
using sparsely tested restrictions, which result because the FSDP
origin is ambiguous or misinterpreted. For example, the notion
that chemical ordering induces voids, and thus accounts for the
origin of FSDPs, implies rigid geometrical bonding restrictions
that are feasibly untenable when considering MRO network fluids
well above glass-transition temperatures or monatomic systems
where Scc(Q) contributions to the total scattering function, S(Q),
are respectively very weak and absent.

Amorphous red phosphorous (a-rP) is an archetypal MRO
semiconductor. The atomic PDF and average atomic properties
were first reported in 1935 by Hultgren, Gingrich and Warren20.
Experimental efforts conducted on conventionally made a-rP
since 1967 include X-ray diffraction10,21,22, infrared absorption11,12,
Raman spectroscopy11,23,24, photo-induced electron-spin
resonance25, electrical conductivity26–28, photoluminescence29,
optically detached magnetic resonance30, neutron diffraction31–34,
extended X-ray absorption fine structure35, X-ray photoemission
spectroscopy13 and transmission electron micrographic studies36.
However, a description of solid-state a-rP structural subunits
where theory and experimental data agree has remained
unsolved. Theoretical initiatives carried out in silico include
force-constant models37, molecular dynamic density functional
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Figure 1 Atomic number densities are computed from total scattering function results and these parameters constrain structurally refined models that compare
extremely well to X-ray diffraction results. Total scattering function data, where Qmax > 8–10 Å, are required to compute atomic number densities with ±3–5% error; S (Q )
and ρ guide the development of structural models using the EPSR method. a, FSDP intensity correlates strongly with pressure. Increasing pressure also shifts the line
position to higher Q. Here, the a-rP S (Q ) contour begins at 1.38 GPa. Hydrostatic pressure is applied up to 6.30 GPa and then pressure is systematically released.
b, Computed a-rP number densities plotted along the compression cycle (red circles) and decompression cycle (blue circles). The ambient pressure value represents the
average of three helium pycometry measurements. Error bars represent the standard deviation of 20 separate computations from S (8–10 Å−1) data. The bulk modulus is
determined to be 5 ±1 GPa using the Birch–Murnaghan equation-of-state model where K ′

o is fixed at 4.0. As pressure is released density drops, although a complete
recovery to the precompression value requires thermal heating of the reclaimed sample. Here, the reclaimed a-rP density is 20% higher than the precompressed value. c, A
selection of EPSR model results (solid black lines) with corresponding X-ray diffraction results (coloured vertical lines). Data are vertically offset to enhance clarity. The
ambient-pressure neutron data at the bottom of the plot are from Elliott et al 31. d, Residual differences between X-ray and model S (Q ) data are typically ± ∼ 2%, whereas
±5–10% oscillations occur in the ambient-pressure neutron data below Q= 5 Å and then fall to <2% from 5.5 to 30 Å.

theory methods38,39, ab initio self-consistent field and second-order
Møller–Plesset calculations40, full-potential linear muffin-tin
orbital molecular dynamics41 and reverse Monte Carlo
simulations3,34. Constructed theoretical models essentially fall
into three paradigms: (1) CRN models consisting of layered
structures10–12,42 (2) tubular or chain-like structures24,36,37,40 often
consisting of pentagonal rings and (3) a distribution of n-member
clusters38–41. Thus far, no theoretical construct yields a physically
plausible three-dimensional (3D) a-rP architecture that definitively
matches X-ray and/or neutron scattering measurements. Here,
we present an integrated study using our laboratory results to
constrain our empirical potential structure refinement (EPSR)

computations and corresponding void structure analysis of a
prototypical MRO material. These analysis tools can be applied
to accurately characterize 3D atomic and void structures within
multi-atomic network-forming materials.

We carry out ambient-temperature X-ray diffraction and
micro-Raman spectroscopy measurements on hydrostatically
compressed and decompressed a-rP up to a maximum pressure
of 6.30 GPa. Experimental structure factors S(Q) are shown
in Fig. 1a. Using S(Q) data, atomic number densities, ρ,
are computed and pressure-dependent values are given in
Table 1 and plotted in Fig. 1b. S(Q) and ρ values constrain
refinements of atomic structural models using the EPSR method43
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Table 1 Densities, first-nearest-neighbour coordination and nearest-approach values and void fractions determined in this study. Density was determined from the slope
of the intramolecular region of the electron density partial structure factor F (r ) (ref. 49). At each pressure, the first peak in g (r ) was integrated up to the first minimum
given by rmin to yield the corresponding coordination number for nearest-neighbour phosphorus atoms. The total void fraction within our EPSR simulation box, fv, is
simply the ratio of the number of void pixels divided by the total pixel number (106). An occupied pixel criterion is set by rmax, the assumed nearest-approach distance of
atoms given by the first peak maximum position in g (r ). Any pixel position >rmax away from local phosphorus atoms is assigned as unoccupied.

