loday

[. First take home exam due a week from this Friday
II. Last Time
III. An Experimental Example of Going from the Mirco- to the

Macroscopic
IV. Entropy and Heat
V. Thermal and Mechanical Equilibrium

I.  We’ve been exploring the thermodynamic definition of

1_(%)
T \ou/,,

We applied this to the Einstein solid and to the i1deal gas. The results

temperature:

were 1n perfect agreement with equipartition and 1illustrated that

we’d gotten the constant pre-factor correct.



I.  Andrew gave us a guest lecture on two-state paramagnet. By

doing the combinatorial calculation of the entropy S, we were

able to find

ub ub
U= —NuBtanh| — ) and M = Nutanh | — |.
kT kT

T'he magnetization goes to zero at high temp, at low temp we got a
saturated magnetization, as large as it can be, and i1f we turn oft the

external magnetic field the magnetization also vanishes.

II. Let’s go back to our Einstein solid and 1deal gas examples and just

take them one more step,

oU
(1) FEinsten solid: U = NkT, Cy, = | — = Nk.
o Jyn

3 3
(11) (Monatomic) Ideal gas: U = ENkT, Cy = ENk.



II. Let’s go back to our Einstein solid and 1deal gas examples and just

take them one more step,

oU
oT

(1) FEinsten solid: U = NkT, Cy, = <—> = Nk.
V.N

3 3
(11) (Monatomic) Ideal gas: U = ENkT’ Cy = ENk.

How did we accomplish this? It took roughly 5 steps:

1.

Use quantum mechanics and some combinatorics to find an
expression for the multiplicity Q, in terms ot U, V, N and any
other relevant variables.

'Take the logarithm to find the entropy S.

Ditferentiate S with respect to U and take the reciprocal to find a
relationship between T and U.

Given the relation of 3., we 1nvert (1.e. algebraically solve 1t we
can) for U as a function of T and the other variables.
Ditterentiate U(T) to get the heat capacity.



I11. How do I experimentally get access to the entropy?

What about trying to probe small changes in the entropy by looking

at small changes 1n the internal energy:

dU d
ds = — = % (or dS = TQ> (const. volume, 1.e. no work)

This 1s Clausius’ definition of the entropy. This 1s directly accessible

experimentally.

Generally, the heat transter will also depend on temperature, and we

use a heat capacity to characterize the entropy change

C,dT
dsS = :
T
When Cy, 1s constant we have
rdr T;
T. l

l



II1. Generally, the heat transter will also depend on temperature, and

we use a heat capacity to characterize the entropy change

CydT
dS = :
r
When Cy, 1s constant we have
Iy ar T;
AS=S,— 8§, = CV" — = Cvln? (const. Cy).
T. l

l

In the case of non-constant Cy, we get
'r CAT)dT

AS=[ AR
T, r

l

As T — 0 this integral diverges unless Cy(T) — 0 more quickly, then
the fact that C\(T) — 0 as T — 0 1s called the “third law of

thermodynamics”.

IV. We can also study mechanical equilibrium with these tools.



IV. We can also study mechanical equilibrium with these tools.
When will we have equilibrium? Now the two subsystems can not

only exchange energy, but also volume: § = S .1,

oS oS
— =0 and — =0.
oU, oV,

Same strategy as betore § = S, + S, so
oS aS, 0Sy; 95, ISy

oV, 9V, oV, oV, Vs
We’ve shown that

oS OS
—2 = —2£ (at equilibrium).
Investigating the units, we then have
0S4 oSz
T—= = T—2=, which reasonably leads
oV, oVy’

U, Vi, Sa © " " &

0S
toP=T
(57),,.




oS
IV. Detine P=T (—) . Return to the 1deal gas:
oV /)y

3
Q = A(N)VNUN?, then we found S = NkInV + ENk InU+ kInf

'Then

0 NkT
P=T—(NklnV)=—— (ideal gas law!)
oV V

U, VA, Sa ° .




