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Abstract

We study the electron—phonon scattering rate 1/, in impure metals in the
dirty limit. We show that, if all impurities are substitutional, the previous
Reizer-Sergeyev result, 1/7¢, ~ T*, holds even when discreteness of the lattice
structure is taken into account, where 7 = temperature. However, the result
is modified when we also allow for random positional shift of impurities, in
which case the result 1/7, ~ T2, is obtained.

1. Introduction

Electron—phonon (e—ph) interaction in clean metals is well understood. However, for dirty
systems, it is still a subject of investigation. The primary issue of concern is whether the
presence of disorder weakens or enhances the e—ph interaction in the so-called dirty limit,
ie. grl < 1, where gy = kgT /hcg, with [ = electron mean free path, T = temperature
and ¢; = the velocity of sound. This limit occurs when the temperature is sufficiently low
or when the disorder is strong enough, and theoretical calculations performed by Schmid and
co-workers [1,2] and later by Reizer and Sergeyev [3] (referred to as RS in below) in the limit
obtain the e-ph scattering rate 1/7e, o« 7. This rate is a reduction compared with the result
for clean systems (characterized by the condition g7/ >> 1), where 1/ ‘L'e(g) o T3 [4]. On the
other hand, in the dirty limit, various 7 -dependences of the rate have been observed, including
that of the theoretical prediction, 1/, o T4[5]. But it is widely reported to have observed the
deviating behaviour, 1/, & T2, which is an enhancement over the clean-limit result [6, 7].
The deviation from the theoretical prediction presents an interesting question and has been a
subject of long-term study.

Since Schmid et al and RS obtain the same T*-dependence with different theoretical
approaches, the consensus among the theorists has been that the T#-dependence is somewhat
firmly established and, to explain the observed 72-dependence, attention should turn to model
assumptions. For example, Beltz et al [8] have introduced strong phonon damping, and
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demonstrated that it can modify 1/7., and lead to agreement with experiment. Sergeev et al [9]
have invoked static random potentials which do not move with lattice vibrations, and obtained
an enhanced 1/, too.

In this paper, we shall address the role played by the ‘geometric symmetry’# of impure
systems in the issue of e—ph scattering rate. We shall show that, if the geometric translational
symmetry of a metal is preserved in the presence of impurities, the e—ph scattering rate has
the T4-dependence. On the other hand, if the impurity destroys the symmetry, it results in the
enhanced T2-dependence.

2. Theoretical model

Since our calculation below is based on an extension of the RS treatment of e—ph scattering, our
presentation shall avoid repeating details which can be found in RS. Let us firstly summarize
their work. It contains an extensive analysis of Feynman diagrams, and it shows, for the
calculation of the e—ph scattering rate, that there are two important classes of diagrams
designated as A and B, respectively. Class A makes to 1/, the contribution which is of
the order of T*, while class B contains basically two types of diagrams, each consisting of
a leading-order 72-term and a next-order T*-term. RS show that the 72-terms from the two
types of diagrams in class B cancel exactly with each other but the higher-order 7*-terms do
not. Upon summing classes A and B, therefore, it is the 7#-dependence that finally dominates
the scattering rate.

A fact worth noticing is that, concerning the cancellation of T2-terms as well as the non-
cancellation of T*-terms, there is a familiar parallel in the modelling of optical properties
of a system. There, recall that, if inversion symmetry is present in the system, electric
dipole transitions are zero between states of the same parity, while higher-order transitions,
for example, magnetic dipole or electric quadrupole ones, can still be finite between them.
Therefore, it may not be unreasonable to conjecture a similar symmetry-related reason for the
fact noted above of the simultaneous occurrences of 72-cancellation and 7*-non-cancellation.
In other words, some specific symmetry may have been present in the RS model and results
in a weakened scattering rate with theT*-dependence. If the symmetry is removed, one may
obtain the much stronger 72-dependence.

