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Electronic structure of Sr2RuO4 by means of local-density approximation plus
strong correlation effects

A. Pérez-Navarro, J. Costa-Quintana, and F. Lo´pez-Aguilar
Grup d’Electromagnetisme, Edifici Cn, Universitat Auto`noma de Barcelona, 08193 Bellaterra, Barcelona, Spain

~Received 4 November 1998; revised manuscript received 16 September 1999!

The electronic structure of Sr2RuO4 according to experimental spectroscopic data presents strong correlation
in the electrons at energies close toEF . We investigate this point by analyzing the electronic structure
calculated from several complementary procedures. The first of these is performed by means of the local
density approximation~LDA !. In a second calculation we develop an LDA1U calculation and finally, we
include the self-energy effects obtained from a multiband Hubbard model. Our results for the first calculation
are similar to those previously performed within the LDA, and these results are used for obtaining the self-
energy effects included in the second calculation. The inclusion of these effects yields an electronic structure
that seems to be in reasonable agreement with spectroscopic experimental data.
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I. INTRODUCTION

Sr2RuO4 ~SRO! is a layered compound whose cryst
symmetry is equal to that of La2CuO4 ~LCO!.1–4 In SRO the
RuO2 planes play a similar role to that of the CuO2 ones in
LCO. The dynamics of the charges within CuO2 planes are
responsible for the highTc superconductivity since they are
common structural element of high-temperatu
superconductors.5 It seems reasonable to conjecture that
clues for the superconducting behavior of SRO should a
be looked for in these sheets in a way analogous to that u
in high-Tc systems. On the other hand, the normal state
these cuprates is very unusual, and it seems clear that
fundamental to understand these anomalous normal
properties in order to have grounds for comprehending
possible mechanisms of superconductivity.

The electronic structure of SRO has somea priori differ-
ences with respect to that of LCO systems; this is interes
to analyze in order to obtain different routes for explaini
the high-Tc phenomena.1 The 3d9 configuration of the cop-
per layer is substituted by four 4d electrons of Ru. The an
tibonding orbitals atEF are derived in the ruthenates fro
dxy , dxz , anddyz rather than from thedx22y2 orbital as in
the cuprates. However, these different configurations for
corresponding metallic atoms do not hinder the fact tha
both materials there are similar van Hove singularities n
EF .6 The strong correlation effects are present in both e
tronic structures,1,7–9 although these are more subtle in SR
than in LCO. Recent papers claim that the electronic co
lations in SRO play a quantitative role, but from a qualitati
point of view their effects are more modest.10 This is the
reason for which the local density approximation~LDA ! is
able to explain some properties of the electronic structure10,11

although, as is well known, LDA fails in other properties
a similar way to that of the cuprates.

One important feature that still remains unexplained is
different Fermi surface obtained by means of the de H
van Alphen and angle-resolved photoemission.12 The differ-
ent result seems to be due to the fact that the first gives
bulk properties and the second the surface properties10,11

The LDA calculations are only able to fit the first. In add
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tion, it is important to say that, as in the high-Tc cases, the
number of states located atEF is one of key data for explain
ing their superconducting behavior and LDA is clearly u
able to fit this number of states, since all calculations in t
approximation yield a density of states~DOS! at the Fermi
level, N(EF), more than three times larger than that of t
experimental spectroscopic measurements.9

Obviously, the similitude of crystal symmetries and ele
tronic structure~although with some differences!, implies
that the physical properties present analogies and differen
The resistivity aboveTc is, in both LCO and SRO, clearly
anisotropic. In the case of SRO, it is three orders of mag
tude larger in planes than in chains.1 This property is coher-
ent with the two-dimensional character of this system. T
normal state of SRO is a metallic Pauli paramagnetic ma
rial in opposition to LCO which is an antiferromagnet
insulator.8 The superconductivity in SRO occurs by itse
without requiring doping as in LCO system.1 TheTc in SRO
is less than 1 K~0.93 K!1 and, in contrast to the doped LCO
system, lies between 30 and 40 K.

