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While thefirst part of this work was devotedto the conceptuabnd mostcrucial questions
of the dc electricalconductvity o, the presentsecondpartis devotedto the technicalques-
tions of the theory to elaborationof the conceptto the particularsystems.The conducting
systemto beinvestigatechasbeendefinedhereby five suppositiongpostulates)rathergen-
eral to include the systemsof practicalinterest,like metalsin solid and liquid phaseare,
andthe amorphousconductors ik e the alloys and conductingglassesare. A formula for
dc conductvity calculationhasbeenderived, which giveso in termsof the matrix elements
|<\I/k+q\F|\I!k>|2, whereF is the scatteringforce,and ¥ 4, ¥4, arethe Bloch functions.
Forthe casewhenBlochfunctionsareapproximatedy planewaves,anapproximatdormula
for o hasbeenobtainedin a moretractableform. Specificto our conceptis the inclusionof
an equationconstitutie to o calculation,which alsohasbeenelaboratedor the considered
system,to the stagesuitablefor practicalapplication. o calculationin conjunctionwith the
mentionecconstitutve equations the mostimportantinnovative elemeniof our conceptand
we expectit will leadto substantiahdwancein researclof this subject.

PACS: 02.50.+s 05.60.+w72.15.-v

1 Intr oduction

In the first part of this paper[1], hereaftereferredto asl., the dc regime of electrical
current,andthetheoreticaldeterminatiorof the correspondingransportcoeficient, the de con-
ductvity o, hasbeenoutlinedwith the specialattentionto thoseissueswvhichsstill aredisputable.
An exampleof suchkind is the question,whatis the numericalvalue of the dc electricalcon-
ductiity o of perfectsystemswithout scattererslik e the perfectcrystallinemetalis. Fromthe
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critical analysisand obsenationspresentedn a numberof works [2—4], and from the experi-
encewe have got sofar from the theoreticalinvestigationof this subjectby meansof the linear
responséheory[5-8], we cameto a synthesisto aconceptwith two main pointsasfollow:

1) Insteadof the usualformulation of the Kubo formulagiving o in termsof the velocity-
velocity time correlationfunction[9], we prefertheformulationin termsof the force-forcetime
correlationfunctionas

2 0
o= % (Tr%) lim {SE»IEO/ dt(—t*)e*t cos(wt)(F(t);F)} : 1)
3
(F(t); F) = / d\-Tr {pF(t — ih\)F} | @)
0
F(t — ihA) = M it/ Ape—iHt/h g=AH 3)
F = (in)~' [P, H], (4)

whereV is the volume, e and m. are the free electronchage and massrespectiely, P and
H arethe carriersystems momentumvectorandthe Hamiltonian,p and 5 arethe equilibrium
statisticaloperatorandthe reciprocaltemperatureespectrely. (Isotropicconductingsystemis
assumedhere.)

2) Thesecondoint of exceptionalinteresthereis the vanishingof the non-dissipatie com-
ponents; (w) of thefull ac electricalconductvity o(w), with thefrequeng vanishing,

lim o;(w) = 0.

w—0
Fromthelinearresponséormulafor o; (w) we have deriveda certainformula(seeeq.[41] in I.),
whichin thetime cornvolutionspicturereads,

0
lim lim / dt - (t) - cos(wt)e® (F(t); F) = 3Nm,. (5)
w—0s—+0 [
Thisis theformulawe call, the constitutve equatiornto ¢ calculation.We assumethis equation
providesthe informationrelatingthe specificalterationghe systemis submittedto while the dc

currentis runningin it, andit cannotbeleft out of o calculation.To the bestof our knowledge,
eg.(5) newer hasbeenusedwithin procedureof o calculationsofar.

This paperis organizedasfollows. In Section2.1 the modelof the conductingsystemwith
staticscattererss defined,andthe basictermsarecommentedandevolved. In Section2.2,the
smoothingof singularitiesandthe analyticalintegration over the wavenumberglescribingthe
guantumstatess outlined,asit is appliedto the caseof mostgeneralsotropicmatrix elements
of thescatteringorces,andin section2.3theeq.(5) is evolved. Sections3.1and3.2 corvertthe
generakesultfor ¢ into moretractableonesfor the particularcasef the scatteringmatrix and
carriersenegy. Section4 is devotedto shortdiscussiorandconclusionf results.
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2 Formula for ¢ in caseof static scatterers

2.1 Model System

We assume
1. Theconductiorelectronshereaftercalledcarriers canbedescribedn termsof thesingle-
bandsystem.Theimperfectiondisturbingthe perfectcrystallinestructurearestatic.
2. Boththecarrier'swavefunction¥, andenegy ¢, arewell definedwith wavenumberk.
3. Theenegy ¢, obeying sphericalsymmetryis amonotonicallyincreasingunctionof k.
4. Thefirst derivative of the carriers’partitionfunctionn, (the Fermidistributionfunction),
canbesubstitutedy the deltafunction

(‘a“’“> = 5(ex — ). (6)

a€k

5. Radiusk of the k spaceandtheenegy ¢ correspondingo k¢, exceedthe Fermiradius
k¢ andtheFermienepy ¢ r respectrely, muchenoughto obey therelation

(EG — Ef) > kT, (7)

wherekp andT areBoltzmanns constanindtemperature@espectiely.