We are thereby motivated to examine the geometric symmetry incorporated in the RS
model. In particular, we shall focus on if there are any ‘symmetry-introducing’ approximations
in the RS model. One candidate is the approximation of replacing the discrete lattice structure
of a metal by a continuum. The approximation is not worded explicitly in their work but
is implied by the fact that they use, in place of crystal waves containing cell-periodic Bloch
functions, plane waves as unperturbed electronic eigenstates. This is a popular approximation
in solid-state theory and generally valid. However, this approximation needs attention when
impurities are present. Let us now consider a discrete lattice. When the lattice is doped with one
impurity, two consequences can result depending on the location of the impurity. If the impurity
substitutes for a host atom, then the translational symmetry of lattice is preserved (assuming
we disregard the difference between the atomic potentials of an impurity and a host atom);
whereas, if it precipitates to an interstitial place, the symmetry is broken. In contrast, within
the continuum approximation of a lattice, it always results in the same situation irrespective of
the impurity site, i.e. the translational symmetry is always preserved. In particular, in the case
of a metal doped with non-substitutional impurities, the foregoing discussion implies that the

4 We define a geometric symmetry to be a symmetry present in the system when impurities and host atoms are both
regarded as simple geometric objects undistinguishable from one another. This is somewhat different from the usual
notion of symmetry in physics.
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continuum approximation would over-impose translational symmetry on the metal where, as
a matter of fact, such a symmetry should be absent.

Apart from the above concern about a possible interplay between the symmetry and
scattering rate, another reason why, in the present context, it is worthwhile considering the
discrete nature of a metal is the following. The e—ph scattering is a wave phenomenon, and
it depends on the interference between various scattering paths. To accurately account for
the interference, especially that between scatterings of an electron off moving impurities and
those off moving host atoms, one must consider the exact positions of impurities relative to
the host lattice. Thereby, it suggests that one should take into account the discrete nature of a
lattice.

In what follows, we shall provide evidence for our conjecture of a relation existing between
the translational symmetry and the e—ph scattering rate. In particular, we shall carry out two
calculations, all in the limit of dilute impurity concentration. Firstly, we shall show that,
when one considers a discrete lattice with only substitutional impurities (in which case the
translational symmetry is preserved) the cancellation of 72-terms shown in the RS calculation
still holds and, so, the scattering rate still scales as T4, Secondly, we shall show that,
when one considers a discrete lattice with non-substitutional impurities (in which case the
translational symmetry is destroyed), the 7>-terms do not cancel, leading to a T2-behaviour
of the rate.

2.1. A discrete lattice with only substitutional impurities

To facilitate the calculation, the lattice is taken to have inversion symmetry. (We shall
constantly assume so for a clean lattice throughout this work, valid for most metals.) We carry
out a calculation where both impurity and interaction effects on electrons are treated within
perturbation theory. We write the total perturbation as Hiy = He—e + He—j + He—ph + He—mi,
where H.. is the e—e interaction, H.—; the electron—impurity (e—i) interaction, H.—p, the
e—ph interaction, and H.—p; the electron—-moving impurity (e-mi) interaction. In the work
of RS, unperturbed electron states are approximated with plane waves, and the perturbation
is evaluated within the usual impurity-diagrammatic technique [10]. The present calculation
differs from latter mainly in that we take into account the discrete lattice structure and use,
in place of plane waves, the crystal wave function v, = |p) = exp(ip - r)u,(r), where u,
is the cell-periodic Bloch function. We discuss how it modifies, for example, the RS e—i and
e-mi vertices. For scattering of an electron off the impurity at lattice site R;, we obtain the
following scattering matrix element (assuming the system volume is unity):

(p+k|Vimp(r — R p) = Z Vimp(k — G)C(G; p +k, p) exp[—i(k — G) - R;]
G

where G is a reciprocal lattice vector and C(G; p + k, p) = fexp(—iG . r)u’;+ku1, dr. In
contrast, in the RS calculation, C(G; p + k, p) = 8¢,0, and the element is (p + k|Vipp(r —
R)|p) = Vimp(k)exp(—ik - R;). To adapt the diagrammatic technique to the present
calculation, we replace the RS e—i vertex, Vimp(k) exp(—ik - R;), with ours. To modify the
e—mi vertex, we write (with = 1)

