UCLA Physics Fall 2010 Comprehensive Exam

9. (Statistical Mechanics)

A parallel plate capacitor consists of two square plates, each of area a2, separated by the distance d.
The first plate, which is located at z = 0, is made of conducting metal and is grounded. The second
plate, which is located at z = d, is made of dielectric and is maintained at a positive potential V' with
respect to the metal plate. The whole system is at some very high temperature T so that the electrons
emitted from the hot metal of the first plate form a dilute gas which is in equilibrium and which fills
this capacitor. There is no conductivity of electrons between the gas and the dielectric plate. Assume
that the capacitor is so large (a > d) that the edge effects can be disregarded.

(a) Write out the system of equations and boundary conditions that determines the potential ¢(z), and
the density of electrons n(z), inside the capacitor as functions of z (d > z > 0). Note: since in
equilibrium there is no net flux of electrons across z = 0, you may assume that n(z) has vanishing
gradient there.

Iz‘;\ < 1, find ¢(2) and n(z) inside the capacitor to first order in £%

(b) Assuming a weak potential, o
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Solution: Solution by Jonah Hyman (jthyman@g.ucla.edu)

This problem is an unusual mix of electromagnetism and statistical mechanics. In part (a), we will
focus on the electromagnetism side of the problem. In part (b), we will move on to the statistical
mechanics.

Throughout, we will assume the setup is translationally invariant in x and y, since the problem
instructs us to ignore any edge effects. We will take the charge of each electron to be —|e|.

(a) The relation between the electric potential p(r) and the charge density p(r) is given by the
definition of the electric potential and Gauss’ law:

E=—-Vy(r) and V-E:%;‘) (1)

Using this information, we can write

V() = V- (Vi)
_V.E
~(r) = A ©)
€0

Since the setup is translationally invariant in « and y, ¢(r) depends only on z, so

~Vp(r) = 24 Q

If the number density of electrons is n(z), then the charge density inside the capacitor depends
only on z and is equal to

p(r) = p(z) = —le|n(z) (4)
Putting all this together, we get a differential equation relating ¢(z) to n(z):

o leln(2)

Cdz? €0
Po el
2 ET)”(Z) (5)

The problem gives us two boundary conditions for the electric potential:

©(0) =0 since the first plate is grounded (6)
p(d) =V (7)
It also gives us a third boundary condition for n(z), the fact that n(z) has vanishing gradient
at z = 0: p
n
) — 8
dz|,_q (®)

Summarizing our results, we get the following:

el

—n(2) 9)

€0

2
Differential equation: ¢e_
dz?

dn

an — 1
dz|,_, 0 (10)

Boundary conditions: ¢(0) =0, p(d) =V,

For a second-order ordinary differential equation like (9), you are probably used to having two
boundary conditions. In this problem, we have three boundary conditions; we’ll explain more
in part (b).
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(b) So far, so good, but we haven’t done any statistical mechanics yet. Stat mech doesn’t directly
tell us that much about the electric potential ¢(z), but it does have a lot to say about the
number density of particles at equilibrium n(z). Since this problem asks us to compare the
number density of the particles at equilibrium, the appropriate strategy to use is “chemical
potential matching”:

Chemical potential matching:

When a statistical mechanics problem asks you to compare the number of noninteracting
classical particles of two different types, you should set the chemical potentials of each type
of particle equal to one another.

The chemical potential is the free energy needed to add a particle of a certain type, i.e, the
partial derivative of F' with respect to N: pu = g—ﬁ | 1y For that reason, the following state-
ments are all equivalent for a system of noninteractiﬁg particles of types 1 and 2, where a
particle of one type can become a particle of the other type:

A. The system is in thermodynamic equilibrium.

B. The free energy of the system is minimized.

C. The change in free energy when a particle of type 1 becomes a particle of type 2 is zero.
D. The free energy needed to subtract a particle of type 1, plus the free energy needed to
add a particle of type 2, is zero.