Pressure Density rmin Coordination rmax fv
(GPa) (atoms Å−3) ( Å ) number (Å)

0 0.0416 2.92 3.8 2.22 0.1067
Elliott
1.38 0.0526 (0.0023) 2.75 4.3 2.18 0.0510
2.22 0.0565 (0.0023) 2.76 4.6 2.18 0.0429
2.69 0.0583 (0.0034) 2.76 4.6 2.18 0.0338
3.02 0.0594 (0.0017) 2.76 4.6 2.18 0.0215
3.61 0.0610 (0.0019) 2.76 4.6 2.18 0.0204
4.19 0.0624 (0.0024) 2.75 4.5 2.18 0.0057
5.00 0.0641 (0.0023) 2.73 4.5 2.18 0.0041
5.70 0.0657 (0.0019) 2.71 4.5 2.18 0.0020
6.30 0.0670 (0.0036) 2.70 4.5 2.18 0.0013
5.65 0.0701 (0.0039) 2.68 4.6 2.13 0.0016
4.11 0.0676 (0.0024) 2.72 4.7 2.18 0.0009
3.19 0.0655 (0.0037) 2.71 4.6 2.20 0.0027
2.60 0.0639 (0.0020) 2.74 4.5 2.20 0.0025
0.76 0.0567 (0.0026) 2.76 4.2 2.22 0.0176
0 0.0498 (0.0065) 2.76 3.5 2.24 0.0248

(Fig. 1c). The residual difference between our X-ray data
and simulated structure factors is typically less than 2%
(Fig. 1d). Here, well-constrained EPSR S(Q) values yield model
PDFs that agree very well with experimental data (Fig. 2a,
Supplementary Information, Fig. S1a,b). Constrained EPSR g(r)
data enable a rigorous and comprehensive interpretation of
3D MRO structures; this high degree of analysis cannot be
achieved using experimental PDFs alone. Pressure-dependent
Raman spectra and corresponding line positions are provided
in Supplementary Information, Fig. S2a–c. We also investigate
thermal heating effects on ambient-pressure-reclaimed a-rP
(Supplementary Information, Fig. S3).

A principle discovery of this study is that a-rP comprises P3

triangles and P4 pyramidal subunit structures linked by chains of
P atoms. Structural models match experimental PDF data when
we permit P3 triangles and P4 pyramids to form in the EPSR
simulations. Indeed, evidence suggests these structures exist in
red phosphorus23,35. It is not possible to match PDF data by
assuming a purely tetrahedral local coordination (P5 units) because
the second peak position in g(r) is at too low an r-value to
permit strictly tetrahedral coordination. Hence, the present model,
consisting of P3 triangles and P4 pyramids linked by chains of P
atoms is the only one consistent with neutron diffraction data31.
If undistorted tetrahedrally bonded subunit structures were to
occur, then P–P–P bond angles should occur in the vicinity of
109◦–110◦. The PDF data indicates the average P–P–P angle varies
from 103◦ at ambient conditions to 98◦ at 6.30 GPa (Fig. 2b,c).
Moreover, we find the ambient-condition coordination of a-rP,
calculated from the area under the first EPSR peak in g(r), to
be nearly four-fold with a value of 3.8, which is common among
tetravalent elements.

Our consideration of P3 triangles presumes two P atoms to
be bonded if their neighbour distances are less than or equal
to the first minimum well spacing in g(r), rmin (values listed in
Table 1). Here, the second peak in g(r) implies a P–P–P bond angle
centred about 100◦, evident of a covalent bonding network. Hence,
we might surmise that purely tetrahedral bonding coordination
(for example, Si, Ge), if it exists in a-rP, is much less probable

(that is, the probability distribution between 106◦ and 112◦ bond
angles is less than the 100◦ distribution). The data shown in Fig. 2
clearly indicate a strong propensity for the existence of P3 triangles
including P4 pyramids, both structures contributing bond-angle
peak distributions near 60◦. The average atomic positions (Fig. 3a)
suggest that links to these and other such subunit structures
result in the more diffuse bond-angle distribution near 151◦.
The distribution centred near 100◦ is attributed to links between
second-nearest neighbours within winding chains of P atoms that
connect triangular P3 and/or pyramidal P4 subunits. To further
check the integrity of our model, we truncated Elliott’s S(Q) from
30 Å−1 down to 10 Å−1 and the resultant analysis of g(r) yields no
change in the angular distribution peak positions used to construct
our 3D structural model (see Supplementary Information, Fig. S4).

There are clear and significant structural correlations that
extend beyond the spatial range of our potential surface or
simulation box length (30 Å) as evident by low-amplitude
truncation oscillations in EPSR S(Q) values at Q < 1.8 Å

−1
. In

addition, the ambient-pressure data of Elliott et al.31 have markedly
reduced peak line positions compared with our 0.01 GPa X-ray data
(see Supplementary Information, Fig. S5). The FSDP intensity from
neutron scattering is 24% less and the area is about 20% more
than the X-ray result and in part this may be due to differences in
wavelength-dependent scattering efficiency and/or sample porosity.
Unfortunately our 0.01 GPa data extends to only Q = 5.8 Å

−1

and consequently, large-amplitude Fourier-transform truncation
oscillations decimated the integrity of g(r). Extrapolating trends
observed in higher Q-range and pressure-range X-ray results to
ambient pressure indicate our sample has a +5◦ distribution of
P–P–P diffuse bond angles and a corresponding 18% increase in
probability. Putting the differences in neutron and X-ray S(Q)
values aside, a more illuminated picture of MRO structural
networks is revealed by studying effects driven by hydrostatically
applied pressure.

