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�
A new density-functionalapproachto calculatethe excitationspectrumof many-electronsystemsis

proposed.� It is shownthat the full linear densityresponseof the interactingsystem,which haspoles
at� the exactexcitationenergies,can rigorously be expressedin termsof the responsefunction of the
noninteracting(Kohn-Sham)systemanda frequency-dependentexchange-correlationkernel. Using this
expression,� the polesof the full responsefunction are obtainedby systematicimprovementupon the
poles� of the Kohn-Shamresponsefunction. Numericalresultsarepresentedfor atoms.

PACSnumbers:31.15.Ew,31.50.+w,32.30.–r

The traditionaldensity-functionalformalismof Hohen-
berg,
	

Kohn, andSham[1,2] is a powerful tool in predict-
ing ground-stateproperties of many-electronsystems
[3–5]. The descriptionof excited-statepropertieswithin
density-functional



theory (DFT), however,is notoriously
difficult.



Severalextensionsof ground-stateDFT have
been
	

devisedto tackleexcitedstates.Theyarebasedeither
on� theRayleigh-Ritzprinciplefor the lowesteigenstateof
each� symmetryclass[6–8] or on a variationalprinciple
for



ensembles[9–12]. A seriousdifficulty is that,until to-
day,



very little is knownon how theexchange-correlation
(xc)
�

energyfunctionalsappearingin theseapproachesdif-
fer



from theordinaryground-statexc energy.
In
�

this Letter we proposea different approachto the
calculation� of excitation energieswhich is basedon a
time-dependent� (TD)

�
versionof DFT. TDDFT is by now

a� well-establishedtheory: Hohenberg-Kohnand Kohn-
Sham-type
�

theoremshave beenproved [13,14] rigorous
properties� [15,16]andgoodapproximations[17,18]of the
TD xc potentialhavebeenfound, and the formalism has
been
	

appliedrathersuccessfullyto thelinearandnonlinear
photoresponse� of a largevarietyof systems[19].

To
�

extractexcitationenergiesfrom TDDFT we exploit
the
�

fact that the frequency-dependentlinear responseof a
finite
�

interactingsystemhasdiscretepolesat theexcitation
energies� ��� := ����� �"! of� theunperturbedsystem. The
idea
#

is to calculatethe shift of the Kohn-Shamorbital
energy� differences $&%(' := )+*-,/.10 (which

�
are the poles

of� the Kohn-Shamresponsefunction) towards the true
excitation� energies243 in a systematicfashion. To this
end� we first derivea formally exactrepresentationof the
lineardensityresponse5&687:9<;>= in termsof theKohn-Sham
responsefunction and a frequency-dependentxc kernel,
which? will thenbeusedto calculatetheshiftsof thepoles.

We
@

considerinteractingmany-electronsystemssubject
to
�

external potentials A1BDCFEHGJILKNMPORQTS1U:VXWZY\[L]8^J_L`Na , whereb1c1d:eXf denotes



the static externalpotential of the unper-
turbed
�

system(typically the nuclearCoulomb potential)
and� gih+j:kmlNn is

#
a time-dependentexternalperturbation. The

unperturbedo many-bodystateis assumedto bethegroundp
stateq corresponding� to rTs1t:uXv . Then, trivially, the time-

dependent



density wyx:zm{N| is a functional of the external
potential� }y~:�m�N�����P�H�1���F���i�:�L�N� . The fundamentalone-to-
one� correspondencebetweentime-dependentdensitiesand
time-dependent
�

potentials demonstratedby Runge and
Gross
�

[13] guaranteesthat the functional �y���1���F��� can� be
inverted,i.e., �1���F�� :¡m¢N£P¤¦¥1§D¨F©Hª�«&¬i­:®m¯N° . In termsof thetwo
functionals ±y²�³1´�µF¶�· and� ¸1¹�ºF»�¼J½¿¾ , the density-densityre-
sponsefunctioncanbeexpressedasafunctionalderivative

