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THE STRUCTURE OF AMORPHOUS PHOSPHORUS 

++ 
S.R. E l l i o t t ,  J .C.  ore' and E. Marseglia 

Department of  Physical Chemistry, University o f  Cambridge, Lensfield Road, 
Cambridge, U. K.  
'~epartrnent of Physics, University of  Kent, Canterbury, U.K.  
++Cavendish Laboratory, University o f  Cambridge, Madingley Road, 
Cambuidge, U .  K. 

Resume - La s t r u c t u r e  du phosphore rouge amorphe a  @t@ etudiee en d i f f r a c t i o n  
neutronique, sur un reacteur  s ta t ique  e t  une source de neutrons pulsee. Les fonc- 
t i o n s  de c o r r e l a t i o n  dans l 'espace ree l ,  obtenues par transformee de Four ie r  des 
donnees experimentales, on t  e t e  cornparees avec l e s  r e s u l t a t s  de ca lcu ls  pour un 
reseau cont inu a l e a t o i r e  t r i p lement  coordonne, re laxe dans un mBlange de poten- 
t i e l s  interatomiques l i a n t s  e t  a n t i l i a n t s .  L 'accord en t re  l a  theor ie  e t  1  'expe- 
r ience  e s t  assez l i m i t e .  Ceci e s t  a t r i b u e  a l a  presence de d i f f e r e n t s  types 
d 'o rd res  in termedia i  res dans l e  so l  i d e  amorohe, comme par exemple l a  formation 
d'amas de type cage qui  sont ca rac te r i s t iques  de l a  forme monoclinique ( H i t t o r f )  
du ohosohore. 

Abst ract  - The s t r u c t u r e  o f  amorphous red  phosphorus has been studied by neu- 
t r o n  d i f f r a c t i o n ,  using both reac to r  and pulsed neutron sources. Real-space 
p a i r  c o r r e l a t i o n  funct ions obtained by Four ie r  t ransformat ion o f  the  exper i -  
mental s c a t t e r i n g  data have been compared w i t h  those ca lcu la ted  f o r  a  three- 
f o l d  coordinated CRN model, which had been energy-relaxed using a  combination 
o f  bonding and non-bonding in te ra tomic  po ten t ia l s .  Only moderate agreement 
between theory and experiment was found. The discrepancies are ascr ibed t o  
the presence o f  a  considerable degree o f  intermediate-range order  i n  the  
amorphous s o l i d ,  i n  p a r t i c u l a r  cons is t ing  o f  cage- l ike c l u s t e r s  c h a r a c t e r i s t i c  
o f  the monocl inic ( H i t t o r f )  form o f  phosphorus. 

I - INTRODUCTION 

The determinat ion o f  the s t r u c t u r e  o f  amorphous s o l i d s  using conventional d i f f r a c t i o n  
experiments alone i s  i n  general d i f f i c u l t  because i n t e r p r e t a t i o n  o f  the s c a t t e r i n g  
data i s  n o t  s t ra ight forward,  p a r t i c u l a r l y  f o r  multicomponent amorphous systems, where 
the measured s c a t t e r i n g  i n t e n s i t y  i s  a  s u i t a b l y  weighted sum o f  con t r ibu t ions  from 
the various types o f  i n te ra tomic  co r re la t ions .  Obviously, the problem i s  s implest  
fo r  an elemental mate r ia l  where the maximum amount o f  s t r u c t u r a l  in format ion can be 
i n f e r r e d  from a  s i n g l e  s c a t t e r i n g  experiment. 

This paper repor ts  the  r e s u l t s  o f  a  neutron-scat ter ing study o f  elemental amor- 
phous red  phosphorus, which i s  a  mate r ia l  whose s t r u c t u r e  i s  of i n t e r e s t  i n  view of 
the wide v a r i e t y  o f  c r y s t a l l i n e  polymorphs which occur. I n  p a r t i c u l a r ,  the quest ion 
a t  issue i s  t o  what e x t e n t  does the intermediate-range order  i n  the  amorphous s o l i d  
( i f  any) r e f l e c t  s t r u c t u r a l  arrangements c h a r a c t e r i s t i c  o f  p a r t i c u l a r  c r y s t a l 1  i n e  
polymorphs. 