The above five postulatesprovide firm groundfor rigoroustheoreticalderivationin what
follows here,anddo notrestrictthe applicability of obtainedresultsto a certainrealsystems.

In presencef imperfectionstheexacteigenfunctionsl andeigervalues: of thefull Hamil-
tonian H, cannotgenerallybe determinedsolely by thewavenumbelk. In theabore supposition
2, we assumehat ¥, ande; areeigenfunctionsandeigervaluesfor someH, Hamiltonian,the
closestoneto H, which allows an exactdescriptionin termsof k. A favorablechoicefor H
includes,besidesthe periodic potential of the perfectcrystallinelattice U,, alsothe periodic
component/;,,, U, = U, (r), of thefull imperfectionsHamiltonianl;,,, = Ui, (r). U, is
determinedy theFourierseriedJ;,, = U, (r) = 3, (Uim )« -exp(ix-r), wherethesummation
runsover all reciprocallattice vectorsx, andthe coeficients(U;,,, ), aredeterminedrom U,
by the Fourierintegrals (Usy, ). = (1/V) [i, d°r - Ui (r) - exp(—ix - r). Thereforethe sum
(U, + U,,,) obeysthetranslationalattice symmetry andfor H, wetake, Hy = T + U, + U,, ,
whereT is thekinetic enegy operator Theeigervaluese;. of this Hy areakind of the carrier’s
enepgy renormalizeddueto U,,, coupling,andthe eigenfunctionsl;, of H, areBloch’s func-
tions. This Hy canbenamedheHamiltonianof theeffectively perfectcrystal(periodicstructure,
a hypotheticalperfectcrystal), which includeseventhe liquid statewhenU,, is completelyan-

nulledby U;, ,i.e. whenU,,+U,, = 0. Wetranscribehetotal HamiltonianH = T+ U, + Uy,
to theform
H=Hy+U, (8)

whereU is thenon-periodicpartof Us,,, U = Uy — U;,m. Of utmostimportanceor H is its
propertyto commutewith the momenturoperatorP, while obsenedin theHilbert spaceof the
single-bandystem10],
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The componentU from the right handside of eq. (8) generallydoesnot commutewith the
momentunoperatorP, [P, U] # 0. Consequentlytheforce F definedby eq.(4) is reducedo

F=-V, (). (10)

It shouldbe stressedhatU = U(r) in this formulais supposedo obey all the propertiesof a
stochastiddamiltonian[11]. The conceptof transportcoeficientscalculationrunningunderthe
nameof Virtual-crystalapproximatior{12], appliesto thefull HamiltonianH a splitting similar
to our givenby eq.(8).

The matrix element< ¥, ,|F|¥; > betweenBloch’s functions[13], ¥\, and ¥, with
Uprg =V Y2y, (r) -exp(i(k +q) - ), and¥, = V12 4 (r) - exp(ik - r) reads

1 )
< g [F 0y >= / -l (Fup(p)e TV, (U(r). (11)
174

Thetime correlationfunction (F(t); F) definedby eq.(2) in termsof thesecondjuantization
reads

(F(t),F) = Z <V g |[FIVg >< Vg g [F|Wp > K
k,a,k,q'

B
[ dx expO\erra 20 - explit(enry /b, (12)
0
whereK is thethermodynami@verageof field operators
K=< aerqa,ka,ka,Jrq,ak/ >, (13)

with an and az,ﬂ, ascreation,anda, anda,s asannihilationoperatorsof carriersrespec-
tively.

Standardcalculationof the right hand side of eq. (13) by Wick’s theorem[14] (Bloch-
DeDominicis)gives,

(B F) = 3 |< Wiy [F g >[2 (HEEE ) (oint/) o= (Cut/m)) (14)
k,q u

wheren;, =< afa; > andny;, =< akiqa“q >, arethe Fermi distribution functionsfor
carriers,andu is theenepy difference

U= Eftq — Ek- (15)

(Spindegeneratiornis includedin eq.(14)). By substitutingeq.(14)into eq.(1), afterperforming
theintegrationin t, we obtainfor o the expression,

.23 o
ih’e . . Tgs — Tojor
o= lim < lim < U, |FIW, >[2 2Tkt ),
<6Vmg> w—0 ) 5—+0 kz | ktq| F[Ug > ”
"9q