Hemi= > Y Y C(Gip,p—k yk—G,q,1)c} ,cprolbgs+b*, ;)

p.o k#0 g#0,» G
X Zexp[—i(k -G —-q)Ri]
R:

i

where y (k—G, q, A) = —=iVinp(k—G) (k—G)- eq,\/(ZMqu,\)l/z. In the above, ¢ and ¢* are
electron operators, b and b* phonon operators, e, a unit vector along the phonon polarization,
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Figure 1. (a) The diagram of an e-mi interaction vertex. (b)
The self-energy diagram due to the e—i interaction. Solid line—
electron line, wavy line—phonon line, dashed line—impurity
line, ‘x’—impurity.

A the phonon branch index, M = mass of a unit cell, N = number density of unit cells,
and w,, = phonon energy. In figure 1 (a), we show the diagram for an e-mi interaction
vertex. The vertex is proportional to’ itk — G) - eq) Vimp(k — G)/e(k — G, w). Here, we have
included the dynamic screening of the e—-mi vertex by the e—e interaction, with e(k — G, w)
the dielectric function. For comparison, the corresponding RS vertex is proportional to
ik - eq Vimp(k)/e(k, w).

We now examine how the RS result of scattering rates is modified. Let us firstly calculate
the impurity scattering rate, which is the imaginary part of the self-energy® in figure 1 (b). We
note a few facts which shall be used in the calculation. Firstly, there are two useful identities
involving C:

Y C(G; p+k, p) =y (r =0) ¢, (r = 0) (1)
G
D C(Gs ptk, p)k—G) =i x VY, (NP, )
G
C(G; p+k, p) =real 3)
Yr) =y, and Y, = [, (—r)l. “)

Equations (1) and (2) follow from the definition of C(G; p + k, p), (3) from inversion
symmetry’, and (4) from time reversal and inversion symmetries of the system, respectively. In
accordance with RS, we take, for simplification, the impurity potential screened by conduction

5 'We have adopted the convention where a momentum is associated with an impurity line. Let the impurity momentum
be k — G, we then associate i(k — G) - ¢4 Vimp (k — G) /e(k — G, w) with the e-mi vertex, and weigh each vertex with
the factor C(G; p, p — k), where p — k = incoming electron momentum and p = outgoing electron momentum, and
sum the result over G.

© Similar to the case of e—-mi vertex, the e—i vertices are to be weighted by C(G; p +k, p) and C*(G'; p +k, p) and
summed over G and G'.

7 We write up(r) =Y d(G; p) exp(iG - r), and note that d(G; p) satisfies the Hamiltonian matrix equation

[W*(p+G)*/2m — £,1d(G; p)+ Y V(G = G)d(G'; p) =0
=

where V(G —G') is the Fourier transform of V (r), the crystal potential. Using the property V (r) = V(—r), V(G—G’)
is real. Therefore, the solution d(G; p) to the Hamiltonian equation can be chosen to be real. Using such u, and u 4
to evaluate C(G; p+k, p) = fexp(—iG . r)u;‘,+kup dr, one sees that C(G; p +k, p) is real.
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~—X— Figure 2. The diagram for /7.

electrons to be a §-function with strength Vj) and obtain the impurity scattering rate of the state
| p) at the Fermi level

1 /
— =27 ) N Vo8 =) ) C(Gi p+k. p) C(G's p+k. p)
p k G,G'

=2 [y = OPS" Nimpl Vol 8 G o — €)W pus = O
k

1 dS2,.x
= =0>|2/ 1 [Wpur =) ©)
where Njn, = impurity density, §, = electronic energy, and T—lo = 7V Nimp [Vo|* with

v = electronic density of states at the Fermi level. The second line of equation (5) is obtained
from the first line with C and C* replaced according to equations (1)—(4). We note, incidentally,
that 1/t is the impurity scattering rate in the RS calculation. Therefore, equation (5) shows
how the RS result of impurity scattering is modified when discreteness of the lattice structure
is taken into account.