Phosphorus i n  i t s  var ious c r y s t a l l i n e  polymorphs i s  i n v a r i a b l y  t h r e e - f o l d  
coordinated, b u t  a  v a r i e t y  o f  s t r u c t u r a l  conformations can occur /1/ : whi te  P i s  a  
molecular s o l i d  cons is t ing  o f  aggregates o f  P, molecules which are Van-der-Waals bon- 
ded together; rhombohedra1 b lack P i s  a  sheet s t r u c t u r e  cons is t ing  o f  s i n g l e  layers  
of atoms comprised o f  i d e n t i c a l  6 - f o l d  r i n g s  i n  which each atom adopts a "staggeredtt 
conf igurat ion ( w i t h  a  d ihedra l  angle, @ = 180'); the more common orthorhombic form 
of b lack P  i s  again a  layered s t r u c t u r e  having double layers  cons is t ing  o f  i d e n t i c a l  
6 - fo ld  r i n g s  i n  which o n l y  two o f  t h e  bonds are staggered, the  r e s t  having a  "semi- 
staggered1' con f igu ra t ion  ( $  = 70"; v i o l e t  P, the monocl inic ( H i t t o r f )  form, i s  
again a  l a y e r  s t ruc tu re ,  b u t  i s  considerably more complicated w i t h  the bas ic  s t ruc -  
t u r a l  u n i t  cons is t ing  o f  cage-l ike P8 and P, c l u s t e r s  connected together  a l t e r n a t e l y ,  
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thereby forming tubes o f  pentagonal cross-sect ion which a re  themselves h e l d  together  
by Van der Waals' forces t o  form layers.  This s t r u c t u r e  has both ec l ipsed  (@ = 0') 
and semi-staggered (@ = 70') conf igurat ions,  b u t  no staggered bonds. 

I 1  - EXPERIMENTAL 

Samples o f  bu lk  r e d  a-P, made by thermal conversion from whi te  P /2/, were used i n  
t h i s  study. Measurements were taken us ing both reac to r  and pulsed neutron sources. 
The form r u t i l i z e d  the D4 d i f f rac tomete r  a t  the ILL, us ing neutrons w i t h  wavelength 
h = 0.59i, and a l s o  the Curran d i f f rac tomete r  on the Dido reac to r  a t  AERE, Harwell 
using A = 1.378 neutrons. The pulsed neutron measurements, made using the TSS Mk. I 1  
spectrometer a t  the Hel ios e l e c t r o n  l i n a c ,  A RE, Harwell, enabled the s c a t t e r i n g  
data t o  be extended t o  h igh values o f  9 ( = 3 0 k 1 ) ;  a l l  the data se ts  were combined 
t o  g ive the t o t a l  s c a t t e r i n g  i n t e n s i t y ,  I ( Q ) ,  shown i n  Fig. 1. Fur ther  d e t a i l s  o f  
data c o l l e c t i o n  and analys is  are given elsewhere (Dore, S t e y t l e r ,  Marsegl ia and 
E l l i o t t ,  t o  be publ ished). 

Fig. 1 - Sca t te r ing  i n t e n s i t y  o f  a-P measured us ing both reac to r  and pulsed neutron 
sources. 