When pressure is applied, the electrical resistivity of a-rP falls
by nine orders in magnitude; this effect was observed by Extance
and Elliott27 in 1980. Does an anomalous relationship exist between
electrical transport and the nature of MRO in network-forming
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Figure 2 Experimentally constrained structural refinement models provide a means to plausibly discern 3D MRO atomic structures. Here, our modelled PDF data
provide a much more rigorous basis to elucidate MRO a-rP structures than experimental data alone. a, A selection of modelled g (r ) results (solid black lines) compared
against Fourier-transformed experimental S (Q ) data (coloured vertical lines). X-ray results are shifted vertically to ease comparison. (A contour plot of PDF data from
Q= 5.0–7.0 Å is shown in Fig. 3b.) The ambient-pressure neutron and model PDFs are scaled down by a factor of 0.4. The neutron PDF exhibits narrowed peaks as a
consequence of Fourier transforming S (Q ) data extending out to Q= 30 Å

−1
(not shown). b, A contour of bond-angle distributions where the P–P bond length is assumed to

be the pressure-dependent first-nearest-neighbour distance, rmax, given by the first peak position in modelled PDFs. c, The included angle positions for each prominent
angular distribution plotted to show compression (red plot symbols ↑) and decompression (blue plot symbols ↓) cycles. The most significant pressure-induced change occurs
between 3.61 and 5.00 GPa where connected P3 triangles and/or P4 pyramids begin to open up as signalled by the 5.6

◦ increase in the broad peak initially centred at
150.6◦ . These trends reverse, although not completely, on release of pressure. d, Included angle probability distributions indicate P3 and P4 structures diminish by
approximately 22%. There is an 11% reduction in second-nearest-neighbour chain elements, and more importantly, these axial components become more compact, as is
evident by the corresponding 5.3◦ reduction in angular distribution. Most striking is a 58% rise (from 3.61–5.00 GPa) in the distribution of network-connected P3 triangles
and/or P4 pyramids. Above 3.61 GPa, the relative number of these more flattened chain-linked structures dominates the topology of a-rP.

semiconductors? We see an inverse relation between FSDP intensity
and pressure (Fig. 1a). At 0.01 GPa, the FSDP line position is
1.077(1) Å−1 and at 6.30 GPa, it is shifted by only +0.129 Å−1.
Likewise, localized bond lengths change very little as reflected
by the fact that the Raman scattering peak positions shift only
<0.3 cm−1 GPa−1. However, there are significant changes to non-
localized vibrational peak intensity ratios (see Supplementary
Information, Fig. S2a). The first- and second-nearest-neighbour
PDF peaks are displaced by only −0.010 and −0.170 Å respectively
(Fig. 3a). The nearest-neighbour coordination number is virtually
invariant to compression (Table 1) while the ambient pressure

ρ increases 66%. Pressure has little effect on short-range-order
correlation lengths and the P3 and P4 structures that remain at
6.30 GPa are not significantly deformed.

The most significant structural changes occur above r = 5 Å,
where MRO nearest-neighbour peaks present at high pressure
are generally much weaker and poorly defined at the lower
densities (Fig. 3b). A strong pressure-dependent correspondence
appears between the sixth-, seventh- and eighth-nearest-neighbour
peak positions and the most intense intermolecular Raman
peak (350.8 ± 1 cm−1 at ambient pressure); starting at ambient
pressure, all three line positions steadily decline in magnitude until

nature materials VOL 7 NOVEMBER 2008 www.nature.com/naturematerials 893

© 2008 Macmillan Publishers Limited.  All rights reserved. 

 



ARTICLES

5.
00

5.
25

5.
50

5.
75

6.
00

6.
25

6.
50

6.
75

7.
00

P(0)–P(7)

P(0)–P(8)

P(0)–P(6)

0
2.60

4.11
6.30

5.00
3.61

2.69

 r (Å)

Pressure (GPa)

 

g(r)

1.38

P(0)–P(5)

1.16

1.09

1.03

1.23

0.96

Ne
ar

es
t-

ne
ig

hb
ou

r l
en

gt
h 

(Å
)

Second-nearest neighbour ↑
Second-nearest neighbour ↓

2.3 %

2.9 %

2.15

2.20

2.25

3.30

3.35

3.40

3.45

3.50

Pressure (GPa)

1 2 3 4 50 6

First-nearest neighbour ↑
First-nearest neighbour ↓

Axial chain stiffening

Ne
ar

es
t-

ne
ig

hb
ou

r l
en

gt
h 

(Å
)

