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74> 7.4 Prove Van Leeuwen’s Theorem: The phenomenon of diamagnetism does not exist in
classical physics.
The following hints may be helpful:

(a) If #(py,...,Py5 Q15---,qy) is the Hamiltonian of a system of charged particles in
the absence of an external magnetic field, then S#[p;, — (e/c)A,,...,py — (e/C)Ay;
q;,---,qy] is the Hamiltonian of the same system in the presence of an external magnetic
field H = v X A, where A, is the value of A at the position g;.

(b) The induced magnetization of the system along the direction of H is given by
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where J is the Hamiltonian in the presence of H, H = |H|, and Q is the partition
function of the system in the presence of H.
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‘7 5> 7.5 Langevin’s Theory of Paramagnetism. Consider a system of N atoms, each of which
i has an intrinsic magnetic moment of magnitude p. The Hamiltonian in the presence of an
external magnetic field H is

N
H#(p,q) —pHY cosq,
i=1
where J( p, q) is the Hamiltonian of the system in the absence of an external magnetic
field, and a, is the angle between H and the magnetic moment of the ith atom. Show that

(a) The induced magnetic moment is

1
M=Np.(coth0— 5) (0 =uH/KT)

(b) The magnetic susceptibility per atom is

2
pf1
X = —(F — csch? @ )

(¢) At high temperatures x satisfies Curie’s law, namely x @ 7!, Find the proportional-
ity constant, which is called Curie’s constant.
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7.6 Imperfect Gas. Consider a system of N molecules (N — oo) contained in a box of
volume ¥ (V = o). The Hamiltonian of the system is

N pz
Ty,
o1 2m ’

V= U(ll‘, - rj')
where p, and r; are, respectively, the momentum and the position of the ith molecule. The
intermolecular potential v(r) has the qualitative form shown in the accompanying figure.

Let
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J(r) me b~
A sketch of f(r) is also shown in the same figure.
(a) Show that the equation of state of the system is

Pv az(v,T)
— =140——"
kT v

v(r)
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where v = V/N and
1 1
Z(v,T) = ]Tllog[ﬁftﬂrl ce dPry ,11(1 +f,,)]
(b) By expanding the product [ [(1 + f; ), show that

Z(v,T) =%log[%fd3rl d3rN(1+ Yf+ )]

i<j
N 1/N
=log[1+ ;/fd rf(r) + ]

(c¢) Show that at low densities, i.e.,
r/v <1
it is a good approximation to retain only the first two terms in the series appearing in the
expression Z(v, T'). Hence the equation of state is approximately given by
Pv _ 1 o0 2
T 1- 2_1)-/(.) dré4mrif(r)
The coefficient of 1 /v is called the second virial coefficient.

Note. (i) Retaining the first two terms in the series appearing in Z(v, T) is a good
approximation because Z(v,T) is the logarithm of the Nth root of the series. The
approximation is certainly invalid for the series itself
(ii) If all terms in the expansion of [ (1 + f, ;) were kept, we would have obtained a
systematic expansion of Pv/kT in powers of 1/v. Such an expansion is known as the
virial expansion.

(iii) The complete virial expansion is difficult to obtain by the method described in this
problem. It is obtained in Chapter 10 via the grand canonical ensemble. See (10.27) and
(10.30).



We can eYod
HamiHonian

1’16 CAY\WG\/\% e ‘PosA'\-\'\’bm Louction bosed on Mg
(R

=P - (biv(lr 2
e Sd;”"g"\w“ e
T‘D-( this Lo e wandk Yo ol %\’
ne con frnd Ly 3olvion for . pressue
/P _— (’a_A_ =
>V
\l/wf,(;\—t Hae oy

