‘Diffuse Scattering/of the Fermi electrons in

monovalent metals in relation to their resistivities
By

sir K.S.Krishnan, F.R.S. and
A. B. Bhatia, D. Phili;

ABSTRACT

The main step in the calculation of the electrical
resistivities of monQZyalent metals, in which the conduction
electrons are almost completely degenerate, is the calculation
of the rélaxation time T of the electrons at the Fermi
surface, which in these metals is a sphere, and is well
inside the first Brillouind zone, Since the wave-length A
and hence the group velocity vV, of the Fermi electrons
is known, the calculation of T means also the calculation
of the mean free path £r=ﬂ?”t of these electrons. Now the

Mo
finiteﬁfree path of these electrons arises witimetedy from
the scattering w==es particularly the largqf-::angle scattering

=-— of these electrons in ,heir passage through the crystal,

.j/the thermal&agitat:saeef—ﬁhe atoms,

of the scattering coefficient of the erystal for the Fermi

electrons,incident and scattered along different directions

in the crystaljwould enable us to calculate T or XL >

Now the scattering coefficient §§ depends on two factors.w

1l The atom form factor for scattering which in
Q,e uu.o(LVﬂm—a(-uvl ,ﬁf’ MC‘:&-@« Q”
monovalent metals may be"faken to be isotropic and—er

Ca - ’1? E
se&tteringL Extensive measurements are avallable on’

the scattering of slow electrons by the rare gasesj

5 wheh give us information regarding the atom form
factor for the scattering of the Fermi electrons in the
corresponding alkali metals and the variation of these
factors with < .>
2, The structure factor of the érystal, which, ezea—in

M&Ma/awcﬁtﬁn\. Jb_ﬁ:ﬁ::‘mﬂEIZaﬁza:E% ‘>\,)
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will vary[wi%h the dj rection of incidence and of

scatteringJ For-a-given-wave-lenséth-~the—structure

Ant ar AL %ml»&&-wr\/ A
feetor—of a—rcrystat—is independent of the nature of

the waves, 1.Ae. independent of whether they are Kx
X-rays)o“ electron or neutron waves, (?he diffuse
scattering of X-rays of long wave-lengths has been
studied in great detail, both theoretically and

experimentally,

‘&N‘wx w&u«&. oane l‘,a.w\,,)
é%ﬁﬁEEﬁEﬁi %i@]&alculate the structure factorsof the

monovalent metals for their respective Fermi wave-
A
lengths, for different directions of incidence/of

scattering in the crystals,)

7

Using these data for the atom form factor and for the

structure factor of the crystal, the mean free path of
(e e t pajren D

¥

the Fermi electrons %s calculated i detall /for—ome
typical monovalent metal, namely sodium crystal. = The

is given by

1§E . L}-FQ'T—(% CT‘)

where ) is the number of atoms per unit volume, G~ 1is

free pathL

the cross-section of the atom for total scattering in all
direétions,{&is the compressibility, and‘g? is a numerical
factor which varies from a maximum of 2.2 for incidence
along [}ld] to a minimum of about 0.9 for incidence along
[}Od} y 1ts average value being close to the minimum,

and nearly unity. [With «P actually unity the kight-hand

sidé of the above expression for 1/{ can bekeen to be Just

S : il a . Cotffitnt
the Einstein - “Smoluchowshi expres%m‘w
( . N— g .

W)
liqui R S hat In sodium, and presumably also in

other monovalent metals, the mean free path of the Fermi
electrons may be taken roughly as the reciprocal of the

attenuation coeffieient of the crystal due to scattering,
and the scattering may be regarded as due almost wholly to
the local thermal fluctuations in‘density, and the Fermi
wave-length as leng enough for the Einstein ~ Smoluchowski
formula for density scattering to be applicable,
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1. INTRODUCTION
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In an electronic conductorA 0,2, 1
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. metal erystal, Tt
only the electrons near the Fermi surface that can make
effectivels collisiens and thus take part in conduction.
Hence a detailed knowledge of the coefficient of scéttering
along different directions in the crystal}of the Fermi
electrons, will be helpful in our understanding its electrical
properties., In general the wave-lengths of these electrons
are of the order of the inter-atomic distance, Now the
scattering cgefficient of a crystal depends both on the atom
1.2, +o
form factor, ez the cedss-section of the atom for scattering,
and on the structure factor of the ecrystal. For waves
mich shorter than the interatomic distance, or much longer,

both these factors are easily evaluated but for intermediate

wave=-lengths, such as are involved in electrlcal conduction,
S5E w(.t) o, At oLas‘uuL JAA )

et

the egiiulation is more eempliested

for scattering of electrons of such wave-lengths has been
studied theoretically by Faxén and Holtsmark (1927), and
experimentally by Ramsauer and Kollath (1932), and others.

The technique for the calculation of the structure factor

of the crystal for scattering of these wave-lengths is also
available, since the structure factor for *3iffuse scattering*
of X-rays has been studied extensively, both theoretically

and experimentally, and the structure factor of t§5 crystal
for the scattering of electrons—or of any other waves

is the same as for the scattering of X-rays of the same
wave-length, <iIn the usual discussions on diffuse scattering
of X-rays, however, attention is directed mainly to the
neighbourhooa of the Bragg spbts, whereas in the scattering

of the Fermi waves we shall be concerned mainly with the

region between the central spot and the immediately surrounding

Bragg spots. ) (L. metaty %*u»eyusz?, o T ot ok bﬂﬁﬁ

l

In good metals like the alkali ead the noble metﬂlsﬁjin
which the Fermi surface is well within the first Brillouin

zone, and 1s a sphere, the calculation of the scattering

Trs, ot advasls tomfolatils | =
CA e nas £ o }j( JL(;A&}A:J\‘:JT_,J &



coefficient for the Fermi electrons becomes much simpler,
since all the Ferml electrons have the same wave-length,
and this wave-length is too long to give any Bragg reflection:
in the alkali metal®y which are body-centred cubic, this
wave-length is 14% éﬁ;@é&;, and in the noble metals, which
45 2N,

are face-centred CJuiC, 11% gtégiﬁfg han that necessary to glv
give the first Brag& reflection in the backward direction,

Detailed calculations are given in the present paper of

40

the structure Iacborjof crfftalﬁ ef—the alkaii —the
metzEs for scattering of wave-lengths too long to give any
Bragg reflection, Some rough estimates can be made of the
atom form factorg for scattering of the Ferml electrons by

the atoms in thesgs metalg, These data are then utilized to
calculate the relaxation time of the Fermi electrons in these
metal@, and thence their electricel re51qt1v*t%aé.