K (u+ WhlJf ihs)* — (u+ whlf iﬁ8)3>+((u - wh1+ ihs)®  (u— whl— ihs)? )}} - 09
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In the derivation to follow the assumptioris appliedthat | < Uy ,|F|¥; >|? is a certain
function |F(k, ¢, k1)|?, dependingon the threevectorlengths:k, ¢ andky, (k1 = |k + q|, see
Fig.1.),

B (kg )2 = |< Wry [FIE;, >, (7)

This assumptiorappliesto the mostgeneralcaseof scatteringcylindrically symmetricin refer
enceto theincomingcarriers velocity asthe symmetryaxis.
Thelimit s — +0in eq.(16) is supposedo be performedby theformula[15]

1 1 0? (§(u £+ wh))
li — = (—im)——————=. 1
0 ((u +wh+ihs)®  (uzxwh— 7',71,3)3> (=ir) Ou? (18)
With theseassumptionsgq.(16) reads,
. B3V e2 9 ke T .
U:ul)ll% (m) /0 dqq2/0 dkkzé d1981n(19)|F(k,q, k1)|2
(1~ g\ [0 (8(u +wh)) 9% (8(u — wh))
( u ) [ du? * Ou? ’ (19)

wherethe summatiorin k andq have beencorvertedinto integrationin k andq, of coursewith
thethermodynamidimit assumedo be performedbeforehand.

2.2 Singularity smoothingand analytical integration for o

Having alreadyperformedthe limit s — +0, we arefacedwith the limit takingw —
0 [1]. Someauthors[16] amguefor precautionwhenw — 0 is to be taken underthe argument
of the §-function. With full appreciatiorof this warning,in our case thelimit w — 0 canbe
performedin eq.(19) simply by puttingtherew = 0. The smoothingof the singularitywill be
carriedout hereby a seriesof partialintegrations which bringsthe derivative signover from the
o-functionto theremainingnon-singulapartof theintegrand.
The three-dimensionahtegrationin eq. (19) will be performedsequentiallyin threesteps
by the schemeasfollows

VHh3e?
gy = (m) N (21)
qG
L= dq-q-J(q), (22)
0
ka
Ta)= [ diek- (k). (23)
0

9 (3(u))
ou? -

I(k,q) = qu/ v sin(9)|F (k, q, k1 )| <nk - nk+q>
0

(24)
u
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Qi

0 D G

Fig. 1. Thegeometryof wavenumbergvectors)k, g andk; .

Theintegrationin ¥ goesfirst in eq.(24) by keepingk andq constantthentheintegrationin &
in eg.(23) comesby keepingg constantandfinally theintegrationin ¢ proceedsn eq.(22).
Figurel. shawvsthe contourof integrationin : it is a semicircleof radiusg, with the centre
atthetop of vectork.
It is corvenienthereto converttheintegrationin ¥ into anintegrationin u, by makinguseof
eq.(15), from which follows

sin(0) - do = (=X ((m T (25)
n = g ok, .
Substitutingeq. (25) into eq.(24) we get
_ [ k= Tkiq \ | 0% (6(u))
I(k,q) = /u L [D(k, g k1) ( . )} ), (26)
2 0€k1 o
D(k:Q7k1) = 2ky - |F(k7Qa k1)| : ok, ) (27)

wheretheintegrationlimits up andug aretheenegy differencegefinedby eq.(15), whenthe
top of vectork,, is at D andG in Fig. 1. respectiely.
After applyingdoublepartialintegrationin «, theintegralin eq.(26) is rewritten as

I(k,q) = I5(k,q) + I7 (k, q) + 15 (k, q), (28)

where

I3 (k,q) = { [mk,q, k) (k u"k”ﬂ 82(;0}

- (29)

up
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i) = = {3 [ Dtk (22222 )] s}

Ii(k.q) = /: duaa—Z2 {D(kz,q,kzl) <%>] - 5(u). (31)

- (30)

up

Theintegrationin eq.(31) s trivial dueto thedeltafunction presencén theintegrand,reducing
eq.(31)to

\ 0? Ty — Mot q
15060 = { g [ Pl k) (=2 ) 2)
As aresultof the calculationshovn in Appendix we get

* I ku ’ S 2k
I (k,q) = { 00( 9 7Z> 2k (33)

a2 a3
Io(k.a) = | Do) (G2 )+ Dath k) (S + Dathn k) ()| (2

where

pivan =[P, PR (]
+ <M)kl k <2G2( )) (IF(k,q, k1)) ,,_, G1(k),  (35)

k1 (k)
Dy(k,q, k1) = (maikq;kl)u ) (303 )> (IF(k,q.k1)?),,_, Ga(k). (36)
Ds(k,q.k1) = ([F(k,q.k1)*),_, Gs(k), (37)
with
o= i) oo (48 o)+ ()] om
can () [0 () 2.
cin= () (2).
where

a(k) = (%) -, (41)
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b(k) = (%) : (42)

(k) = (%) : (43)

It is easyto noticefrom theFig. 1. thatthecircle with theradiusq > 2k never cutsthesemicircle
with radiusk, thereforethe enegy conserationlaw in the scatteringeventmeaningu = 0, i.e.
k = k;, cannotbe obeyedfor ¢ > 2k, thereforel;(k,q) = 0 for ¢ > 2k, like it is givenin
eq.(33).