Next, we calculate the e—ph scattering rate. We shall consider mainly the dominant
diagrams (of class B) in figures 2 and 3, each of which involves the e—-mi interaction and
gives rise to an integral (designated by RS as I7 and Ig, respectively) making an order of T2
contribution to the rate. Other diagrams, i.e. those of class A, have been shown by RS to
result in an integral, designated as I, which is of the order of 7#. With the integrals, the

rate is determined as —— = —M, where n¢ is the Fermi—Dirac distribution function

Tep(é) - 5”5
at energy &. For the diagram in figure 2, we have the integral

i Nimp|vo|2/d3pd3(p+k)d3qdw J1R(E, )

7 [GA(p, &) — GR(p, )]

" av 2MN (2m)10 Wg,
x[G*(p+k,&+w) — GR(p+k, & +w)][DR(q, w) — D*(q, w)] 1.1
where
J1=3" C(Gy:p+k.p)C*(Gai p+k.p)leg. - (k—Glleg - (k— Go)]
G1,G2
= legi - VY () ¥p ()]0l . (12)

The second line of (I.2) is obtained with the help of equations (1)—(4). For comparison, we
also list the corresponding J; of RS here

IR = (e - K)*.
In 7;, the expression R is given as
R(§, w) = Nong (1 — ngyo) — (14 No)(1 — ng)ng,e
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p p+k, ptki+k,+q ptk;+q p
\\ \\ / //
\ ki-G;+q \—XJ’/ k-G, /
\ /
AN /
k,-G; k\ % ke k,-G,+q
T
q
p p+k, pt ki +k, ptk;+q p
> ) > —>
\ v K /
\ k-G, ——" ky-Gy-q /
\
AN /
k,-G; k\ /k k,-G+q
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Figure 3. The diagram for /3. Each diagram here actually has a symmetric counterpart not shown
in the figure.

with N, the Bose—Einstein distribution. G and G# are retarded and advanced Green functions,
respectively, with

G (p. &) =[G (p, O = (¢ — &, +i/27,) .
D® and D are retarded and advanced phonon propagators, respectively, with
D®(g, ) = [D*(q, ®)]" = (0 — 0y +i0) " — (® + wy, +i0) 7.

Using the properties, equations (1)—(4), we obtain

TUNimpl Vol [ d°q RE, wp) [ dQ
=m0 ; z 21y, (r = 0)?
MN 2m) Wy 4
dQ " 2
< / g [V Ol ©)

Next, we calculate the contribution from the diagrams in figure 3. Each diagram here actually
has a symmetric counterpart not explicitly shown in the figure. With all these diagrams, we
have the integral

i Nao Vol [ Bpd(p+ki +k) B (p+k) Bgde JKRE, w)

8= 70 2MN Qm)13 Wy,

x[G*(p,&) — GR(p,&)]

L=
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x[GYp+ki+ky, E +w) — GR(p+ki +ka+q, £)]
X[GR(p+ky, €) GA(p+ka+q, & +w) +c.c]

[D®(q, w) — D*(q, )] (13)
where
Js= Y C(Gi;p+ki+ky, p+k)C*(Go; p+ki+ky, p+k)C(G3; p+ka, p)
G1G2G3Gy
XC*(Gy; p+ka, p) [(ka — Gy) - ep][(ki — G2) - egu]. (L.4)

For comparison, in the RS calculation,
J& = (ka - egn) (ki - eg2).