In a previous paper (Krishnan and Bhatia, 1944) me 't weaZ
showe& from certain general considerations, that in the akkaslil
and the noble metals the mean free: p:ah of the Férmi electrons
may be taken roughly to be equal to the reciprocszl of the
attenuation coefficienthof the metal for the passage of
these electrons, the attenuation being due to scattering
by the thermally agitated stoms in the metalsy and that
for the Fermi wave-length the scattering may be‘tiken to be
due predominantly to the local thermal fluctuatighs in
density and the attenuation coefficient to be giVeﬁ practically
by the Einstein - Smoluchowski formula, e

<j’l‘he detailed calculatiOWC made in the oresent paper
show that/these Tesults ‘are good approximations, |, It is

needless to add that they simplyfy considerably the

calculation of electrical resgsistivities,

2,  ELECTRICAL RESISTIVITY IN RELATION 10

=

IHE SCATTERING OF THE FERMI ELECTROMS

As is well- known the specific resistance f’ oi

metal or alloy is given by the expressionﬁ

.
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where?fis the relaxation time of the Fermi electrons of
wave=-length A = ifrﬁ;ﬁﬁwLZ{}U‘ and of group velocity’cf==ag/WL))
oty A =vv is their mean free pathy, ) 1is the number

of atoms per unlt volume, &8€ 7 1s the number of conduction
electrons per atomy and the other letters have thelr usuall
significance.* All the quantities in (1) and (2) are

known except't(ngz), end the main problem in calculating

the electricel resistivities of good metals or alloys is

therefore one of calculating T (or {—) in terms of the scattere

ing of the Fermi electgons by the thermally agitated.atoms.
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Let ab (see Fig., 1) be the direction of the applied
electric field, Consider electrons at the Fermi surface

along AT Hae
moving along any glven direction OP, and scatterquaizzn angle

LﬂL ff:igzﬁ?é%ﬁm“”%ﬁk wave=-vectors K.ande.(kl Kl\ - of the incident

and the scatuereg;flectron-ques respectively, are as marked

in the figure, K is the wave-vector of the elastic wave

that produces the scattering, where K =2 2 R i %% .
Consider now the quantity AV"L___ /}'~E= AKE/}QE, where VL =4k
{s the momentum of the incident Fermi electron, and £>kv=‘{k45“l
is the change in its momentum due to scattering, and the
subscrlpts E denote the components alongAeE of these gquantities.

AK WiEL Bl bantTE be mmisl te K

* See for example Mott and Jones, Theory of Progerties

of Metals and Alloys, Oxf. Unlv. Press 1936, or

Frohlich, Theorie der Metalle, Springer 1936,
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fraction of the Fermi electrons moving

scattered per unit wvc une. of the
o

’

T4 3 1
Solid ¢« The

mean free path appearing in (2) wiil then

el A K ‘ - - - (3)
— L ) < o ] ‘ ) 2
= Rle e

and dwgr are elements o
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directions and K respectively,

integrations

extend over the whole of the 4/t selid znpgle It will be seen

from (3) th

average Value of S e/ tne average being taken over
Rie = £l

all direction:

incidence

BEwven in

i A leige wi i = Sy !
the scattering coefficient Skt willl be a funection of k,mnd}ﬁ

Even so, with a detailed knowledge of Sy ﬁﬂ#:ﬁitﬁgfaﬁt

—
dteections of R ang y Which as we shall show in the

g TR ey e
resenc paper: is

3) can be done

tim

Eemd clectron,

In the derivation of expression (1) it is implicit
ls the same for all the Fermi electronsy i.e, for
ections of incidence since in the metals that we
considering all the Fermi electrons he ave the same wave=
length, Wheh Vﬂt varies with the direction‘of incidence,
one may as san approximation, use the averasge value of »/?
taken over all directions of the Fermi electrons, as we

have done 1n expression (3),.




In the usual discussions

these metals, it is assumed for convenience t?at'Skﬁis a

o
function of the angle of scattering <@ between ?gaﬂ r 9
and is independent of—tee—directions of and klf parately,
This assumption will hold when the crystal 1s elastically
isotropic, and when further the Fermi wave-length is much
longer than is necessary to give any Bragg reflection}i,e.
.)u}>r2.&.A&~f% where 4 1s the lattice spacing corresponding
to the first Bragg reflection. Neither of these
however, is satisfied in the alkali or the n

tleca
since many of them arelbighl anisotropicy and a8 we have

seen,it:is only slighly greater than Q_A.. Hoi&ing for the
present to the assumption thatskdis a function of C? alone,
which we can denote by S%e’ we may evaluate (3) in a simple
manner, since we can now keep one of the directions E?JlQK 9
say Efixad, and find the average va_l_lie of S@‘&RE/}QE over
all directions of the other, namely’ Kg . We can do this
averaging in two steps. First/ye keep ¢, and hence S,
constant, and average ARE/REOVer all azimuths of scatteri’ng&;
whéeh—E&—E&e—samewes*&vegggi%g@améﬁfﬁ;eve& ~these azlmuthsey

the average hﬁiézgeﬂﬂﬂiziﬂz‘ Q Ccsq%, which gives for

»/X, the value S

{5

=1 Sp Q— codp) 21T Ao dep -l

—
which is independent of the direction of incidence K in

the crystal,
Though we do.not adopt the approximation that SKK is

a fuaction of <¢ alone, anp&%ndependenﬁ/of ki or separately,
we, sh%il have occasion to use expression (4), since even in
a,/highly anisotropic ecrystals like the alkall metals there

v Peciprocal 4
E are regionslgn which for certain directions of incidence

tﬂe scattering coefficient is roughly a function of ¢ alone,




% 3. DIFFUSE SCATTERING AS DUE TO
THERMAL AGITATION
tha

The influence oiktnermal agltations of the atoms in a
crystal on the intensities of the Bragg reflections7 and
o%~the i’<:li:f:"f1.1se scattering‘ along other directions, has

béen discussed among the earlier investigators by Darwin
(1914) and by Debye (1914), Let R be the structuré factor

of the crystal, defined as usual by

where Y—is—the—smimh

the scattering coefficient of an atom in the crystal per
v tan

unit solid angle, or the atom form fagggrf all the three

A
quantities R ,S and && referring to the given wave- ~-length and

to the same direction 3 of incidence and of observation,

In the monatomic metals that we are consideringf?‘may be
regarded as practically isqtropic)i e. & fugection of only
c_? and )\ in the combination /Q—W\,‘?/)L

The major effect of the thermal spread of the atomic
centres about their mean positions will be to make the atom
form factor at temperature T, namely Q;.fall off more rapidly
with increase of sin‘e/ﬂX,than the corresponding form factor A,
g@r of the non-vibrating atom, according to the well-known

A'r%" 7____ T ‘-"Q:'—)
™ Z

—

expression

uﬁi;z %F'is the mean square of the amplitude of the thermal
hn Aoscillatlons,;?nd 1s given at room temperature, which in
., these metal§ is sufficiently high in comparison with the
Debye temperature to meke the thermal energy proportional
to T, by

2- s T —
kTR ~ kT,

-

where y&is the vibration frequency, and m the mass, of the

Shomy




Qt&M-The result is a raéid fall of intensity of the Bragg
reflections particularly of higher orderé, with rise of
temperature, This is observed, and the fall is roughly
in accordance with (5).