—Fw/{*sﬁ- @,\1 ‘i’lfw-‘l'd.gq)w«iun

D)
Vadron of stdr |, Whidn
> £.Qu

®
*”‘i,
\,N

we A frema
Q.\( =<‘M/{|}N SO\?N

- ore
wt (an  younte N 2S5
octh AL o B
L_,_,—\/\/
= ideat i Hron Lonckion for on 1dsal
= QM PESEL C*[aAS
Qs :@'J“! dgdwr T o P20
\' “§
H:D\A CLL‘G"\\ l+ = F 3
Hre COY\J’LL)r:%\S -(-:d\r\d'\f c

o vy = VT 3D debng
8 I (RPN

Z o Sd r‘l—(l &%}

EEAELSANE Q:w A%/

’Plu@n& s o E&\V\

@
2 pfusi® %)

e e useh ‘H/{\unow\.a&ax_ Hral™
/P\{-: M\OT s ‘H/'L \J\J-GJ\-

—J%,+aZ~

Edyit
ok v woA& devive fram 2 g, Qe



IF we Swikda 4o e wekaion - = \[/N

V2 N >

Ov dﬁ:@/\‘va‘\'lf\a ‘QUV\&T‘,UV\qunLS(—M TVD\-GUM.,
feasisln

aE_WLf \+vi
\<T ov

L) In Haig At e 305*' wd B expands e prodiet
G &3) Hn i&&é P, gcj&u"'

143 <y ] k<L
I Hhis opansion (5 vot obvious | Corsiter josk D patticles so that
T+ f) - 1+ 40U+ £ U £
H (/\+ :Fn §\3 §|1£\3)(l+£,3

-'/l £|L*§IZ 'Fzs :E:\’L 12 & :FZB §‘3§7‘3+ :Ez{\‘sgz,s
SSZES, Z{5+ iiﬁj{u -

f<3 Léj le€ A~

ForHis problom e il foaws M«\Lu Hrst bo 4oms
X SliS ( 2
> > ksl e g ]

ﬂ%[_/l T V"‘ Lc) d\?'\\r £0] f

TI’!L. v\ \\/\i'C ol ,9_4?:.,4; ore 2 UG M (Uq’\d.bs ( icles |
& 33%% We (An -\—v\o\'/\\mﬁ o AB LP o -

A
2= lw[ +J—i\/”zc&n<&3rthgj‘]m

i«



\/&,@V\Mvﬁt%\mi mwm@mng WAfle. | & Aodani
+re  sepavakion \;e_n—,\'o% i P ! 3 % an?)
?ﬂ?‘tf?é) \Jl g_;—i’ 1

> Jotady §(R-150 = [cde §lrD
! Y‘N\A N lo d3 |
fv\cfﬁﬁﬁ%ﬁeﬁ s iufanuadha J G So we tan enpluade
T \
\/ L‘\:S

The s 2 will esseal
A okesyrad- 3 Afprosimudind

26 T) = Jlm11 A %Sc\”r ;}(r)+...]v”

D&PH‘C what e Losle Les povittan, [ Hanle s s Ha Vléw anBuev:

C) Waa wallang e low dunsties, we can perforn Hae Vinad Wpansin
of Y equoakion of Stote
H
S 1 +B,Mp +B,(D PALEEE:

Wheve p= Ve <1 L e weffoads B (T) a luman a¢ vivial
CGC%\MS For tdeas S, Whuo iy slecuhay dreveciog e
For 1on—dmsties we ':M'%M‘tﬁ ~deu~ A

we vs WO(IN-D/2 daundieak s of
m N-1= N for N>>’\)mﬁw

Asmissed- B (O = 0.
bt corvekion, B, (T,

We seeHhat our solution 4o pat (LY 1§ 4his San Oxparsio, (imss ), bt
e e ok Hae b’?f ok 4 expangion. Thonfore , Sme WL (v duahi
Wt \ow- ditinsdhis W onliss Wed, o letsp M fist Hw tevmmg Lwoba
T) i L
%(V; ) <—§—V~ So\”r g(ﬂ)

N



O« ve,ooon\'k\%‘\'l/w( % s ov\\/eS o Bonckisn oF \T\\ ‘ MQAF\"/‘LV SWflt%'h
D= L e g

o

v 2

OF ' Hae \aumusge of the Vindh expansun

© o 2
;E = 1+ %LL\)€ wl BM=-2w \[Arrz-F(r)



