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Spectral distribution functions of electron-phonon interactidf () obtained byab initio linear-response
calculations are used to describe various superconducting and transport properties in a number of elemental
metals such as Al, Cu, Mo, Nb, Pb, Pd, Ta, and V. Their lattice dynamics and self-consistently screened
electron-phonon coupling are evaluated within local density functional theory and using a linear-muffin-tin-
orbital basis set. We compare our theoretiedF (w) with those deduced from the tunneling measurements
and find a close agreement between them. Temperature-dependent electrical and thermal resistivities as well as
transport constants,, also agree well with the experimental data. The values,oére close to the electron-
phonon coupling parameter. For the latter a very good agreement with specific-heat measurements was
found without any paramagnon contribution, except in Pd. We conclude that our method provides the descrip-
tion of electron-phonon interactions in tested materials with an accuracy of [[€8463-182606)05448-3

[. INTRODUCTION phonon distortion was replaced by either a rigid-ion
approximatiofi (RIA) or the most popular rigid-muffin-tin
Electron-phonon interactiofiEPI) in metals is a subject of approximationl (RMTA). For isotropic metals, having a
intensive theoretical and experimental investigations. The inlarge density of states at the Fermi energy, the RMTA works
terest in this problem arises from a variety of physical phewell in many cases, since the efficient electronic screening
nomena such as electrical and thermal resistivities, renormalimits the change of the potential in the immediate vicinity of
ization of the electronic specific hedelectronic mass the displaced atom. However, there are some known prob-
enhancemeit and, of course, superconductivity, and for alems of the RMTA in transition metals. For example, aniso-
guantitative understanding of those a proper description ofropy of the mass enhancement factor was not reproduced by
the EPI is required.Moreover, the reliable estimation of the the RMTA in Nb1°
EPI parameters in a particular case of high-temperature su- Accurate g, and 7y, as well as self-consistently
perconductivity may be decisive for recognizing the naturescreened electron-phonon interaction can be calculated
of this phenomenon. Unfortunately, even for some transitiorwithin the total-energy frozen-phonon approach using the
metals we have controversial experimental and theoreticaupercells!~**However, there is a serious drawback of this
data related to the estimation of the coupling constarfthe =~ method. A sufficiently large number of phonon wave vectors
analysis is complicated by possible parallel processes of spigg must be sampled in the Brillouin zone to get a good esti-
fluctuations, for example, in the problémf renormalization ~mate of the average coupling strengthA separate frozen-
of specific heat and’; or proximity effects in the tunneling phonon calculation is required for eaghand for each stud-
data® To extract the quantities of interest one has to useed mode. For small phonon wave vectors this requires very
some theoretical calculations and models. In this situatiotarge supercells. With the crude sampling allowed by the
fully ab initio calculations of the one-electron spectra andlimited size of the supercell, the accuracy @fintegrated
phonon dispersions based on density functional tHeoryquantities like\ is usually low.
(DFT) are most preferable. Applicability of the popular local ~ Another technique which can be employed for calculating
density approximatich(LDA) for the functional and treat- the self-consistent change in the potential is the perturbative
ment of the one-electron band structures as spectra of lovapproach® applicable for anyg. The key quantity of this
energy electronic excitations were checked many times anthethod is an independent-particle polarizability function.
there exist a large theoretical and experimental experiénceAfter applying the first-order perturbation theory and ex-
This allows us to conclude that even having been formallypanding the first-order changes in the one-electron wave
ground-state theory, DFT is a good starting point for inves{functions over the basis of unperturbed Bloch states, the po-
tigating the electron-phonon interaction. larizability is expressed via the double sum over occupied
Many previous attempts to compute EPI, in particular, forand unoccupied states. Wint&has successfully applied this
transition metals, have focused on calculating merely thenethod to calculata in Al. Unfortunately, the perturbative
electronic contribution to this quantifywhile the phonon approach has several drawbacks. First, the slowly convergent
frequenciesv,, and the eigenvectorg,, were usually taken sum over the excited states requires their preliminary calcu-
from inelastic neutron-scattering data. There, the selflation by diagonalizing the unperturbed Hamiltonian matrix
consistent adjustment of the one-electron potential to thef very large dimension. Second, the self-consistency in this
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method is done by inverting the dielectric matrix of the crys-the quasiparticle energies are necessarily approximated by
tal which is a relatively time-consuming problem. the LDA energy bands.

To date, the most efficient technique developed to calcu- In the framework of the density-functional linear-response
late the lattice dynamics is the solid-state generalizdtioh  method the problem of calculating the phonon spectra and
the Sternheimer methdd. This method is not limited to the electron-phonon interaction is reduced to finding the
g’'s commensurate with the lattice as the frozen-phonon apfirst-order variations in the one-electron wave functions, the
proach and it does not require the knowledge of all unpereharge density and the effective potential induced by the
turbed states as the perturbative approach. In the previoygesence of a phonon with a given wave vecton paper |
papet® (referred hereafter ag We have given a full descrip- we have described an approach for the self-consistent solu-
tion of this approach in the framework of the linear-muffin- tion of this problem in the framework of the LMTO method.
tin-orbital (LMTO) method'® The latter allows us to facili- In this paper we test the produced self-consistent change in
tate the treatment of localized valence wave functions. In thishe one-electron potential as the potential of electrons inter-
paper we present details of generalizing this linear-responsgcting with the phonon modse,, . Our task is to evaluate the
method to compute the wave-vector-dependent electronelectron-phonon matrix elemegE:qj The latter is con-
phonon coupling(A brief report of this work has appeared yentionally written in the form
already’) We evaluate the spectral distribution functions
a’F(w) of the EPI from the phonon linewidthg,, accord- O g i =K+ )| 6% Ver k), ()
ing to the approach developed by Alférin the supercon- )
ductivity theory?? The electron-phonon matrix elements are Where both stategy; and gy, o have the Fermi energy
calculated in the LMTO representation. Due to incomplete-2nd where the change in the potential is transformed from
ness of the basis sets in band-structure calculations the cd€ Cartesian system to the system associated with the eigen-
rections to these matrix elements are shown to exist and eXectors7q,(Ru) of a particularqy mode:
plicitly taken into account. The incomplete-basis-8§&S) +
corrections aj [ i - - Tao(RR) 0" Vet

ppear here in the same manner as in the calcu 59 Veff_E 1/2 ,
lation of the dynamical matrix within the linear-response R (Mgog,) oR,
theory’® or when calculating the forces within the total- whereMp, are the nuclei masses. Here and in the following
%nei;]%ydzgrozen-phonon approach in terms of the LMTOhe same notations as in | are used.

