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The Noble Metals 289

Figure 15.4
:) Calculated energy bands
n copper. (After G. A. Bur-
:ick, P/r1,s. Rer,. 129, 138
i963).) The 6 vs. k curves are
;:own along several lines in
--'le interior andonthe surface
--: the first zone. (The point I-
-. at the center o[ the zone.)
lie d-bands occupy the
:-rrkest region of the ligure,
.:ose width is about 3.5 eV.
-'t The lowest-lying free

:.3ctron energies along the
-me lines as in (a). (The
.:ergy scales in (a) and (b)
--: not the same.)

(b)

Note that the k dependence of the .s-band levels, except where they approach the
j-tands, bears a remarkable resemblance to the lowest free electron band flor an fcc

-.stal (plotted in Figure 15.4b for comparison), especially if one allows for the
:-..-cted modifications near the zone faces characteristic of a nearly free electron
-,:;ulation (Chapter 9). Note also that the Fermi level lies far enough above the
.---and for the s-band to intersect 6s at points where the resemblance to the free
ar.tron band is still quite recognizable.a Thus the calculated band structure indicates
:::t lor purposes of Fermi surface determination one might still hope for some
:-jv-€SS with a nearly free electron calculation. However, one must always keep in
- :id that not too far below the Fermi energy lurks a very complex set of d-bands,
r::L-h can be expected to influence the metallic properties far more strongly than
:-- any of the filled bands in the alkali metals.s

ThL Fermi surface lor a single half-filled free electron band in an fcc Bravais
;-::ce is a sphere entirely contained within the first Brillouin zone, approaching the
lj-ace of the zone most closely in the ( 1 I 1) directions, where it reaches 0.903 of the
* j:3nce from the origin to the center olthe hexagonal face. The de Haas-van Alphen

. However, the Fermi level is close enough to the d-band to make the s-band nomenclature somewhat
:::-::..us for conduction band levels on the Fermi surface. A more precise specification of how s-like or
.-:-: a level is must be based on a detailed examination of its wave function. In this sense most, but
r :,1 means all, levels at the Fermi surface are s-like.

. The atomic ionization potentials provide a convenient reminder of the different roles played by
i= bands in the alkali and noble metals. To remove the first (4s) and then the second (3p) electron from
u,,-:ic potassium requires 4.34 and 31.81 eV, respectively. The corresponding figures for copper are
- 1 :V (4s) and 20.29 eV (3d).

L
(a)
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290 Chapter 15 Band Structure of Selected Metals

effect in all three noble metals reveals that their Fermi surfaces are closely rela:;:
the free electron sphere; however, in the (111) directions contact is actualh -
with the zone faces, and the measured Fermi surfaces have the shape shown in F-.-
15.5. Eight "necks" reach out to touch the eight hexagonal faces ol the zon;. :
otherwise the surface is not grossly distorted from spherical. The existence oi :
necks is most strikingly evident in the de Haas-van Alphen oscillations lor ma5.:-
fields in the ( 1 I 1) directions, which contain two periods, determined by the €\li:l
"belly" (maximum) and "neck" (minimum) orbits (Figure 15.6). The ratio of th. ,

periods directly determines the ratio of the maximal to minimal ( I 1 1) cross sectir: ,

Figure 15.5
(a) In the three noble metals the free electron :::-
bulges out in the (111) directions to make contai: ia
the hexagonal zone faces. (b) Detailed ffoss se---,:ri
of the surface for the separate metals. (D. Shoe:rq
and D. J. Roa! Pfi i/. Trans. Roy. Soc. 255. 85 (1961 --r
cross sections may be identified by a comparisLr: ; a.
(a).

f
(b)

6 M. R. Halse, Pftil. Trans. Roy. Soc. A265,507 (1969). The entry for silver can be read directli :1.
the experimental curve in Figure 15.6.

\

--.:lough a d:
:: -aces. is stijj-: ..,rble metal F
-.: simplest ar,

:----.-:tic behar itr
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zonti
geoII
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A r r, (snrrv) I A r r, (Nrcr<)

27
51

29

\lthough a distorted sphere, bulging out to make contact with the hexagonal
:- -: faces, is still a fairly simple structure, when viewed in the repeated-zone scheme
-:: roble metal Fermi surface reveals a variety of exceedingly complex orbits. Some

.:e simplest are shown in Figure 15.7. The open orbits are responsible lor the very
::.ratic behavior of the magnetoresistance of the noble metals (Figure 15.8), whose

Figure 15.6
De Haas-van Alphen oscillations in silver. (Courtesy of A. S.
Joseph.) The magnetic field is along a (111) direction. The two
distinct periods are due to the neck and belly orbits indicated in
the inset, the high-frequency oscillations coming from the larger
belly orbit. By merely counting the number of high-frequency
periods in a single low-frequency period (i.e., between the two
arrows) one deduces directly that lr,,(belly)/lrr,(neck) : 51.
(Note that it is not necessary to know either the vertical or hori-
zontal scales of the graph to determine this lundamental piece of
geometrical information !)

Cu
Ag
Au

::recth .: :



292 Chapter 15 Band Structure of Setected Metals

Figure 15.7
Indicating only a few of the surprisingly ma:--
types oforbits an electron can pursue in /<-spa:
when a uniform magnetic field is applied to :
noble metal. (Recall that the orbits are given ':,

slicing the Fermi surface with planes perpi:-
dicular to the field.) The figure displays (a, -
closed particle orbit; (b) a closed hole orb,:
(c) an open orbit, which continues in the sal::
general direction indefinitely in the repeat::-
zone scheme.

Figure 15.8
The spectacular direction :=-
pendence of the high-i.:
magnetoresistance in cop:e-
that is characteristic o[a Fe--
surface supporting open orl.--
The [001] and [010] directii -.

of the copper crystal are -

indicated in the figure, and ----,.

current flows in the [1 .t 
-

direction perpendicular to :::
graph. The magnetic fieli 'in the plane of the graph. ----

magnitude is fixed at l8 k:.:-
gauss, and its direction var.::
continuously from [001] :.
[010]. The graph is a pt'.,--
plot of

p(H) - p(o)
p(0)

vs. orientation of the field. T:.:
sample is very pure and :-:.
temperature very low (4.2 K-
lhe temperature of liquid ::-
lium) to insure the higl:.-
possible value for r,t"r. (J. ?-

Klauder and J. E. Kunz..-
The Fermi Sur.face. Harri=.:
and Webb, eds., Wiley. N:;
York, 1960.)
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The Trivalent Metals 301

I

ure 15. 14
— First Brillouin zone for an fcc crystal. (b) Second Brillouin zone for an fee
tal. (c) The free electron sphere for a trivalent monatomic fcc Bravais lattice.
.ompletely encloses the first zone, passing through and beyond the second
into the third and (at the corners) ever so slightly into the fourth. (d) Portion

:he free electron sphere in the second zone when translated hack into the first
:e. The convex surface encloses holes. (e) Portion of the Free electron sphere

z the third zone when translated hack into the first zone. The surface encloses
icles. (The fourth-zonesnrface translates into microscopic pocketsof electrons

all corner points.) (From R. Luck, doctoral dissertation. Technisehe
HchsehuIe. Stuttgart. 1965.)

(c)

/

Figure 15.15
The third-zone surface of aluminum, in a reduced-zone scheme.
(From N. W. Asheroft. P/ill. Maq. 8.2055(1963).)
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