I 1 1  - EXPERIMENTAL RESULTS 

Four ie r  t ransformat ion o f  the funct ion Q I ( Q )  y i e l d e d  t e reduced RDF, G(r), shown i n  B Fig. 2. Two sharp peaks are ev ident  a t  2.224 and 3.49 , fol lowed by a se r ies  of 
- subs id ia ry  peaks a t  h igher  values o f  r. The f i r s t  two coord inat ion s h e l l s  l y i n g  a t  
rl and re are reasonably well-defined, and the p o s i t i o n  and width o f  the  second 
peak r e l a t i v e  t o  the f i r s t  therefore al lows an est imate o f  the average bond angle 
and i t s  RMS v a r i a t i o n  t o  be made; a value of o = 103.4+7.6' i s  thereby obtained. 
An est imate o f  the nearest-neighbour coord inat ion number can be obtained from the 
area under the f i r s t  peak i n  the RDF, ( J ( r )  = r G ( r )  + 4srZpo where p i s  the average 
macroscopic densi ty) .  Owing t o  normal izat ion d i f f i c u l t i e s  due t o  O the i r r e g u l a r l y  
shaped sample, a p rec ise  value o f  the coord inat ion number i s  somewhat uncertain; 
s c a l i n g  the G(r) curve such t h a t  the density, obta ined from the s t r a i g h t  1 i n e  reg ion 
below the f i r s t  peak where G(r )  = -4srp , equal led the l i t e r a t u r e  value for  the 
density,  p = 2.09 gcme3, gave a coord in%t ion number of N I  = 3.2*0.05. The RDF 
r e s u l t i n g  Prom t h i s  procedure i s  shown i n  Fig. 3. Whi ls t  being reasonably consis- 
t e n t  w i t h  3- fo ld  coord inat ion,  t h i s  procedure f o r  ob ta in ing  N1 i s  sub jec t  t o  e r r o r  
i f  the mate r ia l  conta ins voids, as i s  known t o  be the case from SEM studies /3/; 
i f  N1 i s  s e t  equal t o  3, the  i n f e r r e d  densi ty  then becomes p = 1.95 g ~ m ' ~ .  The 
values f o r  the various short-range s t r u c t u r a l  parameters obtgined i n  t h i s  study are 



a r e  i n  good agreement w i t  those foun i n  a  prev ious X-ray d i f f r a c t i o n  s tudy o f  r e d  B a-P /4/, namely rl = 2.24 , r2 = 3.48 k! , O = 101.9°, N1 = 2.97. For-comparison, t he  
RDF obta ined from t h e  X-ray d i f f r a c t i o n  s tudy  /4/ i s  a l s o  shown i n  F ig .  3. 

Fig.2. Reduced RDF ob ta ined  f rom the  neu t ron  s c a t t e r i n g  i n t e n s i t y  o f  F ig .  1  compared 
w i t h  t h a t  c a l c u l a t e d  f o r  a  CRN model (see t e x t  f o r  d e t a i l s ) .  
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F ig .  3. RDF ob ta ined  f rom the p resen t  neu t ron  s c a t t e r i n g  data  compared w i t h  e a r l i e r  
X-ray data  /4/  and the  RDF c a l c u l a t e d  f o r  a  CRN model. 

D e t a i l e d  examinat ion o f  t h e  shape o f  t he  second peak i n  the RDF shows i t  t o  be 
d i f f e r e n t  f rom t h a t  o f  t he  f i r s t  and a  cons iderab le  d i s t o r t i o n  f rom a  gaussian l i n e -  
shape i s  found; i t  i s  broader  a t  the base, p a r t i c u l a r l y  on the  l o w - r  s ide.  Such a  
shape cou ld  r e s u l t  f rom an asymmetric bond-angle d i s t r i b u t i o n ,  P(O) ,  o r  even a  b i -  
modal P(O) w i t h  t h e  main c o n t r i b u t i o n  l y i n g  a t  t h e  average bond angle,  0 = 103', w i t h  
a  l e s s e r  c o n t r i b u t i o n  a t  a  sma l l e r  angle,  O  = 95' .  This  p o i n t ,  and a  cons ide ra t i on  
of t h e  peaks i n  t h e  RDF l y i n g  beyond the second s h e l l ,  w i l l  be  d iscussed l a t e r .  

I V  - MODELLING STUDIES 

I n  o r d e r  t o  be a b l e  t o  i n t e r p r e t  f u r t h e r  t he  exper imenta l  r e s u l t s ,  a  s t r u c t u r a l  model 
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o f  a-P was constructed. A 3 - f o l  d coordinated " b a l l  -and-st ick"  continuous random 
network (CRN) model, o r i g i n a l l y  constructed t o  simulate the s t r u c t u r e  o f  a-As /5,6/, 
was used as a s t a r t i n g  point ,  and the model was modi f ied by computer means t o  a l t e r  
the average bond angle t o  the value c h a r a c t e r i s t i c  o f  a-P, w h i l s t  l eav ing  the topo- 
logy  ( r i n g  s t a t i s t i c s  etc.) unchanged. The mod i f i ca t ion  was e f fec ted  by sub jec t ing  
the "atoms" i n  the model t o  an energy r e l a x a t i o n  procedure i n  which both bonding 
i n t e r a c t i o n s  (Keating p o t e n t i a l  f o r  bond s t r e t c h i n g  and bending /7 / )  and non-bonding 
i n t e r a c t i o n s  (Buckingham o r  exp-6 p o t e n t i a l  /8/)  were used; d e t a i l s  o f  the r e l a x a t i o n  
procedure are given e l  sewhere (El  1 i o t t ,  Carter,  Marsegl i a  and Dore, t o  be pub1 ished) . 