The question naturally arises as to what happens to
the energy represented by the diminution of the intensities
of the Bragg reflections consequent on increase of
temperature, Obviously it should appear as diffuse
scattering along other directions, and besides, if a
sufficient number of higher order Bragg reflections 1is
included in the range O < ¢P < 7 o we should have for

any given direction of incidence
\AO "AT ~ _-_(L‘
Vjagotao\-vjq;atw = gSoLw) , )

where the integrations extend over the whole of the 41T
solid angle of scattering.

If the only effect of the thermal agitations may be
regarded as a static swelling up or inflation of the
scattering atoms, as is inmplied in the above treatment,
then, in addition to the integrated value of § over all

directions being ejual to the difference between the

A, A
integrated values of Vg7 and of‘vcz{over these directions,
Ao— ATy

as given by (6),5will be equal to'VQ%?:ﬁi along every

direction, Though some extensive measurements by Jauncey
and his collaborators apparently lend support to thist
conclusion, it is now realised, both from theoretical
considerations, and from scattering experiments made with

a narrow parallel pencil of incident monochromatic X-rays,
which verify the theory, that such a detailed balsncing
between 1)Q§§;&i> and S does not oceur,

4. CALCULATION OF DIFFUSE SCATTERING

A detailled calculation of the directinmnal distribution
of intensity of the diffuse scattering of X-rays in crystals
due to thermal agitation has been mede by Faxen (1923) and
by Waller (1923, 1925, 1928), and more recently, and from
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a different point of view, by Sir C.V.Raman (1941), We may

/ N\ mention immediately that in crystals in which all the normel

!(ihL‘Qmm,&@@SR‘{vaé@S of vibration are of the acoustic type, e.g. those of
!\: &,A»O' M L)‘ﬁ U““‘

i élﬁﬁ\ﬁb ko | |the alkall and the noble mebuls, th@ rcxen-Waller treatment

docaltin Jvkwﬁquc Jhe We tme bw Sir C.V. Raman glVﬁ iuentluél re"qltsy/
¥ N

Prﬁj_ v O e Q/"« “‘3+ ”\“ 7 5, L » Dk
i) The Faxen-Waller treatment has been simplified, or
O (L m*utdi} b4

A ( ?woAig‘Mdﬁﬁ more rigorous, by Zachariassen, Born, Weigel, and

AT Q:t‘-ré\ ﬂ: :
@r by ““‘%j Jahn*, among others. We shall adopt here the results as

O ©n ﬁ_j\- V) ’
amfi,‘ﬁu,f01/ L;af@%mdtéc by Jahn (1941) since they are in & form directly
| 0o T enatin F:‘&ppiibv3¢e to our problem,
\ ovcj{;‘"\tﬂ» D))
//' Consider the reeiprocal lattice of a given cubie

B con

SN— —
—

crystal and the first Brillouin zones surrounding each of

the points of the reciprocal lattice, including (000). These
gones will be filled by a quasi-continuous and uniform
distribution of cells, each cell defining a wave-vector F?
associated with the elastic standing waves that represent

the normal modes of vibration of the crystal, Each K-cell
will correspond to three normal modes of ¥ibration of the
erystal answering respectively to the three directions of
vibration or displacement -~ and the threiqfrequencies —
associated with the particular value of IC .

In the alkali metals, which are body-centred cubic,
the first Brillouin zone surrognding each point of the
reciprocal lattice is the rhombic dodecahedron bounded by
fbes of the type,illo} . The distance from the reciprocal
point forming the centre of the dodecahedron to the faces

of the dodecandedron will be l/?dllo, where d is the

110

grating spacing of the (110) plenes in the crystatii

For a good account of the subject see symposia of

papers on the subject in Proc. Ind. Acad. Sc. Vol, 14,

1941, and in Proc. Roy‘Soe.'z'Vél.l'?Q, 1942, and the

reports by Mrs:.Lonédale and by Max Born in Reports on

Progress in Ph§§ics) Phys, Soc., London, 1942-43,
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In the noble metals, which are face-centred cubic, the
first Brillouin zone is the orthotetrakaidekshedron, or
the 14~hédron)bounéed by %_111% and EZOCg faces, i.e.
the octahedron illlg truncated by the cubic faces {2003

In both the alkali and the noble metals these first zones

e ——————————— ey

Ean accommonato one K-eell per atomy 1,e. all tha norms 1 modeo

T D RO oo o A B i

of vibration will be of tﬂe Jﬂoas+ie tvpe, and furthev the

first zones Qurrouualug the various ”GCipPOCal lattice
polnts will be similar and similarly oriented, and these
zones will fill up the whole of the reciprocal deve without
overlapping, (As is well-known, both the rhombic dodecahedron
and the orthotetrakaidekahedron described above are
Soon
v K
R
(L
- [
r
A
R‘}.?_

Consider now a narrow pencll of monochromatic

b space-fillers¥),

electron waves of wave-number K = \//>M incident along
AQ (See Fig.2), where O is the origin (000) of the reckprocal

lattice, and consider the radiations scattered along AP,

/,
where AP =’RJ2$“QL and < 1is the angle between AO and AP

or the angle of scattering as before. Let P——which,

————

following Laval, we may call the #pole of diffusionf<lie
in the zone associated with the reciprocal lattice point B,
— —
Let B denote the vector 0B, and K the elastiec wave-vector

—>
from B te P. The wvector K* defined by

..———9 e p—p

W = 5 =

M

will bisect externally the angle between the airection of
incidence H <AO> and the direction of observation \Q LA'F).
The structure factor R of the erystal for the given

direction of incidence and of scattering will be given,

eecQrdlRg—to—dehry—by




according to Jahn, by* o
) “"Z-. {J—a z\\ /"
{f “( “\ is 7 21 :i
T’ | ) Fa
'R 6 Q}R’_ g}'f“e tr-\— K f:;"\"'\ “j% oo (7)
ke ,¢ — | )

6 L / \ \/ / X e G
where 6? is the ﬂeuSLby of the medium, N3, No, N3 are
LT =

) -em 3 a1 4o
the three fregnanci@a)amd ‘éw) =2, ~3 the three unit

polarization vectors i.,e. unit vectors along the directions

3 Y : tienls
of displacement of the atoms, associated with the particular

B

elastic wave=vector

(LA +MBeNC)™ 5
N"‘“

% (LA M3, +NC)@A +mBrnC)

) 7

QX/A comBiamC, )Lj -- (%)

—
where L, M, N are the direction cosines of By 1 my n those of

Al

e
1]

—p
K, and A. B Ci those of the polarigation vectors €y

In the special case when the pole of diffusion P lies in
the central Brillouin zone, i.e. in the zone associated with
(000), the first two terms in (8) vaﬁish, since for this zone
B=0 (and-E;Efg),.and we are left with the third term alone,

The éxpression for R then reduces to

-
LM = s W B MC
R Z—}é—l—z (LA‘+VL ) i 19

where V5 = Ni/K is the phase velocity of the elastie wave.