Theintegrationin & by eq.(23)is in turnnow. It is corvenientto split the calculationof .J(q)
into threecomponentasfollows:

J(q) = J2(q) + J1(q) + Jo(a), (44)
where
ka
Jolg) = / di - k- Tk, ), (45)
ka
) = / di - k- T (k, ) (46)

ke —dny —0%ny,
Jg(q):/ dk.k.{Dl(k,q,k1)< ank> +D2(k,q,k1)< nk)
(a/2) €k

a/2 862

+Ds(k, q. k1) (33"’“) } . (47)

3
Oe;,

Theeq.(47) hasbeenobtainedby substitutingfor I} (k, ¢) theright handsidesof egs.(33) and
(34).
The calculationof J>(¢q) hasleadto theresult

Ja(q) = 0. (48)

It is easyto anticipatethis resultevenwithout a detailedcalculation,if keepingin mind thatthe
derivative of the deltafunctionin eq. (29), (06(u)/0u), is an odd function of « and strongly
is pealed within a narraw (infinitesimal) interval roundthe pointw = 0, while the remaining
factorsof the integrandin eq.(29) aresmoothfunctionsof u.

In calculating.J1(¢q), onehasto startwith eq. (30). For ary ¢ > 0 the upperintegration
limit u¢ is greaterthanzero,uc > 0, anddueto the multiplier §(u), in eq. (30), thereis no
contributionto I5 (k, ¢) comingfrom ue. Thelower integrationlimit «p cangive a non-zero
contritutionto I5(k, ¢) whenup = 0, andfrom Fig. 1. onecanseethatit happensn the point
k = q/2,for ary ¢ > 0. Thereforeto account/; (¢), theright handsideof eq.(30), asit is taken
for up, hasto beinsertednto eq.(46), andafterwardsthe integrationitself hasto be performed
with the specialcarein the vicinity of the pointk = ¢/2, with ¢ asa givenconstant.Thatway
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the singularityof theintegrandin eq.(46) hasbeensmootheddy theintegrationin &, leadingto
theresultasfollows

Jila) = {a(;)s K’f - kz%) |F(ky g, k)| + kQ%w(k,q, kl)ﬂ . (?;k)

52 —0%ny,
Ia ) 2 . 4
s Pk ( - )}kl_k_q/z (49)

Theintegrandin eq.(47)is singularity-free By applyingtherelation

+

- dEk-

dk = ) (50)

resultingfrom eq.(41), Jy(q) is rewritten as

- [ () ik (2) s (42
+Ds(k, q. k1) (‘83’”) } . (51)

-3
Oey,

wherethe upperintegrationlimit ¢ is definedin suppositiorb by eq.(7), andthelower integra-
tion limit ¢, /, istheenegy e, takenfor k = ¢/2. By applyinga seriesof partialintegrationsin
ek, thederivatives(—9%ny,/0<2) and (—9%ny,/d<}), standingas multipliersin somemembers
of the integrandin eq. (51) canbe reducedto (—dn/0e), andthenthe integrationitself is
performedeasilyby the useof eq.(6).

Thefinal resultfor J(q) obtainedthis way is givenin thesumasfollows:

J(q) =C*(q) + J"(q), (52)
where
C*(q) = { o) ' S ;Z; (53)
4
C(q) - 332;;1 {161]f}1 {_1 - 4(%) * 5(%)2 a 2(%)} (|F(k7q7 kl)‘z) kkl::kkff

1 my O|F (k. g, k1)

— |12 2| (=L
+8'k? { (r@)} ( ok k=ky
ky=k

=

1 0*|F (k,q, k1)|” ?|F (k, g, k1)|?
+16-k; [2( k2 > — ( Okky > w=np | [ (54)

ky=Fkj ky=k

e\ !
my = h2ky | =2 , (55)
Ik k=k;
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82516 -t
S— (—) , (56)
2 ) i,
Pep)
22,1
mg = 17k; <8k3> . (57)
k=ky

() = {(3 . k(k)) {(8'F(2,f’ k1>|2> Ly (aw(k’ai’ W)
a 1 k1=k ki=k
() et (3],

k2 0%ny,
+{—6_a<k)2 (F(k, g k) )y - (a—k)}k_ PR

In m, andms we recognizethe velocity massandthe dynamicmassof carriersrespectiely,
takenfor Fermilevel.