As has been said above, the DOS at the Fermi level
tained from the LDA calculation is three times larger th
that obtained from spectroscopical measurements.9 This
leads us to think about the requirement of including stro
correlation effects within the band-structure calculatio
However, we will see that these strong-correlation effe
introduce important quantitative variations into the DO
which imply an improvement of our results that are closer
the experimental data than those arising from the LDA c
culations. Achieving the electronic structures by consider
strong correlation of the particles close toEF is an initial
point that should be treated in this system1,6–9,13and that we
introduce in the analysis of the electronic structure of SR
However, although the spectroscopical data suggests th
clusion of U effects, on the other hand, the specific he
measurement1,14 leads us to think that other different effect
probably magnetic fluctuations, should be included in or
to conciliate the thermodynamical data with the photoem
sion measurements. The analysis of the influence of s
fluctuations is an issue that lies beyond the aims of this
per.
10 125 ©2000 The American Physical Society
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10 126 PRB 61A. PÉREZ-NAVARRO et al.
We start our work by calculating the electronic structu
of the ground state of the non-interacting system by mean
a LDA calculation, which is shown in Sec. II. The reaso
for beginning our analysis with this calculation is to obtain
noninteracting system~i.e., without self-energy effects!, and
to compare our LDA results with other previous papers2,3

and with spectroscopic data.
In Sec. III, a first correction to LDA is introduced, th

so-called LDA1U,15 which is based on a first order pertu
bation theory considering the Hubbard Hamiltonian. T
correction is able to yield the Hubbard-like splitting, but it
not yet able to show the dynamic effects that may subs
tially modify the pattern of the electronic structure.

In Sec. IV, we consider the LDA results in order to d
termine the analytical expression of the self-energy in
random phase approximation~RPA! within the multiband
Hubbard model.16 This third calculation using the self
energy function describes the system of interacting parti
by means of a system of quasiparticles whose states are
stationary but are quasistates with finite half life. The s
energy obtained for determined band parameters, viol
one of the conditions of the Luttinger theorem. According
this theorem, the zero of the imaginary part of the se
energy corresponds to the Fermi level, and the self-ene
introduced can present more than one zero. Obviously,
failure of the self energy in this case, makes it invalid f
determining the quasiparticle system. Fortunately, the de
tions of the self energy with respect to that analytical fun
tions that satisfy the Luttinger condition are relatively sma
There is, then, a compromising situation between the corr
ness of self-energy expressions concerning the Luttin
theorem, and obtaining this with realistic band parame
that, as indicated above, should be obtained by fitting
LDA calculation. Following this, we have studied the depe
dence of the DOS on the variations of the band parame
included within the calculation of the self energy. This a
lows us to calibrate the validity of our results, as well as
estimate their stability, since good results obtained with
fitted self energy could be qualified as fortuitous and ev
dependant on the fitting parameters. However, our con
sion is that the results obtained with self energy represen
improvement of LDA calculation in any point of the regio
of the space parameters in which we have calculated the
energy, and we are reasonably sure that the LDA band
rameters can be represented by a point in this region.

II. LOCAL DENSITY APPROXIMATION CALCULATION

The crystal structure of Sr2RuO4 is the same as that o
K2NiF4 with the I4/mmm group. The crystallographic pa
rameters have been taken from Vogt and Buttrey17 at 0.35 K:
a53.86111 Å ,c512.7219 Å . At this temperature, the po
sition of the atoms are:z(Sr)54.49458 Å , x(O1)
51.93056 Å andx(O2)52.07109 Å . The muffin-tin radii
taken in our calculations are:RSr52.908a0 , RRu52.070
a0 , RO(1)5RO(2)51.474a0; where a0 is the Bohr radius.
These data are similar to that used in previous calculation2,3

although small variations can be seen since Oguchi takes
parameters at 100 K. The resulting band structure is sh
in Fig. 1. The main reason for performing this first calcu
tion is to compare both results and check that our star
of
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noninteracting system contains a similar band structure. T
allows us to be sure that the differences found in the follo
ing calculations give an estimation of the strong correlat
effects and are not due to a different method used in
solution of the LDA Hamiltonian.