. . . qv
We apply the developed scheme to compute electron- It is not obvious but the expressioft) for Yi+aj’ ki

phonon coupling for a large number of elemental metals W(;f,hould be corrected for the incompleteness of the basis func-
' éions. To see this we have to repeat the standard quantum-

Ewechanical derivation of the Fermi “golden rule” for the

" Kj

@

The results of computed transport properties such a

temperature-dependent phonon-limited electrical resistivitie svedfuncttl_ons repr%sented mttterr_ns Oftth? LI:/ITO_tbassfset.
and thermal conductivities obtained as low-order variational' '€ 9€Mvation Considers a scatiering rate for transitions irom

solutions of the Boltzman equation are also given Thed" initial unperturbed state into a final perturbed state at the

method of calculating the transport properties is analogous th'.a moment. For the |Ilgstrat|on let. us Fake some I—_|am|I-

that used in the supeconductivity theory and is b4sed tonianH and a pe'r.turbatmm\V. To simplify the notations

calculating the transport spectral functiomfﬁF(w). Allthe W€ denote the |n|'F|aI state. ass.(t) and the final sta.te as

results presented in this paper are complegyinitio and Y. (1). The scattering rate is given by the overlap integral

no adjustable parameters have been used in the calculatiorfgluared:
The rest of the paper is organized as follows. In Sec. I, ~

we derive the fom?ulgs for caglculating the electron-phonon Prs(O=Kyr (OO, 3)

matrix elements and briefly review the method of findingIn the time-dependent formulation we write

superconducting and transport properties. Section Il pre-

sents the results of the calculations for phonon dispersions, OPs(t)

electron-phonon interactions, and related properties for a I—— = H(), 4

number of elemental metals such as Al, Cu, Mo, Nb, Pb, Pd,

Ta, and V. Section IV concludes the paper. and

Y (1)
Il. METHOD "ot

=(H+AV) g (b). (5)

The central problem in calculating the electron-phononwe now use a variational estimate for the wave fucntions
interaction is the evaluation of changes in the electronidike it is done in the LMTO method
Hamiltonian caused by atomic displacements. This generally
requires the knowledge of the full low-energy excitation
spectrum of the metal: the quasiparticle energies and the
phonon frequencies. The calculations of vibrational proper-
ties are, in principle, within the scope of the density- EQ. (4) becomes
functional based methods. Finding the quasiparticle excita- s
tion spectra is, on the other hand, a much more difficult iE (x4l >‘?Aa(t) :z OcalHLxa)AS (1) 7
many-body problem. In the following we always assume that = B Xa) ™5 = WXpITIXa) Ra

ws(t>=§ XA, (6)
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or in the matrix notations 1 A A

Wis= lim =P, (T)=275(e, — €5) |(A|AH — €, AO|AS)|2.
IAS(t) - Tow |

=HA(1), (8 (16)

. _ . As one can see, this formula differs from the well-known
where the overlap matridOg,=(x4lx,) and the Hamil- expression fow,s by the presence of the contributions asso-

tonian matrixH 5,= (x/H|xa). Using a standard substitu- iated with the change in the basis functions as follows from
tion AS(t)=exp(-ie)A° Eq. (8) transforms to the matrix o definitions(12).

i0

eigenvalue problemH A®=e,OA°® the solution of which We now restore the original notations. The electron-
gives the bestin the variational sengeestimate for the phonon matrix eIemen(tAr|A|:|—e A(5|AS) must describe

. . . . r

eigenfunctions of the operatét at a given basigy}. the scattering of an electron at the Fermi surface from the

As we have argued in | in order to obtain the best Varia‘state|kj) to the statdk+gj’) via the phonon perturbation

tional estimate for the perturbed wave functigp(t) to the  sary . we therefore sefr}={k+qj’}, {s}={kj}, and us-
first order, one should take into account both the change ifhg the definition12), we obtain

the expansion coefficientd A", and the change in the basis

set,Ax,, as seen from varying E@6). Keeping the contri- 92: = (k40| 8T VerlKj)

butions to linear order, the overlap integral between the ini- o

tial and final state has the form i .
+ < > STy IAST Y H - € Kj >

(b (D] Ps(t)) = 8,5+ (AT(1)| AO|A%(1))
+(AAT(1)|O|A%(D)), (9) +<k+ i’ |H = €xrqpr

» aquzAzJ‘}, a7

where AA'(t) can found from the solution of the equation

obtained after the linearizing @6) or varying (7), i.e where 59 x* denotes the variation of the MT basis functions

due to the phonon distortion of tlogr mode. It is connected
L OAT(1) - GAAT(1) A R with the variation 5+X';/5RM in the same way as for the
iAO HIO——=AHA'() +tHAA'(t) (100  induced potential, Eq(2). Note that 89"y "9 is a Bloch
wave of the vectok since only this gives a nonzero contri-

or, equivalently, bution to the integral withy; . The last two contributions in
(17) represent the IBS corrections which are not vanished
unlessiy; , i+ qj are the exact solutions.

The key formula(17) can be understood very simply if we

_ o will interpret the electron-phonon matrix element as a split-
where both the change in the Hamiltonian and the overlaging of the degenerate barg; = € qj = € due to the pho-

matrix contain the terms associated with the variation of theyon distortion. As we discussed in I, the first-order correction

~ AA(t
io ®

= (AH—¢AO)A (1) +HAAT(1), (11)

basis functions, i.e., to €; found as a change in the eigenvalue of the matrix
_ problem contains both the expression of the standard pertur-
AOg,=(AXplXa) +{XplAXa)» bation theory as well as the incomplete-basis-set corrections

[see formulag9) and(12) in I]. It would be advantageous to
AH g, = (x| AVIxa) +{(Ax gl HIxa) + (xalHIA XL)- use that formula because the eigenvalues of the matrix prob-
(12 lem are variationally accurate for the whole range of param-
eters variation. It is a standard exercise to show that in the
case of the degenerate bang= €, ;- the development of
the perturbation theory for the matrix eigenvalue problem
_i0-11 will lead to the band splitting given by the formu(a?).
AA'(D)=e"'% TABI(1). (13 The expressiol(l7) is thus the linear-response analogy of
Then, the coefficientd B'(t) are given by evaluating the electron-phonon matrix elements via the split-
ting of the bands in the frozen-phonon method as done in
t o e . R R Ref. 14. Itis less sensitive to the errors in the wave functions
ABr(t)Z—if e® MO Y AH-AO)A (7)d7, (14)  introduced by the variational principle, has a correct long-
a wavelength behavior, and allows one to avoid the inclusion

In order to solve Eq(11) we use the following represen-
tation:

and the matrix elemer(®) is rewritten as follows: of d-f transitions ind-electron systems. .
For the electron-phonon spectral distribution functions
@r(m po(t))= 5rs+(A'|A6|AS)e‘(Er‘fs>‘ a?F (o), we employ the expressihin terms of the phonon
linewidths vy, ,

t ~ ~ )
—if (A"|AH— e, AO|AS)e (&~ )7d 7, (15)
a

a’F(w)= E m5((1)—0z)q,,), (18

) o 27N(ep) G g,

As a common practice, we assume that the perturbation is

switched on adiabatically at the time momenrt —. For  whereN(eg) is the electronic density of states per atom and
the scattering rate per unit time we obtain the expression per spin at the Fermi level. When the energy bands around
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the Fermi level are linear in the range of phonon energies, 6Q el odw X2