The RDF o f  the  energy-relaxed model was ca lcu la ted  from the atomic coordinates. 
corrected f o r  the f i n i t e  s i ze  o f  the model, and the r e s u l t i n g  RDF i n  histogram form 
was then convoluted w i t h  a gaussian t o  simulate both thermal and instrumental broad- 
ening e f f e c t s .  Although such a broadening procedure i s  i n s u f f i c i e n t  t o  permi t  a 
d e t a i l e d  study o f  the  peak shapes, on ly  a q u a l i t a t i v e  comparison o f  the ca lcu la ted  
curves i s  attempted here, and so such a l i m i t a t i o n  i s  o f  l i t t l e  account. 

The ca lcu la ted  reduced RDF, G(r ) ,  f o r  the model i s  compared w i t h  the experimen- 
t a l  neutron data i n  Fig. 2, and the ca lcu la ted  RDF, J ( r ) ,  i s  compared w i t h  both the 
present neutron and e a r l i e r  X-ray /4/ r e s u l t s  i n  Fig. 3. I t can be seen t h a t  there 
i s  good agreement between the model and experimental curves f o r  the  f i r s t  two peaks. 
This, however, i s  n o t  too su rp r i s ing ,  s ince the model has 3 - f o l d  nearest-neighbour 
coord inat ion and the bond leng th  i s  scaled t o  the experimental value. Furthermore, 
the average bond angle i s  s e t  t o  the experimental value i n  the energy r e l a x a t i o n  
program, and so the p o s i t i o n  o f  the  second peak i s  expected t o  match experiment. 

V - DISCUSSION 

Considerable discrepancies between the model and experiment occur, however, a t  l a r g e r  
distances. The most obvious d i f f e r e n c e  i s  i n  the  average densi ty ;  as can be seen 
from Fig.  3, the model has a densi ty  15-20% h igher  than exper imenta l ly  observed 
values. Varying the parameters i n  the in te ra tomic  po ten t ia l s ,  i n  p a r t i c u l a r  the  
r e l a t i v e  s t reng th  o f  bonding and non-bonding in te rac t ions ,  gave a t  most on ly  a 1% 
change i n  density.  The discrepancy must the re fo re  be ascr ibed t o  a f a i l i n g  o f  the 
model. The CRN model, as b u i l t ,  contains ob la te  voids which are a consequence o f  
the 2D geometry c h a r a c t e r i s t i c  of p 3  bonding /6/. Red a-P prepared from whi te  P /2/ 
has a s p h e r u l i t e  growth morphology /3/, and as a consequence would have a h igher  
vo id  concentrat ion, and there fo re  lower density,  than an otherwise homogeneous 
mate r ia l .  Although t h i s  may be one reason f o r  the discrepancy i n  density,  another 
reason may have t o  do w i t h  intermediate-range order  (IRO). The CRN model contains 
no intent-ional IRO, i .e .  p a r t i c u l a r  r i n g  s izes o r  c l u s t e r s  etc.; i f  such forms o f  
I R O  were a c t u a l l y  present i n  the r e a l  mater ia l ,  packing cons t ra in ts  would probably 
ensure a lower o v e r a l l  densi ty  than f o r  an amorphous s t r u c t u r e  n o t  conta in ing such 
large, we1 1 -def ined s t r u c t u r a l  arrangements. 