E. The chemical potential of type 1 particles is equal to the chemical potential of type 2
particles: —uq + pus = 0, or g = pa-

To find the chemical potential of a system of noninteracting classical particles of a certain
type:

1. Calculate the partition function for that type of particle. For noninteracting, indistin-
guishable classical particles, the partition function for all the particles Z can be written in
terms of the partition function for one particle Z; using Z = Z /N

2. Calculate the free energy for that type of particle using F' = —kT'In Z.

3. The chemical potential is the free energy needed to add a particle of a certain type, i.e,
the partial derivative of F' with respect to N: u = g—f{; | v

If there is a constant energy shift between the types of particles (i.e. each particle of type 1
has an energy e greater than a particle of type 2), then the chemical potentials of the types
of particles should have the same energy shift (the chemical potential for particles of type 1
is € greater than the chemical potential for particles of type 2).

In chemical reactions, there are cases in which one particle of type 1 becomes multiple par-
ticles of type 2. In that case, the chemical potential of each type of particle must be multi-
plied by the multiplicity of the particle.

In this problem, we don’t explicitly have two different types of particles, types 1 and 2. What
we do have is a collection of “type z” particles, where 0 < z < d: a “type 2” particle is a
particle at a distance z from the grounded plate of the capacitor. At equilibrium, the chemical
potential of each type of particles must be constant, meaning that u must be constant in z.

Before following steps 1-3 in the box above to find p, we should address the fact that these steps
are best suited to “noninteracting, classical particles.” Electrons are neither of these, but we
will assume they are for the purposes of this part. All the electrostatic interactions between the
electrons will be captured by the electric potential p(z). Since we are in the high-temperature
limit, kT > |e| V, the effects of the quantum statistics of the electrons are negligible, and we
can therefore approximate the electrons by classical particles. (We will account for the spin
degeneracy of the spin-1/2 particles, but it turns out it won’t matter for the final answer.) We
will also assume the electrons are nonrelativistic.

With all this in mind, let’s calculate the partition function for a single “type z” particle Z;. To
account for the height of the particle, we’ll calculate the partition function for a single particle
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in a slab-like volume of cross-sectional area a® and height dz, as shown in the diagram below:

Tz"

p(z) =V z=d
Slab Idz
< a >
p(z)=0 z=0

Using the phase-space formalism for classical noninteracting point particles, and remembering
the spin degeneracy of 2, the partition function is

dpd? 1
Z, = 2/ ];3 Te=PE where 8= T (11)
The energy of a single particle is its nonrelativistic kinetic energy, plus the electric potential
energy —|e|p(2)

B=2——lele() (12)

Plugging this in and carrying out the spatial integral for the partition function, we get

d3p d3x6_6(%—\e|¢(z))

zi=2 [ 28
3 3
p / %;ﬁ/(zmme\e|¢<z>/<kT)

The integrand is independent of x and y, so the integrals over dx and dy simplify to the
cross-sectional area a?. Since the slab we are considering is of infinitesimal height dz, we can
approximate the integral over dz by multiplying the integrand by dz (even though the integral
does depend on z through ¢(z)). This gives us

2
7, = QAthze\elw(Z)/(kT) / Ppe—v*/(2mkT)

We can now simplify the integrals over the momentum p:

2 e} o] o]
7, = 2ahgze\6|¢(z)/(kT)/ dpg;/ dpy/ dp. e—(pi-&-pf,-i—?f)/(?ka)]

a”dz lele(2)/kr) | [ —p%/(2mkT * —py/(2mkT = —p?/(2mkT
=2——"elelPlz dpy e~ Pa/ 2mET) dpy e P,/ (2mkT) dp, e P=/(mkT)
h

—00 —00 —o0 (13)

Each of these three integrals is the same Gaussian integral, which can be calculated by a change

of coordinates u = (kaT)_l/2 p:

/ dpe~? /(@mkT) (2ka)1/2/ due™™

= (2rmkT)'/?  using the result / due " = 71/? (14)

— 00
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Plugging this back into (13), we get

2
7, = Qahgze\ehp(ﬂ/(kT) (kaT)3/2

3/2
942 dreléle()/(KT) <27T;’:2]€T>

202 dz h? 1/2
7. = lele(2)/(KT) ¢ A= 15
! A3 € o 2rmkT (15)

The quantity A is called the thermal wavelength.