To obtain L, the integrationin ¢ by eq.(22) is to be performed.It is corvenientto split the
calculationof L into two componentssfollow,

L=1Lo+Li, (59)
where
Lo =/ dg - q- C*(q), (60)
0
qG
L1:/ dq-q-J"(q), (61)
0

with C*(¢) and.J*(q) givenby egs.(53) and(58) respectiely.
Theintegrationfor L is simpleandit proceedsn termsof ¢, while theintegrationfor L, is
abit tricky andit proceedswith theintegrationvariableq substitutedy ¢,

dq = 2dk = (—) - dey. (62)

2
a(k)
Theintegrationfor L, includesa partialintegrationin ¢, overthetermcontainingthe multiplier
(0?n/03), and after reducingit to an expressioncontaining(dny /dey), the integrationis
finishedby theuseof eq.(6). Thevalueof L obtainedhisway is substitutednto theright hand
sideof eq.(20) giving thefinal resultfor o asfollows,

> (262Vm%> (m)Q 1 (8|F(kf,q,kf)|2>
9m3h° Me 8k ¢ dq q=2k;

1 (O|F(k,q,kys)|? 5 mi 5
(YRR 9 RpP 1- Flhs g ke)?]
Iy < Ok k=ky 16K [ ey K] oo,

q:Qkf

ma
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n 1 L +5 (m1>2 P! /Qkfd F(k k)2
Ta.4 - - _ 9 —_ - —_ . . b B
16k1 ma , i A

ma ms
1 m /2’“ (8|F(k,q, kf)|2)
+—=|1-2— dg-q| —————
8k;’z[ mJ , ok ek,
1 [ O*|F(k,q, ks)|? O*|F (k,q, k1)
fJ0 k=kf ! K1=kf
wherethe obviously correctequations
IF(k,q, k1) _ (0IF (k. q. k1) (64)
ok k=kf Okq k=kf ’
kl=kf kl=kf
82|F(k7q) k1)|2 _ 32‘]:7‘(/{,(], k1)|2 (65)
ok? k=kf ok? k=kf ’
kl=kf kl=kf

have beenapplied.

Thisis therequiredformulafor dcelectricalconductvity o of theconsideredsotropicmodel
of conductorsin termsof thescatteringmatrix |F (k, ¢, k1)|?, free of singularitiesandwith only
oneintegrationleft to be performedafterwards,whenthe ¢ dependencef the scatteringmatrix
is explicitly given. Theintegrationin & did not requireexplicit knowledgeof the k dependence
of the scatteringmatrix |F (k, ¢, k1)|?, owing to theeq.(6), approximatelyvalid for theassumed
degenerateslectronicgasof conductors.

2.3 Evaluation of the constitutive equationto o calculation

Theeq.(5) canberewrittento theform

a =1 (66)
where
1 O
o lim lim dt - (t) - cos(wt)e* (F(t); F). (67)

" 3Nm, w—0s—-+0 oo

Substituting(F(¢); F) by the right handside of eq. (14), and then by integratingin ¢, from
eq.(67) follows

. AN R
a* = <6Nme> Jimy {JEEOAZ |< Wi o|F W >| (T
“,q

! + ! + ! + ! (68)
(u+wh+ihs)?2  (u+wh—ihs)?2  (u—wh+ihs)?2  (u—wh—ihs)2| [’
Thetwo limits (w — 0, s — +0) aresupposedo be performedby theformula[1, 15],

1 1 2
lim i =VP.|—=
W0 s 0 ((u + wh + ihs)? + (u+wh — ihs)2> VP (u2> ’ (69)
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wherethelabel V. P. hasthe meaningof the principal valuetaking. The symmetryin k& andk,
(k1 = k + q), of eq. (68) makesthe multiplier (ny — ng+,)/u replaceabldy the multiplier
(2nk/u), andthenafter converting the summationin k andq into the integrationin k andq,
eq.(68) for o* reducedo

shv? “ 2 M 2 7 g
* _ P. . k2. ' F 2(=). 7
a 487T4Nmev7>/0 dg q/o dk - k /0 49 sin(9)|F(k, q, ky)| (m) (70)

The contoursof integrationin egs.(19)and(70) arethe same however essentiatlifferences
in theintegrandshaving rootin theresultsof limits (w — 0, s — 40) takenin thetwo formula,
requiredifferentevaluationof thesetwo formula. In the caseof eq.(19) the mentionedimits
resultedn someasnarrov singularfunctions,pealedin u = 0, asé functionandits derivatives
are,makingpossibleto reducethe three-dimensiondhtegralsinto single-dimensionahtegrals,
asit is seenin theresultfor o givenby eq.(63). In the caseof eq. (70) the mentionedimits
resultedin the function V. P.(1/u?2), singularin the pointu = 0, but this singularityis a broad
functionof u, andthe dimensionof integrationsin eq.(70) cannotbe lowered,underasgeneral
assumptiongboutthe matrix element| < ¥, ,|F|¥; > |?, asit is definedin eq.(17). In that
sensethereis no possibilityfor ary furtherevaluationof eq.(70).