L - " ; T)= — =
thg linewidth is given by the Fermi “golden rule” and is w(T) WkBN(EF)<U§> o ® Sinfx
written as follows:

2 22

2 4x 2 X 2
X| agF(w)+ ?aoutF(w)-l- ?aml:(w) ,

Yor= waqur |g(k]:.qj ,'kj|25( €xj— €F) O €4 gjr — €F)- (22
¥l (19 with x=w/2kgT. The LOVA results(20), (22) give the up-
per bound to the resistivities and allow us to test the calcu-
lated a2F (w).
The spectral distribution functiof18) and its first reciprocal
moment\ are usually used to describe such important mani- Ill. RESULTS
festation of the EPI as superconductivity and some normal-
state properties. One such property is an enhancement of the
electronic mass for the electron at the Fermi energy when its Our calculations of phonon dispersions and electron-
velocity v is reduced by the factor#\, due to the inter- phonon interactions for the elemental metals such as fcc Al,
action with phonons. The value af is given by the recip- Cu, Pb, Pd, and bcc Mo, Nb, Ta, V are performed in the
rocal moment of the so-callek-dependent electron-phonon framework of the linear-response LMTO methtidThe de-
spectral functionaiF(w).This renormalization is observed tails of the calculations are the following: We find the dy-
in the de Haas—van A|phen and Cyc|otron_resonance experﬂamica| matrix and the phonon linewidths for these materials
ments. As a consequence, the low-temperature electron®S a function of wave vector for a set of irreducibl@oints
specific heat is also renormalized. For the latter effect it isit the (8,8,8) reciprocal lattice gri@9 points per 1/48th part
sufficient to know only the Fermi-surface averaged value of the Brillouin zone(B2)]. The (1,J,K) reciprocal lattice
Ay, 1€, \. (or Monkhorst-Pack) grid is defined in a usual manner:

A full description of the superconducting state can be obSijx=(i/1)G1+(j/J) G+ (k/K)G3, whereG,, G,, G3 are
tained by solving the Eliashberg gap equations which relatéhe primitive translations in the reciprocal space. The self-
the energy-gap function and the renormalization parametegonsistent calculations performed for every wave vector in-
for superconducting state to the electron-phonon and theolve the following parameters: We use3 spd— LMTO
electron-electron interactions in the normal sfateThe  basis set(27 orbitalg with the one-center expansions per-
electron-phonon-coupling function is given byF (w). The  formed inside the MT spheres up Ig,= 6. In the intersti-
Coulomb interaction is usually represented by some constaii@l region the basis functions are expanded in plane waves
w*. A detailed nature of the effective Coulomb repulsion isup to the cutoff approximately corresponding to 70, 140, and
not very well known. Fortunately, various definitions for 200 plane waves pes, p, andd orbitals, respectively. All
w* have only a weak influence on the solution of the gapsemicore states lying higher than4 Ry are treated as va-
equations and its values can, e.g., be found by adjusting tHence states in separate energy windows. The induced charge
calculated transition temperatures to the experimental onesdensities and the screened potentials are represented inside

Electron-phonon scattering has a dominant contribution téhe MT spheres by spherical harmonics up tg=6 and in
the electrical resistivity for reasonably pure metals except fothe interstitial region by plane waves with the cutoff corre-
the very low-temperature region where the impurity andsponding to the (16,16,16) fast-Fourier-transform grid in the
electron-electron scattering are important. The influence ofinit cell of direct space.
the EPI on the transport properties are described in terms of The k-space integration needed for constructing the in-
the transport spectral functith afrF(w): agutp(w) duced charge density and the dynamical matrix is performed
_Q%F(w), where over the (16,16,16) grig145 points per 1/48th part of the

BZ), which is twice denser than the grid of the phonon wave
vectorsq. We use the improved tetrahedron method of Ref.
1 ) , 26. However, the integration weights for tkepoints at this
Aouin F (@)= N(G—)<vz>2 > 10520, (Kue(k))  (16,16,16) grid have been found to take precisely into ac-
F X

A. Technicalities

vookjk'j’ K count the effects arising from the Fermi surface and the en-
X 8 e~ €) S erj1 — €r) S0 — s i) ergy bands. This_is_ done with he_lp of the energigsgen-
erated by the original full-potential LMTO method at the
(200 (32,32,32) grid(897 points per 1/48 B The procedure is
explained in paper (Ref. 18 in detail and allows us to
obtain more convergent results with respect to the number of
k points.

The k-space integration for the phonon linewidthg, is
very slowly convergent because it involves t@dunctions
according to Eq(19). It is performed with the help of the
(32,32,32) grid in the BZ by means of the tetrahedron
2 method of Ref. 27. The largest numerical erroradiF (w)
M md_w X_azF(w) (21) comes from the integration overin the expressionl8). Its
N(ep)(vi)Jo @ sintPx " ' magnitude, we estimated by performing the integration over

Here (v2) is the average square of tiecomponent of the
Fermi velocity. In the lowest-order variational approximation
(LOVA) for the solution of the Boltzmann equation the ex-
pressions for electrical and thermal resistivities are

p(M)=
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TABLE |. Comparison between calculated and experime(Raf. 31) phonon frequencie€THz) at the high-symmetry point¥, L for

the fcc metals Al, Pb, Cu, Pd, and at the poikts N for the bcc metals V, Nb, Ta, Mo. Also listed are the theoretical-to-experimental

volume ratiosV/V, used in the calculations.

fcgl|bee Al Pb \Y Nb Ta Mo Cu Pd

% JH theory 9.51 1.80 8.03 6.43 5.13 5.71 7.69 7.17
LT exp. 9.69 1.86 6.49 5.03 5.52 7.25 6.72
XN theory 5.83 1.06 7.22 5.52 4.54 7.99 5.36 5.01
L exp. 5.78 0.89 5.66 4.35 8.14 5.13 4.64
LN theory 9.84 2.18 4.76 3.94 2.65 5.74 7.77 7.39
! exp. 9.69 2.18 3.93 2.63 5.73 7.30 7.02
LN theory 433 0.92 6.17 4.80 4.18 4.69 3.64 3.60
T exp. 4.19 0.89 5.07 4.35 456 3.42 3.34
VIV, 0.955 1.002 0.990 0.972 0.974 0.971 0.985 0.975

