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lied kinetic theory to this “gas” of conduction electrons of mass m, which
y the molecules of an ordinary gas) move againsta background of heavy
is. The density of the electron gas can be calculated as follows: -

- element contains 0.6022 x 1024 atoms per mole (Avogadro’s number)
les per cm>, where py, is the mass density (in grams per cubic centimeter)
atomic mass of the element. Since each atom contributes Z electrons,
of electrons per cubic centimeter, n = N/V, is

Zpm .
X a.1)
densities for some selected metals.
ectrons per cubic centimeter, varying
022 for beryllium.> Also listed in
ectronic density, r;, defined as the
¢ volume per conduction electron.

n = 06022 x 10**

_ shows the conduction electron
sically of order 10?2 conduction el
¢« 10?2 for cesium up to 24.7 x 1
3 a widely used measure of the el
sphere whose volume is equal to th

_fﬁu w:w .
=] M .| N ﬂ.n .| AMq.dlSv . Aﬂ.Nv

and in units of the Bohr radius ao =
being a measure of the radius of a
d as a scale for measuring atomic

sts r, both in angstroms (10~8 cm)
1529 x 1078 cm; the latter length,
ytom in its ground state, is often use
Jote that r/aq is between 2 and 3 in most cases, although it ranges between
__the alkali metals (and can be as large as 10 in some metallic compounds).
ensities are typically a thousand times greater than those of a classical gas
temperatures and pressures. In spite of this and in spite of the strong
ectron-and electron-ion electromagnetic interactions, the Drude model
uts the dense metallic electron gas by the methods of the kinetic theory of”
lilute gas, with only slight modifications. The basic assumptions are these:

en collisions the interaction of a given electron, both with the others
the ions, is neglected. Thus in the absence of externally applied electro-
fields each electron is taken to move uniformly in a straight line. In the
5f externally applied fields each electron is taken to move as determined
n’s laws of motion in the presence of those external fields, but neglecting
onal complicated fields produced by the other electrons and jons.t The
 electron-electron interactions between collisions is known as the indepen-
ron approximation. The. corresponding neglect of electron-ion interactions
as the free electron approximation. We shall find in subsequent chapters that

is the range for metallic elements under normal conditions. Higher densities can be attained

jon of pressure (which tends to

gnored, for the Drude model im-
nfined to the interior of the metal. Evidently this confinement is
ely charged ions. Gross effects of the electron-ion and
unt by adding to the external fields a suitably
n-electron and electron-ion interactions.

sly speaking, the electron-ion interaction is not entirely i

imes that the electrons are co
yout by theit attraction to the positi
ectron interaction like this are often taken into acco
ernal field represénting the average effect of the electro

favor the metallic state). Lower densities ate found in com-

FREE ELECTRON .UHZmHHH_wm.. OF SELECTED. E.—.E.un ELE-

MENTS®.
: Z n (1022/cm?) r{A) r/ae
z_m mwmo 1 470 1.72 325
Na 6 wv 1 265 208 393
<0 NW 1 140 257 486
Rb 6 X) 1 s 275 520
cs 1 091 298 562
c ' 8.47 14 267
As ! 5.86 1.60 302
A ! Mw.wo s 301
Be ) 099 )
o»m w 8.61 141 W.‘N
c: 2 461 173 327
St 2 355 189 3.57
Ba : 3.15 196 37
N ! M.w.m 1.63 307
17 L12
w\w: ) w 16.5 113 NNH m
Zn 2 _W.NNQ 122 230
w_m (78 K) 2 865 wwm w.%
Al w 181 - 110 NHMW
¢ : mw , 1.16 2.19
I 5 1.27
mu_y | w 10.5. 131 w..m
Sn 4 148 1.17 222
Pt : 132 1.22 2.30
B 14.1 1.19 2.25
_ 5 16.5 113 214

“ At 1 tefnner .

oEmn“MMMa :MN.M@%M ture .@&oﬁ 300 K) and atmospheric pressure, unless

We have arbis - The radius r, of the free electron sphere is defined in _.Wb (1.2).

oo Em.nn itrarily mﬂnﬁ.& one value of Z for those elements that &.mE..m .

basis for the choie, Valus of nsrc baed o da e m W theorctical
- are based ofi data fr .