 P(0)–P(8) ↑
 P(0)–P(8) ↓

 P(0)–P(7) ↑
 P(0)–P(7) ↓

 P(0)–P(6) ↑
 P(0)–P(6) ↓

 P(0)–P(5) ↑
 P(0)–P(5) ↓

Axial chain relaxing

5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9

6.3

6.4

6.5

6.6

6.7

6.8

6.9

7.0

Pressure (GPa)

1 2 3 4 5 60

101

102

Pressure (GPa)

Peak area (317–515 cm-1)
Linear fit to 3.61 GPa
Peak intensity of 100% peak

100

101

102

Pe
ak

 a
re

a,
 3

17
–

51
5 

cm
–

1  
en

ve
lo

pe
 (a

rb
. u

ni
ts

)

Peak intensity, 100%
 peak (counts m

J
–

1)

Raman data
Individual peak fits
Cumlative peak fit

Ra
m

an
 in

te
ns

ity
 (c

ou
nt

s 
m

J–
1 )

Raman frequency shift (cm–1)

a–rP, ambient conditions

350 400 450 500
0

10

20

30

40

50

60

0 1 2 3 4 5 6

a b

c d

Figure 3 When pressure is applied, winding phosphorus chains contract up to 3.61 GPa, where connected subunit structures then separate from each other and
buckle into surrounding space. a, The first- and second-nearest-neighbour g (r ) peak positions plotted across compression (upward directed red triangles ↑) and
decompression (downward directed blue triangles ↓) cycles. These short-range-order coordination lengths are virtually unaffected by pressure. The relatively high
second-nearest-neighbour length at ambient pressure may indicate a difference between our sample and that of Elliott et al 31. b,c, The sixth- to eighth-nearest-neighbour
coordination lengths reflect a high degree of sensitivity to applied pressure. At 6.30 GPa, the fifth-nearest-neighbour peak, P(5), area has increased to five times the ambient
value, suggesting an anomalous inverse relationship to FSDP intensity. The sixth, seventh and eighth coordination shell lengths decrease from ambient to 3.61 GPa, where
suddenly this trend stops. These trends reflect the degree of axial compression along specific components of the a-rP chain network. Above 3.61 GPa, the seventh- and
eighth-nearest-neighbour lengths now increase, suggesting a possible association with the buckling diffuse bond-angle structures. d, These trends are corroborated by our
micro-Raman spectroscopy results. Raman peaks are highly convoluted (inset); however, relative signal intensity and peak areas are determined with high precision. The
initial high signal strength is attributed to a resonant Raman effect. Here, the HeNe laser excitation energy nearly matches the a-rP bandgap energy. A 102 loss in Raman
signal intensity from ambient to 3.61 GPa is ascribed to a pressure-induced closure of the electronic bandgap. Extance and Elliott attribute an abrupt drop in electrical
resistance at 35 kbar (3.5 GPa) to a change in conduction mechanisms27. Our atomic structure models thus indicate that buckling chain-linked P3 and/or P4 subunit structures
draw non-bonding orbitals more closely together, thereby changing the density of defect states.

3.61 GPa, where suddenly these progressions terminate (Fig. 3c
and Supplementary Information, Fig. S2c). Redshifting of this
Raman mode indicates a decrease in vibrational interaction length
between similar subunit structures. We interpret these parallel
trends as a stiffening of longitudinal displacement along axial
chain components where the effects of compression are most
pronounced. This raises the question: why, in an amorphous
material, should there be a sudden decrease in the compressibility

of a MRO structural network, whereas more localized bonds remain
apparently unaffected by pressure?

Between 3.61 and 5.00 GPa, there is a noteworthy 58% jump
in the distribution probability of diffuse bond angles (Fig. 2d),
and coincidentally, the resonant Raman effect abruptly terminates
(Fig. 3d). One precursor to these striking events is the extinction of
three Raman modes at 3.00 GPa. Between 3.00 and 3.61 GPa, there
seems to be a ‘tipping point’ where longitudinal chain components
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Figure 4 Calculated void-pixel pair distribution functions and a model for g (r )void quantitatively tie FSDP attributes to average void size, void spacing and void
density. a, A selection of computed void-pixel pair-distribution functions derived from highly partitioned EPSR boxes (coloured vertical lines) plotted with results from a g (r )v
model (solid black lines). The EPSR empirical potential used was cut off at 18 Å thus limiting the range of calculated void-pixel distributions. The model is a convolution of a
void-particle distribution function, gp (r ), with a pair distribution of void centres, gc (r ), incorporating a hard-sphere diameter, Rc, given by the Percus–Yevick function. The rise
at low r is effectively the inverse of the void fraction, 1/ fv. Curves are shifted vertically to facilitate comparison. The example inset figure shows that void-space oscillations
extend well beyond the 30 Å dimension of the EPSR box. b, The first peak position in g (r )void plotted along compression (filled circles) and decompression (open circles) cycles
compared to 2π/QFSDP. The pressure-dependent factors of QFSDPg (r )void-1st pk and QFSDPRc are nearly constant, suggesting a strong interdependent correlation between the
FSDP line position, average void size and void spacing (Table 2). c, The FSDP area as a function of void fraction along compression (red spheres) and decompression (blue
spheres) cycles. The linear response of the FSDP scattering intensity to void fraction implies a strong interdependent correlation between FSDP area and void density. d, The
pressure-dependent FSDP area as a function of electrical resistance measured by Extance and Elliott27. The ambient-pressure resistance value is determined by extrapolating
their data. The linear relation between FSDP scattering intensity and electrical conductivity exhibits a highly correlated anomalous behaviour. Is this phenomenon unique
to a-rP?