* Except for a constant of proportionality whieh is left
undetermined in Jahn's expression, but is easily evaluated when

we regard scattering as reflectiong from the appropriate thermsl

elastic waves in the crystal (Krishnan and Bhatia, 1947), o ~
meloded v (7)),




SCATTERING REGARDED AS REFLECTION FROM
APPROPRIATE THERMAL ELASTIC WAVES
In a previous paper, on the scattering of light-waves,

i.e., of very long waves; in homogenous media (Krishnan and
Bhatia 1947), we showed that the scattering coefficient S
may also be regarded as equal to the maximum value of the eese
coefficient of reflection from the two sets of progressive
elastic waves (the two progressing in opposite directions)
whose wave-normals and wave-lengths satisfy the Bragg
condition for reflection, either set copsisting of three

C’OWMQ—‘Q e thneo MC%\A.Q \fk— AA,,W*W\-QAJCJJ
progressive anésljthe energy of each of the waves, filling

the whole of the medium, being that of a Planck oscillator
of the same frequency, Or KR 7 under the present assumptions.
The expression for R comes out on this basis as (Krishnan

and Bhatia, 1947)

2

9
=== CsS O
E — }Z'é@—l E \/L (10)

1T=)
= —
where ¢O:1is the angle between K and <.,

Expression (10), deduced here for long waves, can
be seen to be identical with the Faxén-Waller expression
(9), except for the factor -éjznﬂ, which for long waves
is practically unitq: e |
: _ For shorter wavgé also, i.e., for P outside the central
B sen ‘
/. zone, R can be calculated in terms of reflections from the
elastic‘waves, and the expression thus obtained is found
to bé equivalent to the correspogding expression (7) of
Faxen-Waller, We demonstrate this equivalence below,
Consider any one set of atomic reflecting planes
(hk1) in the erystal, which, under suitsble conditions,
can give rise to a Bragg reflection, and let the spacing
of these layers be ijkj- & This regular layered
structure may be regarded as the limiting case of a plane
condensational acoustic wave with its wave-mormal
perpendicular to the planes, its wave=length equal to d.

4ed’
and its velocity of propagation zero. Actually since the




distribution of matter in these layers is not sinusoidal,
but is concentrated nesr the plane of the atom'c centres,
we shall have to take into account the upper partials also,
corresponding to the spacings 1/2, 1/3, ete, times dnkl .
These shorter grating spacings mey be regarded as gilving
rise to Bragg refléctions of the second, third and higher
orders, corresponding to the reciprocal points 2(hkl),
3(hkl), etc., and since these reciprocal lattice points
are considered separately, we shall confine ourselves here
to the fundamental spacing dpi] corresponding to the point
(hkl) of the reciprocal lattice.

Consider now one of the elasiic waves representing a
normal mode of vibration of the crystal, whose wave-vector

N
is K, and consider also a regular stratificstion of the crysta

of spacing dpkle Because of this stratificatioqhhe above

wave may also be regarded as an elastic wave whose wave

——gp
vector K, is given by

We shall refer to such waves obtained by the superposition
of elastic waves on the stratified layers of the scattering
medium, as resultant elastic waves, as distinguished from
the primery elastic waves,  Whereas the wave numbers of the
latter, namely E: are restricted to the limits of the first
Brillouin zone, the wave numbenQE; of the resultant elastic
waves may have very large values, Kp~ n/dy,q.

The frequency of the resultant elastic wave, the
displacement of the atoms under it; and the energy per unit
volume assoclated with it, will all be the same as for the
primary elastic wave producing it, but the velocity of the
resultant wave will naturally be smaller than that of the

primery wave in the ratie

\/,,.\/\/ = K/Kq« :




When the primary wave is a long one, such that
the veloclty of the resultant wave can become quite small,
These resultant waves can refleet the incident X-rays

in the same manner as the primary elastic waves, and thas

:
s ns 8

Pw

account for scattering along directions correspcﬂdiﬁé to
outside the central Brillouin zone, i.,e. along directioﬁ; for
which there can be no direct reflection from any of the
primary waves, ’
It will be seen from relation (10) that when the
total energy in the medium assoclated with the elastic
wave remains fixed, namely at KT, the intensity of reflection
from the elastic wave, which determines the scattering
. along the direction concerned, is inversely proportional
to the square of its welocity, and'hence the intensity of
reflection from the resultant wave, because of its low
velocity will be larger than that of the reflection from
the primery wave by a factor (Kr/K)z, which, as K becomes
small, or as P approaches the reciprocal point corresponding
to the Bragg reflection from the particular set of reflecting
planes considered, will beccme very large.
The intensity of scattering along these directions
will also be conditiened by the following,
(1) Just as in reflection by a primary elastic wave,
i.e. when P lies in the central Brillouin zone, it is the
components-of.the three displacements along the wave-normal
E of the/\elast% wave that determine the intensity of
scattering, so also in the case of reflection by the secondary:

elastic wave referred to abovey i.e, when P lies outside the

central Brillouin zone, it is the components‘of the displace

= .\
ments alolig Ky that determine the intensity, but the absolur‘

directions of these displacements in the crystal will be
determined by the direction of propegation (1, m, n) of the
primary wave alone, according to relation (12) to be given

in next section.