merely the band-structure factowhich is vy, approximated exchang_e-cor_relation po_tential pa_rametrized after Ref. _30 is
by S 6(eqj—er)S(ec:q—er)] using, respectively, used which gives the ratio&/'V, being much closer to unity
(8,8,8) and (32,32,32) grids and found to be not larger tharfisee Table)l
7% in all cases. Finally note that in Ref. 20 we have used a different
A few words should be said about the lattice parametergnethod for treating the full-potential terms in the calculation
used in the calculations. It is known that the equilibrium cellwhich was based on the atomic cells and the one-center
volume V found theoretically by the corresponding LDA- spherical-harmonic expansiofisThis method is not directly
based total-energy calculation is frequently obtained slighthy2pplicable to calculate phonon dispersions for materials with
lower than the experimental volurivg. This usually leads to  OPen structures such as, e.g., the diamond structure and re-
the calculated alV, phonon frequencies which are softer quires the replacement of empty sites of the lattice by empty
comparing to the experimental ones. Often, a better agre&pPheres. This complicates the evaluation of the dynamical
ment with the experiment can be obtained by performing thénatrix. In | we have employed another approach based on
linear-response calculations at the theoretical volume. Thi§1e plane-wave expansions for the LMTO's in the interstitial
is, in principle, a justified procedure from theoretical point of reégion and have applied the method to calculate the phonon
view. Unfortunately, the prescription does not work whensPectrain Si and NbC. While the materials considered in this
calculating the phonon linewidths anegF(w): the results ~Work have close-packed bcc or fce structures we also apply
of calculated electrical and thermal resistivities agree les§is method which is more general for practical use. Some of
well with the experiment. The reason for this discrepancy igh€ results for Al, Nb, and Mo previously pubh_sﬁ@a_ﬂo not
connected with the sensitivity of these quantities to the shapgeticeably differ from those presented below in this paper.
of the Fermi surface. It turns out that the use of the Fermi
surfaces calculated at the experimental lattice constants con-
siderably improves the results. We can thus use theoretical |n Table | we report the values of the calculated phonon
volumes in the linear-response calculations of phonon disfrequencies at the high-symmetry poittsandL for the fcc
persions and the electron-phonon matrix elements. To finghetals Al, Cu, Pb, and Pd as well as at the poktandN
the phonon linewidths andf,F(w) we can use, on the other for the bcc metals Mo, Nb, Ta, and V. For the comparison,
hand, the energy bands enterd®) which are generated at the experimental frequencigsare also listed in Table |
the experimental lattice constants. We understand that it ialong with the theoretical-to-experimental volume ratios
not a well justified procedure to use different lattice param-which have been used in the calculations.
eters in one calculation, but it somewhat helps to minimize Our results for the phonon dispersions along several sym-
the errors connected with the LDA by simple means. Themetry directions together with the corresponding densities of
actual volume ratio¥/V, used in our calculations to find the states for these materials are displayed in Fi¢g—1h). The
changes in the one-electron potentials are listed in Table I.theoretical lines result from the interpolation between the
Another comment concerns the choice of the exchangeealculated frequencies which are denoted by circles. Many
correlation potential. The general strategy employed by us iseutron-diffraction measurements are availdbfer nearly
to use the exchange-correlation formula which gives the besill the metals considered here and these data are also shown
prediction of the cell volumes. The von Barth—Hedin-like in Fig. 1 by triangles. The only exception is V for which the
formula after Ref. 28 is employed for all the metals exceptdispersion relations cannot be studied with neutrons since V
Cu and V. For the 8 metals we have found that this formula is an almost totally incoherent neutron scatterer. While some
gives the theoretical volumes which are too smallx-ray diffraction measurements exist in the literattiraeir
(VIV,~0.9). For Cu and V the Ceperley-Alder foffrof the accuracy seems to be less satisfactory than the corresponding

B. Lattice-dynamical properties
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FIG. 1. (a)—(h) Calculated phonon-dispersion curves along several symmetry directions for the eight elemental metals considered in this

work. The lines result from the interpolation between the theoretical p@imdes. The results of available neutron-diffraction measure-
ments(Ref. 3] are shown by triangles. Also plotted are the calculated densities of $E0ES.

neutron-scattering data for other materials and we do nahe main valence panglThis kind of disagreement has also
show the experimental points for V. been recently reported in Ref. 32 using the linear-response
From Fig. 1 we see that the agreement between theorgseudopotential technique. It is possibly connected with the
and experiment is good. Most of the calculated frequenciesise of the local density approximation or the lack of spin-
agree within a few percent with those measured. This alsorbit coupling effects in our calculation.
follows from the numerical values listed in Table I. In par- The most interesting cases are V, Nb, and Fgs. 1c),
ticular, for Al [Fig. 1(a)] a very good agreement is found in (d), (e), respectively. The materials belong to group V of the
all directions. As we have mentioned already, this calculaPeriodic Table and all of them show anomalous behavior of
tion is performed at the theoretical volume/{/,=0.955). the phonon-dispersion curves. The presence of anomalies is,
We have also checked the setup with the experimental voffirst of all, connected with the well-known dip of the longi-
ume and found a considerable softeniapout 20%) of the tudinal mode in the (0) direction. The dip is correctly
transverse modes. This illustrates the importance of perfornreproduced by our calculation. Other important features of
ing lattice-dynamical calculations at the theoretical volumesour calculation ardi) the softening of the transverse mode
The most important consequence of our calculation foralong the (0@) direction at long wavelengths which is rather
lead[Fig. 1(b)] is that the pronounced dip of both the longi- sharp in both V, Nb and is weaker in Ta as well(a$ the
tudinal and transverse branches nearXhpoint is well re-  crossover of two transverse branches in th&0) direction.
produced. We have also found a slight overestimate of th@he latter is, in fact, predicted for Ta because the measured
transverse phonon frequencies near this zone boundadispersions in this direction are absent for the branch
which can be attributed neither to the discrepancy in the celexcept the zone-boundary poiNt
volume (V/Vy=1.002) nor to the neglection of the semicore  The theoretical phonon dispersions for Mo also agree well
states.(We have, in fact, included bothdband & states in  with the experiment. The consequences of our calculations
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here are the reproduced softening near kheoint and the C. Superconducting properties

absence of the large dip along thé¢é€) direction near We now discuss applications of owb initio linear-

§~0i7‘ |-|”t;e dip tISI presenttefd |r|:/|the ((j:llépersut)jn_ curvtes_, IOPesponse method to calculate the electron-phonon coupling
nearly all bce metals except for Mo and LT, and IS certainly, , 4 superconducting-state properties. First, we present our
the feature of the behavior of the crystalline structure factor S )

. : ; ) results for the spectral distribution functions andSecond,
which enters the dynamical matrix as a sum over lattice vec-

tors with the phase shift exjt). Its absence indicates a we dgscribe our applications to solving the Eliashberg gap
considerable wave-vector dependence of the electron—phon(ﬁguat'ons' 9 . N .
matrix elements which seems to be well reproduced by our Calculatedx"F(w) for Al is shown in Fig. 2a) (full line).
method. The positions of the maxima here are conditioned by the
Finally, we compare the results of our calculations for cuform of the phonon density of states with the low-frequency
and Pd which are presented in Figf)land Fig. 1g). The Phonon peak suppressed by the coupling functigifw)
dispersion relations for these materials do not show thédashed ling [The latter is defined simply as the ratio
anomalies and are smooth. A slight overestimation of thex’F(w) to F(w).] The broad phonon spectrum in Al is ex-
theoretical phonon frequencies is found for both these metended up to the maximal frequeney,,~470 K. The theo-
als. The overestimation can likely be corrected by the use ofetical a®F(w) in Fig. 2a) is compared with the results of
the cell volumes in the calculation which would be slightly the tunneling measuremeht¢ésquares We find a rather
larger than those found within the LDA. However, such agood agreement between the two curves. In fact, our
procedure is not justified theoretically. We think that em-a?F(w) is also found to be practically identical to the em-
ploying the gradient-corrected density functiofidnown to  pirical pseudopotential result of Ref. 34 based on the rigid-
predict much better the equilibrium lattice parameter willion approximation. The latter is known to work well in
allow us to improve these results. simple metals. General agreement is found between our and



16 494 S. Y. SAVRASOV AND D. Y. SAVRASOV 54

TABLE Il. Comparison between the calculated electron-phonon coupling constaggisand the values oh,,, deduced from the
tunneling experiments. Also listed are the valueshgf,, extracted from the measured specific-heat coefficientith the use of our
calculated density of statéé(er).

