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Real-Space Structure of Colloidal 
Hard-S~here Glasses 

Alfons van Blaaderen* and Pierre Wiltzius 

The real-space structure of hard-sphere glasses quenched from colloidal liquids in ther- 
modynamic equilibrium has been determined. Particle coordinates were obtained by 
combining the optical sectioning capability of confocal fluorescence microscopy with the 
structure of specially prepared fluorescent silica colloids. Both the average structure and 
the local structure of glasses, with volume fractions ranging from 0.60 to 0.64, were in 
good agreement with glasses and random close packings generated by computer sim- 
ulations. No evidence of a divergent correlation length was found. The method used to 
obtain the three-dimensional particle coordinates is directly applicable to other colloidal 
structures, such as crystals, gels, and flocs. 

dius of 200 nm, a total radius of 525 nm, 
and a polydispersity in size of 1.8%. The 
synthesis and characterization of these hy- 
brid organic-inorganic spheres are described 
in (1 7). The hard-sphere potential was cre- 
ated by dispersing the particles in dimeth- 
vlformamide (in which the refractive index 

~ - 

was almost matched) to decrease the van 
der Waals forces and bv addine 0.1 M LiCl w 

to decrease the double layer to a very small 
value relative to the radius. As measured bv 
confocal microscopy, the average distance 
of closest approach of the particles was 1052 
nm in a dried glass and 1082 nm in the glass 
with solvent; the difference is probably at- 
tributable to a solvation laver that Drotects 
the particles from aggregation. The crystal- 
lization and melting volume fractions cal- 

Despite recent progress, neither the glass computer simulations can become impor- culated from this interaction distance of 
transition nor the structure of glasses is fully tant, especially if the goal is to find a diver- closest approach were 0.50 and 0.55, respec- 
understood (1-6). For instance, it is an gent correlation length (5, 6). We can now tively, in excellent agreement with reported 
open question whether there is a thermo- 
dynamic phase transition, with diverging 
length scales, that underlies the freezing of a 
metastable liquid into an amorphous solid, 
or whether the arrest of relaxations is purely 
kinetic (1, 5 ,  6). Because the immense 
cooling rates (1012 K s-') necessary to pre- 
vent crystallization have not been realized 
experimentally, it has not yet been possible 
to make glasses of atomic systems with 
s~herical svmmetric interaction ~otentials 

compare the computer simulations with an 
experimental system in three-dimensional 
(3D) real space that has a macroscopic sys- 
tem size. 

The improved resolution and sectioning 
capability of fluorescence confocal scanning 
light microscopy (14-16) can be fully ex- 
ploited with the use of digital image analysis 
to obtain the coordinates of colloidal 
spheres with high accuracy (Fig. 1). We 
studied silica s~heres with a fluorescent core 

data ( 12). The fluorescence confocal micro- 
graphs were made with an excitation wave- 
length of 488 nm (18). In the x-y plane 
perpendicular to the optical axis, the exper- 
imental resolution is -200 nm; along the z 
axis it is -600 nm (14, 18). The particle 
coordinates were obtained by fitting the 
three-dimensional data set to the measured 
particle-microscope response function of a 
two-dimensional layer of the same spheres 
(error. - 10 nm in x-v coordinates and - 15 

(1 ). Therefore, the structure of hard-sphere (dye, fluorescein isothiocyanate), a core ra- nm in z coordinates) (1 9). Previously, it was 
random packings made from ball bearings 
was investigated instead (7). Later, these 
dense packings were generated with com- 
puter algorithms (8, 9). Computer simula- 
tions of the generation of hard-sphere glass- ~ 
es by very fast quenches of hard-sphere 
liquids have also been carried out (4, 10, 
11). 