(2) For the short wave=lengths )L that we are considering
now, the temperature factor quﬁq will deviate concider=
ably from unity, and will have to be retained,

These considerastions obviously lead to an expression
for R identical with expression (7) give above, of

{4 - v
Faxen and Waller,

For these short waves we should rememﬁér that the

70
m form factor  will vary markedly with cp unlike for

g waves,

6. REMARKS ON THE. CALCULAT 10N or T FOR. 
SOME SPECIAL DIRECTIONS OF ELECTRON
WAVES
Consider the #ocus of the pole of diffusien P in
reciprocal space when the direction of incidence is kept
fixed and the direction of scattering is varied over the
whole of the 4T solid angle, The locus will evidently be
a sphere passing through the origin, of diameter m2 /e, the
dismeter through the origin being along the direction of
incidence, Following the usual practice we shall call this
the Nsphere of propagation‘. / Since equel areas on the
sphere correspond to equal solid angles of scattering, the
calculation of l/{,for the given direction of incidence
is equivalent to integrating
5oty
ot ER kZEE
over the whole of the surface of the sphere of propagation,
We saw in Section 2 that when $ is a function of ¢

: AR
alone, the average value of S,—over all azimuths of
vwﬁ/ = KE
scattering correspond to a given angle of scattering »
o o Cwprtal o) &CKPL owrs)

(G
is Jjust equal to Eig(f'cm”e> . Even iﬁ:&(cublc erFEta
ESRKU is not a funiFion of c@ alénef‘ If however the
incidence is along L}Od], [}1@] or [}11] y Which are

axes of tetragonal, digonal and trigonal symmetry respective

ly, and we consider all the crystallographically
equivalent directions Q?,ggcorresponding to the same angle

of scattering q>anh to equivalent azimuthal angles QC ’




RJQ/ = Eipé, will be the same for all these

direction of scattering, and the average value of QJQE//KHE

then S

over these directions will again be (i- €osl€>. Hence
for the above directions of incidence in a cublc crystal,

the expression for 1/{ may be written in the form
~—~ e
" 27t

S s erpasedipd8e Q1)
(o}
Q=06=
In other words the welghtage facpor that takes into account
the relatively large contribution to L/{.from large angle

gcattering is equal to (] — CcT®) and hence the seme as

when S iQ,is a function of (¢ alone,
r

SPHERE OF PROPAGATION WHOLLY INSIDE
THE FIRST BRILLOUIN ZONE
Before proceeding to calculate l/ﬁ for the alkali and
the noble metals, for their respective Fermi wave-lengths,
for which the sphere of propagation extends into the second
Brillouin zone alsoy it will be useful to celculate 1its value
e, twhem

for the special case when )\ is large)au%[ the sphere of
propagation is well within the first Brillouin zone, This
case is simpie gsince then for every poiht P on the sphere
the velocity of propagation, and the directions of the
‘displacements, are independent of the wave-number K of
the elasiic wave, though of course they will vary with the
direction of.ggand V4 and Aqy By, Cy occuring in (Z9) can

be expressed in terms of the static elastic constants GQ& C,

o — _———_~///6% the cubic erystal, by the relations
SHn e et

> e
ic 'Q—L‘i' C—q_q_(m\-"'%h) L \% A ﬁ‘G(q_-‘_ ngf)(ﬂ'w‘—:&; e d,_) =0
0 ¢

%vc,‘ R L%Q—Q‘L_km’?) P \/f} :Bl; 3 G(Q_-\- C+L+><X’W" At M C“) =0 __(,7/_

Ej:uM?A'Cu4+<}f;q%j"€\vf. C;;*‘C:mf'%+é>Qt°&/\d*_WMJAZE£>==O




In view of these relations, expression (9) reduces, &s Jahn

has shown, to ; iy
2 )L v 2 ey oS g =
-2 M Q:‘-&- i C¢+,+E (\K/‘p‘/\, 4 e ES 7’\//(—2;) + 3EC L o i‘j e
e VR el g e e e
z 1 St 4 2
St i (S0 et i (Awermoms nt ) + (et

-— "

Zo M i
== ),@ayﬁ«)

2_ YA N

where € is the elastic anisotropy of the crystal, given by
€ = c1,-cﬁ2_~—%;a4g_.
-2
Moreover in this regioné is practically unity, and /%P
/ i .
practically independent of ¢ , and equal to Ct7‘#’¢ y Where

tE
O is the cross-section of the atom forfég%}tering &aat]

in all directions, and is given by

',_L ;
— . o '/‘V‘\t/' QL . 73 g /b—-

Consider incidence of long electron waves along one
of the principal directions [;OO] ’ [}lO] or [il¥1 of the
cubie erystal, Expression (11) for 1/{.reduces under the

above conditions to the simple form

!/58_ = v kT (g/4n) & . (16)
wlene W = 96

\I:&J (im(;-c«me)MceMiQ. wis ALE)

d=o0 =
~ When the crystal is elastically isotropicy i.e. when
€ =0, F becomes indepmddent of 1 m n, and equal to 1/¢jqe
In that case expression (17) holds whatever may be the diree
directiom of incidence, and the factor (1 - coscp)
appearing in (17) intended to give the proper weightage for
scattering at large angles, over scattering at small
Mma

P ~
angles, becomes now quite ineffectiv%( and the exprezsion

for 1/{ merely reduces to

bC e v R 0 e 8
whererkis the total scattering in‘all directions, per unit
volume @f the crystal, or the attenuation coefficient of
the erystal for the passage 8f electron waves along the

direction considered, the attenuation being due to

scattering)and the coefficient/u_ being defined by




34 = 1
. where 1I4q is the
in the ecrystal,
T further ¢ 4, © , C31 becomes equal to ¢yo and
to l/f& s where 16 1s the compressibility of the crystal,
and the expression for the attenuation coefficient due to

scattering then reduces to the Binstein-Smoluchowski value

or a liquid ( Krishnan snd Bhatia, 1947), namely

/¥ )L SRR e e g e
L/ ‘g. = f»«L =) e ] {(-;» @
/ .

as it should,

Coming back to the elastically anisotropic cubie
erystel, and considering first ineidence of long electron
waves along [iod] s We may express F 1mn defined by (13)
and (14), in the fonr*?"‘L B s 2_) i e '
s t‘l%—'()‘km—\—%%“*‘mb,'{' —
el R e |

e Dy | ey

~

AN+ DB o’ 20

A

where

a \
.2 @
= .l-c@-s*-@égr*’c’/ 7‘_)

and B' have simllar values in terms of a' and b',

we—orrtsin

& o <o

. We should remember here that 1 m n are the direction
P :
cosines of the elastic wave-vector K which bisects externally
—> —>, — -
the angle between kK =2nd R y and when R 1s along Eoc] ’
is related to the angle P, and the azimuth 8 g of scattering

by the reletions




per pbnovcul ar distance from (oo00)
of the piuﬁc perpen hlarftno direction of incldence whic
intersection of the sphere of propagation defines ¢ (See fig.

The integration in (23) can be done numxrically5 since w
can calculate re lues of B/C rresponding to different
values of £ in the range O S % = a

elastic constants of scdium crystal have been
determined by Quimby and Siegel (1938) at different low teme
peratures,; which on extrapolation, give for room temperature

o

(see lrs. Lonsdale, 1940)
O

r

“)
o T e
all of them in 10 dynes/cm< ,

Gr

s

A

o d ¥ o { ( 2 T~ ° = ey ,' :5?5 C“
= LICE Y = &x79 ¢ , € .

