Appendix C

BoltzTraP for Computing Transport
Properties

As explained in the last section of chapter 4, the program BOLTZTRAP was modified in order
to include an energy and temperature dependent relaxation time 7(e,T"). The original version
already allowed us to use such a 7 but several mistakes were present giving totally incoherent
results and modifications were necessary to include a user friendly equation for 7

(e, T) = o(e0, T) (T) (5)”/2 1)

To €0

where the five parameters 79, €9, Ty, s and r are input parameters.

In order to use this 7 the original subroutine fermiint_fix_ef _T present in the file
FERMIINTEGRALS has to be replaced by the following modified subroutine.
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subroutine fermiint_fix_ef_T(volume, efermi, deltaef, ebmin, temp
, &
unit_tr, unit_cond, unit_hall, npoints, dosl, dos_sigxy,
dos_sigxyz, spinorbit, icutl, prtef, &
splobj, dopage)

USE constants

USE input

USE bandstructure
use fermimod
implicit none

real (8), intent(in) :: volume
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APPENDIX C. BOLTZTRAP FOR COMPUTING TRANSPORT PROPERTIES

real (8), intent (in) efermi, deltaef, ebmin, temp, dopage

real(8), intent (in) spinorbit

integer, intent(in) unit_tr, unit_cond, unit_hall, icutil,
npoints, prtef

real(8), intent (in) dos1 (0:npoints)

real (8), intent (in) dos_sigxy(3,3,0:npoints)

real (8), intent (in) dos_sigxyz(3,3,3,0:npoints)

type(fermispl_type),

intent (in) splobj

INTEGER ialp,ibet

INTEGER i,j,k

REAL (8) ene

REAL (8) lifetime, lifetime_a,lifetime_o,

lifetime_po

REAL (8) condtr ,seebecktr ,thermaltr ,halltr,
kappatr

REAL (8) specheat ,magsus

REAL (8) sumelec , sumdos

REAL (8) factorl,factor2,factor3

REAL (8) taureffact_a,taureffact_o,
taureffact_po

REAL (8) delta, fpol

REAL (8) cond (3,3) ,nu(3,3) ,kappa(3,3),sigxyz
(3,3,3)

REAL (8) minv_sigxy (3,3) ,seebeck(3,3),thermal

(3,3),hall(3,3,3)

REAL (8) fermi,dfermide ,dfermidt

specheat=ZERO
sumelec=ZERD

sumdos=ZERO

cond (1:3,1:3)=ZERO
nu(1:3,1:3)=ZERO
kappa(1:3,1:3)=ZERD
sigxyz(1:3,1:3,1:3)=ZERO
hall=ZERO

seebeck=ZERO
thermal=ZERO

taureffact_a = 1.d0
taureffact_o = 1.d0
taureffact_po = 1.d0
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if (taureftemp_a > 1.d-12) then
taureffact_a = exp(tempexp_ax*log(temp/taureftemp_a)) * &
& ((0.02459 + 8.659341d-5 * taureftemp_a) / (0.02459 +
8.659341d-5 * temp))
end if

if (taureftemp_o > 1.d-12) then
taureffact_o = exp(tempexp_o*log(temp/taureftemp_o)) * &
& ((0.02459 + 8.659341d-5 * taureftemp_o) / (0.02459 +
8.659341d-5 * temp))
end if

if (taureftemp_po > 1.d-12) then
taureffact_po = exp(tempexp_pox*log(temp/taureftemp_po)) * &
& exp(1/THREE*x1log((0.02459 + 8.659341d-5 * taureftemp_po) /
&
& (0.02459 + 8.659341d-5 * temp)))
end if

DO i=0,npoints
ene=(ebmin+deltaef*(REAL (i) +HALF))
lifetime_a = 1.dO0
lifetime_o 1.d0
lifetime_po = 1.d0

if (abs(tauref_a) > 1.d-10) then
lifetime_a = (tauref_a*SECONDx*1.e-15) * &
& exp((tauexp_a-0.5d0) * log(abs(ene / (taurefen_ax
RYDBERG)))) * &
& taureffact_a
end if

if (abs(tauref_o) > 1.d-10) then
lifetime_o = (tauref_o*SECOND*1.e-15) * &
& exp((tauexp_0-0.5d0) * log(abs(ene / (taurefen_ox
RYDBERG)))) * &
& taureffact_o
end if

if (abs(tauref_po) > 1.d-10) then
lifetime_po = (tauref_po*SECOND*1.e-15) * &
& exp((tauexp_po-0.5d0) * log(abs(ene / (taurefen_pox*
RYDBERG)))) * &
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APPENDIX C. BOLTZTRAP FOR COMPUTING TRANSPORT PROPERTIES