stiffen up and subsequent increases in pressure force connected P3

and/or P4 subunit links to separate and buckle into surrounding
space. Above 5.00 GPa, these deformed chain-linked structures
stiffen significantly until at 6.60 GPa there is a phase transition
to crystalline black phosphorus (see Supplementary Information,
Fig. S6a,b) These atomic-scale transitions underscore the changes
observed on the macroscopic scale (Fig. 1b). When pressure on
a-rP is reduced below 6.30 GPa, these trends partly reverse leaving
the reclaimed sample structure in a more densified configuration.
Thermally heating a reclaimed sample seems to completely recover
its original structure (see Supplementary Information, Fig. S3).

FSDP ATTRIBUTES SIGNAL VOID-SPACE NETWORK STRUCTURES

If neighbouring subunit structures are pushed apart and yet
undistorted by pressure, this suggests the overall MRO chain
network must contract sufficiently to account for the 66% increase
in density. However, MRO nearest-neighbour lengths decrease
by only 3.7–6.8%. A plausible explanation is that significant
void-space regions collapse. To gain perspective of atom-void
configurations, we created a unique analysis procedure to quantify
the void structure of MRO network materials. Here, we define a
‘void’ as a place where it is possible to insert another phosphorus
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Table 2 Parameters used to model the void-pixel pair-distribution function, g (r )void presented in Fig. 4a. The parameters used to model the void-pixel PDFs are given in
the first five columns following listed pressures and are: fv, void fraction; Rp, nominal mean dimension of the single void particle; β, void stretch exponent; Rc,
hard-sphere diameter or nominal void spacing; and η, the void packing fraction. QFSDP is the position of the FSDP in the simulated structure factor with units of Å−1. The
product given by QFSDPRc is essentially constant (1.3% variation) and the product of QFSDP g (r )void is also reasonably constant (7.8% variation), suggesting that indeed
the S (Q ) FSDP position signals the void-size and void-distribution information.

Pressure 1/ fv Rp β Rc η QFSDPRc QFSDP

(GPa) (Å) (Å) g (r )void-1st pk

0 9.4 1.30 0 7.0 0.38 6.65 7.30
Elliott
1.38 19.6 1.06 0 6.2 0.40 6.67 7.60
3.61 49.0 0.82 0 6.0 0.40 6.74 7.70
6.30 769.2 0.38 −0.08 5.6 0.40 6.68 7.57
5.65 625.0 0.40 −0.08 5.6 0.40 6.68 7.72
2.60 400.0 0.40 −0.08 5.8 0.40 6.74 7.76
0 40.3 0.81 0 6.0 0.40 6.64 7.91

atom without displacing existing atoms. Simulation boxes are
divided into approximately 106 cubic pixels where each pixel is
assigned an occupancy value of either 1 or 0. A pixel is classified
as ‘occupied’ if it is within a specified distance of any other
atoms in the box. This pressure-dependent distance is specified
by the first maximum peak position in g(r), rmax, assuming the
model represents the typical near-neighbour separation of atoms. A
void-pixel distribution function results where void size is expressed
in units of atomic volume, 1/ρ (see Supplementary Information,
Fig. S7). Thus, a void of size 1 unit occupies the same volume
as that occupied by an atom. The void fraction ratio, fv, is
the number of unoccupied pixels divided by the total number
of pixels. Listed in Table 1 are pressure-dependent minimum
approach distances and void fractions. Applied pressure naturally
reduces the void fraction. There is a remarkable 72% collapse
in void fraction between 3.61 and 4.19 GPa. This phenomenon
corresponds precisely with the buckling MRO chain network and
flattening of P3- and/or P4-linked structures. For smaller fv values
where void-size dimensions approach the pixel dimension (∼0.3 Å)
and where the box consists of less than 1% void pixels, the void
fraction becomes more notional and less precise.

The overall void structure is better elucidated by calculating
void-pixel PDFs Fig. 4a. Isolated void profiles are not distinguished.
The void-size distributions rise to very large values at low r. More
importantly, these functions exhibit a very characteristic oscillatory
structure, which transmits past the EPSR box edge (Fig. 4a, inset).
Therefore, even though the void pixels represent unoccupied space,
they can still ‘sense’ the underlying long-range oscillations in
atomic number density. These oscillations are present in the PDFs
shown in Fig. 2a, but are predominantly masked by the detailed
atomic structure. What is remarkable is that they remain detectable
even when the void fraction has dropped to ∼0.1%, so the voids
continue to signal these density fluctuations even when greatly
diminished, and irrespective of whether or not they span the
simulation box. Furthermore, the periodicity of these oscillations
varies much more with pressure than atomic oscillations (compare
Fig. 4b with Fig. 2c).