= a g
Using these daté¢, we have calculated the walues of >/
{

~

for different values of 4 in the range o< {;g 9 st intervals

of 0.2 The values are entered in Table I.

Table ITiissss




It will be seen from the expression for B! that it becomes zed

280 wben.A¥A~ - _llf/QL., or when %( = 0,62, Slnce B!

appears as & multiplyln faetor in the denominator of both the
terms is\expression (22) for Y, it may appearsat first sight
thaﬁ'YZpgggmeﬁ infinite at %— = 0,62. But actually on making
B! small, end expanding the two terms and taking them together
and then making B' tend to zero, they%n%—cnrve is found to
decrezse smoothly at this point. )
B' becomes again zero at (P=1JL 1 e, ﬂ—: G T e cun.
Al Hop ; ) £
be readily seen thatLterms in (22) are separately finite at
this point since B' occurs in the combinastion B/B', = and
B/B' remains finite at cp = JC,
Using the values given in Table I, and Simpson's rule for
numerical integration, we obtain
J = 2 7C « “5-;'2_//('3/
and hence for incidence of long electron waves along [}Od}
;/i, = 0767 Ku@cr/c :
as against 5
Sk = V- RT’O‘//CU
for the elastically isotropic crystal (see(lS)
The calculation of 1/{ for other directions of incidence in
» crystal, even [ild] ézr [}l%])becomes laborious. But
one can see in a general way that for long waves 1/4 will be
roughly of this magnitude for all directions of incidence,
We may also note here that because of the le—cosc factor
the bulk of the contribution to 1/4 comes from large angle
scatterings, the small angle ones contributing very little

to 1t,




L4

21
20 :-
In~%he“'perial case where we can regapd the integral of ESKfEf
over all-azimaths v, to be practicaliy-—4ndependent-of t: —
MAOOLJM M—Wj

wnjgh @ﬁtﬂ"lly i§ Tound, from (‘6) to-be-a good spproximation K

7
This-will mean for example that the contfibution tea/{
ertng in the foryard directions (O P<TE/2 )i
be—-one<fourth, and that from scattering in-the backward

¢ireetions(Il/o <P &) thies fourths;~of the tétat

contribution,

§ T VARIATION OF R WITH THE WAVE-LENGTH A

In the region of redprocal space close to (000), °

corresponding to A\ > 2Ji4?iwg%-’ the velocities Né and the
2

Z@efined by Ay B; Ci, and hence

also Ry will be independent of the magnitude of the elastiec

directionsg of displacement

wave-vector? (but‘ will of course depend on the direction of? I
This will not be true, however, when the pole of diffusion P Epp
approaches the boundary of the Brillouin zone, One has a

rough idea how at least the velocity varles as one approaches
the bound:sry, which may be taken to indicate in a general way
the veriation of the displacements also, Calcuiatious have
been made by Kellerman (1940) of the/sgigiities x/of the elastie
waves in rock salt crystal, Though the velocities decrease as !
one approachesvthe boundary, the total drop, even for the [;1%]
direction)fog*which it is & maximumm is only 25%y and much of
this drop is confined to the close neighboufhood of the
boundary. Calculations have also been made for tungsten

(Fine 1939), and for KC1 (Blackman 1937), of the density of
distribution of the normal modes of ¥ibration of the erystal,

_on the freguency scale, 1.é.}b@0as a function of the frequency

N, where}»UJLiJJ gives the number of normal modes of vibration
whose frequencies lie between N and N+dN, Now the corresponding,
distribution on the K scale, i.e. P(K) as function of K, where
PIK) A K gives the number of normal modes of vibration
bwtweenw:amdi<+dJSis known to be uniform over the whole of the

Brillouin zone.;z




A comparison of the distributions on the two scales

1

tiie simple relations *

and dN/dK

group velocity of the

<

elastic waves, glves a rough estimate of the change in the ﬁﬁéwwa

3

velocity as we approach the boundary of the zone, These~
estimates also show th o Ehae tobal _Adp

as we approach the boundary 1s a fraction, of the order of“1/4,
most of the change again occuring

boundary.

this region and tend to zero if‘the
3 o s Lo | e Q‘th}'ﬁ‘dﬁ"\r wa
boundary of the zone,) The result will be aw excess of
N

scattering in the close neighbourhood of the boundary pf the
Brillouin zone, which, however, being highly localigzed, will
contribute little to the total scattering teken over all

directions, : =4
When we move outsﬁéekthe first Brillouin zene, the value
Nt = ‘_ > - :
etermined by[<%, will naturally vary not
; = s
only with the direction of'ﬁrbut alsc with itd magnitude, as

-

of Ry which is now @

can he seen from (7). In order to get an idea.«of the
variation of R in this region, we have calculated for sodium the
—

variation of R with.AQL%/C\:for two directions of K namely

v 9

{}Od] and L}lé] . The special advantage of these directions
‘ —

is that for =11 positions of P on these linei’K;\can be

2 : —_— —> ‘,—,4 e
eptained in a unique.wayy and-the directions of By K-and Kr

are identical {neglecting the sense of the direction) so that
R*will continue to be a funetion of ﬂA;~%E/)\’ ag in the central

region

* In the special case when the medlum is non-crystalline
g SR
and P(K) = 3 x 47¢ K Y
Cr;e obtain

pe( ) AN =3:4 TUN=ZaN/(V2G),




The values of R for different positions of ¥ along [}od]
and [ild] for sodium crystal, and along [i@@} and E}ll} for
coppggz?are‘%nteved in tables ET to V. The distances from tf.
origin are expressed in terms of(/&mc for sodium esxededl, and
in terms ofl/J“” for copper, i.e. in terms of the distance in

reciprocal space of the first Bragg spot from (000).

TABLE II (Sodium erystal)

ki¢_along' [éOOBS

—i

0.8'7'7T

2473

el 0.75
fak

P 1,81
{

i
i
)
i

TABLE III (Sodium crystal)

K#*along rlld]

1 0.80 10.85 §0.877"

{
i I

i
5 ﬂlg.z ggo.s

s

TABLE IV (Copper crystal)
K 4 altong L}cé}
(r'

. */
e\o.58-5¢g 0.60

1.0

TABLE V (Copper crystal)

K along [}li]
(V«

* These values of K, correspond to the upper limit of the first
Brillouin zone, For values of K, both greater Py smaller than this
limiting value, b%t not close to it, R can be calculated on the basis of
formula (8), and the values entered in the Table are those calculated
on the basis, When Ky, 1s close to this limiting value, the value of R
given by (2) will be too low, as we mentioned earlier in this sectien.