ÀÂÁ:ÃmÄÆÅÈÇ1É�ÊDË�ÌPÍÏÎLÐyÑ�Ò1ÓDÔXÕ�Ö<×:ØmÙÛÚÜÞÝ1ßDàFáHâJãTäHåDæ�ç èêé ëíì îJïFð�ñ (1)
�

to
�

be evaluatedat the staticq external� potential corre-
spondingto the unperturbedground-statedensity òôó , i.e.,õ1ö�÷Fø�ùJúüû+ýPþ¦ÿ�� . The linear densityresponse�������
	�� to

�
the

perturbation� 
���������� is
#

thengivenby

�������
�����  "!$# %'&)(+*-,/.�0
13254�687:9<;>=�?�@�ACB$D:EGFIH (2)
�

For
J

noninteractingK particles� moving in someexternalpo-
tential
� L
M-N�O
P�Q

, the Runge-Grosstheoremholds as well.
Therefore
�

the functional R�S�T�U�VXWZY�[]\�^8_a`�b
c�d can� be in-
verted,e f�g-h�i
j�kmlon�p-q�rts�u�v
w�x , andtheKohn-Shamresponse
function,



i.e.,thedensity-densityresponsefunctionof non-
interacting
#

particleswith unperturbeddensityy{z , is

|~}-�������8�����:�< �X�������]���:�a������������-�����8�:�<�  ¢¡¤£G¥§¦G¨ª© (3)
�

Hence,
«

eachexternalpotential ¬C­:®§¯ uniquelyo determinesa
density

 °�±]²�³$´§µ<¶

which,? in turn,uniquelydeterminesanother
potential� ·a¸-¹¹¹�º�»]¼�½$¾§¿GÀ]À À À suchthat the densityof noninteract-
ing particlesmovingin Á�Â-Ã�Ä
Å�Æ is identicalwith thedensity
of� Coulomb-interactingparticlesmoving in the external
potential� Ç�È$É§Ê8Ë�Ì
Í�Î . Thepotential Ï�Ð-Ñ�Ò
Ó�Ô corresponding� to a
givenÕ Ö�×:Ø§Ù8Ú�Û�Ü�Ý is termedthe time-dependentKohn-Sham
potential� and is usually written as Þ�ß-à�á
â�ãmäoå�æ:ç§è:é�ê
ë�ìîíï�ðòñ�ó
ô�õ÷öùø�úüûCý�þ
ÿ�� , where �������
	��
� ������������������� �"! #%$'&)(�*
is
#

the time-dependentHartreepotential(atomic units are
usedo throughout)and +�,�- denotes



the time-dependentxc

potential.� Defininga time-dependentxc kernelby.�/�0�132
4�5�6
798;:)<�=?>A@
:= BDC�E�F�G3H
I
J�K
L�M N�O�P�Q�R�S?TVUXW (4)

�
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and� employingthefunctionalchainrule to calculatetheresponsefunction(1),

]_^�`�a9b;cedgfVhXikj l�mon p
qsr�t�u�v
w�xy�z
{}|�~D�e�
�����}���D�e�

�D�)�V���g�3�)���V��� ��� ��� �����3� � (5)
�

one� obtains,by insertingEqs.(3) and (4), a Dyson-typeequationrelating the noninteractingand interactingresponse
functions



to eachother:

¡_¢�£
¤9¥�¦�§©¨VªX«­¬¯®±°}²�³
´9µ�¶�·©¸?¹Aº¼» ½�¾o¿ ÀÂÁ ÃDÄ;ÅÇÆ È
É)Ê Ë±Ì�Í3Î�Ï9ÐoÑDÒeÓ Ô�Õ�ÖØ×ÙÖ�ÚXÛÜ ÝßÞáàãâgäæåèç�é�ê�ë3ìîíðïãñ�òDó�ôoõãö�÷)ø�ù ú¼û3üþý ÿ � ��� �����
	�� (6)
�

Multiplying bothsidesof Eq. (6) with 
�������������� and� integratingover ������ yields,! by virtue of Eq. (2),