& taureffact_po
end if

! if (abs(tauref_po) > 1.d-10) then

! lifetime_po = (tauref_po) * &

! & exp((tauexp_po) * log(abs(ene))) * &
! & exp(tempexp_po * log(temp)) * SECOND
! end if

! delta = 2.2262d+5 * 5e19/(abs(dopage)) * abs(ene) * tempx*
BOLTZMANN * &

! & exp(1/THREE*log(0.24 * (0.02459 + 8.659341d-5 * temp) *x*
2))

I fpol = 1 - 2xlog(delta+l)/delta + 1/(delta+1)

! if (abs(tauref_po) > 1.d-10) then

! lifetime_po = (tauref_po*SECONDx*1.e-15) * &

! & exp((tauexp_po-0.5d0) * log(abs(ene / (taurefen_pox
RYDBERG)))) * &

! & taureffact_po/fpol

! end if

lifetime = ((1/lifetime_a) + (1/lifetime_o) + (1/lifetime_po)
) xx (-1)

factorl=fermi (ene,efermi,temp)*spinorbit
factor2=dfermide (ene,efermi, temp)*spinorbit
factor3=dfermidt (ene,efermi,temp)*spinorbit
Ifactorl=fermi_(ene,efermi,temp,splobj)*spinorbit
lfactor2=dfermide_(ene,efermi,temp,splobj)*spinorbit
lfactor3=dfermidt_(ene,efermi,temp,splobj)*spinorbit

sumelec=sumelec+dosl (i) *factoril

sumdos=sumdos+dosl1 (i) *(-factor2)

specheat=specheat+dosl (i) *volume*(ene-efermi)*factor3

cond(1:3,1:3)=cond(1:3,1:3) + lifetime*dos_sigxy(1:3,1:3,1i)%
factor?2

nu(1:3,1:3)=nu(1:3,1:3) + lifetimex*dos_sigxy(1:3,1:3,1i)%*
factor2+*(ene-efermi)

kappa(1:3,1:3)=kappa(1:3,1:3) + lifetime*dos_sigxy(1:3,1:3,1)
*factor2*(ene-efermi) **2

sigxyz(1:3,1:3,1:3)=sigxyz(1:3,1:3,1:3) + lifetimex**2 x*
dos_sigxyz(1:3,1:3,1:3,i)*factor2

ENDDO

! Convert to SI units
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IF (sumdos >TWO*TEST) THEN
if (tauref_a > 1.d-10) then

cond(1:3,1:3) = -cond(1:3,1:3)*deltaef &
* QHM *x METER
nu(1:3,1:3) = -nu(1:3,1:3)*deltaef/temp &

* METER / AMPERE
kappa(1:3,1:3)=-kappa(1:3,1:3)*deltaef/temp &

* METER / WATT
sigxyz(1:3,1:3,1:3)=-sigxyz*deltaef &

* OHM#*x2 * SECOND * AMPERE / METER
specheat = specheatx*deltaef &

* MOL / JOULE

else
cond(1:3,1:3) = -cond(1:3,1:3)*deltaef &
* OHM * METER * SECOND
nu(1:3,1:3) = -nu(1:3,1:3)*deltaef/temp &

* METER * SECOND / AMPERE
kappa(1:3,1:3)=-kappa(1:3,1:3)*deltaef/temp &

* METER * SECOND / WATT
sigxyz(1:3,1:3,1:3)=-sigxyz*deltaef &

* OHM=*x2 * SECOND*#*3 * AMPERE / METER
specheat = specheatx*deltaef &

* MOL / JOULE

end if

CALL invert_3x3(cond,minv_sigxy,i)

seebeck (1:3,1:3)=ZERD
DO i=1,3
DO j=1,3
DO ialp=1,3
seebeck (i, j)=seebeck (i, j)-minv_sigxy(ialp,i)*nu(ialp
»J)
ENDDO
ENDDO
ENDDO
thermal (1:3,1:3)=kappa(1:3,1:3)
hall1(1:3,1:3,1:3)=ZERO

