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a. (10 points) Addition of a symmetry operation to a two-dimensional space defines a
way in which an initial motif, #1, will be mapped to a new location, #2. Introduction of
a second operation will result in mapping of motif #2 to a new motif #3. As all three
motifs are symmetry-related, some new operation #3 must unavoidably have arisen
and will define an operation that maps #1 directly to #3. This may be expressed as a
‘combination theorem’ for these operations:

op#2eop#i=op#3

Please complete the two combination theorems stated below and illustrate each with
a sketch that shows the sequential mapping of the initial motif.
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b. (16 points). A pair' of translationally-periodic two-dimensional patterns are on the
following sheets. An extra copy of each is provided so that you can use on for scratch
work. Directly on the sheets:

@ i. Sketch in an array of bold dots as lattice points that show the translational
periodicity.

@J i. Connect the lattice points to indicate the conventional unit cell.

@ iii. Sketch in, using conventional symbols, the location of all symmetry elements
that are present within 1he cell. .

c. Bonus: a 3.012 challenge: State the symbol for the plane group displayed by each
of the pattems: one bonus point for each if you are correct, no loss of points if you are
wrong.

3.012 Quiz 2 - 20f12. 10/14/04



e

Po NS

| Cell 15

1 Poymmwve

§ Regawgoiag
LAYk

\—\'\Ms s plane C“Q‘“f ?Z‘WQJ

3.012 Quiz 2 30f12 10/14/04




a. (8 points). For a cubic crystal with a lattice constant a = 12.4 A, compute the spacing
of the (1 4 0) planes.
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b. (8 points). This set of planes is shown below indicating the direction of unit vectors S,

and S of X-radiation that might be diffracted from this set of planes according to
Bragg’s law.
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At what value or range of values of the incident wavelength, A, will there fail to be a
diffracted beam for any value of the angle of incidence 67
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c. (8 points). Let us now consider diffraction from a one-dimensional crystal with a
lattice constant a = 10 A. The crystal is irradiated with an X-ray beam having a
wavelength A that is incident on the crystal at an angle i of 30°. Diffraction must now
be described by the Laue equation for scattering by a one-dimensional crystal.

_ _ mA
COSV =COSH + ——
a

where m is an integer and ¥ is the angle between the lattice row and the diffracted
beam. Lel us now ask the same question as in problem 2(b): is there a value or

range of values of & for which this crystal would be unable to produce any scattered
beams at ali?
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3.012 Quiz 2 3.012
10.14.03 Fall 2004
100 points total

1. Thermodynamics. (50 points).

a. (5 points each part, 30 points total) True-False-explanation. Read the statements
below and decide if they are completely true, or false based on your understanding of
thermodynamics. Explain your choice of true/false (in 1 or 2 brief sentences), and if
necessary, show an equation that supports your statement.

i. A first-order phase transition can be identified by a discontinuous increase in
the value of several variables of a system at the transition temperature,
including volume, heat capacity, enthalpy, and entropy.

False. First-order phase transitions are characterized by a discontinuity in each of these functions;
however, the heat capacity may jump to a higher or lower value after the phase transition (e.g.,
transformation from a liquid to a gas), and volume also is not constrained to jump to a higher value
(e.g. ice has a larger molar volume than liquid water).

ii. If the entropy change of a first-order phase transformation at constant
pressure ASyans is positive for stability, then the enthalpy of transformation
AHyans must also be positive.

True. At a first-order phase transition at constant pressure, the enthalpy change and entropy
change are related to one another by AH =T AS Since the absolute temperature

trans dgrev,trans trans trans *

must be positive, the sign of the enthalpy and entropy changes must be the same.

ii. Minimizing the Helmholtz free energy of the system + its surroundings under
conditions of constant temperature and volume to determine the equilibrium
state is equivalent to maximizing the entropy of the universe, in obedience to
the second law.

False. Minimizing the free energy of the system alone at constant temperature and volume is
equivalent to maximizing the entropy of the universe in a spontaneous process.

iv. The entropy of materials decreases as temperature decreases, but if a hot
liquid is placed in thermal contact with a cold reservoir, the liquid will
spontaneously cool to the temperature of the reservoir, and this spontaneous
process will not violate the second law.

True. Though the entropy of the material will be decreased in this process, the entropy of the
surroundings will substantially increase in the process of accepting heat from the system (heat must
leave the system in this process). Thus the entropy of the universe (system + surroundings) will
increase.
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v. The work of polarizing an anisotropic single-crystal material by application of
an electric field will depend on the direction in which the field is applied relative
to the crystal orientation.

True. Anisotropic materials have electric displacements which may vary with direction in the crystal
due to symmetries (or lack thereof) in the structure.

vi. For an isolated system of two materials A and B brought into thermal contact,
the entropies of the subsystems will be maximized at equilibrium, but the
internal energies will not necessarily reach a maximum or minimum.

False. The entropies of the individual subsystems will not necessarily be maximized- the sum of
the entropies of the two subsystems will be maximized, according to the second law.
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b. (20 points) Consider a liquid comprised of four components A, B, C, and D, mixed
homogeneously in a single phase at constant temperature and pressure. The
molecules can undergo an interconversion reaction:

A+B<=C+D
The chemical potentials of the components are always positive ( > 0).

(i) If the chemical potential of C in the system is initially greater than that
of all the other components, will an increase in the number of B
molecules in the system occur spontaneously? Show how your
answer is proven by the equilibrium/spontaneity condition for this
system.

(i) Write an expression showing the relationship between the chemical
potentials of each species at equilibrium.

(i) The direction of spontaneous processes for a system at constant temperature and
pressure is determined by the Gibbs free energy:

dG <0 spontaneous

system

We can write an expression for the system free energy:

dG = w,dn, + ugdn, + u.dn. + u,dn,

system

We have a direct relationship between the moles of each component present due to
the given interconversion reaction:

dn, =dn, =-dn. =-dn,

This relationship comes directly from the fact that every forward reaction that occurs
consumes an A and a B molecule, and produces one C and one D molecules- likewise the opposite
occurs for the reverse reaction. This allows us to simplify the spontaneity condition:

dGsystem = (Au’A + Au’B - Au’C - Au’D)dnA < 0
(.uA +Up — U _AuD)dnB <0
We can answer the question by simply analyzine the last expression: if pc is initially
greater than all of the chemical potentials, (and all are positive), then the sum/differences of the
chemical potentials in parentheses is negative. The system will be driven to the reverse reaction (C

+ D consumed to make more A + B)- with dng positive- in order to have the total free energy
differential < 0. Thus, the amount of B molecules will spontaneously increase.

(i) The equilibrium condition on the chemical potentials is readily shown from the last
equations derived above:
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dG . = (uA + U — U — MD)dnA =0 (condition for equilibrium)

In order to maintain equilibrium regardless of small fluctuations in the number of molecules of
any species present (e.g., nonzero dn,), we must have:

Wy + Uy — e — U =0
or

My + Ug = Ue + Up

3.012 Quiz 2 4 of 4 10/27/04