Al Pb Vv Nb Ta Mo Cu Pd
N calc 0.44 1.68 1.19 1.26 0.86 0.42 0.14 0.35
Mn 0.42 158 0.82 1.042 1.22 0.78
Ne_n 0.43 1.64 1.00, 1.17 1.17 0.83 0.45 0.69
N(ep), —ues 5.49 6.87 26.14 20.42 18.38 8.34 4.36 34.14
P Ry« cell
5, 1.36° 3.14 9.04¢ 9.8% 7.66 5.84 2.1¢ 0.6 10.¢°
' KZmol

%Reference 3.

bReference 39.
‘Reference 51.
dreference 52.

the ab initio frozen-phonon results of Dacorogeaal!? for  the tunneling estimates of the coupling constant for Nb and
the dispersion of the phonon linewidths along the high-V are difficult because of the oxidation of the surface layers.
symmetry directions. The only exception is that, in theHaving lower transition temperature, such oxides act on the
(00¢) direction, our longitudinal branch ofy,, exceeds tunneling spectra due to the proximity effect. The experi-
theirs by a factor of 2. This is presumably connected withmental A in Nb varied in the past from the valués

replacing thes functions in(19) by Gaussians used in Ref. 0.58-0.68 with negative or anomalously smal to the

12. However, the relative weight of our highvalues in the  yalue” 0.9. At present, a satisfactory explanation of the
integrated quantities, such aF(w) andX\, is found to be  gnomalous behavior of the thermally oxidized tunneling

very small. Our value ok is 0.44 which is very close to the junctions in Nb appears to be possible which gives the
value of A\y,=0.42 extracted from the tunneling 5,e383° of A= 0.92—1.22.

measurements.The frozen-phondlf and linear-response
calculations of Wintéf gave, respectivelyh=0.45 and
0.38. The value of\s_, extracted from the electronic
specific-heat coefficienty and our calculated density of
statesN(eg) using the relation

In Figs. 2c), (d), (e) we present our calculated’F ()
(full lines) for V, Nb, and Ta, respectively. They all have
rather broad spectra extended uputq,,~ 370 K, 310 K, and
240 K. The coupling functiom?(w) (dashed lingin these
metals only slightly deviates from constant in a major part of
3y the frequencies. The approximatiarf=const works very
(23) well in Nb and Ta. This qualitative result implies that the

electron-phonon coupling can be factorized into electronic

is 0.43 (see Table ). In order to check previous and phonon-dependent factdfs.

+ e T ——
I N n = N

conclusion$>*° about the inapplicability of the RMTA for In Fig. 2 the calculated s.pectral functions are compared
sp metals, we also performed such a calculation and indeelith the results of the tunneling measuremelstiuares As
found A gya=0.14. it can be seen for \[Fig. 2(c)], our ?F(w) disagrees with

Lead is a well-studied classical example of strong-the measured offtbecause of the appearance of the upper
coupled superconductor with,=7.19 K and its tunneling Phonon peak not presented in the experiment. Even though
spectra have been studied a long time 3jy®btained the theoreticakv®F(w) should be broadened because the
«’F(w) using our linear-response method is presented ifunction in Eq.(18) ought to be a Lorentzian of half width
Fig. 2(b), where it is compared with the results of the yq,, the electron-phonon coupling estimated by us
measurement®. The two curves are similar. Our calculated (\=1.19) is 46-50% stronger than the obtained
A=1.68 is found to be 8% larger than the tunneling value\,,=0.82. The same situation is found for Nb. Our calcula-
1.55 and only 2% larger than the value 1.64 extracted frontion here[Fig. 2(d)] also does not show the suppression of
specific-heat datésee Table ). This disagreement is well the longitudinal peak. The latter is absent in nearly all the
within the accuracy of our calculation. experiments for this metdf [A typical measured spectrdm

We now report our results for V, Nb, and Ta which areis shown in Fig. 2d) by squaref As a result, the calculated
the best-studied elemental superconductors because of thair-1.26 is 20% higher tham,,=1.04. The discrepancy
relatively highT, values. Especially, for Nb which has the found by us has already been reported in the past RMTA-
highestT,=9.25 K among the elemental metals, there existhased calculatior:*? To check the consistency of our re-
many experimental investigations of the tunnelingsults with the earlier ones, we have performed our own
spectrd®=3° and theoretical RMTA-based calculatiofs?> RMTA calculations and obtained complete agreement be-
Unfortunately, some of the results which have been reportetiveen them. We thus conclude that the full inclusion of
in the literature are controversial. First, the RMTA calcula-screening does not resolve the problem of the suppressed
tions give the values of varying from 1.12 to 1.86. Second, longitudinal peak.
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Unfortunately, our comparison with the experiment isthe corresponding phonon state densities shown for these
complicated by the proximity effect and the extraction of themetals in Figs. (), (g), but a considerable frequency depen-
tunneling densities of states depends on the way the meaence of the electron-phonon prefacteof( w) (indicated by
sured data are processed. For example, in Nb the value dfashed linesis also predicted. For Mo our linear-response
Mwn=1.22 deduced from the tunneling experimembich is  calculations are found to be close to our RMTA calculations
only 3% lower than that found by u$ias been reported in and to earlier one®. The estimated average coupling here is
the literature®® The obtainedn®F(w) [denoted in Fig. &) 0.42 which can be compared with the value 0.45 deduced
by triangleg is found much closer to our calculation. from the specific-heat measureme(gse Table . The cal-

A better understanding of the present situation can beulated value oh for Cu is 0.14. The specific-heat estimate
achieved by comparing the theoretical and thehere is less reliable possibly because of the smallness of
experimentdl’ tunneling spectra for Ta since its supercon-and errors due to the experimental uncertainty in the value of
ducting properties are close to those of V and Nb but thisy. Quite likely, however, there are some errors in the DFT
metal is much less reactive with oxygen. Such a comparisomalue of the density of states connected with the many-body
is given in Fig. Ze). We find rather good agreement betweeneffects since the copper valence shell'8is close to the
both curves. In particular, the upper phonon peak is not supstrongly correlated 8° configuration. It is known that within
pressed in the measuredF (w)and its amplitude is compa- DFT the position ofd band is higher than experimentally
rable with that calculated by us. As a result, the theoreticabbserved. The band which crosses the Fermi level is essen-
A=0.86 agrees within 10% with thg,,,=0.78. tially s band but the effect of hybridization with tlleband

