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The thermal resistivity of metals due to electron-electron scattering is calculated by using the static-
screening potential with the screening length determined by the compressibility which is derived from the
Monte-Carlo values for the correlation energy. The result is compared with other theories and experiment. It is
found that the resistivity depends quite sensitively on the screening length, with the theory based on the
approximate correlation energy differing significantly from the present result. Compared with other more
sophisticated theories, the present simple model is found to agree with experiment reasonably and competi-
tively well, and much better than the result with the Fermi-Thomas screened-Coulomb potential. The inclusion
of core polarization and band mass changes the thermal resistivity by up to 35% for sodium, potassium,
rubidium, and cesium and by an order of magnitude for lithi{i80163-182899)01915-3

I. INTRODUCTION length, which is the only density-dependent parameter in the
theory. It is sufficient to require that the static long-
Electron-electron correlations play an important role inwavelength limit of the dielectric function satisfy the com-
the transport processes in metaBxperimentally, one mea- pressibility sum rul& in order to determine this screening
sures the transport coefficients and singles out the informdength uniquely. The compressibility sum rule expresses the
tion about the electron-electron correlations among other efself-consistency condition that the static response of the sys-
fects. As for thermal resistivity, for example, both thetem to the long-wavelength perturbatigthe static long-
electrons and phonons contribute as carriers of heat. Thewavelength limit of the dielectric functiorbe equal to the
heat transport may be impeded by electron-phonon, electrorcompressibility. Here, one may utilize the accurate density-
impurity, and electron-electron scattering as well as phonondependent ground-state energy obtained via the Monte Carlo
phonon scattering. In this case, one measures the temperatunethod®! to calculate the compressibility via thermody-
dependence of the thermal resistivity and extracts the contrinamic relations. The basic assumption in the present theoret-
bution from electron-electron scatterifig). Such an analysis ical scheme is that the screening of the bare electron-electron
for different metals gives rise to valuable information aboutinteraction is appropriately described with the use of the
the interelectron potential, where many-body effects modifystatic long-wavelength limit of the dielectric function. The
the bare Coulomb interaction significantly. Theoretically, advantage of the present one-parameter theory is its simplic-
many schemes have been proposed to take into account titg. This is also a natural extension of the previous theories
many-body effects in calculating the thermal resistifity:  with the screened Coulomb interaction, such as the Thomas-
In the present paper we adopt the following model to studyrermi, Bohm-Pine$® and Hubbart® approximations. The
the effects of electron-electron scattering on the thermal reconstruction of the effective potential to be consistent with
sistivity of metals. We use the screened Coulomb interactiothe compressibility sum rule has been carried out previously
with the effective potential composed of the bare Coulombby Kukkonen and WilkinS. However, accurate data as an
potential divided by the dielectric function, where we use theinput for the compressibility were not available at that time:
static long-wavelength limit of the dielectric function. Then, only the ground-state energy, calculated by use of certain
the effective potential is characterized by the screenin@pproximations, was available. We shall see that the thermal
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resistivity depends on the compressibilifghrough the screening wave number may be expressed in terms of the
screening lengthquite sensitively. Our model agrees reason-spin-parallel and spin-antiparallel screening wave numbers
ably well with experimental data for alkali metals. The in- (q;; andq;,) (Refs. 21 and 2PRas
clusion of core polarization and band mass changes the result
to some degree. ds=der/{1+ (D[ (Qer/q;1) %+ (Qer/ar )12 (5)
In Sec. I, we describe our model. In Sec. Ill, we present
our results and compare them with the results of other theo- The simplest treatment of the lattice ions assumes that the
ries and experiment. electrons are immersed in a rigid, uniform, positively
charged background. Such a system may be characterized by
ll. THE MODEL a dimensionless coupling constagt In real solids, at least
. . . .two effects modify the coupling constang. First, the core
beV(;/fetr?jzlérrg%gzz_glgsltg%;e:%crgon interaction potential t%l_ectrons in the lattice ions form a polariz_able medium. This
will change the bare charge to the effective(or screened
V(r)=e?(e %/r). (1) chargeeZ/eB_, where ez is the dieleqtric constant of the
background ions. Second, due to the interactions between the
Here, e is the electronic charge. In order to determine theelectrons and lattice ion6.e., electron-phonon interactipn
screening wave numbeys, we regard Eq(1l) as a bare the electrons have an effective masg rather than the bare
Coulomb potential which is screened by a static dielectriomassm. Therefore, the electronic properties of real solids
function in Fourier space, can be described in terms of an idealized electron system in
5 2 an inert positive charge background with the mass and
V(g)=4me”e(q,0q 2 charge in the coupling constant replacedniy ande?/ eg S0
with e(q,0)=1+q§/q2. We further assume that the static as to give an effective dimensionless coupling constgnt

dielectric function is approximated by its long-wavelength=(Mg/m)rg/eg .>*°
limit. Then, the screening wave numbegy may be uniquely

determined by the compressibility sum rifle IIl. THE RESULTS AND DISCUSSION
lim €(q,0)=1+(qer/9)%(«/ ko), (3 The thermal resistivity calculated within the present
q-0 model together with the results of other calculations and the

whereqer= (67ne?/E;) 2 is the Fermi-Thomas wave num- experimental data are shown in Fig. 1. Note that the plot of
ber,n the electron number density, afig the Fermi energy. OUr results in Fig. 1(the fifth solid line from the top at
The ratio/ « is the compressibility normalized by its free cesium densityincludes neither ionic polarizability nor band