"$#�%'&)(+*-, .0/�1 243�57698;:=<'>)?A@CB�DFE�G�HJI�KML NPO�Q�RFS�TVU�W (7)
�

with?
X�Y�Z [�\'])^+_a` b�c�d'e)f+gih j4k�lnmao$p�q'r�s�t+uv wyx{z�|M}�~ �4�P��� ���������9���������������A�C���F���V���$���'���� �¡�¢�£ (8)

�
We
@

emphasizethat Eqs.(7) and (8), postulatedin previouswork [17,20,21],constitutean exactrepresentationof the
lineardensityresponse,i.e., theexact¤ lineardensityresponse¥$¦�§�¨�©+ª of� aninteractingsystemcanbewritten asthe linear
density



responseof anoninteractingK systemto theeffectiveperturbation«)¬M­ ®J¯'°)±+² . CombiningEqs.(7) and(8) andtaking
the
�

Fouriertransformwith respectto time, theexact¤ frequency-dependent



lineardensityresponsecanbewritten as

³µ´�¶�·)¸º¹a» ¼¾½P¿�À9Á;Â=Ã'Ä�ÅMÆ�Ç�È�ÉºÊ Ë�Ì�Í'Î�Ï�ÐºÑÓÒ Ô4ÕCÖ ×Ø Ù�Ú;ÛÝÜßÞáà{â�ã9ä�å
æèç�éëê'ì�í�îMï¾ðPñºò ó$ô�õ'ö4÷ºø ù (9)
�

The
�

Kohn-Shamresponsefunction ú;û=ü'ý)þMÿ������ � is
#

readilyexpressedin termsof thestaticunperturbedKohn-Shamorbitals�	� . For spin-saturatedunperturbedstatesit is givenby


���
������������������  
! "
#%$'&)(+*-,�.0/�1243�57698	:<;�=7>9?�@ACB�D�EGF9H0I4J%KMLONPRQSPUTWVYX[Z]\ ^ (10)

�
where? _'`4a�bdc are� theFermi-occupationfactors(1 or 0). As a functionof e , f�g has

h
polesat theKohn-Shamorbital-energy

differences

 iUjlk

. In orderto calculatetheshift towardsthe trueexcitationenergym we? rewriteEq. (9) as

nporq spt�uwvyx{z}| ~p�������������{����������� �� �����+�����������M %¡'¢¤£�¥�¦�§�¨r©«ª�¬�­ ®°¯¤±�²p³�´¶µ ·«¸�¹�º�»�¼�½�¾{¿�À�Á�Â�Ã�Ä9Å�Æ¤Ç�È�É�Ê�ËÍÌ
(11)
�

Since
�

the true excitationenergiesÎ are� generallynot identicalwith the Kohn-ShamexcitationenergiesÏUÐWÑ , the right-
handsideof Eq. (11) remainsfinite for Ò[ÓÕÔ . The exact¤ density



responseÖ°× , on the other hand,haspolesat the

true
�

excitationenergiesØÚÙÜÛ . Hencethe integraloperatoractingon ÝßÞ on� the left-handsideof Eq. (11) cannotbe
invertible for à[áÕâ [22]. The true excitationenergiesã can� thereforebe characterizedasthosefrequencieswhere
the
�

eigenvaluesof this integraloperatorvanishor, equivalently,wheretheeigenvaluesä	å�æ�ç of�
èpé�ê ëpì�í�î�ï�ð�ñ�ò«órô{õ�ö�÷ øù úüû+ý�þ�ÿ����������
	���
���������������� ���� �!#"�$�%'&�(*)�+-,�.
/10�2 (12)

�
satisfy 354*687:9<; . This conditionrigorouslydeterminesthe trueexcitationspectrumof the interactingsystemat hand.
So
�

far, no approximationshavebeenmade. Onepossibility to actuallycalculate= is to expandall quantitiesappearing
in
#