Crystal Structures, 2nd ed., Interscience, New York, Gomw w ¢< G. Wyckoff,

_ although i . i | .
gh the independent electron approximation is in many contexts wﬁw&mmsm_w

good, the free electron approximati
the | mation must be abandoned if i i
w Q:Om:”w:.ﬁ understanding of much of metallic behavior. one s fo arve &t cven
. Collisions in the Drude model, as in kineti .
. C : , as in kinetic theory, are instantan
co:unwwwvhw mﬂ_wowwwro velocity A.Vw an electron. Drude attributed them to %HMM%MM%MM
oo mbm_owco (o I WMMMMMWWM “mu om.no.m (rather than to electron-electron collisions
: collision mechanism i i w
b . ism in an ordin . Wi
ind | M_HMM MWNM .a_ooﬁg-n_woﬁomw scattering is indeed one of the _ommwawawﬁmMn mm_“w:
ring mechanisms in a metal, except under uriusual conditions ,H..H.o%m :
. ver,
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38 Chapter 2 The Sommerfeld Theory of Metals

Table 2.1 o _ o
FERMI ENERGIES, FERMI TEMPERATURES, FERMI WAVE VECTORS, AND .
FERMI VELOCITIES FOR REPRESENTATIVE METALS*

ELEMENT T7./ay  &p T ke Vg
Li 325 474eV 551 x 10°K 112 x 10°cm™" 129 x 108 cm/sec
Na 393 324 3.77 092 107
K 486 212 246. 0.75 086
Rb 520 185 215 0.70 081
Cs 562 159 1.84 0.65 0.75
Cu 267 700 - 816 1.36 1.57
Ag 302 549 6.38 1.20 139
Au 301 553 6.42 To121 140 °
Be 187 143 16.6 194 225
Mg 266 108 823 1.36 1.58
Ca 327 469 5.44 1.11 1.28
Sr 357 393 457 1.02 1.18
Ba 371 364 423 098 1.13
Nb 307 532 6.18 1.18 - ©1.37
Fe 212 111 130 171 - 198
Mn 214 109 12.7 : 170 - 1.96
Zn 230 947 11.0 1.58 o183
cd 259 747 8.68 1.40 : .1e2
Hg 265 113 829 137 | 1.58
Al 207 117 136 175 2.03
Ga 219 104 12.1 1.66 192
In 241 863 100 151 1.74
Tt 248 815 946 146 169
Sn 222 102 11.8 164 190
Pb 230 947 11.0 1.58 1.83
Bi 225 ¢ 990 11.5 1.61 1.87
Sb 214 109 127 1.70 196

o The table entries are calculated from the values of r,/ao given in Table 1.1 using m =
9.11 x 10728 grams.

[

assumes that the electronic energy .ﬁon unit volume in a 1-cm cube of o.om%o_, is the
same as in a 2-cm cube). -
"Using (2.29) to evaluate (2.27), we find that the energy density of the electron gas is:

E_1 .ﬁ &w*__«.ﬁ, 1 h2ks®
k<kp

(2.30)

=72

2m w2 10m

" To find the energy per electron, E/N, in the ground state, we must divide this. by
N/V = kg*/3n?, which gives

h2k.2 . y )
E_3M 3. @

We can also write this result as

i

ey

Ground-State Properties of the El¢
where Ty, the Fermi temperature, is

- : (opn
I, =% _ 582 m

b~ (rjaoy?  O° K

Zoﬁ.o, In contrast to this, that the energy per electron in a classical ide
<m=%.wom at T'= 0 and achieves a value as large as (2.32) only at T = 2

~ iven the ground-state energy E, one can calculate thé pressure nw
electron gas from the relation P = —(9E/dV)y. Since E = 3N&; and

tional to kz2, whi
tional #2, which %ﬁmb& on V only through a factor n?* = (N/Vy
p=2E
3v
‘One can al { ibili
by: so calculate the compressibility, K, or bulk modulus, B =
1 dP
B=—=_yvZL
. K av
mEoo E is proportional to V= 2/3, Eq.(2.34) shows that P varies as V=53, g
5 1I0E 2
B=>P=""C 24
F
o 3 9V 3
6.13\°
B = A‘u\aov x 10'° dynes/cm?.