Colloidal hard spheres, which have the 
same thermodynamic equilibrium phases as 
atomic hard spheres (12), form glasses rel- ~ 
atively easily; their glass transition, which 
starts at a volume fraction 4 - 0.57, has 
been studied with light scattering (13). 
However, much information about the local 
structure of the glasses is lost because of the 
radial averaging of scattering techniques. 
From comDuter simulations and theoretical 
work, it is clear that the local structure-as 
expressed, for instance, through correla- 
tions of the orientational order of near- 
neighbor bond angles-is the key to a bet- 
ter understanding of the properties of glass- 
es and of the glass transition itself (2, 3). 
The finite sizes of the systems studied in 
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Fig. I. Real-space structure of colloidal crystal and 
glass quenched from an initial volume fraction 4 = 
0.53 with a centrifugal force of 12009. (A) Raw im- 
age data of one optical section (512 by 512 pixels; 
scale bar, 1 mm). Colors represent intensity (white, 
high intensty; black, low intensity). (6) A three-di- 
mensional stack (1 6.3 mm by 16.3 mm by 6.8 mm) 
of 72 sections (red, high intensity; black, low inten- 
sity). (C) A computer-generated picture of the 
wheres. Particle coordinates were obtained as de- 
scribed in (19). 
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ionly possible to olitain particle ccoc)rdi~iarei 
acc,~r,~rely in r\vo-iiimensisnd c ~ > l l o ~ ~ l a l  iys- 

tenls (2C'). Because il~fferenr Jars sers call be 
"Liarcl~eil" together, there IS pract~cally nij 
li~ilit tc> the size of the  ilata set. 

k'e created the samL-le slio\vli in Fig. 1 hy 
fir<[ ,illo\\;ing a i1iipersicol-i o t  \-olu~ne fl.actic>n 
(/, = L7.52 to cr\-stallire tcor scome time an,l 
then ilueiichiii~ the v o l ~ ~ m e  traction very 
quickly \ v ~ t h  a cenrrit~~gal force. Kecarlse tlie 
i l ~ ~ e n c h  \vas m ~ ~ c h  h t e r  than the crystal 
gro\vrh mre. tlle re,ult~ng seil~ilient con- 
tallled crr.tals d~spersed in a glilqh. Pure ?la<.;- 
es nere made 1by q ~ ~ e n c l u n q  ilispersloii< \\-ith 
41 < 0.494, the harcl-sphere crystalli:,it~on 

Fig. 2. Average stiuciure of a typca pure glass 
~11t1-i dl = 0.639 ( s o d  lines1 IS sl iov~li as expressed 
by (A) tile i a d a  dstributon function girl and (B) 
tile bond-order correaton funci~oli g,;i~) of tile 
bond-or~elitat~onal order parameter 0, (5, 191. A 
computer-generated ratidom close packng w i l l  
d = 0 637 (9; is shown foi colnpailsoli (dotted 
l ies)  Tile dstances : aie scaled by the dstance 
of closest approach (1 082 nml. 

Fig. 3. Loca stiuciure of 
tlie glass v~ i ih  d, = 0 639 
(solid bars), (A) D~st r~but~or  
of Vorolioi neai-nelghbor 
coordnaton numbeis: (B) 
d~stribution of the *iulnber 
of pal?icles sclfroundng a 
neai-ne~gtibor bond, as 
expiessed by the number 
of edges oli the faces of 
tile Vorolio~ aolytiedrons 
(2) Opeti bais rep~.esent 
tlie computer-generated 
random close packng V/th 
J? = 0 637 (9) The average 

pii~iit ( I 2 ) ,  at il~ifei-ent q ~ ~ e n c l i  ratei and 
frcom cl~fkre~lr  in~t ia l  volume fl-actionr, \vith 
centritl~qal fielils of 59 ti3 179L7g (Figs. 2 
tliroucll 4) .  A t  lg, collo~dal crystals \yere 
fornleii that \vere orienteLl 13-ith their close- 
pacl;eLI planes perpenilicular to the cravlta- 
r~ona l  t~eld .  W e  ana1y:ed rlie glass structure 
perpeni l~c~~lar  ariil parallel t ~ )  the ce~ i t r i tu~a l  
force a~i i l  ~t least 29 ~ 1 1 1  fro111 the glass n.all; 
11') ilifkrence; l ~ t \ v e e n  the t\vo orientations 
\yere fc~unil. C1i1.e to the glass \\all ,  a ~vall- 
induceil la\-erinq \vas olyser\-eLl n-ith a thick- 
nesi of - 19 layers. Generally, the loiver part 
of the ieil~meilt haL1 ,I cb \-slue close to 9.64, 
the ranili~m-clo~e-~>aclciiig 111il1t (7-9). 
\\:lierea~ (111 top there \vas a reqioii (11-llwe 
height ilependeci LIII the experimental con- 
Ll~tioiis) ~virh  a gradient 111 the idensit\- >tart- 
111g at ahout cb = 9.69. Atter reilisper\~on of 
the seLl~ments, ci-)-stalli;at~coii still cocc~irl.eil, 
~vliich inLlicare,\ that the snherei were ncot 
pushecl thi-cjugli their stah111:arion layer. For 
a,rl-iiriles of tlie same fin,ll \yolume fraction, 
\ye f i ~ ~ ~ n i i  no  cl~~eiicli rate depenilence in the 
re i~~l t l i lg  atrLlctLlreh, 111 accoriia~ice ~virll re- 
cent complirer slmulatloni ( I  1 ). Tlie ,Ilia- 
1yreLi cl;lra sers \yere f o ~ ~ r  times the size of that 
\lion.ii in Fig. 1 and coiitai~ieii -10,9L19 
spheres. 

