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TABLE I. Band structure and electron-phonon parameters.

gcalc gcalctr g emptr (pQ cm) (eV)

(u2)I/2/v(o)
(states/Ry
spill atom) (10 cm/s)

t'22(r021„
Refs.

12kjfT$95

Cu
Pd
Nb
Ta

0.111 0.116
0.41 0.46
1.12 1.07
0.88 0.57

0.107
0.41
0.99
0.58

1.69
10.55
14.5
13.1

8.5
6.6
8.9
7.1

1.89
15.5
9.9
8.03

1.08
0.33
0.61
0.5S

O.OSO
0.037
0.037
0.021

of 2 or more. Thus while corrections to LOVA can be
large and interesting in some cases, they do not affect the
above scheme significantly.
Concerning point (b), careful numerical calculations

were made of both )l, and )I,&, for Cu, Nb, Pd, and Ta.
Table I shows these values in the first two columns. Ex-
cept in the case of Ta, (X—A,I,)/A, is ~10%, while for Ta
the value is 35%. Apparently large values of (uk„-uk „)
tend to correlate with small values of Mkk /A, rllk k for Ta,
while for the other metals there is no particular correla-
tion. The complete numerical calculations of p(T) for
these four metals are shown in Fig. 1. Also shown in Table
I is an empirical value of A,„found by scheme II. The close
agreement between calculated and empirical A,I, values
simply reflects the good agreement between theory and ex-
periment in Fig. 1.
Our calculations of p(T), X, and )L,I, used Korringa-

Kohn-Rostoker (KKR) band structures with potentials
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FIG. 1. Resistivity vs temperature. The solid lines are calcu-
lations. For Ta, the lowest-order variational solution of the
Bloch-Boltzmann equations is used, while for the rest, higher-
order corrections are included, but are negligible on the scale of
this figure except belo~ 100 K. Data are from Ref. 11.

fixed in several different ways. In the case of Ta, the po-
tential came from a relativistic self-consistent Xa calcula-
tion by Boyer, Papaconstantopoulos, and Klein. s For Nb,
Pd, and Cu the potentials were derived from the Mattheiss
prescription starting with nonrelativistic Xa atomic
charge densities. In the case of Nb, a small alteration of
the phase shifts b/(eF) was made to bring the Fermi sur-
face shape into agreement with experiment. In the case of
Cu, flexibility in the choice of the muffin-tin zero was ex-
ploited to find a set of phase shifts which gave a sensible
forward-scattering matrix element. These two adjust-
ments were made prior to calculation of A, and A,I„, which
entitles us to a fair claim of using no adjustable parame-
ters. The close agreement between theory and experiment
suggests that the ingredients of our scheme are essentially
saund. These ingredients are (a) Bloch-Boltzmann theory,
(b) the use of band eigenvalues and eigenfunctions to
describe quasiparticle behavior at the Fermi surface, and
(c) the rigid muffin-tin madel for electron-phonon cou-
pling. Ingredient (c) is the weakest element, and we can-
not argue that it is correct in all details. For example, if
the long-wavelength deformation potential coupling were
miscalculated, this would not show up in A,&,. However,
larger-Q matrix elements averaged on the Fermi surface
seem to be very good.
These schemes would be of little use if band theory did

not give reliable values of (n/ni ),ff or the Drude plasma
frequency Qz defined by Qz 4rre (n/rn ),rr. Unfor-
tunately, it is not easy to test this directly because optical
(reflectivity or absorption) experiments measure a Drude
plasma frequency Q' which has an electron-electron re-
normalization effect which cancels out in p~, . Also, ex-
perimental determination of Q~ is very difficult, due in
part to the large interband term which must be subtracted.
Fortunately, there is some evidence that Q~ is less sensi-

tive than other band structure quantities like N(e) and
(u (e))I/2. Figure 4 of a paper by Klein, Papaconstanto-
poulos, and Boyer shows the energy variation of all three
quantities in NbISn; compared to 1V(e), and (u (s))'
Q~(e) is more slowly varying and has smaller fluctuations,
suggesting that band theory answers for Qz should be
comparatively good. As a note of caution, however, our
self-consistent relativistic KKR band structure of Ta gave
Q~ 7.1 eV as shown in Table I, whereas the nonrelativis-
tic augmented-plane-wave (APW) bands'o used in Ref. 1
gave Q~ 9.44. This increase of 32% leads to an increase
in A,;, u of 74% above the value shown in Table I. Clearly,
the sensitivity of Q~ to the accuracy of band theory is sig-
nificant, and in 5d materials relativistic effects need to be
included.
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Phonon Dispersion Relations in Copper and Silver 

Table  1 
Input Parameters used in calculations 

c12 c44 VL VT 
( 1011 dyn cm-2) (10l2 Hz) 

substance 

I I I 
copper 16.87 12.15 7.56 3.616 7.19 5.08 
silver 1 12.40 ' 9.34 4.61 I 4.08 1 4.93 3.45 

Tab le  2 
The calculated values of the force constants 

(all in units of lo3 dyn ern-1) 

627 

substance 1 
copper 
silver 

A, ~ A,  1 a-2Kl 1 a-2K2 1 aK, 

35.228 1.875 I -0.040 1 30.030 1 0.675 1 0.280 

4. Results and Discussion 

The vibrational frequencies for copper and silver are obtained by solving (1) 
for selected values of the wave vectors in symmetry directions. The computed 
dispersion curves are shown in Fig. 1 and 2 along with the experimental data. 

Fig. 1. Phonon dispersion curves of 
copper a t  296 OK. The experimental 
points are due to Svensson et al. [lo]. 
Full curves represent present calcu- 
lations and dashed ones that of Behari 

and Tripathi [12] 
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Fig. 2. Phonon dispersion curves of 

points are due to Kamitakahara and 
Brockhouse [ll] 

silver a t  296 "K. The experimental 1 
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