Now, we should calculate the partition function for all “type z” particles, i.e., the partition
function for all particles in the slab of height dz. Let N be the number of particles in this slab.
Then, since we are approximating the electrons as noninteracting, indistinguishable classical
particles, we can write this partition function Z in terms of Z;:

g4
- N!
1 [(2a%dz\" Nle|e(z)
= N ( 3 > exp (kT > (16)
The free energy can be derived from the partition function using the formula F' = —kT In Z

and the logarithm rules In(ab) = Ina + Inb and Inz* = alnz:
1 [(2a%dz\" Nle|o(z)
M\ ) TP\

mexp (22 ) 41 (2“”2) mm]

2
_ T |:N|6|(p <2a dz) th']

dz
= —Nle|p(z) — NkT In <)\> + kT In N!

F=—-kTln

= —kT

2a° dz
~ —Nle|p(z) — NkT In <a> +ET(NInN — N) Dby Stirling’s formula
2a? dz
F = —Nle|p(z) — NkT In 5 + NKTInN — NkET (17)

To find the chemical potential, take the derivative of F' with respect to IV:

oF
= —

2a%d 1
= —le|p(z) —len( a)\g Z) + kTIn N + NET (N) — kT
2

2a
—lelo(z) — kT In (Ad) +kTIn N

elo@) + T (32 (13)

The number density of electrons at a height z is approximately equal to the number of electrons
N in a slab of infinitesimal height, divided by the volume of the slab: n(z) = N/(a?dz).
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Plugging in this result, we get

3
w=—lelp(z) + kT In (n(z)/\2> (19)

Note that the chemical potential reflects the energy shift —|e|p(2z) between particles of “type
z” for different z: The chemical potential, which is the free energy to add a particle of a certain
type, must reflect the electric potential energy of that particle.

At equilibrium, the chemical potential is constant in z. We can use this information to solve
for n(z) in terms of ¢(z):

NN o lele(z)
In <n(z)2) =T + T
A B lele()
n(z); = exp (k:T + =7 )
n(z) = %e“/(kﬂ exp (|6|]:Z(ﬂz)> (20)
2 elp(z
n(z) = Fe“/(”) exp <||;2(1)) (21)

This is another equation that relates n(z) and ¢(z), and it should be considered alongside the
differential equation we got from electromagnetism in part (a):
o _ el

PRl O

Substituting for n(z) in (21), we get an second-order ordinary differential equation for ¢:

o 2lel L 0m el (2)
42 eond’ eXp( KT ) (22)

This differential equation is too hard to solve by hand, but we can simplify it considerably by
using the weak potential assumption, |Z'¥ < 1. Since p(z) < V, this allows us to expand the

exponential to first order in |e|p/(kT):

Po  2lel L em lefo(2)
kL LA 23
422 en3© < T > (23)

This differential equation is solvable by hand. To start, use the trick of defining

eli(2) o)

=1
u(z) + T

Then, u”(z) = ,%lgo”(z), so (23) becomes

d*u_ 2le? o/ (KT)

422 " ok TA? u(z) (25)

So far, we do not have enough information to determine what the constant value of the chemical
potential p is. Since a, |e|, and X are positive and p is real, it will be useful to fold the constants
in the prefactor of (25) into a single nonnegative constant, which we will call 72:

d*u

— ~~%u for %= 72|e|2 ek (KT) (26)
422 cokT A
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As of now, we don’t know the value of v. But we do know that «? is positive, so we can write
the general solution to this differential equation for u, which is a sum of exponentials:

u(z) = A'e?* + B'e”7* for constants A" and B’ (27)

Plugging in the definition of u(z) (24), we get

kT
el

Redefining the constants A = kT A' and B = ’rT‘ B’, this boils down to

(A'e" + Ble* — 1)

T
0(z) = Ae"* + Be 7% — T| (28)