Comparing Fig. 1 with that obtained by Oguchi2 and
Singh3 we see that our result is in reasonably good agr
ment with them. The first twelve bands mainly correspond
bondingd states of Ru and Op orbitals, and the nonbonding
p states of O. Around Fermi level we find three antibondi
states coming fromdxz , dxy , anddyz of Ru andp p orbitals
of oxigen. Above Fermi level, we find anti-bonding ban
coming from orbitalsd3z221 anddx22y2 of Ru, d of Sr, and
ps of O. This is an important difference with cuprates whe
the bands at Fermi level are of kinddx22y2. Below Fermi
level, and away from it, some irrelevant differences app
that can be attributed to the different standard methods c
sidered in both calculations~we used the symmetrized aug
mented plane wave method, Ref. 16!. Another important co-
incidence between our results and previous theoret
works2,3 is that three bands cross Fermi level at lineGX and
two at long-lineGZ, and the small dispersion in c-axis, a
can be seen along the short-lineGZ, which confirms the
bidimensionality of the material. This bidimensionality ca
also be seen in the quasi-mirror symmetry of bands w
regard to the middle point of long-lineGZ.

In Fig. 2 we show the DOS corresponding to that ba
structure. In agreement with theoretical2,3 and experimental
data,4 we find hybridization from O~1! 2p and Ru 4d states.
We obtain that the peaks atEF havedxz , dxy anddyz char-
acter, hybridized mainly with orbitalspy andpz of O~1!, and
below Fermi level, the character ofp orbitals of O~2! is also
important. In Refs. 2 and 3 a pseudogap appears 1.3 e
below Fermi level. In our case this gap is more narrow an
new peak, marked in the figure asII appears. These result
are still compatible with experimental DOS results,8,9 since
the experimental broadening of the peaks cannot decide
existence of this new peak. The results from Schmidtet al.
show 4 main features called peaksA, B, C, and D. In our
case, the structure formed by peaksIa and Ib can corre-
spond to peakA, and that formed by peaksII andIII to peak
B. PeaksC and D can correspond to the structure of pea
that is found below peakIII .

The main physical properties depend on the electro
structure exactly at Fermi level and at this location so
important differences appear between the experime
data9,18 and the LDA calculations. Experimentally, the num
ber of states at Fermi level is found to beN(EF)519

FIG. 1. Band structure of Sr2RuO4. The dotted horizontal line
denotes the Fermi level.
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PRB 61 10 127ELECTRONIC STRUCTURE OF Sr2RuO4 BY MEANS OF . . .
states/Ry~1.4 states/eV!,9 which is between three and fou
times less than that of the LDA calculations: Oguchi2 give
59.4 states/Ry~4.4 states/eV! and Singh3 56.2 states/Ry~4.1
states/eV!, and in our calculation we obtain 36.8 states/
~2.7 states/eV!, which is a better result, but is still twice th
experimental result. The reason for the disagreement
tween previous theoretical results and ours could be the
ferences in the method used in every case, as well as in
different parameters introduced. Since there is a peak v
close to the Fermi level, small variations in the position
this peak give strong differences in the number of state
Fermi level. In fact, in Fig. 2 it can be seen that the Fer
level do not fall exactly at the peak, but between two pea
On the other hand, the origin of the disagreement betwee
the theoretical results and the experimental ones can a
from the above-mentioned intra-atomic correlations p
duced by the relative localization of the 4d electrons of Ru.
These intra-atomic interactions produce a tendency to spl
lower and upper Hubbard bands. But since the width of
4d band is large enough, this Hubbard correlation can
yield the total upper and lower splitting, but can produce
certain pseudogap and therefore a decreasing of DOS atEF .
The existence of this tendency to form the electronic co
lation Pseudogap may be the reason for which the str
correlation band structure calculation improves the result
the LDA.