In view of the data on Ta we cannot consider the discrepshould lead to a lowering of the Fermi velocities. The latter
ancy found for V and Nb as a drawback of either our linear-effect is stronger if thel band is closer to the Fermi energy.
response method or the use of the local density approximaFo obtain 1+\,_,~1.1, one has to reduce our calculated
tion. Partially this conclusion is also verified by alternative N(eg) by approximately 20% which is a reasonable estimate
estimates of the coupling constant based on the specific-hefidr the expected influence of the Coulomb correlations.
data and the de Haas-van Alph@HvA) experiments, butit Concerning other estimates pfbased on the transport prop-
should be noted that both cyclotron masses and the specifierties, our calculated,=0.13 while this value extracted
heat coefficient are also enhanced by the electron-electroiom the measured resistivity data is 0.(k2e following sub-
interactions. Evaluation of the average coupling from thesection. Both values are in agreement with our supercon-
specific-heat measuremetityields an enhancement of 1.00 ducting .
for V and 1.17 for Nb(see Table ). If one uses a more  As the last example, we consider Pd and discuss paramag-
recent valu&® of y for V rather than the one listed in Ref. 51 non effects. The superconductivity in Pd is absent because of
one obtains the enhancement ,= 1.17, which nearly co- the large spin fluctuatiorfsThere was also a discussion in
incides in this metal with ouk =1.19. Comparison between the literaturé® on the paramagnon contributions to the mass
the LDA band masses with those measured by the dHvAenhancement in Nb and V. The occurrence of paramagnons
effect® yields the enhancement of 1.33 for Nb, which is is connected with the fluctuations of the electron spins. Para-
close to the value 1.26 found in our calculation. Anothermagnons usually counteract superconductivity since the lat-
important result is that the measuredriation of the mass ter has its origin in the formation of pairs with the opposite
enhancement for the various cyclotron orbits in Nb agreespins. To extract the paramagnon contribution, we can use
also well with our calculation. Namely, we have found aour calculated values of together with the specific-heat?
decomposition o by the Fermi-surface sheei$) octahe- estimates\,_,, after formula(23). The necessary data are
dron, (i) jungle gym, andiii) ellipsoids, and have obtained listed in Table Il. Comparing these results does not leave any
the contributions\'=1.44, \"=1.37, and\"=1.08. They  place for\gy.=As_nh—X\ in all the materials except in Pd
can be compared with the measurad, =1.71\g,,a  Which is a typical example for paramagnon effects. Here
=1.43, and\}j,,=1.10. (Note that the calculated within \s_,=0.69 and with the use of our calculatedF (o) [Fig.
the RMTA anisotropy of the mass enhancement strongly dis2(h)], the average electron-phonon coupling is found to be
agrees with these datd. Moreover, we have estimated the equal to 0.35. This results in our value of,,=0.34 for Pd
transport constants,, for these metals both from the calcu- which is close to its earlier estimate 0.31 based on the
lated and measured resistivity data. The values\pfare ~RMTA calculation®®
usually believed to be close to the superconducting offes. After comparing the calculated and experimental spectral
complete report of our calculated transport properties will bgfunctions, we present the results of our applications to solv-
given in the following subsectionFor V, the value of\,  ing the Eliashberg gap equation with our knowledge of
found by us is 1.15 and, for Nb,,=1.17. The calculated «’F(w). Having fixed the Coulomb pseudopotentiét, the
electrical and thermal resistivities are also close to thossuperconducting state is now completely described by the
measured. It therefore seems that our electron-phonon costrong-coupling theory of superconductivi§/According to
pling is accuratéwithin the computational accuracy of order the Allen-Dyne$> modified McMillarf* formula,

10%) while the effect of the electron-electron interactions is
Wiog xp( 1.041+\)

small in these metals. 3
1290 T = (1ro62n))

TeM= (29)
As the next two examples, we report the results of our c

applications for Mo and Cu. There are no tunneling data for

these materials because of their Idwand the weakness of the effect of the first reciprocal momet of aF(w) on
phonon effects. The calculated spectral functions are pref. is most important. Unfortunately, the estimation of the
sented in Figs. @), (g). Both curves qualitatively agree with coupling constant fronil; is difficult because of the un-
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TABLE llI. Calculated values of the Coulomb pseudopotential Nb has approximately the same values in all the experiments
w* which provide the experimental valuesf as the solutions of  and is equal to 1.56 me¥/This value perfectly agrees with
the Eliashberg equation with our knowledge @fF(w). Values  that found by us which is equal to 1.53 meV. We have also
T were then found with ouwig, X, andu* in order to check  found a good agreement in the energy gap for V which is
the accuracy of the McMillarT; expression. Also shown are the \yithin 4% of the experimental one. The discrepancy in the
computed and the measuré€def. 3 superconducting energy-gap energy gap for Ta is again12 %. Because of the low tran-
parameters,. sition temperature there is no tunneling data for Mo and we
only give the theoretical value daf,. We thus see that de-
spite the discrepancy in evaluating the coupling constants, an

Al Pb \% Nb Ta Mo Cu Pd

u* 0.12 017 030 021 017 0.14 011 extremely good agreement {12 %) is obtained for the pre-
dicted gap data. Such a coincidence is readily understood
TP, K 118 7.19 540 925 4.47 0.92>0 because the ratio®, /T, is slowly varying for different su-
TMM K 122 681 6.68 105 511 0.67>0 perconductors(It is 3.52 within the BCS theoryFixing the
T, to its experimental value makes the valueAgf insensi-
wog K 270 65 245 185 160 280 220 180 (Ve 10 the errors i’F(w) and.

To summarize, we have found that our results for the
spectral functions and, in particular, for the coupling con-
stants are realistic for the correct description of the supercon-
ducting properties. Especially, excellent agreement has been
found between our calculated and the values extracted

known value ofu* . We use a standard Matsubara techniqudfom specific-heat measurements. The values afeduced
to solve numerically the Eliashberg equation Tarand have from the available tunneling experiments also agree within
found u* which gives the experimental value t.. The 10% with our calculations in all the materials except Nb and,

cutoff parameters, were taken to be equal to ten phonon- €SPecially, V. However, taking into account the past ten-
boundary frequencies . To treat the Coulomb pseudo- dency tg correct the tunneling spe.ctra for Nb as well as our
potential in terms of the expressid84) when solving the calculations for Ta, we do not consider these discrepancies as
Eliashberg equation, we have rescaled actually used pararfiSsential.

etersu™ (wqy) 10 u* =u* (wyg) according to

Aga'C, meV 0.18 135 084 153 0.70 0.14
AZP, mev 0.18 133 0.81 156 0.71

D. Transport properties

L ! |nw_°”t. (25) We now report the results of our applications for calcu-

— =t

w* (oo Wiog lating the electron-phonon contribution to the electrical and
Table IIl reports the obtainegt* values. The main conclu- _thermal resisti\{itiee{cor_wduct_ivitie$. This field reme}ins very
sion here is that the calculatgdt varies between 0.11 and IMPortant and interesting, first, because the easily measured
0.17 which is close to the conventional value usually takenifansport properties and, especially, the electrical resistivi-

~0.13. The noticeable exceptions are only Nb and espet_ies, provide valuable information on the electron-phonon-
cially, V for which too largew* have been found. Of course, coupling strength and, second, no large-scale investigations

this overestimation occurs over the conventional quantityOf these properties bgb initio theoretical calculations ap-

0.13 while the detailed theoretical data on the CoulombOeared so far.

pseudopotential are unknown. We think that the obtainedh V\1e calcdulate the'elecltrlcal anq th_erm(a)lvrgsstlvclity using
guantities are still below the upper limit for the allowed the low-order variationa approxmatlofL ) and our
theoretical transport spectral functions found after &4).