In Table 2.2 we compare the free electr i
. . on bulk moduli (2.37) cal
MMMW.EQ Bom.mE.oa d.z_w moduli, for several metals, HroAmmanMoMﬂ_wH
i metals is fortuitously good, but even when (2.37) is substantially

C
‘Table 2.2 . .
BULK MODULI IN 10!° DYNES/CM?
TYPICAL METALS® /CM? FOR SOME
EH.}H. FREE ELECTRON B MEASURED B
Li :
. 239
11.5
Na 9.23 6.42
K . 3.19 2 81
Rb 228 197
Cs : _ 1.54 "
M: 638 1343
g 34,5 9.9
Al 228 76.0

" @ The free electron value is that for a free .
: electron gas at the ob
density of the metal, as calculated from Eq. Q.u%. e observed




’_‘T/_\_e. ‘:qu\a %p SJ-QJ-U\ (305)

whan wor liane  with ockrowms, Hre dacly of atales
wdvresnnedy o it Recoll thod it i dufimecl o

- |
T flew) = jdaé D(e) £(€)
o

e &

\..6-\\/; cheseive -E& ONALR ‘%MQ M{W .f_.w ’&-'UMz‘

vV 5l» &
T oe(Em) = T 7 B(ew) = ° .t job w B (&w)

Ve e,
= 2 M Y fow wt £ (ew)

b ——————

(ew)®

2 ‘
e,vwc&o.bw‘-c ewh\ua‘ we gt
e

N NP
S ""“ [ 2o €
w = ,,&..——?—/ & v B dfbb = _,_,_.-—hz ?:7—6
% .
w2 Ve
) V& ohe

Tws
v Pl ] e e
. I ) M 2 de V€
€¢£(61w7 = ) < ’RZ) 3
Tos

(#)

(8)



“Waebh Yhe DoS we mowy

7

&R -
Joxe (&) = ©
Q

GF
EF
/2
v [2m de e
e D Cé) =. A ( x” f
Jc* 25 (%))
o)
. pon 5/, Lealz
w2 L P
TW5 epﬁla = aw® NIV (7‘;"\)
2
;F\K (3WZN)V) /S
or Er = 2w

AL @@W*PUJ-L the Feruuwd gy 5

(9)

(+9)



U"’““f?%(m)wexw a.uo wode Hre DoS tn @ auore

, N
onmneh ‘®(e)=l(%)2ﬁ

2xne

Ths — N |
2C8) - 2.%%)" el e ‘@(e,-.) T Zer (i1)

Vo bt s of Hae Mé»khw:

Nau s QGUJ\/VP‘U\‘V—» Hre
€F
U:jdvc» Dle) & | -
o

VI IVN-Y § LDNARY ot zeveo WV‘C \We. wnewe




Qmwm ounde \éuﬁ«lz, Mdulus

T e pxonvcovs sk of MF’A we alaevedt. Haodt, for o
W‘LUMAEQ‘*‘ o Hae Wwa( WM&, kodh DBosouc ousle
Corimmonirl, £ i oo e broe  Hiodd

?\/‘a 2 v

X C14)

\%WQQXMA‘\POM&%N onn tHine aoliol. W&(?Q‘L

‘—(‘)
)

2 v = 2
EYRY 3V

s o= 2+ (5“2)213 (%)gls' (1s)
S 2w
Ly i Bobl pmotls
A (1e)
= -V “;;;‘%



Be Lo = &

W'm \oe bveean Horxn Yy e 2

. So. 52 Y- 52 2 Nee
sP~235 v 335 v’
3:__%N\€F

3 (1)

b} ok fhe expuimem=

Yol meervve pnernt

A cowe loe AL

()WMfﬂ, oo TUAAM
e Robive viloralioms

Table 2.2 '
BULK MODULI IN 10'° DYNES/CM? FOR SOME
TYPICAL METALS*

METAL _ FREE ELECTRON B MEASURED B
Li . 239 115
Na 9.23 ' 6.42
K . 3.19 2.81
Rb 228 . 192 -
Cs ' ' 1.54 1.43
Cu 63.8 134.3
Ag 345 99.9
Al 228 76.0

@ The free electron value is that for a free electron gas at the observed
density of the metal, as calculated from Eq. (2.37).
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