Eq. (12) aboutoneparticularKohn-Shamenergydifference>�? := @BADC :
EGFIH
JLK*M�N�O�PRQTS�UWVRX V�Y�Z�[-\8]^`_
a`bcedfc�g hji kml�n�o k p krq�s�t-u8vwrx�y{z|�}�~�|������D�'���������

�r���r���5�������������#�m�����T�����r�
 �¡�¢�£�¤�¥�¦�§©¨«ª�¬�­8®'¯±°�²�³�´
µ�¶�·�¸�¹�º�»�¼*½«¾�¿ÀLÁ Â±Ã�Ä�ÅÇÆ�Å�È-ÉËÊ�Ì�Ì-Ì�Í
Î�Ï
Ð1Ñ�Ò:ÓÕÔ×Ö�ØÚÙ�Û-ÜËÝ'ÞLß�à
á1â�ãäLå æèç�é*êÇëTê�ì-í8îTï�ï�ï�ð
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ñ5ò*ó�ô�õjö�÷*ø�ù-úIûrü*ýÇþTý ÿ �������	��

�����
�
���
(13)
�

where? the double index � := ��������� labels
�

the single-
particle� transition �! #"%$'& . Furthermore,we havedefined(*),+!-/.

:= 021�3!4/576'8:9<;>=<? , and @2A := BDCFEHGJI . Assuming
that
�

the true excitation energy K is not too far away
from LNM it will be sufficient to consideronly the lowest-
order� termsof the aboveLaurentexpansions. Inserting
the
�

Laurentexpansionsof OQP , R,SUT , V , and W into Eq. (12),
the
�

coefficientsX and� Y are� readily identifiedasZN[	\�]_^a`bdc�c/e	f�gih
and�
j�kmlNnioaprqtsvuwuxzy {�|�}

~
�v���<�m�N�_�

�
�����

�d�w�J�m�N�_���d�'�<�	���i�
��������� ��¡7¢¤£ (14)

�
where? thematrix elements¥v¦�§ are�
¨d©'ª<«	¬®­a¯�°²±´³ µ·¶w¸ ¹»ºw¼�½<¾�¿ÀÂÁ!Ã/Ä

Å ÆÇ ÈdÉHÊ,Ë	ÌÎÍ�ÏÂÐUÑ<Ò!Ó²Ô	Õ,Ö	×wØ®Ù Ú*Û<Ü!Ý,Þàß�á (15)
�

The condition âDã	ä�åçæéè and� its complexconjugatethen
lead,in lowestorder,toêìëîí�ï�ðòñ�óvô�ôöõ

(16)
�

Since
� ÷

involves
#

a summationover an infinite set of
single-particletransitions(includingtransitionsto thecon-
tinuum),
�

it is difficult to calculatethis term. In order to
estimate� the importanceof this and higher-ordercontri-
butions,
	

we took a different route: Ratherthan express-
ing all quantitiesby Laurentexpansions,we approximate
the
�

responsefunction øúù by
	

a finite
û

sum üQý_þ!ÿ�� �������
	� � 
�� 
���
��������������� ��!#"%$'&($�)�*
. This leadsto a +-,/.

matrix0 equationwhosesolutionsturnout to beratherclose
to
�

the lowest-orderresultsobtainedfrom Eq. (16). This
suggeststhat the sum of all higher-orderterms of the
Laurent
1

expansion(13) givesonly a smallcorrection.
Apart from the truncations,two furtherapproximations

are� necessary:(i) The frequency-dependentxc kernel 2#354
has to be approximated. (ii) The static Kohn-Shamor-
bitals
	

enteringEq. (16) haveto be calculatedwith an ap-6
proximate7 (static)

�
potential 8:9<; =>;?5@ . As a testof themethod,

we? havecalculatedthe lowestexcitationenergiesfor the
alkaline� earth elementsand the zinc series. Here, theACBEDGFIHKJEL transitions

�
underconsiderationarethreefold

degenerate



in themagneticquantumnumberM of� the “fi-
nal”N state. In principle,for degenerateKohn-Shameigen-
valuese OQP or� R�S the