Tlie average structure of a gl,rss I <  Je-  
scribed 17~  the radial dlhti-ih~~tion tunctic)n 
( r ) ;  a typical exaiilple coml-rareil \\it11 a 
cc~my~~ter-gener,i trd 1-ancii)m pachine (9)  of 
s im~lar  h in Fig. ?A. Tlie f~lnctio1-i fi(r,l 
ciescrihes tlie chance of fiiiL1ing a particle at 
a di\rance 1. awav froin anotlier r~~irticle 
relati\ e to a liomoqeneoui iiistr~butioii of 
the rame density (21 ). Tlie peaks In g ( ~ - )  
inilicate tlie ordering in coc~rcIiii,~tii~n \liells 
rcsnlt~ng from the li~gli  J ens~ ty ;  tlie split 
seconil peak ih char,~cterisric of glasses (a1- 
tliough it call already lhe ohserveLi in a less 
p1-~111~~1iceii \\-:I\- ii-i tlie l i q ~ ~ i i l  pl-ia5e) ( 1  -3). 
T h e  esperimenr,11 data \ets are I-erl- close ti> 
the computer s i m ~ ~ l a t i i ~ i i  res~llt5; tlie only 
difference is tliar the first and second ceal;s 
of the s1111~11,1t1oii data are >liarper hecause 
of the polydispersity o t  tlie splleres ,1nd the 

Voronoi coordination number Edges per Voronoi face 

coordinatoli ~iumbers for 
the experimental and colnputei-generated data sets aie 11.35 and 11.30, respecti\!eIy. tile average 
~iumbei of particles surrouliding a bond IS 5.16 for botli data sets. 

siiiall error in ileter~uiniiig the e x p e r i m e ~ i t ~ l  
ci>coril~nates. T h e  ilecay cof the ior~enrational 
corder of near-nei~hhnr  1ionLl> a.; es~iressed 
hi- the correlntiaii function g6(7) of LI lcocal 
lxo~~il-~)rcler pammeter (5), ()I,, 1s sllco\~~n in 
Fig. ?K. Q ,  was calc~llareil \vltli the  near- 
nei,nlil~or hoinLls as obtained hy Voronoi 
COIIS~I-uction ( w e  lxlow anil Finc. 3 and 4). 
No inclicationr cot cli\.erging lenqth wales 
aliprc~acli~iiq the r a i i i l o ~ ~ ~ - c l o i e - l ~ a c h i ~ ~ n  lim- 
it of cb = 9.64 (7-9) ivere f ~ ~ u n i l ,  consistent 
wit11 c o ~ l l p u t u  simulations o n  glasses of par- 
ticle\ ~ ~ ~ t e r a c t ~ i i g  rhrco~igh a LeiiiiarL1-~oiies 
i i i~rei~t ia l  ( 6 )  and c~)ntrary to previous s i n -  
~11~1t1ons on the saiile type of ?lasies (5). 