Fermi gas value. The compressibility may be obtained fron{"aSS-

the density dependence of the ground-state energy through While the present model gives ?':jherm?l resistivity which
thermodynamic relations. s smaller than the experimental data for potassium, ru-

Kukkonen and Smithused a screened Coulomb potential bidium, and cesium, the agreement is satisfactory for copper,

and calculated the scattering phase shifts numericallyt for 90!d, @nd sodium. The Geldart-Taylor motilagrees with

=0, 1, and 2 to obtain the scattering cross section. Then the§€ experimental data for sodium and cesium, but give larger

used the exact solution of the Boltzmann equafidh to values for other metals. Two other models treated by Kuk-
derive the following interpolation formula for the thermal kKOnen and \Ii\éllk|n%—the_|rr]1ter:polat|on_ and ﬁhg Hufbbard
resistivity as a function of the dimensionless coupling con-2PProximation™—agree with the experimental data for so-

stantrg and the screening wave number: dium, byt give larger values for other _metals. N
The inclusion of the effects of ionic core polarizability

Weyaem 1.10< 107 8(r 3% A39 T cm K/W (4) ~ and band mass are found to modify the results to some de-
gree. Such effects are shown in Table I. For sodium, these

with an estimated accuracy of 10% in the range<lrs  effects are small. For potassium, rubidium, and cesium, these
<6. Here ry is defined by re=ro/ag, where ro effects change the thermal resistivity by about 35% in either
=(3/4mn)* 3 is the mean particle distancag=%2%/me? the  direction. For lithium, on the other hand, these effects are
Bohr radius, withn the electron number density the bare  marked, increasing the thermal resistivity by an order of
electron mass, and the electronic charge. In additiod  magnitude, a tendency very similar to what MacDonald and
=0s/r¥%e with ke the Fermi wave number. Since the Geldart® found. Namely, the thermal resistivity of lithium
present model adopts the same screened Coulomb potentiaglculated within our scheme lies above those predicted by
we shall use Eq(4) in estimating the thermal resistivity. three other theories listed in Ref. 9.

Kukkonen and Wilkin$ incorporated the compressibility The present model is a direct extension of the theory of
sum rule into the interelectron potential in calculating theKukkonen and Smitfi,where the electron-electron interac-
thermal resistivity. They obtained the compressibility fromtion was characterized by a single parameter, the screening
the ground-state energy which is calculated within varioudength. The importance of satisfying the compressibility sum
approximate theorie¥:¥?° Since thermal resistivity was rule was stressed by Kukkonen and Wilkh3hey started
found to be very sensitive to the screening lerfgthye in-  with the relation between the electron-electron interaction
stead use the accurate Monte Carlo tfathfor the ground-  and the proper vertex function. The latter is related to the
state energy in calculating the compressibility and theratio of the interacting and noninteracting proper polariza-
screening wave number. This has been done in Ref. 21. Th#@ns in the long-wavelength limit, and this ratio was esti-
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FIG. 1. Thermal resistivity due to electron-electron scattering as a function of density. The open circles with error bars are experimental
values obtained by Laubitz for copper, gold, and sil¢Ref. 2); by Cooket al. for sodium(Ref. 3; and by Cook for rubidiumRef. 4),
potassiumRef. 5, and cesiun{Ref. 6. The connected dashed or solid lines show theoretical values. The use of the BohrfRed$
and Thomas-Fermi screening lengths give the top and bottom dashed lines, respéRétiedy These dashed lines take into account neither
the ionic polarizability(i.e., eg=1) nor the band mas@.e., mg/m=1). The solid lines are, from top to bottom at the cesium density, the
results of the interpolation by Kukkonen and WilkitiRef. 9, Hubbard approximatiofRefs. 9 and 15 the theories of Geldart-TayldRefs.