Tt These values of K, correspond to backward scattering ( = TG ) af
electrons having the Fermi wave-length.
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9. THE ATOM FORM FACTOR,AND ITS VARIATION WITH
IS

1

We have seen that for the Fermi wave=-length the sphere
of propagation extends much beyond the first Brillouin zone,
and that for the regions on the sphere remote from (OOO?)R
may vary rapidlys Though this will be the major factor
affecting 5, two other factors also affect it considerably,

-2M
(1) the factore 3 Which in the region near (000) is
practiecally unity, will now be appreciably lessy and will
diminish with inecrease of s For sodium crystal at room
temperature (300°K), and for its Fermi wave-length N\ =2,984

: -2 ™M KT PG SR @

110

decreases by about 26% as we pass from the forward to the back=
ward direction;

(2) the atom form factor Ay which in the region near
(000) &s practiecally independent ofcﬁwill not be so now,.
Knowing, however, the Fermi WaVe-length;&, and the electronic
distribution in the atoms of these metals, it is possible
theoretically to calculate the variation of 4 with P e
The calculation is rather labor@ﬁ&s. But we can get the dasta
concerning the variation of A Withfg required for our present
purpose from the extensive measurements made by Ramsauer and
Kollath (1932) on the scattering coeffieients Eieof rare gases
for different angles of scattering P and for different wave=
lengths >k. The scattering medium in those experiments being

gaseous, these data give directly the atom form factors .4 ’
Neen god X

since 4, = S@/v,The data for Hz%for 3.12 X volt electrons, 1i,e,

ef electrons having the same wave=-lengthd as the Fermi elec=

trons in sodium metal, are given in the following Fable, ¢

% He nvalir 2M = C>'Q-7 A}Q:L%%;/')f‘ :
T B 4?*5%4¥a I b= §§1L£T?Q,
9y T e 4rt-~3f 5o K




in degrees in 'A< | in degrees in AZ
15 ; 0.220 106.5 0.148
28 § e214 | 121 e 131
43 : 218 137 .120
59 g +220 1] 159 117
74,5 i 207 i 167 112
QC} .:..l.’?~ﬁ i

It will be seen from the tal

2
H
4

le bhat,q?is bPractically

o
independent of ¢ up to atout P =75 y after which it drops

m_a.o(mgr a—t a ot~ Ce '.'.?_5 rwjg
down, Eﬁ(abcut half the Vrluni~fﬂb Temains after practically
constant at this wvs 1lue, he general V‘ll&fndn of 4 with cp

céﬁ;tuw.ﬂ Ak ﬂ@ohyrfaaﬁ

observed here holds not only

+—
o

- - e =T
and for other rare gasesy We may, therefore, take this result

W9 AN Gias "‘«-C { F/\aﬁ—g ‘M.%rpu,a‘ \rd\»x_ﬂ-}'d

¥@® for 3.12 VOLt[ff this value,

to be applicable to the scattering atoms in the alkali metals
also, and to a rough approximation take.A@ to be constant
and equal to A; over the whole of the ra ange ns u?<@, and again
constant and equal +oq& -Afz,ov er the remaining angles of
scattering @ < p & IL 4 where ’%qis about ®&=100°,
10, CALCULA”IOW OF T . FOR THE FERMI ELECTRONS.
IN SODIUM CRf””ALg

We now proceed to ecaleulate 1/5 for one typiecal erystal,
namely sodium, and for its Fermi wavé-length of 6,93A, when
the direction of incidence is along (110), i.e to evaluate

the intr”ral
(- TCralk

"J e’

qho @ (o]
over the whole of the corresponding4sphere of propagation.
The value of 1/{ will be a maximum for this direction of
incidence in theralqui meJals. For the purpose of the
Integration we split the surface of the sphere into two parts,
namely that included in the central zone, and that outside
respectively. The eritical angle of scattering ¢ defining the

transition from the former to the latter region is about 980,

corresponding,.




average walue

given by

Let us denote by (1/1)' the contribution to 1/L from the part
of the sphere included in the first Brillouin zone, corres=
ponding to 0% « £ 98%, and by (1/{)_ the contribution from the
e ”’/M«v"ﬁ
part of ‘the sphere that lies outside the first zongléorrespondé
: be bl :
g L0 98" (P »
The calculation of (1/{), is done immedistely. Since
, !
the contribution to 1/{ from forward scattering
¥ery small part of 1/£)we may in view of (23) take
be just (f./2kR )< times the value of 1/{ for th
vt
of propagation, the whole of the sphere being taker

purpose to be well within the first Brillouin zone, or

e i e

o
L P

\i[,hw B ke 5' (\\1 7 am/;/“lv»” i} P \\(-I‘% &";’/i &)m
X :

L - ey . e
= 0.3 » RT T/ Sy @.ff)

{
{

The contribution to 1/{ from the part of the sphere
outside the central zone, which we have denoted by (1/£)g,

hich is the major contribution to 1/4 , is calculated in

i
following manner, remembering that in this region also A4
be taken to be independent of cp, but equal to,dgf The

major factor that de nines variation of O in this region will

be the variation o! which will be particularly marked in

the regions of the sphere facing the reciproeal point (110).

Jahn has discussed in the case of X-rays the variation of R

for scattering by sodium erystal, for different positions of_

P in the neighbourhood of the reeciprocal point (110), and

has investigated in particular the shape of the 'isodifussion!




are found to be portions of
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In order to give an idea how flat these surfaces are,

we give in Table WII for a few of the isodiffusion ellipsoids

AN T

surrounding (110), the magnitudes of the semi-axes along the

prineipal directions of the e psoid, which are also the
i

directions of dlsplacement £ .

, T along {110}; II along {110];

and III along (00l)s The semie~axes are all expressed in terms

Comas e ve - numben
~ of [ R=1/(2,28d)70) as unit, (The shortest distance from
‘ of
(110) to the surface of the sphere Xx/propagation is O.?Sﬁ{.)
calculation of f as is based on the data for the

crystal given in Section 7.

some of the isocdiffusion ellipsoids

£around (110) awd fLae & thaty [I1O] 6o

o § e,
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1.23
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It wlll be seen that the ‘Il apnd 1
grcater than I, especliglly a

(110) and as the area of intersection of these isodiffusion
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found to be
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ctrons in sodium erystal in
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OF FERMI BELECTRON: [lﬂé]

of incidence of
eleectrons is more £ cal

a hody

just as 4§i3 a meximam

minimum for incidence along

of inecidence the portion of the

1

the first Brillouin
cattering, and for (001)

azimathal planes corresponds to oggg 0.66, Now e
et 1

structure factorqaahwﬁ not reach a high va alue in gny part of: the

4 "N e, i s, L
opagation, as 1t lrﬂf hen

7w WalC

) the incidence is alongl}l@ﬂ
=
1est value of Ticn/@a ij) now reached being only 2.7

-
able II),for the backward direction of scattering, i.e, for

2, gnd falling down tu:wﬁdﬁas we move back to the boundary
irillouin zone., The ?hOV@ value of R would

= e
ES = O 7 . Q_;"V K1 /51/ALN
Wox PR T
= el
for this direction of inéiy@nce:§§shmuld lie

correspond to

between 1.3
and a rough estimate shows it 1s gbout 1l.l.