*
u* values. ; i

Also listed in Table IIl are the values dTQ"CM evaluated As follows from Eqs(21) and(22) at high temperatures:
after (24) with our calculateds g, N, andu™. As it can be

. 9 . . WQCElIkBT

seen, the exact solution of the Eliashberg equation giges =—————\tr» (26)
(chosen to be the experimental valuehich slightly deviates N(er)(v)
from that estimated after the McMillan expression. The ac-
curacy of the later is averagely about 15%. _ 6O cey 27

To conclude that our spectral functions provide a proper W= mkeN(ep)(v) "

description of superconductivity we have found the energy-

gap parameterd . These results are shown in the last two and important information is contained in the transport con-
rows of Table . The available tunneling data for Al give Stant\; defined by

Aq coinciding with the theoretical value. Some overestima-
tion of the coupling constant in comparing to the experimen-
tal one has taken place in Pb, whilg agrees very closely.
Let us turn to the important case of transition metals V, Nb,
and Ta. As we have discussed already, the main difficultied is usually believed that the latter is close to the supercon-
in the tunneling studies in V and Nb are connected with theducting \ because the expressions fariF(w) and
oxidation of the surface layers and the tunneling estimationg’F(w) are quite similar, except for the factor

of the coupling constant in Nb varied considerably in the[1—v(k)v(k’)/|v(k)|?], which preferentially weights the
past. In contrast to it, the measured superconducting gap ipackscattering processes. However, there may exist a signifi-

»do ,
)\trZZJ' —ayF(w). (28
0 w
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TABLE IV. Comparison between calculated and empirical val- atsz(w) quite close to the superconductiméF(w) which
ues of the transport constak . The values ok were deduced paye pheen shown in Fig. 1. The latter is also true for the
from the electrical-resistivity dat?Ref. 55 WIth the help of our simple metals considered in this work. Unfortunately, we
calculated bare plasma frequencies. Also listed are the average aye not investigated an interesting question about the low-
transport frequencie® = \(«%)y. frequency behavior of the2F (w) due to a relatively coarse

Al Pb V Nb Ta Mo Cu Pd grid of the phonon wave vectors used for integrating the Eq.
(20). The values of\,, calculated from our transport func-
AGale 037 1.19 115 1.17 0.83 0.35 0.13 0.43 tions are listed in Table IV. Comparison betwegp and
AP 039 152 1.15 1.11 093 040 0.12 0.50 superconducting constants calculated eafll@ble Il) gives
the difference between them within 20% in all the tested
w,, eV 1229 1493 7.95 9.47 9.05 881 875 7.34 materials. This is in agreement with previous conclusions
that\,~\ for transition metal$?
0,, K 330 75 260 200 170 290 230 190 The results of our calculated electrical resistivigyT)
and thermal conductivityw 1(T) are presented, respec-
tively, in Fig. 3 and Fig. 4full lines), up to the temperatures
cant difference betweem?F (w) anda?F(w) for the case of 500 K. The symbols denote different measured points avail-
strongly nested Fermi surfac@slue to the contribution from able from Refs. 55 and 56The residual values of the elec-
the backscattering of electrons between the opposite sides ical resistivities are subtractgdror the comparison with
the nested Fermi surface. the experiment we are limited by the temperatures

Despite the complexity of the Fermi surfaces in the tran-T<20,,, where®,~ (w?)y is close to the average phonon

sition metals, we have obtained the transport functionenergy.(We list our calculated values @, in Table 1V

6 30
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This is so because the description of the transport properties To compare the theoretical transport constants with the
at high temperatures require us to take into account the arexperiment, we fit the measured d&téor p(T) by a poly-
harmonicity effects and the Fermi-surface smearing. At lownomial series

temperaturegusually whenT<®,/5) the calculations will

demand the inclusion of thdl sheet* and the inelasticity n

corrections beyond LOVA? Also, here a more careful inte- p(T)=> ¢T3 @ (29)
gration over the Brillouin zone is necessary to produce a i=1

correct limit of atsz(w) when w— 0. Moreover, we cannot
consider very low temperatures because of the effects
electron-electron scattering, size effects, impurity scattering/2
etc., which may give considerable contributions in additionPirical valuesx
to the electron-phonon scattering. The latter is basically reficiéntcy as follows:
sponsible for the electrical resistivity of a metal at high tem-

4t the temperature® ,/2<T<20,, with n=2. (The accu-
acy of the fit varies within 3% if is increased.The em-
&P were then found using the extracted coef-

peratures in the absence of spin fluctuations. For the thermal Clwg

conductivity, the lattice contribution to the heat current also Aﬁxpzm’ (30)
exist and must be taken into account at the temperatures at

lead, the values 00, in all other materials are well above

the low-temperature region and the comparison of our results 87N (e )<02>

with the measured ones must be relevant at the intermediate 2= XL (31)

temperatures. P Qe
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The obtained\;® are shown in Table IV where they can be constant. The discrepancy is, in principle, within our compu-
compared with our calculated,. Note that similar numeri- tational errors. Note, however, that the experimental
cal estimates fox® can also be made by analyzing thermal behavior® of p(T) used in evaluating.;* may depend on
conductivities because the measured Lorentz number aphe sample purity and should be verified by several measure-
proaches to the Sommerfeld value at the temperature®ents. The disagreement can also be assigned to the influ-