9 and 19, and MacDonald-GeldafRef. 10, and the present calculation, respectively. The top three solid (ateesium densifydue to

Kukkonen and Wilking(Ref. 9 include the ionic polarizability for Li, Na, K, Rb, and Cs, but do not include the band t&ssmg/m

=1). The MacDonald-Geldart resul(Ref. 10 include the ionic polarizabilityi.e., eg# 1), the band mas6.e., mg/m# 1) as well as band
correction, and the deviation from Matthiessen’s rule. The calculated values at several metallic densities are connected by dashed or solid

lines in order to guide the eye only. Individual metals have different core polarizabilities, so that the density dependence of the resistivity is
not necessarily monotonic or smooth.

mated by the use of the compressibility sum rule. They obabilities expressed in terms of the four-point scattering func-
tained the compressibility from the ground-state energytion. The latter may be expressed in terms of the Landau
which was calculated within various approximate Fermi-liquid parameters in the forward scattering limit. The
theoriest®**?%In contrast, the present model incorporatespy-Pethick approximation determines tdedependence of
the compressibility sum rule through the use of the accuratéhe forward scattering function uniquely, whet is the
Monte Carlo data for the ground-state enetgy/ angle between the relative momentum of the initial state and
Let us compare the present calculation with the modethat of the final staté> MacDonald and Geldaft compared
based on “the interpolation formulalEq. (29) in Ref. 9 by  their theory with that of Kukkonen and WilkirsAs noted
Kukkonen and Wilkins. By settingng/m=1 for cesium, by MacDonald and Geldatf,this was by no means straight-
one obtainsri —rs/eg=4.46, which is close tors/eg  forward.
=4.43 in Ref. 9. At this density, one finds that their value for ~ Most recently, Lundmark used the Landau Fermi-liquid
W,/T, 2100 in units of 10%cm/W, is much larger than theory to examine the static and dynamic versions of five
ours, 95.6.(See the last entry in Table) IThe difference theories(i.e., ten theories totaland calculatedN,./T for
seems to reflect the sensitivity with which the thermal resissodium and potassium. Among them, it is found that the
tivity depends on the screening length. static versions of the four theori¢sledin’s GW approxima-
MacDonald and Gelddft started with the transition prob- tion, RPA, SSTL, and Hubbard-corrected LDgive values

TABLE I. The effects of ionic core polarization and band mass on the thermal resistivity. dderé
+4n;ay is the dielectric constant of the background ions, whgrand o4 are the number density and the
polarizability of ions, respectively. The values for the ionic polarizability and band masare taken from
Refs. 23 and 24, respectively, anfl=(my/m)rd/eg. The quantitiesyy (given in atomic units withag the
Bohr radiug, A*, andW,,o{ T are obtained withr ¢ replaced byr% in Egs.(4) and(5), etc. The last entry is
for cesium withmg/m=1.

s aq €B mg/m r: q: A* ngac(T
(10724 cnr) (agh) (107% cm/w)
Li 3.22 0.02807 1.01634 154 488 0512  0.589 163.6
Na 3.96 0.1401 1.04478 1.04 3.94 0.600 0.620 47.7
K 4.87 0.8086 1.1349 1.08 463 0534 0599 119.9
Rb 5.18 1.345 1.18125 1.10 482 0517 0591 152.7
Cs 5.57 2.343 1.24948 1.30 580 0562 0562 4495

Cs 5.57 2.343 1.24948 1.00 4.46 0.550 0.605 95.6
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in the range 65SSTL — 73 (RPA) for sodium and 231 effective potential greatly, the effects of the contribution
(Hedin — 327 (Hubbard for potassium all in units of from the finite wave-number regidfinite momentum trans-
10 % cm/W. Most of these theoretical values are within thefers) should be examined.
error bars of the experimental data for each of these two (ii) Dynamic effects: Similarly, the effects of the finite
alkali metals as listed in Fig. 1. On the other hand, it is a|Sq‘requency may be examined. This corresponds to a finite
found that most of the dynamic versions of these theories agnergy transfer in scattering. Since two-particle scattering
well as the static version of the LDA overestim&tge/T for  occurs in a degenerate fermion system, the typical energy
potassium by a factor of 88STL) — 110(LDA). transfer is of ordekgT due to the Pauli principle, whefis

In comparison with these more sophisticated theories, thehe temperature of the system. Therefotiey~kgT<Ef,
present model, in spite of its simplicity as a one-parametefyhereE is the Fermi energy. Thus, the static approximation

theory, agrees competitively well with experiment. is justified.
In summary, let us emphasize the following points. (iii ) Other “solid state” effects: Finally our model does
(i) The present theory is based on a simple model. Theot include effects arising from the fact that ions are mobile
screening length is the only parameter in the theory. rather than an idealized rigid, uniform, positively charged

(i) The dielectric function, from which the screening packground.
length is derived, satisfies the compressibility sum e
actly. The compressibility itself is determined from the den-
sity dependence of the ground-state energy, which is calcu-
lated by the Monte Carlo method with high precision.
Let us finally remark on the following issues which have  The author wishes to thank Professor Jay Lawrence for
not been considered in the present paper. helpful discussions and Professor R. T. Deck for comments
(i) Effects of the wave-number dependence of the station the manuscript. This material is based upon work sup-
dielectric function: We have used the static dielectric func-ported in part by the National Science Foundation through
tion in the long-wavelength limit to derive the screeningthe Theoretical Physics Program under Grant Nos. PHY-90-
length. While this approximation simplifies the form of the 08475 and PHY-97-22138.
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