The FSDP position correlates well with the void-pixel
separation distance given by the first peak in g(r)void. As pressure
shifts the FSDP out to larger Q, the first void-pixel peak in this
oscillatory function swings to smaller distances. The FSDP area
and intensity are found to be linearly proportional to void fraction
and electrical resistance (Fig. 4c,d). By extrapolation, we ascertain
that the FSDP intensity is fully extinguished when fv 6 0.01%.
These methods quantify how FSDP attributes are coupled to MRO
void-space networks; however, the architecture of isolated void
structures remains to be fully elucidated.

CHARACTERIZATION OF VOID STRUCTURE

The excluded volume model44 provides a convenient basis to
characterize void-space radial distribution functions. We postulate
that the voids have a characteristic shape pair-distribution function,
and we label this as gp(r). However, the a-rP void-volume
histograms show great diversity in void-size distributions, so any
shape function we might introduce must be convoluted with a
broad size distribution, thus destroying any shape information it
might contain. To mitigate this issue, and better match the observed
fall in g(r)void at low r, we approximated the shape, which includes
the size distribution in a mean field sense, to have the form:

gp (r) = exp

[
−

(
r

Rp

)(1+β)
]

.

This expression fits calculated g(r)void PDFs at low r reasonably
well, and requires only two adjustable parameters, namely a
nominal mean single void dimension, Rp, and a stretch exponent,
β, which is useful for very low void fraction situations when
the apparent void dimension becomes much smaller than void
separations. Thus, the full equation used here to model void-pixel
PDFs is given by:

gv (r) =
1

fv

gp (r)+
1

vp

∫
dugc (r−u)gp (r),

where vp = 4π
∫

∞

0
r2gp(r) dr is the mean void shape function

volume, and gc(r) is the distribution of void centres. We assumed
a form for gc(r) given by the Percus–Yevick hard-sphere radial
distribution function45 where the void packing fraction, η, is related
to the density of voids, ρv, and the hard-sphere diameter, Rc,
by η = πρvR3

c /6. Here, gp(r), Rc and η are treated as fitting
parameters, although a packing fraction of ∼0.4 yields reasonable
results in all cases tried. Our gv(r) model parameters used to
generate the solid-line curves in Fig. 4a are presented in Table 2.

We find the mean single particle function size, Rp, diminishes
steadily with increasing pressure and, concurrently, the mean
void-centre separation gradually diminishes. The slightly negative
value of β at the smallest void fractions serves to introduce an
extended tail to gp(r). The reason is our hard-sphere PDF produces
a very sharp cutoff, whereas real voids will exhibit a much softer
overlap. This effect manifests as a mismatch between the model
and the EPSR results in the region of 4 Å(Fig. 4a). The products
of FSDP line position with the first peak position in g(r)void
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and also Rc are nearly constant with pressure, thus providing an
unambiguous indication that void-pixel PDFs and modelled void
structures properly account for FSDP line positions (Table 2).

A BROADER INTERPRETATION OF MRO IN NETWORK-FORMING MATERIALS

The FSDP of a-rP indicates a structural ordering of atoms that
create periodically modulated void structures; from the assembly
of atomic subunit structures (triangles, tetrahedra and MRO chain
structures) emerge voids with even longer correlation lengths. In
monatomic systems such as a-rP, where S(Q) = SNN(Q), the FSDP
can only signal the extent of local density fluctuations, and we
conclude these arise from voids forming in the structure. The area
under the FSDP signals the correlated void fraction. Hence, the
porosity of a MRO network material, which is directly proportional
to shear modulus and, at least for a-rP, electrical resistivity can be
quickly assessed using the FSDP.

The presence of FSDPs from multi-atomic network-forming
systems has been attributed to chemical-ordering, where voids
result due to correlated directional bonding between pairs of
unlike atoms. These claims are not unquestionably proven and,
further, they restrict the interpretation of MRO. Using the analysis
method described here we could analyse published experimental
data spanning the full spectrum of fragile to non-fragile network-
forming materials and find that MRO is dominated by local density
fluctuations. In this instance, the interpretation of MRO is not
restricted by chemical ordering and hence lends itself to more
wide-ranging and robust structural characterizations. For example,
the FSDP can indicate structural ordering that will enable, with
less geometrical bonding restrictions, the creation of elegant ionic
structure models, which in turn will accurately characterize useful
functionalities (for example, mass diffusion, fragility, magnetic,
electron transport and so on) of natural or in silico designed binary
network glasses. The tools we present here, which definitively
elucidate the atomic-void structures of disordered materials, will
enable more systematic approaches towards the development of
countless useful products and resources.