�
expansionsabout the corresponding

Kohn-Sham
T

poleyield matrixequationsfor thecoefficients
in
#

Eq. (13) which canleadto severaldifferentcorrections
of� a single U�V , thusdescribingthemultiplet splittings. In
our� case,however,thethreepossiblecorrectionsareiden-
tical,
�

astheyshouldbe. We haveperformedtwo calcula-
tions,
�

both basedon Eq. (16). The first oneemploysthe
ordinary� local densityapproximation(LDA) for W:X<Y Z>Y[5\ and�
the
�

so-calledTDLDA, alsoknownas“adiabatic”LDA [23]

for

 ]#^5_

(both
�

usingtheparametrizationof Vosko,Wilk, and
Nusair
`

[24]). The secondcalculationusesthe xa -only op-
timized
�

effectivepotential(OEP)for b:ced fgdh5i in
#

the approxi-
mation0 of Krieger,Li, andIafrate(KLI) [25] andfor j#kml

npo�qsrt5uwvyx{zQ|~}����E�s�������
���
��� ��� ��������� ������ ���#���¡  ¢£ ¤¦¥/§#¨ª© «­¬#®�¯s°�±{²�³�´#µy¶¸· (17)

�
The latter is based on the recently proposed time-
dependent



OEPmethod[18] wherethe xc potentialis an
explicit� functionalof time-dependentorbitals. A calcula-
tion
�

analogousto Eqs.(1)–(6) involving the derivatives¹�º:»�¼#½¾5¿ÁÀ#ÂpÃ�Ä�Å�Æ�ÇeÈ showsthat in the time-dependentOEP
theory
�

the crucial Eq. (6) holds for the quantity ÉpÊ�ËsÌÍ5Î
defined



throughÏ
Ð(Ñ:Ò Ó Ô�Õ�Ö�×

ØgÙ
ÚmÛ:ÜÞÝ�ß à�á�âã�ä�å#æyç�èêéìë�í#îyïmðòñó ô�õ öQ÷�ø�ùeúsû ü%ý þeÿ�� � �

�����
	���

������������������ �"!$#&%('*),+.-/�021.354�687:98;"<>=8?A@ c.c.� BDCFEHG (18)
�

where?
I*J$K.LM�NPORQ�S�T�U:V8W"XZYD[

\
]_^a`b_c�d:e f"g$h

ikjmlon:pq�rts.u�v�wxky_z|{�}:~ �"�$� ���8� � �,�����"����� � �"���
(19)
�

Equation(18) is formally identicalwith the integralequa-
tion
�

for the time-dependentOEP xc potential [18] with�m�
������t���:�����Z  and� ¡�¢�£.¤�¥�¦:§8¨"©$ª replacedby «*¬
­�®¯�°�±.²�³�´�µo¶ ·�¸>¹ and�º*»,¼.½¾�¿ÁÀ.Â5Ã�Ä�Å:Æ8Ç"È$É , respectively. A simple analyticalapproxi-
mationto ÊmË
Ì�ÍÎ�Ï is givenby

ÐmÑÓÒ�Ò�ÔÕ�ÖØ×�Ù_ÚÜÛHÝ Þ
ß�à�áãâ�ä�åÜæèç é
ê�ëHì,í�îÜïñð�ò�óô�õ.öã÷�ø_ùÜúAûFü�ý þÿ��������	��

��� (20)

�
where? �������������������! !"$#	%'&)(+*-,�.0/21435�6�7	8-9 , with the xc part:�;�<

of= the quantummechanicalaction functional. Ap-
plying> this approximationto (18), i.e., setting

?A@�B0B0CD�EGF�HJI+K�L!M�NPORQTS U
V�WYX[Z�\^]`_ a
b[ced�f^gih�jAk)l�mn�oqp�rYs+t�u!v
wPxRy{z c.c.| }

(21)
~

and� using the explicit analytical form (20) to evaluate
(19),
~

one arrivesat the compactexpression(17) if �����
is approximatedby the TD Fock term (TD x-only ap-
proximation� ).