In LDA, the correlations are introduced via exchange a

FIG. 2. LDA density of states of Sr2RuO4 ~a! Total DOS; ~b!
partial 4d DOS of Ru;~c! partial p DOS of O1; and ~d! partial p
DOS of O2.
e-
if-
he
ry
f
at
i
s.
all
ise
-

in
e
t

a

-
g

of

d

correlation local potential. However, as is well known, th
way to include these correlations betweend electrons can be
largely inappropriate~larger localization implies larger in
ability in the LDA interpolation formula for determining th
electronic correlation!. This is so, because LDA assume
fixed 4dx configuration,x being the non integer number o
4d electrons. When there is localization and movement
tween lattice sites of these 4d electrons, as with the analyze
case, thisx number can fluctuate in one electron. This flu
tuation implies severe and sharp modification in the inter
tion energy within the site, equivalent to the familiarU en-
ergy, that in this material is around 2.5 eV. Therefore,
localization plus the dynamic transference of electrons l
to the necessity of introducing dynamic correlation effect

In all experimental studies it is recognized that eviden
for correlation effects have been found1,6,8,9,18,19and today
the importance of such effects in Sr2RuO4 is accepted.20

However, it is also recognized that the influence of corre
tions will not be as important as in cuprates. In any case,
correlated electrons are those in the 4d orbitals, which
present their main contribution at the Fermi level, as can
seen in Fig. 2. The inclusion of correlation effects will n
therefore markedly affect the structure away from Fer
level, but the variations around it can be very important,
we will see in Sec. IV.

III. LOCAL DENSITY APPROXIMATION PLUS U
CALCULATION

As a first approximation to include the correlation effec
in d orbitals, we develop an LDA1U calculation. We take
the experimental value,20 U52.4 eV ~0.18 Ry!, for all d
orbitals. The resulting DOS is shown in Fig. 3. The inclusi
of these effects displaces the Fermi level and the struc
around it from 0.57 to 0.68 Ry. Despite this displacemen
the energies of the structure, the main features remain inv
able with only some differences. Below the Fermi level,
gap appears, as a consequence of the standard HubbaU
splitting between upper and lower bands. The gap is situa
0.1 Ry below the Fermi level and its width is 0.08 Ry. Sing3

and Oguchi2 find a gap 0.08 Ry below Fermi level and widt
of 0.08 Ry applying only an LDA calculation. The origin o
both gaps is different, because the LDA1U gap appears, as
stated above, because of the splitting of thed bands whereU
was applied. But as we indicated in the previous secti
there is no experimental evidence for its existence. Althou
correlation has been introduced only in thed orbitals, the gap
can be seen not only in the partiald structure shown in Fig.
3~b!, but also in the partialp of O(1) and partialp of O(2)
because of the hybridization. The two peaks around
Fermi level found in the LDA calculation are displaced
the right, which reduces the number of states at Fermi le
to 32.2 states/Ry~2.4 states/eV!, which is an important im-
provement if we compare with that obtained by means of
LDA calculation. However, the bandstates calculated w
LDA1U are stationary and therefore, this method is not a
to show the dynamic effects which, in this case, could
important. In the next section we refine the calculation w
the inclusion of a self energy.
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10 128 PRB 61A. PÉREZ-NAVARRO et al.
IV. SELF-ENERGY EFFECTS