To proceed, we note that the major contribution to the integral /g comes, when integrated
with respect to g, from g ~ g7, the thermal phonon wavevector. Since gr is small at low
temperatures, we can regard the phonon wavevector g as also being small, and Taylor-expand
the integrand of Ig around ¢ = 0. We retain only the leading-order term, which, because
q ~ qr = kg T /hc;, corresponds to the dominant 7'-dependence. With the approximation, we
obtain

Js ~ =¥, (r = O) P [Wpaky s (1 = OV 1Y pit, (7 = 0)Plegsn - [V pas, ()]0

and
TVNimplVoI* [ &3¢ RE, wp) [ dQ, 2/“d9ﬂ >
~ =0 (r=0
) MUN 2r)3 O - [, (r )| dor [V (r )
dQ, t,
Xf4§§wwmﬂmeWwwmﬂz )

correct to the order of q%. The next-order term corresponds to the order® of q% (or T*). Now,

we sum integrals /7 and Ig, and obtain

nvaMWﬂz/‘cpq R, 0p) [dQ,
MN 2n)}  wg 47

I7+Ig%

[v,(r =0

dQP” \V/ 2
X / ? |eq)L [ Wp”(r)]r=0|

x [ — 1+ Yy (r = 0)|2@/ d<2, |V (r = 0)|2] } =0+0o(Th
To 4

where equation (5) has been used to obtain the last line. It then follows that %@) =
ep

—W%Ii”“ = o(T*%. In summary, in the present case where a discrete lattice with

substitutional impurities is considered, the e—ph scattering rates varies as T*.

2.2. A discrete lattice with non-substitutional impurities

In a previous paper by Jan, Wu and Wei (referred to as JWW in what follows) we studied the
particular case of polycrystalline systems with grain boundary defects, where a 7%-behaviour of
the e—ph scattering rate is derived [11]. In this work, we shall consider impurities with positional
shift. Although such a case is perhaps not easy to realize in experiments, the purpose here
is to demonstrate, from a theoretical point of view, that destruction of translational symmetry
can enhance the scattering rate. We study two cases, in particular. In case 2.1, deviation of
impurity sites from lattice points is completely random. In case 2.2, the deviation is small in
magnitude. The calculation proceeds in a manner similar to that in JWW.

8 This can be seen by carrying out the ¢ expansion to higher order.
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Case 2.1. Note firstly the following important fact. In the impurity-diagrammatic technique,
results have to be averaged over all impurity configurations. With the random positional
shift of impurities, the diagrams surviving the configuration average are those such as that
of figure 1(b) with G = G’. This particular diagram, for example, contains the factor
3 R exp[—i1(G’ — G) - R;], a sum over the random distribution of impurity position R;, and is
finite only when G = G’. A similar derivation shows that, for the present calculation of the
e—ph scattering rate, the earlier expressions, (I.1)—(1.4), should be used with the modification
that9 Gl = G2 and G3 = G4.

We discuss the functional dependence of 1/t in the following way. Firstly, note that, in
the mathematical expressions /7 and I3, we can regard the Fermi wavevector k r as a continuous
variable and /7 and I3 as functions of k ;. For technical purposes, we require their domain of
ks to be the interval (kJZ, k} ~ 0(G/2)), with k]? small but still large enough to satisfy the
condition k;l > 1. For example, if = 100a /7, we take k; to be 0.1 /a. The enforcement
of the foregoing inequality is to make sure that we are always in the limit of dilute impurity
concentration, so the expressions /7 and Ig obtained in the limit can be consistently used
throughout the interval (k;, k7).