�
In general,the Fouriertransformof thexc

kernel definedby Eq. (18) is frequencydependent(even
in the TD x� -only case),a featurewhich is not accounted
for in thepresenttreatmentof this equation.However,for
the
�

specialcaseof a two-electronsystemtreatedwithin
TD
�

x� -only theory, Eqs.(17) and (20) are the exact� so-
lutions
�

of the respectiveintegral equations,as is easily
checked.|

In
�

Table I the excitation energies calculated from
Eq. (16) are comparedwith experimentalvalues. The
OEP
�

valuesareclearlysuperiorto theLDA resultsandare
also� betterthan the usual ������� values.� The unoccupied
orbitals= andtheir energyeigenvaluesarevery sensitiveto
the
�

behaviorof the potential far from the nucleus. One
major reasonfor the superiority of the OEP is the fact

1214
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TABLE I. The lowest �P�����P� excitation� energiesof various
atoms. The experimentalvalues(first column) [30] are com-
pared with results calculatedfrom Eq. (16) within LDA and
OEP (secondand third columns,respectively)and with ordi-
nary �J� �¢¡ values£ (fourth column). The correspondingKohn-
Shamorbital-energydifferences¤¦¥ are shownin the last two
columns(all valuesin rydbergs).

Atom
§ ¨ª©�«P¬ ­�®¢¯^° ±�²�³µ´ ¶¸·�¹Jº »¢¼¢½ ¾�¿¢À^ÁÂ Ã�Ä�ÅµÆÇ
Be 0.388 0.399 0.392 0.331 0.257 0.259
Mg 0.319 0.351 0.327 0.299 0.249 0.234
Ca
È

0.216 0.263 0.234 0.211 0.176 0.157
Zn 0.426 0.477 0.422 0.403 0.352 0.314
Sr
É

0.198 0.241 0.210 0.193 0.163 0.141
Cd
È

0.398 0.427 0.376 0.346 0.303 0.269

that
�

it is self-interactionfreeandthereforehasthecorrectÊTË!Ì2Í tail
�

(while the LDA potential falls off exponen-
tially).
�

An important point is that the OEP decreases
correctlyÎ for

Ï
allÐ orbitals.= For this reason,thexÑ -only OEP

is
Ò

alsosuperiorto the Hartree-Fock(HF) potentialwhich
is self-interaction free only for the occupied orbitals
but
Ó

not for unoccupiedones. As a consequence,HF
orbital-energy= differencesaretypically too large.

In spiteof the fact that we focusedon the situationof
closed| shellsandsingletterms,themethodis alsocapable
of= describingspin-flip processesandexcitationsin open-
shell atoms, if a spin-dependentexchange-correlation
kernel [26] is used. More detailedresultsfor atomsas
wellÔ asmoleculeswill bepresentedelsewhere[27].

We
Õ

emphasizethat the calculation of excitation en-
ergiesÖ from Eq. (16) involves only known

×
ground-state

quantities,Ø i.e., the ordinary Kohn-Shamorbitals and the
corresponding| Kohn-Shameigenvalues.Thusourscheme
requiresÙ only oneself-consistentKohn-Shamcalculation,
whereasÔ the so-called ÚÜÛ�Ý�Þ procedure> involves linear
combinations| of two or moreself-consistenttotal energies
[7]. So far, the best resultsare obtainedwith the opti-
mized effective potential for ßáà-â ã âä�å in the KLI xÑ -only ap-
proximation.> Furtherimprovementis expectedfrom the
inclusionof correlationterms[28,29] in the OEP. Work
along� theselines is in progress.
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Kohn-Sham
æ

code and T. Grabo for the implementation
of= the KLI potential. Many valuable discussionswith
K.
æ

Capelle,M. Lüders,andC.A. Ullrich aregratefullyac-
knowledged.
ç

We thanktheDeutscheForschungsgemein-
schaftfor partialfinancialsupport.

