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Quiz 3 Properties of Materials  CME 300 
October 12, 2011 

 
a)  Small nano-crystals melt at a lower temperature than large crystals (see Figure 1 below).  

Obtain an expression for crystal size as a function of crystallization temperature that 
explains this behavior following the method of Gibbs-Thompson.  (That is derive an 
equation for Radius as a function of Crystallization Temperature). 

particle fields. before and after melting
shows that the stoichiometry of the sample
is maintained upon accounting for the loss
of thiol-capping moieties.

For a given size, all the electron diffrac-
tion peaks associated with the CdS nano-
crystals drop rapidly above the melting tem-
perature and completely disappear into the
amorphous carbon background. This pro-
cess is reversible and occurs below the bulk
Tm of CdS of 1678 K. The nanocrystal
electron diffraction linewidths do not
change appreciably with temperature and
are consistent with real space observations,
which suggest that melting occurs through-
out the entire particle in a narrow range of
temperature. The thermal expansion of the
particle lattice is not accurately determin-
able with present electron diffraction angu-
lar resolution. The decay of log intensity as
a function of temperature shows a great deal
of scatter but is linear at low temperatures
(relative to Tm) implying only a weak
dependence of the Debye-Waller factor on
size (Fig. 2). For a given size Tm does not
appear to depend on the nature of the
surface-capping moiety. Temperature-pro-
grammed desorption mass spectrometry
demonstrates that the thiophenol and mer-
captoacetic acid desorb at 523 and 463 K,
respectively, below Tm of the smallest crys-
tallites (573 K). The organic stabilizers are
therefore volatilized in the course of the
annealing cycle preceding melting, and the
Tm measured is that for a bare nanocrystal
supported on an amorphous C substrate.

The predictions of simple thermody-
namic models of melting point reduction
based on the surface tension difference be-
tween the liquid and solid phases agree
reasonably well with size-dependent melt-
ing of metal nanocrystals (5, 11, 23, 24).
The use of surface tension to describe a
solid particle involves the approximation
that creating the surface generates forces
that press radially inward from all sides, and
no net forces in the plane of the surface.
The application of the surface tension con-
cept to semiconductor surfaces is therefore
somewhat more problematic in this system
than in the case of metals. The reconstruc-
tion of the surfaces of cleavage planes of
bulk semiconductors is extremely specffic,
involving in-plane angular distortions as
well as contractions. In nanocrystals, how-
ever, many cleavage planes are likely to be
present simultaneously, and the exact sur-
face structure is unknown. The need to
quantify the large size dependence of the
phase diagram in the absence of detailed
knowledge of the surface bonding geometry
leads us back to the concept of surface
tension (25). We find that this approach
suffices to quantify the present measure-
ments of Tm as a function of size for CdS.
As in the case of metals, the melting of the
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Fig. 1. The sequence of events during a melting experiment. The length marker in (A) is 30 A; in the
other panels the length marker represents 50 A. (A) High-resolution micrograph of a single 30 A
CdS nanocrystal before heating. (B) Field of particles before heating. (C) The corresponding
radially averaged ring diffraction pattern. (D) Polycrystalline thin film formed by melting and fusing
nanocrystals in a region of high nanocrystal density on the grid [(1 1 1) planes are evident diagonally
across the micrograph and can be seen along the directions of the white arrows]. (E) Field of
isolated particles after a melting cycle. The shape and size are preserved from (B). (F) The
diffraction pattern from isolated particles after melting shows increased crystallinity. The arrows in
(C) and (F) denote the (111), (200), (220), (311), and (222) peaks of CdS. Peaks with no arrows
above them are from the amorphous C substrate.
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Fig. 2 (left). Logarithm of the intensity of electron diffraction from the (111) peak as a function of
temperature for several sizes of CdS nanocrystals. The curves have been arbitrarily offset vertically
for visual clarity. For each size, there is a sharp decrease in log intensity above the melting
temperature. (K and solid line), 12 A radius; (A and short dashed line), 13 A radius; (+ and dotted
line), 16 A radius; (U and long dashed line), 18 A radius. Fig. 3 (center). Lattice parameter of
CdS nanocrystals as a function of the reciprocal particle radius, R. (A) Points from bare
nanocrystals; the dashed line for bare nanocrystals yields a surface tension of 2.50 N mi1. (M)
Points from mercaptoacetic acid-capped nanocrystals; the solid line fit yields a surface tension of
1.74 N m-'. Fig. 4 (right). Size dependence of Tm for CdS nanocrystals. (U and +) Tm derived
from the disappearance of electron diffraction from an ensemble of thiophenol (or mercaptoacetic
acid)-capped nanocrystals; (V), Tm derived by observing the change in dark field of a single CdS
particle. The solid curve represents a fit to Eq. 1 using yS,, derived from Fig. 3.
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Figure 1. Melting Temperature versus crystal size for Cadmium Sulfide nano-crystals. 
Goldstein AN, Echer CM, Alivisatos AP Science 256 1425-7 (1992). 
 