We now evaluate 1/7., for the case where k is small, i.e. near k;. In this case, our
argument against the cancellation of 72-terms in 1/ Tep is made in two steps. (A) First
we make the approximation that uzs ~ ug, where u;; and uq are the Bloch cell-periodic
functions at k s and at the zone centre, respectively. The validity of this approximation follows
from the k - p theory of band structures in which one expands u;; in a perturbation series
with u( being the leading-order term. Moreover, we assume reasonably that uo has the
full symmetry of the lattice, for example, uq is S-like in the case of a crystal with cubic
symmetry. With the approximation that u;y ~ ug, we have C(G; p1, p2) ~ C(G;0,0)
when p; and p; both are restricted to the Fermi surface. Moreover, it is obvious that
|C(G;0,0)| = |fexp(—iG -Nuguodr| = |C(]G|; 0, 0)|, independent of the G direction,
which follows from the, for example, S-like symmetry of uy. (B) Next, we note that, in J; and
Js, the phonon wavevector ¢ ~ 0, and, moreover, the electron wavevectors p, p + k, p + k;
and p + k| + kp which appear as arguments in various C (G) there are all restricted to the Fermi
surface, both due to the fact that contributions to the integrals /7 and I3 mainly come from the
region with ¢ ~ 0 and with the foregoing electron wavevectors ~k . So, we can take all C(G)
in J7 and Jg as C(G; kg, k), which can be replaced with C(G; 0, 0), according to (A). With
this, we expand J; and obtain the cross term

2 2
23 "1C(G;0,0)[ (k- €)(G - eg3) =2 |C(IG]; 0,0)] <k~eqx>(eqk : ZG)
G 1G] Q
where ZQG G denotes the summation of G over the direction of G with the magnitude |G| fixed.
Since ZQG G = 0 with G distributing symmetrically for a crystal of, say, cubic symmetry,
the cross term vanishes. We are then left with only the squared terms in J; and, so,

J1 =" 1C(GI; 0,0)P[(k - eg)* + (G - €42)]. (8)
G
Similarly, we have
Js =Y IC(G: 0,0)PIC(G|; 0, 0)* (ki - €g3) (kz - €42). ©)
G,G’'

9 Sums of the type ZRi exp[—i(G" — G) - R;] represent interference among various scattering events. The
modification with G; = G, and G3 = G4 means that the random positional shift of impurities bears a certain
effect on the interference.
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We note that the (k - ¢, ,)%-term in J; and the whole Jg are of the same forms as those of J7RS
and J8R 5 respectively. When put back in the integrals I7 and I3, they both result in the order of
T2 contributions to 1/ 7¢p that cancel with each other just as in the RS calculation. This leaves
us the (G - eq,\)2-term in J7. It is easy to see that the (G - ¢, »)>-term, when integrated, makes
a T?-order contribution to 1 /Tep, comparable to that from the (k - ¢, 5 )?-term. Therefore, after
summing /; and I3, we obtain 1/7ep, ~ o(T?).

(A) together with (B) is a rigorous argument in the case of small ky. This result is
significant and distinct from that of RS, since theirs always gives T*-dependence regardless
of the value of k.

Now, we discuss the functional dependence of 1/7., when k increases towards o(G/2),
which is the case for a practical metal. Generally speaking, cancellation among terms is less
likely to occur than non-cancellation, unless there is certain symmetry-dictated reason behind
it. A good example is the earlier-discussed electric dipole transition between two states, which
is usually finite unless there is inversion symmetry and the two states are of the same parity.
In our case, if there should be a symmetry-caused cancellation, it would have shown up in
the foregoing calculation for a small k¢, since such symmetry is not likely to depend on the
value of k¢. The fact that the cancellation does not occur there strongly suggests lack of such
symmetry. Moreover, if we write 1/7¢, = f(k f)T2 and regard f (k) as an analytic function
of ks, with f(ks) > 0O, it is hardly likely that the coefficient f (k) should vary from being
non-vanishing in the domain of small k¢, proved earlier, to being identically zero for all large
values of k. Therefore, we can conclude convincingly against the vanishing of f (k) for a
general value of k. In other words, the e—ph scattering rate varies as T? in the general case
of a discrete lattice with non-substitutional impurities.

Case 2.2.  'We now turn to the case where impurity sites deviate only slightly from lattice
points. We write the impurity position R; = R;o + s;, where R;q is the corresponding lattice
vector and s; = deviation. We take |s;| = so = constant, with 5o < a, and the orientation of s;
to be random. Moreover, we take ks to be small, just as in case 2.1, and continue to make use
of the properties of C(G) discussed there in this regime. These properties allow us to obtain
analytical result in the present case. Since the calculation proceeds in much the same way as
in case 2.1, we shall only sketch the major difference between this one and that in case 2.1.