METHODS

METHODS SUMMARY
A <1 g lump of 99.9999% pure a-rP was polished to yield 50-µm-thick
plates, which were cut into ∼100 µm square samples. Angle-dispersive X-ray
diffraction data were collected on beamline 12.2.2 of the Advanced Light Source
(35 keV). A specially designed diamond anvil was inserted into a modified high-
pressure cell to permit smoothly varying diffraction intensities up to 110◦2θ.
Background and sample data were collected to 6.30 GPa. Two-dimensional
diffraction images were radially integrated to render angularly dependent
scattering intensities. Total scattering structure factors S(Q) were determined
by subtracting background scattering contributions due to air, diamond
windows, the pressure medium and temperature diffuse scattering46–48. The
measured fluid-pressure-medium intensity background contribution is a factor
of three times higher when compared with a-rP sample intensity data; there
is only fluid above the sample. However, comparison to ambient-pressure
P–P–P inclusion angle results clearly indicates that the fluid-pressure-medium
overcorrection does not affect the integrity of our 3D model. The S(Q) data
were Fourier transformed to yield electron density structure factors F(r).
Sample density was determined at each pressure from the intra-atomic region
of F(r) using the method of Eggert et al.48. One improvement here is the use
of corresponding high-pressure background data. Density was computed for
each pressure by averaging 20 values over S(Q) = 8–10 Å−1. Averaged results
are reported with error bars corresponding to standard deviations (Table 1).
Atomic structural models were refined using EPSR (ref. 43). S(Q) data, density,
an approximate interatomic potential and estimated bond distances constrain
EPSR computations. The initial potential is perturbed until a satisfactory fit to
the diffraction data is obtained. Raman spectra were collected using a Horiba JY
0.3 m LabRAM system (1,800 grooves mm−1 grating) using continuous-wave

output from a HeNe laser (632.8 nm). A back-illuminated liquid-nitrogen-
cooled CCD (charge-coupled device) detector captured the Raman scattered
photons. Raman spectra were collected below the damage threshold fluences
given in Supplementary Information, Fig. S8. Below 3.5 GPa, between 40 and 60
separate time exposures were collected over spatially different positions. These
spectra were averaged to generate each pressure-dependent spectrum.

SAMPLE
Our 99.9999% pure a-rP was obtained from Alfa Aesar Puratonic. One <1 g
lump of material was polished to a 50 µm flat plate using Al2O3 paper. The
sample was then cut into 100×100 µm sections. The ambient condition density
was determined by helium pycometery. Three trials were run and the average
value was determined to be 2.137 ± 0.103 g cm−3. Raman (LLNL), X-ray
(LBNL-ALS) and neutron diffraction patterns (LANL-LANSCE) were collected
and found to be very similar to those in the literature10,11,20–24,31–34.

X-RAY DIFFRACTION DATA
X-ray diffraction data were collected on beamline 12.2.2 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. This is a modern brightness
preserving high-pressure beamline49. The beamline benefits from X-radiation
generated by a 6 GeV superbend magnet. Monochromatic radiation is selected
using a two-bounce Si 111 monochromator. X-rays are initially focused using a
torroidal mirror and then further focused using KB mirrors to give a 10×10 µm
X-ray spot. A MAR 345 image plate detector collected diffraction images.

A custom-designed diamond anvil cell (DAC) built to enable X-ray
diffraction out to very high angles was used in our study. This DAC consists
of a four-post symmetrical design with WC Boehler-Almax type backing
plates and a 1.7-mm-tall, 6.5-mm-girdle-diameter, type-IB diamond on the
downstream side and a conventional backing plate and diamond on the
upstream side. This combination enables diffraction data to be collected
at angles of up to 110◦2θ. Scattering intensity varies smoothly as X-rays
traverse only through air, the sample and diamond windows. The minimum
sample-to-detector distance available on BL 12.2.2 is 135 mm, which combined
with the highest useful energy of 35 keV limited the maximum Q-range to
∼10 Å−1. A rhenium gasket radially confined the sample, pressure manometer
and pressure medium. The original foil thickness was 250 µm and this was
pressed to 70 µm before a 220 µm hole was cut using a micro-electrical
discharge machine purchased from Hylozoic Products. The a-rP was loaded
into the pressure cavity together with NaCl and strontium tetraborate pressure
manometers. The pressure-transmitting fluid consisted of a 4:1 mixture of
methanol/ethanol (see Supplementary Information, Fig. S9). According to
high-pressure ultrasonic studies conducted over the same pressure range of this
study, the alcohol fluid compressibility exceeds that of a-rP. At low pressure,
it is conceivable that the pressure medium permeates the a-rP void space. We
found no experimental evidence supporting the notion that a-rP chemically
reacts with the pressure-transmitting fluid. Materials were loaded to permit
spatially discrete measurements of a-rP, manometers and the alcohol pressure
medium. This data collection sequence was repeated at each pressure reported
in our study.