b)  Sketch the diffraction pattern from FCC, BCC and HCP metals as well as the diffraction 

pattern from an amorphous solid.  What does the peak position of the amorphous halo 
indicate? 

 
c)  Derive Bragg’s Law using the specular reflection analogy. 
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d) The following images are photographic diffraction patterns from aluminum foil and a 
polyethylene bag.    
-Explain why the aluminum shows dots in the Debye-Scherer rings and the polymer does 
not.   
-Explain why the polymer peaks are broader than those of aluminum.   
-Explain why the aluminum pattern shows arcs rather than complete rings. 
-Guess the unit cell for these two patterns and explain your choice. 

 

   
 
 
e)  The following diffraction pattern was produced using CuK-α radiation (λ = 1.54Å).   

-What is the unit cell for this crystal? Explain 
 -Calculate the lattice spacing for the (220) and (422) reflections. 
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Answers Quiz 3 CME 300 October 12, 2011 
 
a)  
The derivation is similar to that for the polymer crystal except that there are 6 surfaces to a cubic 
crystal compared with two high energy fold surfaces in a polymer crystal.   
The Hoffman-Lauritzen equation for polymers is derived as follows: 

 
For cubic crystals the third equation becomes: 

� 

VΔGf ,Tm,t
= 0 = V ΔHf − Tm,∞ΔS f( ) − 6R2σ e  

so we have, 

� 

t =
6σ eTm,∞

ΔHf Tm,∞ − Tm,t( )~	  Radius	  
 
b)  

 
 
The peak position for the amorphous halo is associated with the root mean square separation 
distance for the atoms, dRMS = λ/(2sinθ) 
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c)   

 
d) The aluminum sample has rather large crystals or grains that are oriented in a drawn foil 
sample.  The grains are so large that in the x-ray beam (20µm by 1 cm) there are only about 50-
100 grains in the beam so each grain yields a spot for a given reflection if the planes are aligned 
property for diffraction to occur.  The grains have a preferred orientation relative to the draw 
direction so that reflections for a given plane show up as arcs centered on the preferred direction 
of orientation.  The two Debye Scherer rings shown for this FCC structure are the (111) and 
(200) reflections. 
 
For the polyethylene sample the crystal structure is orthorhombic with a central chain offset in 
orientation.  The structure ends up looking something like an FCC structure so the diffraction 
pattern has a motif reminiscent of FCC, in that there are two prominent peaks at low-q.  The 
polyethyelene sheet also displays some degree of orientation due to the brightness of the peaks at 
the top and bottom of the figure.  The peaks are broad because these crystals have a thickness on 
the order of 100Å or 10 nm so they are nano-crystals.  The broader the peak the smaller the 
crystalline thickness.   
 
Both appear to be FCC from the shape of the patterns but the PE is orthorhombic with a structure 
reminiscent of FCC. 
 



	   5	  

e) It is an FCC structure due to the shape of the pattern. 
 
Need to measure the peak positions from the plot, 
Plane 2θ d = λ/(2sinθ) a = d √(h2+k2+l2) 
(220)   53° 1.73Å  4.89Å 
(422)   99.8° 1.01Å  4.94Å 
 
 