Now, it is time to impose the three boundary conditions from part (a):

dn

- -0
dZ z2=0

The last boundary condition, which is a condition on n(z), can be made into a condition on
©(z) by using (21), which relates n(z) to ¢(z):

dn
0=—
dz |,
_ i 2a ot/ (KT) exp |€|<P( )
dz | N KT )],
_ | |2a u/(kT)dW exp €|<P
KT 23 dz
| |2a /(kT) 4P dp
0= T8 et az |, since (0)
d
dz z=0
Therefore, the three boundary conditions on ¢(z) are
de
p0)=0,  wd=V. = =0 (30)
Z 2=0

We can now explain why we need three boundary conditions: Two of the boundary conditions
are needed to fix A and B in (28), and the other one is needed to fix the constant v (which is
related to the constant, but currently unknown, chemical potential p).

Applying these boundary conditions to (28), we get three conditions on A, B, and ~:

kT
e(0)=0 =  0=A4e" 4 Be O _ T by (28)
ET
0=A+B--—
le|
kT

A+B=— 31
] (31)
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kT
old)=V - V =Ae" + Be™ " — 2= by (28)

le]
kT
A 4 Be ' =V + Tl (32)
e
de +(0) ()
= =0= 0=~4e"") —yBe by (28)
z=0

A-B=0 (33)

By (33), A = B; applying this fact to (31), we get

kT
A=B=— 34
Plugging this into (32), we can find ~:
KT ., KT _, kT
76’}’ + —e¢ e — V_|_
2el 2e] le|
KT [evd —vd kT
kT <6+6> _v
lel 2 le|
kT kT v T
Tl cosh(~vd) =V + ] by the definition coshz = %
le]V
h(yd) = — +1
cosh(vd) T + (35)
1%
d = cosh™? le] 1 36
vd = cos ( o (36)
We can simplify this further by noting that if ‘?}/ is zero, then vd = 0 (since cosh™' 1 = 0).

Therefore, since |Z‘7Y is small, vd is very close to zero. This means that in (35), we can

expand cosh(yd) to lowest order in yd. Using the definition of the hyperbolic cosine in terms
of exponentials, we can expand coshx in a Taylor series:

coshz = ete”
2
(et ) A (e T )
B 2
2427+
B 2
22
cosh;vzl—ﬁ—?—ﬁ—... (37)
Therefore, to lowest nontrivial order in vd, we can rewrite (35) using this Taylor expansion and
o lelv,
solve for « to lowest order in ‘Tz
(vd)? | lelV
1 —+1
+ 2 kT +
2|elV
d)? ~
(vd)” = =5
1 /2]e|lV
A= 38
v~ A T (38)
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Now, we can put everything together. Using (34) for the values of A and B and (38) for the
value of -y, we can plug into (28) to get

kT kT kT
Ple) = e b o =
2e] 2lel le]
kT [(e*+e7? 1
el | 2
kT
= Tl [cosh(yz) — 1]

kT [ [2]e|V z . le|V
_ . ) -1 1 g jhad R
»(z) ] cosh ( T > ] to lowest order in T (39)

To find n(z), use the electromagnetic relation between ¢(z) and n(z) from part (a):

o el €0 d?p

Taking two derivatives of (39), and using the facts that (sinhz)’ = coshz and (coshz)’ = sinh «,
€0 d2

we get
[2]e|V z
_ € KT (2le]V 1 cosh [2]elV =
el lel \ kT a2 kT d
2¢0V 2lelV 2
n(z) = |e|0d2 cosh (w/ |k|T d) (40)

Using the definition of 7 in (26), it is possible to check directly that this satisfies the stat mech
relation between n(z) and ¢(z) (21) to lowest order in ‘2'%/ It is also possible to check directly
(using the Taylor series expansion of cosh z when necessary) that all the boundary conditions

on (z) and n(z) are satisfied.

kT

le]

le|]V
kT

2le|V z 2¢gV 2lelV z
h4/ -]1-1 = sh | 4/ = 41
05 < T ) ] and n(z) e & cos ( T (41)

The stat mech parts of this problem bear some relation to the “isothermal atmosphere” problem.

To summarize, we have to lowest order in

kT

p(2) = g
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