A f u r t h e r  s t r i k i n g  d i f f e r e n c e  between the model RDF and experiment i s  i n  the 
r e l a t i v e  s i ze  and p o s i t i o n  o f  the  t h i r d  peak; the model peak i s  much l a r g e r  i n  
height,  and l i e s  a t  a l a r g e r  distance, than i s  found exp r i m e n t a l l y  (see Fig. 2).  
The p r i n c i p a l  c o n t r i b u t i o n  t o  the t h i r d  peak a t  rs = 5.3 !i comes from 3-bond 
c o r r e l a t i o n s  i n  semi-staggered o r  staggered conformations ( w i t h  a r e l a t i v e  frequency 
of ccurrence o f  1:2); ec l ipsed  conf igurat ions g ive  3-bond c o r r e l a t i o n s  a t  2.85 and 
4.41. The CRN model used i n  t h i s  study does n o t  have a random dihedral-angle d i s t r i -  
but ion, b u t  staggered con f igu ra t ions  are approximately tw ice  as probable as ec l ipsed  
con f igu ra t ions  /6/. From t h i s ,  we may i n f e r  t h a t  a-P contains a much h igher  pro- 
p o r t i o n  o f  non-staggered, probably ecl ipsed, con f igu ra t ions  than i s  present i n  the 
CRN model. 

A s i m i l a r  conclusion can be reached from a considerat ion o f  the small features 
observed exper imenta l ly  between the second and t h i r d  peaks i n  the RDF. A random 
dihedral-angle d i s t r i b u t i o n  would g ive  r i s e  t o  a feature less minimum i n  t h i s  region, 
and so the  observat ion o f  features i n  the RDF a t  such distances immediately suggests 
the ex is tence o f  p r e f e r r e d  conformations, and hence values o f  +, i n  a-P. I n  



p a r t i c u l a r ,  the peak l y i n g  a t  4.88 can o n l y  a r i s e  from eclipsed c o n f i  u ra t ions  W having la rge  (0 % 103') bond angles. The other  prominent peak a t  4.3 can be 
ascr ibed e i t h e r  t o  ec l ipsed  conf igurat ions w i t h  smal ler  ( 0  96') bond angles, o r  
t o  semi-staggered con f igu ra t ions  conta in ing a  mixture o f  l a rge  and small bond angles 
i n  which 9 i s  determined by the smal ler  bond angle. 

Thus, i t  appears t h a t  the features i n  the RDF o f  a-P l y i n g  i n  the range 4-68 
a r i s e  from a  preponderence o f  ec l ipsed  and/or semi-staggered conf igurat ions.  It 
should be noted t h a t  eclipsed conf igurat ions do not occur i n  the orthorhombic b lack 
P  s t ruc tu re ,  and so the suggestion /4,9/ t h a t  the IRO i n  a-P i s  c h a r a c t e r i s t i c  o f  
t h i s  polymorph i s  therefore u n l i k e l y  t o  be t rue.  It i s  i n t e r e s t i n g  t o  note, however, 
t h a t  both ec l ipsed  and semi-staggered (but  n o t  staggered) con f igu ra t ions  occur i n  
the H i t t o r f  monocl inic form, which consis ts  o f  Pg and Pg c lus te rs .  We suggest tha t ,  
on t h e  basis o f  the  d i f f r a c t i o n  evidence, the IRO i n  a-P i s  c h a r a c t e r i s t i c  o f  
H i t t o r f ' s  P, namely t h a t  Ps (and perhaps P9) c l u s t e r s  e x i s t  i n  the s t ruc tu re .  P8 
un i t s ,  i n  p a r t i c u l a r ,  can r e a d i l y  form by polymer izat ion o f  two Pb molecules i n  
the whi te  P  precursor, w i t h  minimal atomic movement, Confirmatory evidence f o r  the 
presence of Pe o r  Pg c l u s t e r s  comes a lso  from an analys is  o f  the Raman spectrum 
o f  a-P / l o / .  

V I  - CONCLUSIONS 

A h igh- reso lu t ion  neutron s c a t t e r i n g  study o f  r e d  a-P has been performed. Compari- 
son o f  the experimental RDF w i t h  t h a t  o f  a  CRN model having minimal intermediate- 
range order (IRO) reveals  subs tan t ia l  discrepancies i n  the reg ion o f  the t h i r d  
and f o u r t h  peaks. It i s  suggested t h a t  the IRO i n  a-P i s  s i m i l a r  t o  t h a t  found i n  
the H i t t o r f ,  monocl inic form o f  P, namely Pa ( o r  Ps) c l u s t e r s  are present. 
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