3 Particular casef |F(k,q, k1)|> and g

3.1 Conductivity o for the particular caseof |F(k, g, k1)|?

In this subsectionall propertiesof ¢, asthey are given at the startof subsectior2.1
areassumedkept, but |F(k, ¢, k1)|? is no longerassumedisgeneralasit wasin the preceding
section. The dependencef |F(k, ¢, k1)|? on k andk:, asdefinedby egs.(11) and (17), does
not comefrom the scatteringHamiltonianU, but from the Bloch functionsuy,4(r) andug(r)
respectiely. With Bloch functionsapproximatedy planewaves,i.e. by putting us4(r) = 1,
uk(r) = 1, the dependencef |F(k,q, k1)|?> on k and k; disappearsimplying the transition
\F(k,q,k1)|> — |F,|?. We proposetwo ways of makingthis approximation,outlinedin the
subdvisionsa) andb) asfollow.

a.) Thefirstoneis direct. It emegesfrom eq.(11), whenBlochfunctionsdegenerateo plane
wavesgiving

1 ‘ —iq-r
F,= v /v dr-e V. (U(r)), (71)

which after partialintegrationreads,
1 , 1 .
Fo= i [ S ) + k[ T ). 72
Vv Vv

Assumingthe cyclic boundaryconditions,the first integral on the right handsideof eq.(72) is
zero,andwe get

ol = lal* - [U]%, (73)
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where
Uy = l/ d®r - U(r)e 'ar, (74)
Vv

With this approximatiorfor |F(k, ¢, k1)|?, theeq.(63) for o reducego

[ eV my\ 2
o= (W) (N(e5))? (m—> (A+Z-B+25-C), (75)
where
8|UQ|2}
A= 76
{ 0Q Joy o
B=[Uql],_; - (77)
1
C = i dQ.Q%|Ugl?, (78)
7= (75%) , (79)
2
2
Zg=4<—1—4%+5<%> —2%) (80)
2 2 3

In egs.(76) - (78), thewavenumbel; hasbeensubstitutedoy the dimensionlessvavenumberq
definedby

q
o= (55): &)

andthedensityof statesat FermisurfaceN (¢ s ) hasbeenintroducednto eq.(75),whereN (e ),
with spindegeneratiorincluded[17], reads

_ i _ (ks

b.) The second way of approximating eq. (63), is based on the relation
F = (1/ih)[P, U] implying

1
< U |[F|¥ >= 7 kz (K U1 |P| Vo >< Uio|U| Ty, >
2
— < \Ilk1|U|\Ilk2 > \Ile‘P|\Ijk >), (83)
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andsince V¥, areeigenfunctionof Hy, andP commuteswith H, (seeeq.(9) andthe discus-
sion precedingit), P is diagonalin this representationtherefore< Wy, |P|Ugy >= g1 g2
<UL [P|Ug1 >, < Upo|P|Uy >= Spa - < Vi |P|Py, >, with

Me

< U [PTy >= —Chk; = —£h(k +q), (84)
m1 m1

< UL[P|T), >= —C1ik, (85)
mi

wherem; is definedin eq.(55). With the matrix element®f themomentumP, asthey aregiven
here,eq.(83) reads,

Me

< \I’k1|F|\1’k >=—1 < \Ifk1|U|\I’k > ( )q. (86)

miy

After theBlochfunctionsin < ¥, |U| ¥} > arereplacediy planewaves,from eq.(86) follows,

2
Me
B, = (m—> AR @7)

Insteadof approximating< ¥, ,|F|¥; >, like we have doneit in obtainingeq. (73), herewe
have approximatedk ¥, ,|U|¥; >, andwe have obtaineda resultwhich s differentfrom the
precedingone, but only in the casewhenm,. # mq, i.e. whenthe velocity massm; asit is
modifiedby the couplingof carriersto the periodicpotential,is differentfrom thefreeelectronic
massmn.. Here,insteadof eq.(75), for o we have,

N EV N (N A+ 2 B+ 250 (88)
7\ 1807 ©f 3
Which one of the two expressionseq. (75) or eq. (88) is the betterapproximatiorfor eq. (63),
hardlycanbe decidedsolelyfrom thetheoreticalrguments.
3.2 Caseof ¢ parabolic in k£ dependence

For theparticularcasewhenthescatteringnatrixis |F, |, k andk; independentandin addition
theenegy ¢, is parabolicin &,

_ n2k2
- 2m1 ’

Ek (89)
with m; asaconstaneffective carriermassthereis no needfor eq.(6) to beappliedin orderto
obtaina tractableexpressiondor o in the framework of our conceptaswe aregoingto seeit in
this subsection.