12. THE AVERAGE VALUE OF 1/£ TAKEN OV
' ALL DIRECTIONS OF INCIDENCE

Having fixed the approximate upper and lower limits
for g? , namely 2,6 and l.1,for incidence of the Fermi
electrons along [}l@] and{}od} respectively, it now remains
to determine the average value of é? taken over all
directions of incidence of these electrons. The high valae
of i? = 2,6 for incidence along {Eldj is due to the close
proximity of the extxgmﬂ outer regions of the sphere of
propagation to the reciprocal lattice point (}10> $ indeed
of the total value of 2,6 for% for this direction of
incidence, about 1.7 is contributed by the small region
1.75< <2, the rest of the sphere namely 0 < 'f\' L =2 !'757)
contributing about 0.9 only. Hence as the direction of
incidence is veried even slightly away from [}léld?will
drop down considerably, and kenee one can resonably teake
the average value of %5 to be very close to its minimum
the mean value of 1/ or 1/0T
a’&,

value of 1.1, and teke
required im calculati g%/the specific resist%hce of sodium

to be giVAn by
k=% TRTHET

where 18 -about 1.2 or 1. 3
Till now we kaxe expressed 1/41/1n terms of &= JZ

elastic constant c33 ef—the—cubix erystal. We may also,

for convenience., express it in terms of &he compressibilit
?

(5 s which in a cubic erystal is given by
3/(cir2),
and which in sodium eegaked is equal to 3/(2.54cyy) #

::l.lS/cll. The mean free path 1/‘. can then be expressed

q_;v)@(bd“ 2t (A
(crdh e Aern & Ae ]

where 1&; is a numeriecal fac or, which in sodium crystal A

in the form

ie close to unity.\A/Ct&,‘£?= 1, one can easily recognise

the right-hand side of equation (35) to be just/Einstein -




tion coefficient

ogeneities produced

d TG T
acecount 10T tne

alline medium, however,
shich produce scattering will
end will invalve)begiﬁe“

other elastic constants too,

As result of this, in sodium ecrystal, and for small values
\ (47 ‘ % i
aff@vmvgzx/>u. s the structure factor R 1s considerably
/

ey
- = T 1 124 nie ¥ 7 P, T < A o8 pig Tl e
less than the Einstein value, almost half of i1t whea &

is along [il@] * On the other hand when the pole of

a2 o0

4iffusion B P moves out of the first Brillouin zone, R

‘Jo

ce LIEe N atre 2 1 »
&S we pnave seen .

LSO

N

above the Binstein value, and for
certain directions of incidence, and 1in the neighbourhood

of the backward direction, becomes several times the

Einstein value. But since these high values are highly
localized their contribution to l/& is not so large.

Indeed the average value of l/z.'for the Fermi electrons,

taken over all Qi“ecti@ﬂs of incil ence and of scattering,
(oa we Hrave A2, 2 )
gr=es rougnly just the Einstein value, as though we might

N

regard the mean free Dath,Xaof the Fermi electrons in sodiun

to be just the reciprocal of the attenuation coefficeient

4.

due to scattering, and the scattering to be determined
tha
almost mhollyfloc 1 thermal fluctuations in @
~
This simple azpproximation is a result of the rough ba1anci8

neity.

of the different varying factors that determine the mean

ad =-2M
free path} Rqanﬁ h—unwincre;sing,Aél- and A

&

directionszﬂr /ﬁCﬂvitb%#Lva/.

decreasing as we pass from the forward to the backward
)

Had M\ been considerably shorter, i.e. had the Fermi
surface been much closer to the boundary of the Brillouin

zone, owing to the rapid increzse of R as one approaches

the boundary, and the consequent increase of the scattering




coefficient 8, the free path and the relaxation time would
7
C@?’”/’Y"Qq Wf"v"\- &;Z’%
specific

be much shorter. The result would be am/enhanced
~

resistance.

In the usual treatment of the electricsl resistivities
of metals B3oem—3I9—— for convenience in calculation, the

)

medium is regarded as elastically isotropic, and the
longitudinal thermal elastic waves alone as contributing
to the scattering, which is equivalent to
scattering as produced by the fluctuations in density due
to thermal agitation. The detziled calculations made in
the pfesent paper show that in sodium metal, this is a good

approximation, and it is presumably so in other monovalent

metals too. ,aqcoilzadt,AuA~LJ
(o= we AMave .

Now the Fermi wave-lengﬂq>\ﬁﬁ not much longer than
A

th=% necessary to give the first Sragg reflection in the
backward direction, i.e. b&iﬁﬁgﬁ$&=$s not much longer than
2d. Even so)it was shown in an earlier paper (Krishnan
and Bhatia, 1944) from certain general considerations, that
it should be regarded as long enough for the Linstein
formula —=— which is derived explicitly on the basis of
)M‘s being very long in comparison with the interatomic
distence — to be applicable, The present calculations
show that the intensity of scattering, particuiarly along
the backward direction will deviate considerably from the

Einstein value,/,he total scattering in all directions,
~

P lmaiing qn?%afﬂ,.:,,wﬁu)

i.e. the attenuation coefficient

9. FERMI SURFACE CLOSE TO THE
BOUNDARY OF THE BRILLOUIN ZONE

We have already emphasised that if the electronic
wave-length were to be reduced considerably below the
Fefmi value, the total séattéring)and hence the specific
resistance)would inerease very rapidly. This would be
attributed in the usual theory of electrical conduétion in
metals to the approach of the Fermi surface to the boundary

- of the Brillouin zone, and the consequent enhanced influence




38 :-
of the ionic lattice on the freedom of movement of the
wswid be
electrons. The effect is regarded as equivalent to either a
increase in the effective mass of the electron near the
boundary of the zone, or a decmease in the effective number
of conduction eiectrong}whereas from the point of view mf
addpted in the present paper the effect is an enhanced
spending reduction in the mean free
of the Fermi clectrconz,
All the three alternatives are of course be equivalent,
correspond to an enhanced specific resistance. But
adopted herey; which regards the enhancement

-ance when the Fermi surface approaches = any

eciprocal noints as due to enhanced scattering of the

Fermi electrons has rta adve ntioeg especially in dealing
% K’(Y‘L shwmon and Iﬂ)&.a.tm.. (‘B&
ical resistivities of 1liquid metsz Iii We

postpone detailed consideration of this aspect to a

separate paper.
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