RAMAN SPECTROSCOPY DATA
Raman spectra were collected on a JY 0.3 m LabRam system using continuous-
wave laser 632.8 nm radiation. Spectral calibration was made using a neon lamp.
The laser excitation spot size was nominally 2–4 µm. Strontium tetraborate was
used as an optical pressure manometer. The sample was compressed using a
symmetrical DAC (piston-cell design by P. Pruzan) comprising type-II synthetic
diamonds (Sumitomo Electric Ind. Ltd) with 0.4 mm culets. The sample
was radially constrained by a rhenium gasket with a 65–70-µm-thick sample
chamber and a diameter of nominally 220 µm. A 4:1 methanol/ethanol mixture
was used as a pressure-transmitting fluid as it is purely hydrostatic over the
pressure range of this study (see Supplementary Information, Fig. S9). Raman
data were collected with identical time exposures from the pressure medium,
Re gasket and a-rP. At 6.60 GPa, in the absence of shear forces, a-rP begins
to slowly (72 or more hours) transform to rhombohedral black phosphorus
(see Supplementary Information, Fig. S6a,b). Raman spectra were collected
along compression and decompression paths. The gasket spectrum provided
the instrument response function that was subtracted from both sample and
background spectra. The magnitude of pressure-medium contributions to a-rP
spectra were determined by comparing the O–H and C–H mode intensities.
In this way, the spectral contributions of the fluid pressure medium were
systematically eliminated from each a-rP spectrum.
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Our laser excitation wavelength essentially matched the ambient condition
optical gap of a-rP, 1.96 eV, so particular attention had to be paid to prevent
photolysis reactions due to excessive laser fluence. We found that the damage
threshold increased going from 457 to 632.8 nm wavelengths. At ambient
pressure, the 632.8 nm laser power had to be kept below 50 µW and exposure
time less than 5–10 s. All reported a-rP spectra collected below 3 GPa consist of
an average of between 40 and 60 time exposures collected over spatially separate
positions (compression cycle data are presented in Supplementary Information,
Fig. S2a,c). The Raman intensity dropped by 102 from 0 to 3.5 GPa (Fig. 3d).
From 3.61 to 6.60 GPa, the optical damage threshold steadily increased to the
point where 8 mW laser power could be used with significantly longer time
exposures (see Supplementary Information, Fig. S8). These trends partially
reversed when pressure was released. Pressure was completely released and the
reclaimed sample Raman spectrum was not exactly the same as the original
sample. More importantly, we discovered that we could completely restore the
reclaimed a-rP Raman spectral features by heating to approximately 573 K (see
Supplementary Information, Fig. S3).

Each spectrum was fitted by a sum of Voightian peak shape functions
using a least-squares procedure (see Supplementary Information, Fig. S2b,c).
A sample was immersed in liquid nitrogen at ambient pressure to improve the
spectral resolution of individual peaks (see Supplementary Information, Fig.
S2c). This enabled us to confirm the suspected presence of the weak Raman
modes at ambient temperature. These peaks were then fitted to our ambient-
temperature and high-pressure data using the same method. As pressure
increased, the spectra became more convoluted; hence, previous fit parameters
were used as initial guess values for the subsequent higher-pressure fit.

USING EPSR TO REFINE 3D STRUCTURAL MODELS
To ensure complete removal of background contributions to S(Q), the data
were smoothed with a square-wave function (SWF) and the result is subtracted
from the original source of data. This residual S(Q) was then transformed
to r-space. Analytical deconvolution of the smoothing function was carried
out in r-space by dividing the Fourier-transformed residual by the analytical
Fourier transform of the SWF, at the same time enforcing the requirement that
g(r) = 0 for r < 1.6 Å. The deconvoluted g(r) was then Fourier transformed
back to Q-space. A SWF has an analytic Fourier transform; hence, the Fourier
transform of this convolution in Q-space (approaches zero at high Q) becomes
the product of Fourier transforms in r-space. Consequently, this procedure
does not degrade the Q resolution nor does it introduce truncation oscillations
in r-space.

In each case, a box of 2,000 atoms was built with a volume determined
from the respective densities listed in Table 1. Each P atom was given a
Lennard-Jones σ value of 2.2 Å and an ε value of 0.5 kJ mol−1. The interaction
potential was extended out to r = 18 Å. In addition to the experimental data,
a further constraint on the minimum approach P–P distance of 1.8 Å was
applied. The absolute energy from the empirical potential was allowed to
rise to ∼100–200 kJ mol−1, depending on the density and data. Comparisons
between EPSR and experiment are quite favourable over the full pressure
range (Fig. 1c,d).

At the outset, there is no guarantee that a 3D arrangement of atoms can
be found that fits the diffraction data and that at the same time satisfies other
constraints such as minimum approach distances and the overall density. That
such an arrangement exists is obvious because the material exists, but whether
we can find it, and whether the one we find is the correct one are questions
that do not have a simple answer. This is not a sufficient condition on the
structure, but it is certainly a necessary one, that would not be satisfied for
example if we simply Fourier transform diffraction data to real space. The EPSR
method requires reasonable assumptions about minimum approach distances
and likely interactions between atoms, and then perturbs those interactions in
such a way as to produce as close a fit to the diffraction data as is practical. As
the data—structure factors—are purely pair-wise additive, then the resulting
effective interaction potentials are also pair-wise additive. This may be a
problem if the many-body forces are important, which they probably are in this
case, but equally it does not automatically imply that the equilibrated structure
is incorrect.
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