In this particularcase o is calculatedby eq.(20) and(21), but L, J(¢) andI(k, q) areno
longercalculatedby eqgs.(22) - (24), insteadthey arecalculatedasfollow

L- (2”“) / da-q- [Fyf? - J(a), (90)
0

7
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ka
— k. 9
7(q) /0 dic- k- (k. q), o1)
ua ng — Nk 2(8(u
I@m:/ mr(ku“ﬁ§gyx (92)
where
up = (h?/2m1)q(q — 2k), (93)
ug = (h2/2m1)q(q + 2k). (94)

By doublepartialintegrationin u, from eq.(92) follows,

I(k,q) = Ia(k,q) + I (k,q) + Lo (k, q), (95)

Tl ) = {2y SEDLT (96)

tka) = - { ai(%) s} ©7)

o(k, ) / du W L ) (98)
Theintegrationin eq. (98), by makinguseof eq. (119)resultsin

otk = () (G5 ) -0 up) - 0(u) ©9)

where®(—up) andO(u¢) aretheHeaviside’s stepfunctions.By substitutingright handsideof
eq.(99)into eq.(91) we obtain.Jy (¢), thecontribution of Iy(k, q) to J(g),

-1 ke 93ny,
Ioa) = () [ ke (G5, (100)
3" Jaw2) Og}
andafterperformingtheintegrationin & resultingin
mi 9%ny,
Jo(q) = (3) (—) : (101)
3h2 85% k=q/2
Thecontribution of I; (k, ¢) to J(q), denoteddy .J; (¢), from eqs.(97) and(91) resultsin
—my 82nk>
Ji(q) = : , 102
0= (5%), (102)

while the contribution of I>(k, ¢) to J(q) is zero,thereforeJ(q) = Jo(q) + J1(q), leadingby
egs.(20) and(90) to theresultfor o,

/ dg-q-|Fg)?- (‘9 ”’“) . (103)
<} k=q/2

7= (48 67r3h



226 N.Milinski, E.Milinski

Theeq.(70)for «*, in this particularcasecanbereducedo anexpressiorgiving «* in terms
of adouble-dimensionahtegral,

VZm? [(ma 96
e ——— | — | V.P. dg-q~' - |F,?
¢ TN (me> 7)/0 a-a - IFl

ke 1 1
/0 S {(q— 2k)2 (q+2k)2} ' (on

In obtainingeq.(104),theintegrationin ) hasbeensubstitutedy theintegrationin «, by making
useof egs.(15) and(89), which give: sin(9)di = (—m1 /h*kq)du, andtheintegrationin u has
beencarriedout easilyafterwards.

Two approximateformula for |F,|?> have beenderived in the precedingsection,given by
egs.(73) and(87) respectiely. By substituting F,|> with the right handsideof eq.(73), from
eg.(103)ollows

Ve? my. o [1€ 3 o [ 0%ny
— (L dg-q® - |U|? - 105
7 (48-67r3h)(me) /0 a-a"-|Ud 9% ) kgsa (109)

andfrom eq.(104)for o* follows:

V2 2 qG
o m (ﬂ> V.P./ dg - q- U, ?
0

T 30N e

ha 1 1
/0 de ke {(q—%)2 - (Q+2k)2} ’ (109

while from substitutionof |F,|* with theright handsideof eq.(87) for o follows

Ve? G 9?ny,
= (— dq- ¢ - U, |2 - 107
7 (48-67r3h)/0 @ Ul (8si )kq/g’ (on
andfor o* follows

VQm% Me ac
at = —V.P./d--Uz
3TiRiN (m1> Jo a-a-1Udl

ke 1 1
/0 Ak {(q—%)2 - (q+2k)2} ' (109

Likein theprecedingsection hereit is not easyto concludewhich choicefor |F,|? is the better
approximation.

If the eq. (6) is appliedadditionallyto eqgs.(105) and (107) the egs.(75) and (88) follow
respectiely.

4 Discussionand Conclusions

Thefirst item to be discussedhereis how o givenby eq. (75) or eq. (88) behaeswith
V — o0, whereV is thevolumeof thesystem.Theintegral in eq.(74) is the Fouriertransform
of U(r), of afunction having random(stochasticdependencenr, like it hasbeenoutlinedin
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connectionwith egs.(8) - (10). For suchU (r) it hasbeenshowvn [11] that the squareof the
integral’smodulein eq.(74)is proportionalto V,

2
/ dr-U(r)e™a*| ~V, (109)
.

and from egs. (74) and (109) follows |U,|*> ~ V~!, and correspondingo egs.(76) - (78),
A~V 1, B~V C ~ V!, andfinally from eq.(75) or eq.(88) we concludethat o is a
certainquantityindependenof V' in thelimit V' — oo, asit shouldbe.