W e  ,rnalv:eil local structures 17v t ~ r s t  cle- 
terii l i~li~lg the near ne~ghhiirh of ,pllei-es 111 a 
~li-iique \\'ay t l ~ k j ~ ~ q h  the  Vt3reoili)1 co~l<truc-  
t1o1-i ( 2 ,  3 ) .  A Vorcono~ l~olyl~eilron, analii- 
y~>us ti) CI \Vig~ier-Seltr cell in s o l ~ d  state 
pl~ysics, cc~ntains a11 p~)ii-it\ in space that are 
closer to the part~cle 111 its center than to all 
other particles; the  \vhc>lc collection of 
Voronoi cell, fills space. Particlei that sliare 
a t'ace of tlle~i- Voronoi polylieciron are 
called neiplibor> and the hoiicls 1-etnreen 
neiglihors Lire I~erL~encilcr~lai- to tlie sliareii 
face. Disrrih~~tic)n:. of the cL>oriiiiiatic~n 
n ~ ~ m h e r q  are shc~n-11 in Fig. 3A. As exy.ccteJ, 
the aver,lge coorilination n ~ ~ m b e r  1:. almost 
esactly the same as that fcjuiiii in harii- 
iIpliere crystals I\ecause of tlie .mall chffcr- 
elice in density. Also i ~ f  interest is the n n ~ n -  
her of  article> sui-rounciine a near-neinhbor 
honci, '1s girren by rlie eilges of its face cxi rlie 
Voi-onLji cell. For any crystalline this 
11111111-er is e~t l ier  tliree ur a n  even nnmher - - 

(2 ) .  In  glasscs ai-iLl ciense liilr~iils, tlie nnm- 
lies of s~~rronni l ine  narticles I:. mostlv t'11.e L, ' 

( F I ~ .  3R), a ~ i d  a srrllcturc with that hymme- 
try c a n n ~ ~ t  he estei-iLied to fill space. Tlie 
iiifferences het\veei-i the exy>er~mental dara 
anLl tlie compl~ter-generI'~reil data \\.ere i ~ t  
rlie same order as tlie ciiffercnces ,~mijnir 
esper i~l le~l ta l  dara acts, and the ilata for 
different v o l ~ ~ m e  fractions (L1.6 < (I, < L1.64) 

O - 0 2  -0.1 0.0 0.1 

Local bond-order parameter W6 

Fig. 4. Local bond-or~entat~onal order as ex- 
pressed by the distributon of the local bond-ordei 
paraineiei 1,'l'(, 15) of the glass wit11 d = 0.639 The 
average values for the expermenial data set (solid 
line) and the smuated data set [+ = 0.637 (9)] 
dotted 1 ie1 are -0.0L5 and -0 049. iespectivey. 
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\yere s im~lar .  T h e  local structure can also be 
cliaracterizecl in ternis of tlie local svnimerrv 
of the  near-neighhor honds as expresseii 
t l i r ~ ~ l g h  local hoiiil-order parameters (5). 
O n e  of these, KT,, I> selisirive to icosaliedral 
order, becanse this order parameter peaks at 
a value of -C.17 if tlie Voronol nelelihor 
honcls of a ce~i t ra l  particle have a perfect 
icosalieiiral snrronnciing (FIR. 4). Tlie aver- 
ages \i.ere close to -L7.C45 for all h, n.liic11 i:. 
a n  i r~i l~cat ion of  noder rate icos,llieiiral order 
and tlie ahsence of ally s~~hsrant ia l  crysral- 
line order. T h e  same average values have 
heen reporteii for c o ~ ~ i ~ - r ~ ~ r e r - s i m ~ ~ l a r e ~ i  glasi- 
es of Lennarcl-Tones svstems ( 3 ) .  

W e  have s1;on.n that x i rh  colifocal mi- 
croscopy it is poss~ble to stnily strnctures of 
tluorescent colloidal moilel sohcres in real 
space with high accuracy and with no essen- 
tial lililit to the numher of particles. Coil- 
trary to some computer simulations, we 
founcl 110 slg~i of a thermodynamic phase 
tralisition ullderlying the glass transition. 
Because colloidal disperslolis form ecjrl~libri- 
L I ~  p1iast.s analogous to tliose ot  atomic syi- 
tclns ( 2 2 ) ,  the m e t l ~ o ~ i  allo\vs a direct threc- 
dimensiollal real-space comparison with 
c o m p ~ ~ t c r  simulations and theory for the 
atomic analogs and can he easily extcndeii to 
m~~lticomponellt  systems (23).  Furthcrmorc, 
tlic mcthod is not only applicable to f ~ ~ ~ i d a -  
mcntal prohlcms in condensed-matter pliys- 
ics (as dclnonstrated ahove) hut call also he 
~lsecl to study typical colloiiial problems, such 
as gelatioll anii aggregation ( 1  6 ) .  
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A Carbon Nanotube Field-Emission 
Electron Source 