[1] P.HohenbergandW. Kohn,Phys.Rev.136, B864(1964).
[2] W. Kohn andL. J. Sham,Phys.Rev.140,è A1133 (1965).

[3] R.G. Parr and W. Yang, Density-Functional
é

Theory of
Atoms
ê

and Molecules (Oxford University Press, New
York, 1989).

[4] R.M. Dreizler and E.K. U. Gross, Density Functional
Theory
ë

(Springer-Verlag,
ì

Berlin, Heidelberg,1990).
[5] Density

é
Functional Theory,editedby E.K. U. Grossand

R.M. Dreizler (PlenumPress,New York, 1995).
[6] O. GunnarssonandB. I. Lundqvist,Phys.Rev.B 13

í
, 4274

(1976).
ì

[7] T. Ziegler,A. Rauk,andE.J.Baerends,Theor.Chim.Acta
43,è 261 (1977).

[8] U. von Barth,Phys.Rev.A 20,è 1693(1979).
[9] A. K. Theophilou,J. Phys. C 12,è 5419 (1979); N. Had-

jisavvas
î

andA. Theophilou,Phys.Rev.A 32,è 720(1985).
[10] W. Kohn, Phys.Rev.A 34,è 737 (1986).
[11] E.K. U. Gross,L. N. Oliveira, andW. Kohn, Phys.Rev.A

37
ï

,è 2805(1988);37
ï

, 2809(1988).
[12] L. N. Oliveira, E.K. U. Gross,andW. Kohn, Phys.Rev.A

37
ï

,è 2821(1988).
[13] Erich RungeandE.K. U. Gross,Phys.Rev. Lett. 52

ð
, 997

(1984).
ì

[14] O.-J.Wacker,R. Kümmel,andE.K. U. Gross,Phys.Rev.
Lett.
ñ

73,è 2915(1994).
[15] J.F. Dobson,Phys.Rev.Lett. 73

ò
, 2244(1994).

[16] G. Vignale,Phys.Rev.Lett. 74, 3233(1995).
[17] E.K. U. Grossand W. Kohn, Phys.Rev. Lett. 55,è 2850

(1985);
ì

57,è 923(E)(1986).
[18] C.A. Ullrich, U. J. Gossmann,and E.K. U. Gross,Phys.

Rev.Lett. 74, 872 (1995).
[19] For a recentreview,seeE.K. U. Gross,C.A. Ullrich, and

U.
ó

J. Gossmann,in Ref. [5], p. 149ff.
[20] T. Ando, Z. Phys.B 26,è 263 (1977).
[21] A. Zangwill andP. Soven,Phys.Rev.A 21,è 1561(1980).
[22] If the integraloperatorwereinvertible,onecould act with

the
ô

inverseoperatoron Eq. (11) leading to a finite
õ

result
for öø÷úù on the right-handside in contradictionto the
fact that ûAü , on the left-handside,hasa pole at ýÿþ�� .

[23] E.K. U. Gross and W. Kohn, in Advances
ê

in Quantum
Chemistry,
�

edited� by S.B. Trickey (Academic,SanDiego,
1990).

[24] S.H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58
ð

,
1200(1980).

[25] J.B. Krieger, Y. Li, and G.J. Iafrate, Phys.Rev. A 45,è
101 (1992).

[26] K. L. Liu andS.H. Vosko,Can.J. Phys.67,è 1015(1989).
[27] M. Petersilka,U.J. Gossmann,and E.K. U. Gross(to be

published).
[28] T. Graboand E.K. U. Gross,Chem.Phys.Lett. 240,è 141

(1995);241
�

,è 635(E)(1995).
[29] E.K. U. Gross,M. Petersilka,and T. Grabo, in “Density

FunctionalMethodsin Chemistry,” edited by T. Ziegler
(American Chemical Society, Washington, DC, to be
published).

[30] C.E. Moore, Nat. Stand.Ref. Data Ser. (U.S. Nat. Bur.
Stand.)35,è Vol. I-III (1971).

1215