The secondtem deservinga discussioris theimpactto o anda* calculation,of the double
limits (w — 0, s — 40). In the caseof o, the doublelimits resultedin a §-function of w,
meaningthato hasgot non-zerocontrikbution only from the processesherethe enegy conser
vationlaw in the scatterings fulfilled, i.e. whereu = 0. The enegy conserationlaw exerts
clearly pronouncedestrictive role here. In the formulafor o* the mentionedimits resultedin
V.P.(1/u?), meaningthata* hasgot non-zerocontritutionsalsofrom the processesvherethe
enegy conserationlaw in scatterings notfulfilled, whereu # 0. Thereforetherestrictverole
of the enegy consenration law is missinghere. The physicsof this differencess to be looked
for in thefactthata* relatesghenon-dissipatie componentf thecurrent[1].

The third item to be mentionedhereis the o dependencen the carriersdensity of states
N (ey), which appeardgo be squaredn N(ey), asit is givenin egs.(75) and (88). A result
resemblingoursin thatrespecthasbeenobtainedby Mott and Davis [17] (seeformula (2.14)
in Ref.[17]). However, full comparisorof our resultto the mentionedresultsin [17] is impos-
sible, sincetheterm|Dg|2, in [17] hasbeenlooselydefined,andnot accountedor effectively
by meansof thelinear responseheory but insteadonly globally interpretedn termsof the re-
laxationtime 7. We ascertainthe linear responseheory of dc electricaltransport,asapplied
in [17], wasnot performedconsequentlyinsteadt wasabandoneavhenthe mostdelicatestep,
the calculationof | Dg|2, camein turn. Unlike it, the aim of the presentwork is to apply the
meanf the linearresponseheoryasconsequenaspossible.

In casesf ac electricalconductionwith very high externaldriving frequenciesv, like the
optical frequenciesare, the linear responsdormula (Kubo formula) for conductvity o(w) has
got proofin practice,but it is not the casewith the low frequenciesandcertainly not with the
de current. Thereasorfor this stateof artis not clearyet, andthe discussioron this subjectis
still runningon [2,4]. We assumehatthelinearresponsdormulathoughcorrect,is notenough
by itself to give a correctdescriptionof the conductvity, but it canfulfill its role in conjunction
with someconstitutive equationslike eqs.(106)pr (108) are. The constitutive equationprovides
informationaboutthe alterationof the systems parametersaking placein the systemwhile the
dc currentis runningin it, thatway having impactonthedc conductvity. Detaileddemonstration
of the calculationof ¢ in conjunctionwith the constitutve equationwill be givenin the third
partof this work.
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Appendix

We first evolve theright handsideof eq.(32) to theform:

(92 Nk — Nk4q Nk — Nk4q
{W |:D(k7q7 kl) ( u ) }u—O a Dl(k7q7k1) ( u >u—0

0 . — Nk 92 . — Ny
u=0 u=0

02
Dl(k7Qa kl) = {@D(kv% kl)}u_ov (111)
0
Dg(k,q, kl) = {%D(k‘,q,k‘l)}uo, (112)
D3(k7q7 kl) = <%) (D(k7q7 kl))u:O? (113)

whereD(k, q, k1) is definedby eq.(27). Theproblemwe arefacedwith here is how to determine
theabovederivativesin u, takenfor v = 0. FromFig. 1. we seethatthevectork andthelengthof
vectorq arekeptconstantwhenthetop of vectork; movesonthesemicircleof the integration
in u, andthe aforementionederivativein u, dueto eq.(15), canbereplacedy the derivativein
€k, (kl = ‘k+Q|):

8D(k, q, kl) o OD(k, q, k])

ou n 8€k1

Thesubsequentkingof © = 0 is equivalentto takingequalvectorlengths k = k;. In this Ap-

pendix, aswell asin themainbody of this article,the differentialoperatond/de1) or (0/dey),
appearsnumberof times. It alwaysoperatedy the formula:

&  (dera\ T O
a&kl o ( 6k1 ) 6k1 (115)
In this way, from eqgs.(111)- (113),theeqs.(35)- (37)for Di(k,q, k1), D2(k,q, k1) and

Ds(k, q, k1) follow respectiely.
By applyingthe seriesexpansionin « to n.y :

ong 1 ?ny, 9 1 93ny, 3
- "k - — ) === 11
Netq nk+<0€k>u+(2)<0€i>u +{ 3 923 u’ ., (116)

thefollowing relationsareeasilyderived:

(nk - nk+q> _ (—8nk> ’ (117)
U o O

0 (nk —np+ (1 —0%ny,
o () L= ) () a0

. (114)
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82 N — Nk4q - 1 —83nk
tow ()}, - (5) (o) (o)
By insertingright handsidesof eqs.(117)- (119)into eq.(110),therequiredeq.(33)for I (k, q)
is obtained.
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