Walt A. de Heer,* A. Chitelain, D. Ugarte 

A high-intensity electron gun based on field emission from a film of aligned carbon 
nanotubes has been made. The gun consists of a nanotube film with a I-millimeter- 
diameter grid about 20 micrometers above it, Field-emission current densities of about 
0.1 milliampere per square centimeter were observed for applied voltages as low as 200 
volts, and current densities greater than 100 milliamperes per square centimeter have 
been realized at 700 volts. The gun is air-stable, easy and inexpensive to fabricate, and 
functions stably and reliably for long times (short-term fluctuations are on the order of 10 
percent). The entire gun is only about 0.2 millimeter thick and can be produced with 
virtually no restrictions on its area, from less than 1 square millimeterto hundreds of square 
centimeters, making it suitable for flat panel display applications. 

Elec t ron  guns liavc numerous applications 
111 co~n~ncrc ia l  devices and for industry and 
rcsearcli. Standard electron suns uscd in 
catlio~le ray tubes usually utilize thermioni- 
cally clnitteii elcctrolns from liot tungsten 
wircs and heated ~naterials with low work 
functions. Alternatively, clectron sources 
based on fleld e~nission from sharp tips are 
~lseil for applicatiorls requiring monochro- 
lllatlc clectron beams, as ill clectron micros- 
copy and research. Honrever, these sources 
typically require u l t r a l ~ i g l ~ - v a c u ~ ~ ~ i ~  concli- 
tlons and liigll voltages (1 ). Tlie currents 
are limited to several microamperes. 

Carbon fihers, typically 7 p m  111 iiiame- 
tel-, llavc also heell uscii as electron cm~t te r s  
in clectron guns ( 2 ,  3 ) .  Although tliey op- 
crate ill less stringent vacuum conditioni, 
practical applications are lilnitcd bccause of 
poor rcproducihility and rapid iietcrioration 
of tlie tip (4) .  Nevertheless, tllese pre\.ious 
s t~ l~ l i e s  show tliat despite its lligli \i.ork 
f~lnct ion (=j eV) ,  graphite can bc useii aa a 
lnaterial for field emlttcrs. 

Co~~sei luent ly ,  tlie nanolnctric rips of 
carbon  lan no tubes (5) are very good caniii- 
datcs for this purpose, altliough tllc emis- 
sion current of a single tuhc is co~lstrai~ieii  
hecause of its very slnall dimensions (=1C 

11111 in cliameter and =1 ~ 1 n  in l eng t l~ ) ,  as 
previously observed even in the case of 
much larger carhon fihers ( lC u,m in diam- ~, 
eter).  T o  circumvent this practical problem, 
onc can use an  arrav of n a n o t ~ ~ h e s ,  n.here 
thc tubes arc all oriented perpcrliiicular to a 
surface. Largc area fillns of oriented nano- 
tubes liavc been recently rcalizeii ( 6 ) ,  and 
we llavc used these to construct a n  elcctroll 
sourcc (Fie. 1) .  

Tlie emission characteristics were de- 
termined by m e a s ~ ~ r i n g  the  current col- 
lccted o n  a platc ahout 1 cm in front of tlie 
grid. A typical current versus voltage (I-L.') 
curvc a t  a r e s l d ~ ~ a l  pressure in the  vacuum 
clialnber of -1Gp?torr can be colnpared 
w ~ t l i  the  Fowlcr-Nordlicim eiluatlon for 
field clnissioll (Fig. 2):  1 = ciE:,,cxp(-b/ 
Ec,,) ,  where n and b are constants that  
dcpend o n  tlie electronic work function of 
the  surface and only slightly o n  the  clec- 
tric-ficld strengtll a t  tlic elnitting surface 
ECtf = yE, ( 7 ) ,  n.lierc Ei. = V/cl is tllc 
average u~i i form ficld and d is tlie iiistancc 
from thc  1ian~7tubc surface to  the  grid. Tllc 
sliarP t ~ ~ s a n d  the  geometry of the  emit- 
ting surface cause the  electric fields at the  
tips to  lie a ~ n ~ l i f i c i i  hy a factol- y colnpareii 
with Eo. For standard field elnitting tips, y 
is on the  order of 10 ( 7 ) .  T h e  electron 

LV, A, de Heer and A. Chstelain lnstit~rt de Physique cnergy iiistrihutions have heen measurci~ 
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