T=0,. ence of high-temperature effects in the vicinity of the upper
For Al [Fig. 3(@)] we have found good agreement betweenlimit (2®,~340 K) of the intermediate interval.
the theoretical and the experimentaresistivities at the The results for Mo are given in Fig(f3 and Fig. 4f). To

whole interval of the intermediate temperatures. The correavoid the influence of high-temperature effects we have
sponding values of the transport constants ®§&°=0.37  dropped out the measured resistivity points at the tempera-
and \&*=0.39. The reduction of the coupling constanttures above 300 Kthe calculatedd,~290 K). Fitting for
(N eaic=0.44) to the transport one is less than 20%. There id <300 K gives the result for the empirical transport con-
also an agreement between the theoretical curve and the eXant \i*"=0.40 which is close to our prediction\{*°
perimental point® for the thermal conductivitfFig. 4a] =0-35. The agreement in the thermal-conductivity data is
above 150 K. The theory, however, underestimated(T)  Satisfactory for the whole intermediate interval.
at the lower temperatures. An obvious explanation here is the The slope of the resistivity in Cu, Fig(@, is also ob-
neglection of the lattice contribution to the thermal current.f@ined quite accurate as in the other materials. The value of
In fact, as can be seen from Fig. 4, such an underestimatiok iS only slightly overestimated in the calculation. The dis-
at the low temperatures exist in all other materials considere@feépancy in the calculated thermal conductivity, Fig)4is
in this work. larger and is about 20% at the room temperature. We cannot
A comparison with the experiment is complicated for leadeXplain such disagreement by the renormalization due to the
because of its low phonon energie® (~75 K) and the Coulomb correlations because, having been proportional to
importance of the anharmonic effects already at the low temthe ratiok, /@3 both p(T) andw™*(T) must be insensitive
peratures. The latter can possibly explain our discrepancy it this effect in the first order. The underestimation of the
the calculated electrical resistivity behavior shown in Fig.theoreticalw™*(T) can point out the largeness of the lattice
3(b). The same disagreement exists in our results for th€ontribution to the thermal conductivity at the temperatures
thermal conductivity, Fig. é). Here, the discrepancy is above 100 K. Unfortunately, there is a number of known
minimal at the temperatures near 75 K and grows fastly adlifficulties to extract the latter values from the
the temperature increases mainly because of the linear decgyperiments’ From the low-temperature data analyéisne
of the measured thermal conductivity. This obviously contramay conclude that the contribution to the thermal resistivity,
dicts with the LOVA behavior ofv~(T) and is consistent W5_,,, from the process of a phonon decay by emitting
with our assumption on the importance of the anharmonicityelectron-hole pairs is very small for Cu because of the ap-
Unlike in the other considered metals, the computed valug@arently weak electron-phonon coupling 0.12—0.14).
1.19 of the transport constant here is significantly smalleThis supports our explanation for the obtained discrepancy.
than the electron-phonan=1.68. This reduction could also Finally, the predicted transport properties of Pd are pre-
point out the importance of the anisotropy in the electron-sented in Fig. ) and Fig. 4h). Like Cu, this metal has a
phonon scattering as well as the Fermi-surface effects whickd' electronic configuration, but, in contrast to Cu, we have
are not well reproduced by LOVA. In the absence of a cal-found a very good agreement between the calculated curve
culation beyond LOVA it is difficult to determine the main w™(T) and its measured behavior. We can consequently
source of errors. judge that the thermal conductivity carried by phonons is
Measured resistivity for Nb starts to saturate at high temsmall in this case which is consistent with the conclusion
peratures. In fact, this effect is evideffig. 3(d)] at the that the contributionw?_, is large for Pd. We have also
temperatures above®®,~400 K and it does not appear at found an underestimation of the electrical resistivity in the
the intermediate interval where the behavior of the resistivitycalculation. The agreement betwegp and A (see Table
only slightly deviates from the LOVA prediction. Comparing V) is about 15% which is, in principle, the upper limit of
the calculated\,=1.17 and the empirical valuesy®=1.11  our computational uncertainty. Most likely, however, that the
gives the agreement about 5%. Like in Nb, there is a comadditional spin-fluctuation mechanism of the resistivity is
plete agreement between the theoretical and the experimentbko present in this metal.
data for V [Fig. 3(c)] at the temperature®,/5<T<20,, In summary, the behavior ¢f(T) andw(T) is consistent
(calculated®~260 K). The theoreticah,=1.15 coincides with the results(26), (27) at the intermediate temperatures
with the A{*® found empirically. The applicability of our and there is no significant discrepancy between our calcula-
method to the description of the transport properties for bottiions and the experimental points. More precisely, we have
V and Nb is also supported by comparing the thermal-extracted the values of;® using the experimental data for
conductivity data, Figs. @) and 4d). p(T) together with our band-structure value®f and found
Figure 3e) and Fig. 4e) present the results of our calcu- the agreement between the experimental and the theoretical
lations in Ta. Forw ™ (T), an excellent correspondence of transport constants to be about 10¥bparticular, lower than
the theoretical prediction with observed behavior is obtained5% for Al, Nb, Mo, and V. In fact, compared with the
but p(T) is underestimated in our calculation within experiment is the ratiaxtr/w,z). Except possibly Cu and Pd,
10-12%. As a consequence, the evaluateff’=0.93 the DFT-based band-structure calculations assumed to pro-
slightly exceeds the value 0.83 of the theoretical transportide the proper magnitude for the plasma frequency. So, we
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drop the possibility of error cancellations and conclude thaenhancement observed in the specific-heat measurements
the theoretical,, are in the real agreement with the experi- corresponds very well to our calculations and there is no
ment. A relatively high error level in Pb can be explained byparamagnon contribution in all the metals except ®dwe
the importance of the anharmonic effects. The large latticéiave found the electrical and thermal resistivities in agree-
contribution to the thermal conductivity could affect our ment with the measured dat@;) we have also found them
comparison for Cu. In Pd, the additional mechanism of theo pe well described by the LOVA expressiorsii) the
resistivity can also take place. Nevertheless, taking into achegretical transport constants agree with the valuestdt
count the agreement in the other calculated properties, Within 10%. To summarize all of these results, we conclude
think_ that our de;crip_tion 9f the_electronic transport in thethat our method gives the description of the eléctron—phonon
considered materials is quite satisfactory. coupling with the accuracy of order 10%. We also conclude
that the effect of renormalization of the energy bands due to
IV. CONCLUSION electron-electron interactions is sm@déss than 20%, strictly
speaking in all considered materials. Some discrepancies
We have presentedb initio linear-response calculations petween the theoretical and the tunneling values @i Nb
of the electron-phonon interaction in the transition metalsang v can be assigned to the difficulty in processing the
Cu, Mo, Nb, Pd, Ta, V, and in thep metals Al, Pb using the  tynneling data. Nevertheless, it seems to us that more experi-

local density-functional method and the LMTO basis setmental and theoretical work is necessary to account for the
Our results for the lattice dynamical, superconducting, andarge\ andx* in Nb and, especially, in V.

transport properties in these materials agree well with the
experiment. They can be summarized as follofhswe have
obtained tunneling spectral functiondF (w) and their first
reciprocal moments. close to the measured ondsg; the
correct values for the superconducting energy gap have been The authors are indebted to O. K. Andersen, O. V.
found using our calculated®F (w) andu* correspondingto  Dolgov, O. Jepsen, A. Liechtenstein, E. G. Maksimov, I. I.
the experimentall; (iii) the solution of the Eliashberg Mazin, and S. Shulga for many helpful discussions. One of
equation forT; (or for w* if T, is fixed) is well approxi- us (D.Y.S) was partially supported by Grant Nos.
mated by the conventional McMillan formuléy) the mass INTAS(93-2154, ISKMF-8300, and RFFI.
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