Lecture 17. Rods, bubbles, and magnets

« Work in various situations

* Heat and entropy changes

General expression
for work

dW = X dz

N
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From the New Yorker
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General expression

for work
dW = X dx

Generalized E_anar'a.lizad Fda

force displacement CLE —pdV
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P
Stretching a wire Compressing a gas
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Elastic Rod df

Rod with cross-sectional area A and length L, held at temperature 7.

The rod is made from any elastic material (such as a metal or rubber) and is
placed under an infinitesimal tension df which leads to the rod extending by an
infinitesimal length dL.

Isothermal Young's modulus E;: ratio between (uniaxial stress; or load) o = df/A to L
straine = dL/L :
o L {af
Fr=7=7 (E)T
bl
dL

The Young's modulus E; is always a positive quantity. |
Young’'s modulus measures the stiffness of the material; the amount of stress needed !
to yield a given deformation. df
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Linear expansivity at constant tension

Linear expansivity at constant tension, ay:

Lo lfoL
e 7 ar ),

which is the fractional change in length with temperature.

This quantity is positive in most elastic systems (notable exception rubber).

If you hang a weight onto the end of a metal wire (thus keeping the tension fin the wire
constant) and heat the wire, it will extend. This implies that a > (} for a metal wire.

For rubber, the same procedure will make it contract, and thus a < () for rubber.
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Change of tension of a wire held at constant L with T?

O\ _ _(9f\ (9L) __ |
(ar), =~ ar), (o), = 2o
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Back to thermodynamics 4f

Internal energy: AU =TdS + fdL

Helmholtz free energy: JdF = dI7 — TdS5 — §5dT L

dF = —SdT + fdL

Entropy: S = — (B_F) df[‘
p:'l"' s = m—- . df
OF
Tension: f - (E)T

= (3 e (§).
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Heat and Entropy

a5 o f
Maxwell relation: ( ) = —( : )
T L

aL 3T Isothermal change in entropy
a5 _
(H)r = AErayj, Stretching the rod increases the entropy if a; > 0
a8 ap
For an ideal gas, we saw: ( ) = (—) >0 _ (o af
ga. ] el b 'l e v 'df T a,I yd‘:r + &J -T.d'y

Increased entropy at constant T means that heat must be absorbed!

AL} =TAS = AEyTo AL (isothermal and reversible stretching)
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Why is entropy going up?

AQ =TAS = AB;Ta AL

A metallic wire is made of many small crystallites
(each with low entropy — why?)

Stretching the wire distorts the crystallites, which then
increase their entropy and so heat is absorbed

This is different for rubber, made up of long atomic chains,

stretching them decreases the entropy: heat is thus emitted
when isothermally extended!

SEM image of the TiD2 mds
fom Materals 2007, 10(7), 778

(d) (=)

WL

Rubber
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Changes of U in an isotherm when a rod is elongated?

This is the sum of a positive term expressing the energy going into the rod by work and
a term expressing the heat flow into the rod due to an isothermal change of length.

Note: for an ideal gas, a similar analysis applies, but the work done by the gas and the
heat that flows into it balance perfectly, so that ' does not change.

Reminder: for an ideal gas, d{/ = () (only depends on T)
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Surface tension

dW = ~vdA

Work to create a surface dA

https://www.colourbox.com/image/water-
droplets-on-mettallic-surface-
image-3690606
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Fiston moves down: work done diW = Fdx = +pdV
(Incompressible liquid)

Droplet volume change: dV7 = drr?dr

Surface area: dA = dx(r + dr) — 4mr” = 87r dr

Work to create that surface: a7 = ~dd = &g~r dr

— (dartde) x (24/7)
—dV x (2v/7)

. 2y
Fressure is therefore: p= T?
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Pressure inside a spherical bubble?

Po A bubble has two surfaces. The pressure of gas
inside the bubble minus the pressure outside the
f__,.{:-—- bubble has to support two surfaces.
Phubble

If the two surfaces have the same radius (thin wall),
then:

4n

Pbubble — P00 = -
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Microscopic origin of surface tension

a G
) -

ket pe fehiam libretes s arg Adapi deld Miles 128 280/
clip bboard _sclflkdedlebd2efcOblc 0T dded Tafab pn
EFrevision=1

A molecule in the bulk of the liquid is attracted to its nearest
neighbors by intermolecular forces (which is what holds a
liquid together), and these forces are applied to a given
molecule by its neighbors from all directions.

The molecules at the surface are only attracted by their
neighboring molecules in one directionmbut there is no
corresponding attractive force out into the bulk.

The surface has a higher energy than the bulk because bonds
have to be broken in order to make a surface, and y indicates
how much energy you need to form a unit area of surface
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Let’s do some thermodynamics

Internal energy: 47 = TdS +~dA

Helmholtz free energy: JdF = —SdT + ~dA

Maxwell's relation: a5 o iy
A ) ar |

(51).=7(5).+» => (%) -1(%
a4 J a4 J 0A ) T

).