Recall that, in case 2.1, because of the fact that ZRiexp[—i(G’ —G) - R;] « ég,¢,only
diagonal terms (such as those with G; = G, and G3 = G4) in the diagrams contribute. But
in the present case, this is no longer true and we have to use the full expression instead. For
example, we need to insert (l/Nimp)ZRi expli(G — G’) - R;] in (5) and write

1 !
— =27 ) N Vo8 G =) ) {C<G; p+k p)C (G p+k, p)
p k G,G'

x [NLZexp[i(G -G R} “

imp R;

Similarly, we need to insert, respectively, (l/Nimp)ZRiexp[i(Gl — Gy) - R;] in (I.2) and
(1/Nimp)X_ g expli(G1 — G2) - R,-](l/Nimp)ZRl_exp[i(G3 —Gy) - R;] in (14). We then
Taylor-expand these additional factors to the order of s3. This leads to

17+Ig=—

273 JTvNimprolzfd3 R, w4.3)
3 MN I

2
Y CUGI:0,0) (G - )| -
q.% G
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From it, we obtain 1/7ep(s9) ~ 0(s3/a?) 1/Tep, case2.1 to the order of T2, where 1/7¢y(s0) is
the e—ph scattering rate in the present case and 1/7cp, case2.1 1S the scattering rate obtained in
the case of a random positional shift of impurities, i.e. case 2.1.

It is interesting to examine the last scattering rate result in various limits. Firstly, if we
increase the deviation parameter and extrapolate the expression to sy ~ o(a), the result is in
agreement with that obtained in case 2.1, where the deviation is large. Secondly, in the limit
of vanishing deviation, it gives 1/7;(so — 0) — 0 to the order of T2, in agreement
with our earlier ‘substitutional’ result. If we further take the limit ¢ — 0, we obtain
lim,_,¢ limg, , o 1/7p(s0) = O to the order of T2, which is the ‘continuum’ result of RS.

3. Conclusion

In summary, we have discussed the temperature dependence of 1/7cp in the dirty limit for
impurity-doped metals. Discreteness of the lattice structure has been taken into account
in the calculation. We show, in the case of substitutional impurities, that the previous RS
result, 1/7ep ~ T#, holds. However, the result is modified when we allow for destruction
of the translational symmetry by random positional shift of impurities, and an enhanced rate,
1/tep ~ T2, is obtained.

Acknowledgments

We acknowledge the support of the National Science Council of ROC under the contract
no NSC88-2112-M-007-018. We thank Dr J J Lin for useful discussion.

References

[1] Schmid A 1973 Z. Phys. 259 421
[2] Rammer J and Schmid A 1986 Phys. Rev. B 34 1352
[3] Reizer M Yu and Sergeyev A V 1986 Sov. Phys.—JETP 63 616
[4] Reizer M Yu 1989 Phys. Rev. B 40 5411
[5] Komnik Yu F, Kashirin V Yu, Belevtsev B I and Beliaev E Yu 1994 Phys. Rev. B 50 15298
[6] Peters R P and Bergmann G 1995 J. Phys. Soc. Japan 54 3478
[71 WuC Y and Lin J J 1994 Phys. Rev. B 50 385
LinJ J and Wu C'Y 1995 Europhys. Lett. 29 141
[8] Beltz D and Wybourne M N 1995 Phys. Rev. B 51 689
[9] Sergeev A and Mitin V 2000 Phys. Rev. B 61 6041
[10] See, for example, Abrikosov A A, Gor’kov L P and Dzyaloshinski I Ye 1963 Quantum Field Theoretical Methods
in Statistical Physics (Englewood Cliffs, NJ: Prentice-Hall) Sec 39
[11] Jan W, Wu G Y and Wei H-S Phys. Rev. B 64 165101



