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Correlation functions for a time-dependent calculation of linear-response functions
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~Received 19 August 1997!

We emphasize the importance of choosing an appropriate correlation function to reduce numerical errors in
calculating the linear-response function as a Fourier transformation of a time-dependent correlation function.
As an example we take dielectric functions of silicon crystal calculated with a time-dependent method pro-
posed by Iitakaet al. @Phys. Rev. E56, 1222~1997!#.
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PACS number~s!: 02.70.2c, 71.10.Fd, 85.30.Vw, 72.15.2v
in
to

a

ter-

Recently, Iitakaet al. proposed a linear scaling algorithm

for calculating linear-response functions of noninteract
electrons@1#. This algorithm has been successfully applied
the calculation of dielectric functions of Si crystal@1# and Si
nanocrystallites@2#. They calculate the linear response ofB
due to the perturbationAe2 ivt as

xBA~v1 ih!5KK E
0

T

dt e1 i ~v1 ih!tK~ t !LL , ~1!

where the double angular brackets indicate the statistical
erage over random vectorsuF& and K(t) is the time-
dependent correlation function defined by

K~ t !52 Im^Fuu~Ef2H !e1 iHtBe2 iHtu~H2Ef !AuF&.
~2!
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In the case of the dielectric functioneb,a5114pxba with
a,b5x,y,z the perturbation and the response are the ex
nal electric field and polarization, respectively,

^ j uAu i &5^ j uxau i &, ~3!

^ i uBu j &5
21

V
^ i uxbu j &, ~4!

whereV5L3 is the volume of the supercell.
In Ref. @1# Iitaka et al. further modified the dipole mo-

ment operatorx to the current operatorj by partial integra-
tion

xba~v1 ih!5KK E
0

T

dt e2ht
e1 ivt2dba

~v1 ih!2
K j~ t !LL , ~5!
FIG. 1. exx(v) of silicon crystal calculated with current-current correlation functionK j (t). The system consists of 215 Si atoms in a cubic

supercell of 163 unit cells. Each unit cell is divided into 83 cubic meshes. The energy resolution ish50.05 ~eV!. We used the empirical

local pseudopotential in Ref.@3#. ~a! Real part and~b! imaginary part.
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FIG. 2. Same as Fig. 1 but calculated with position-position correlation functionK(t).
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K j~ t !5
22

V
Im^Fuu~Ef2H !e1 iHt j be2 iHtu~Ecut2H !

3u~H2Ef ! j auF& ~6!

and calculated the dielectric function of silicon crystal co
sisting of 215 Si atoms in a cubic supercell of 163 unit cells
with energy resolutionh50.05 ~eV!. Each unit cell is di-
vided into 83 cubic meshes. Iitakaet al. used the empirica
local pseudopotential developed by Wang and Zunger in R
@3# and one random vector for the statistical average. Fig
1 shows the result calculated with the same conditi
Iitaka et al. attributed the divergence of calculated respon
functions at low frequencies to the artificially introduced
nite imaginary parth of the frequency.

However, closer examination suggests that the diverge
may originate from the modification of the position-positio
correlation function to the current-current correlation fun
tion. Assuming that the dielectric function is analytic at ze
frequency, we easily notice that the low-frequency com
nent ofK j (t) has a frequency dependence ofv22dba. There-
fore, numerical results calculated withK j (t) may easily suf-
fer roundoff errors when the small amplitude of the lo
frequency components is extracted from the la
background of higher-frequency components.

To check this scenario, we calculate the dielectric fu
tion without modification of dipole operators to current o
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erators. Instead we modified Eqs.~3! and ~4! to a finite-
wave-number form to conform with periodic bounda
conditions

^ j uAu i &5 K jU eiqxa

iq U i L , ~7!

^ i uBu j &5
21

V K iU e2 iqxb

2 iq U j L , ~8!

where q is the smallest wave number in the supercellq
52p/L. The results are shown in Fig. 2, where other con
tions are the same as in Fig. 1. Here we obtained the die
tric function without any divergence at low frequencie
while the fluctuations at high frequencies are larger. W
think that this result confirms our scenario that the div
gence originates from the use ofK j (t) instead ofK(t).

In summary, we found the importance of choosing
appropriate form of the correlation functions in computi
linear-response functions as a Fourier transformation
time-dependent correlation functions. By choosing t
current-current correlation function for high frequencies a
the position-position correlation function for low freque
cies, we may accurately calculate linear-response funct
at any frequency~including v50).
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