(/0T 4 <0

y = ) at boiling
T(T},)

- T

T;,
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Electric and Magnetic dipoles

Interaction between electric dipole moment and electric field: —PgE E
If the electric field changes: d{—pg- E) = —pg -dE — E - dpg.

Energy stored in the dipole itself dpE = q da
changes when separation changes:

Work done to change length ais thus: E(gda) = Edpg

Wikipedia

Total work: dW = —pg -dE

Analogously: dAW = —m -dB

Note: the system here is both the dipole and the field!
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Paramagnetism

Consider a system of magnetic moments on a lattice at temperature T.

The moments do not interact with each other dli/ =17dS5 - mdB
Paramagnetism: moments m all align when a magnetic field B is applied

Magnetic moment m = MV with magnetization M and volume V

_ M
Magnetic susceptibility: = liny O

For most paramagnets X < 1 so that

and hence

1
Temperature dependence (Curie’s law): v x T

iy
. =1 <0
And we have: (;}T)H

Magnetic susceptibility

X

(Curie’s law)
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Isothermal magnetization

Heat emitted during isothermal increase in B

Adiabatic demagnetization

Temperature is reduced for an adiabatic reduction in B
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Helmholtz free energy: dF = - 5dT — mdB

Maxwell's relation: (%J _ (“';L;J o VB (*:_‘;J “isothermal change in entropy when changing B”
! T . fr] Ha b

L
5 w

. [8s TVE [ O ]
AQ=T|—=| AB= — | aAb <} <0 means emitted
b8 dr g

H

Heat “absorbed” during the isotherm:

Temperature change during an adiabatic change of BE: (ﬂ) — ("'ﬂ;) (ﬂ)
a8 ) . a5 ), \aB ) 5

Heat capacity at constantB:  Cs = T(53),

ﬂ:) 1

T TV ' | =T

And we find: (r”) __IvE (ﬂ) ( 2 ]'-,r
5 B

ETE CueCe \OT

This number is positive, meaning we can cool a material
using an adiabatic demagnetization (‘&I) - — (‘E'_I) (E)
This is a way to get to very small temperatures! ) ! 8
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Microscopic point of view

N independent moments.
They are initially randomly oriented — no net magnetization !
-

/

A B will tend to align the moments but higher T will reduce magnetization R
fv AN ?1,
~ e I

At large T, we have a random distribution, kT is large and all states are
{a) high temperature

occupied with equal probability, regardless of their energy
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Microscopic point of view (2)

Imagine spin 1/2 systems, with only two possible orientations z
I
Number of microstates: Q = 2% "%

The entropy associated with the magnetic orderingis S =Lz Infl = Nikpln 2 Hi ;:JEL
a tamperaturs

At low T, the entropy of the paramagnetic salt must reduce as only
the lowest energy levels are occupied (better alignment)

At very low T, all the magnetic moments will align with the magnetic
field to minimize their energy. In this case there is only one way of

arranging the system (with all spins aligned) so 2 = land 5§ =0

B T e ———
A B B B s R
fmmLsLpepepinimLn i
e i i i e i i
B e
e R R e e e e e e ]
T i e i e -
T e ——
e R SRR AR e
——
=

mperature
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Magnetic Cooling: 2 steps .

a to b: isothermal magnetization

Reduction of the energy of the system by aligning
moments, increasing the strength of the magnetic field
(bath of He at 4.2K, which absorbs the heat and the

system’s entropy decreases). This is done with an
exchange gas.

b to c: adiabatic demagnetization

Pump away exchange gas (remove bath}); magnetic field is slowly reduced to zero; processes is
reversible and thus entropy is constant. The temperature is reduced

The entropy of the sample remains constant while the entropy of the magnetic moments

increases (random orientations) which is counterbalanced by entropy of phonons (vibrations)
[exchange of entropy between spin and phonons]
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Summary

(a) The first law for a gas is dU = TdS — pdV. An (8]
isothermal expansion resultsin S increasing. An excpand
adiabatic compression results in T increasing.

|
25
E
|

(b) The first law for an elastic rod is dlU/ = TdS + fdL . An

. . \ . (b
isothermal extension of a metal wire results in §

[=k e L}

GOQGnGa
GaanHa
OO0 000

[=F L]

skretch

RO RR QR

oGO0 00a0

. . . . CO0OO0000
increasing but for rubber § decreases. An adiabatic 23350850 — = Goooopoog  COMOPY inereases

contraction of a metal wire results in T increasing (but Beoabaan 5eea8aas

for rubber T decreases ﬁ"n, ’N_NJ—/‘

()

(c) The first law for a liquid surface isdl/ = TdS + ydA . An ¥ >\

. . . . . g .
isothermal stretching results in S increasing. An T entropy decreases

adiabatic contraction results in T increasing.

(d) The first law is dU/ = TdS — mdB for a magnetic system. @ yeo, Tt
An isothermal magnetization results in § decreasing. ~ - maguetie o entropy decreasea
An adiabatic demagnetization results in T decreasing. Y ——
s
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Lecture 18. Third Law

* More about Entropy
* Absolute value of entropy?

* How can we measure entropy?

Wikipedia
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