DO i=1,3
DO j=1,3
DO k=1,3

DO ialp=1,3

DO ibet=1,3
hall(i,j,k)=hall(i,j,k)+minv_sigxy (ialp,j)*
sigxyz(ialp,ibet ,k)*minv_sigxy(i,ibet)
ENDDO
ENDDO
ENDDO
ENDDO

71




APPENDIX C. BOLTZTRAP FOR COMPUTING TRANSPORT PROPERTIES

197 ENDDO

198| ENDIF

199

200

201| !'!'Convert to SI units

202|! IF(sumdos>TWO*TEST) THEN

203| ! cond(1:3,1:3) = -cond(1:3,1:3)*deltaef &

204| ! * 0OHM * METER * SECOND

205| ! nu(1:3,1:3) = -nu(1:3,1:3)*xdeltaef/temp &

206 ! * METER * SECOND / AMPERE

207| ! kappa(1:3,1:3)=-kappa(1:3,1:3)*deltaef/temp &

208] ! * METER * SECOND / WATT

209 ! sigxyz(1:3,1:3,1:3)=-sigxyz*deltaef &

210| ! * OHM#*x*2 * SECOND#*x%3 * AMPERE / METER

211! specheat = specheat*deltaef &

212| ! * MOL / JOULE

213| ! CALL invert_3x3(cond,minv_sigxy,i)

214|!'! for many energy points if dos is small but not small enough
this explodes a bit on the diagonal elements

215(!! R_Hall is then huge, but never if dos(ef) > 1.e-10

216] ! seebeck (1:3,1:3)=ZERO

217! DO i=1,3

218 ! DO j=1,3

219] ! DO ialp=1,3

220| ! seebeck (i, j)=seebeck (i, j)-minv_sigxy(ialp,i)=*nu(
ialp,j)

221! ENDDO

222 ! ENDDO

223| ! ENDDO

224| ! thermal (1:3,1:3)=kappa(1:3,1:3)

225/ 1 hall(1:3,1:3,1:3)=ZERO

226| ! DO i=1,3

227/ | DO j=1,3

228 ! DO k=1,3

229! DO ialp=1,3

230} ! DO ibet=1,3

231 ! hall(i,j,k)=hall(i,j,k)+minv_sigxy(ialp,j)*
sigxyz(ialp,ibet ,k)*minv_sigxy(i,ibet)

232 ! ENDDO

233| ! ENDDO

234| ! ENDDO

235| ! ENDDO

236 ! ENDDO

237! ENDIF

238

239

240| seebecktr=(seebeck(1,1)+seebeck(2,2)+seebeck(3,3))/THREE

241| condtr=(cond(1,1)+cond(2,2)+cond(3,3))/THREE

242| thermaltr=(thermal(l1,1)+thermal (2,2)+thermal (3,3))/THREE

243| kappatr=(kappa(1l,1)+kappa(2,2)+kappa(3,3))/THREE

244! halltr=(hall(2,3,1)+hall(3,1,2)+hall(1,2,3))/THREE
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sumelec=nval-(icutl-1)*spinorbit-(sumelec*deltaef*volume)
sumdos=sumdos*deltaef*volume
magsus=sumdos*MUO*MUB=**2xMOL/METER **3

if (prtef == 1) then

WRITE (unit_tr ,101) efermi/RYDBERG,temp, sumelec,sumdos,
seebecktr ,condtr ,halltr ,thermaltr, specheat ,magsus
WRITE (unit_cond ,101) efermi/RYDBERG, temp,sumelec,cond(1:3,1:3)

,seebeck(1:3,1:3),thermal (1:3,1:3)
WRITE (unit_hall ,101) efermi/RYDBERG, temp,sumelec,bhall
(1:3,1:3,1:3)

else
WRITE (unit_tr ,102) temp , sumelec ,sumdos ,seebecktr ,condtr
,halltr ,thermaltr, specheat ,magsus,efermi/RYDBERG
WRITE (unit_cond ,102) temp,sumelec,cond(1:3,1:3),seebeck
(1:3,1:3) ,thermal (1:3,1:3) ,efermi/RYDBERG
WRITE (unit_hall ,102) temp,sumelec,hall(1:3,1:3,1:3),efermi/
RYDBERG
end if

101 FORMAT(F10.5,F10.4,F16.8,27E16.8)
102 FORMAT(F10.4,F16.8,27E16.8,F10.5)

end subroutine fermiint_fix_ef_ T
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