The dynamic effects in the interacting system are cal
lated from the self energy, which is added to band Ham
tonian by considering the LDA electronic structure as no
interacting ground state. The self energy will transform
particles into quasiparticles with a non-infinite half life. A
we saw in Fig. 2~b! for the partial density of states of orbita
d, the main features of these correlated orbitals are
double peak around the Fermi level. Thus, if the self ene
is introduced into thed orbitals, the states at Fermi level wi
become non-stationary quasistates with a half-life and th
fore, the contribution to the DOS of the eachd eigenvalues
will be smaller. On the other hand, the spectral function
each strongly correlatedd eigenvalue can present sever
peaks and therefore for each stationary state of the L
groundstate can correspond a quasistate that contains se
significant contributions to the DOS can be centered at
ferent energies, whose differences are of the order ofU.
Therefore, eachd orbital can produce several resonances~we
call resonances each peak in the spectral function yielde
the self energy!. As a consequence, we can find atEF states
whose characters correspond to differentd-orbitals which
could be absent in the LDA calculation where the spec
function for each stationary state is an only delta functi
Thereforea priori, the number of states at Fermi level ca

FIG. 3. ~a! Total DOS of Sr2RuO4 obtained by an LDA1U
calculation withU50.18 Ry;~b! partial 4d DOS of Ru;~c! partial
p DOS of O1; and ~d! partial p DOS of O2.
-
l-
-
e

e
y

e-

f
l
A
eral
f-

by

l
.

increase, decrease, or remain the same as in the LDA ca
lation.

The self-energy is calculted atT50. We list below cer-
tain approximations that we have borne in mind:

~i! As is well known, the dependence onk in strongly
correlated systems is much smaller than the freque
dependence.16,21–23Therefore, we only take into account th
v-dependence by considering average values of the self
ergy in the first Brillouin zone. Thek dependence has bee
avoided in some other works too, as for example in Ref.
~ii ! In the partial density of states ofd-orbitals in Fig. 2~b!
there is a double peak around Fermi level that could be w
fitted by a double Lorentzian. The reason for considering
fitting of the DOS in the proximity ofEF is to obtain ana-
lytical expressions for the self energy, which markedly
duce the complexity of the calculation without losing re
ability. This allows us to obtain many calculations fo
different self energies without excessive computation tim
and to perform an exhaustive analysis of the dependenc
the results on the band parameters of the noninterac
ground state.

Figure 4 shows this partial DOS over-struck with som
double Lorentzians. With these two approximations, we
tain the following self energy within the random pha
approximation16

S~v!52
U2f

2 F 1

V1
S n

v1V11l2 iL
1

12n

v2V12j2 iJ D
1

1

V2
S n

v1V21l2 iL
1

12n

v2V22j2 iJ D G , ~1!

where U is the Coulomb correlation,f 52gn(12n); g
5(l1j)2 i (L1J), andl, j andL, J correspond respec
tively, to positions and widths of the Lorentzians that ha

FIG. 4. Several double Lorentzians compared with the par
DOS of Ru of the LDA calculation. In all cases the weight of th
Lorentzians is the same for both peaks, i.e.,n50,5. ~a! Asymmetric
double Lorentzian with every peak situated exactly at the sa
point as the peaks of the partial DOS:l50.045 Ry andj50.01 Ry
referenced to the Fermi level;~b! Symmetric double Lorentzian
with l5j50.05 Ry. In both cases the dashed line corresponds
width of L5J50.005 Ry and the dotted line toL5J50.001 Ry.
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been used as non-interacting DOS, as can be seen in F
n is the occupation number that gives the weight of ea
Lorentzian; andV1

25g22U f andV2
25g21U f are the plas-

mon frequencies. We diagonalize the interacting Green fu
tions as is explained in Ref. 24. We wish to emphasize
Eq. ~1! arise from the summation of the infinite series
diagrams corresponding to the RPA. The resulting self
ergy may appear to correspond to a second order diagr
with a bareU interaction due to theU2 dependence. But this
is an erroneous estimation since, in Eq.~1! the ‘‘plasmon
poles,’’ V1 andV2 also depend on theU energy.

The parameters to introduce in the self-energy areU, l,
L, j, J, and n. We considerU50.18 Ry, as we did in
LDA1U method. As a first step, we will taken50,5, i.e.,
we will consider half-filling. The center of the peaks of th
double Lorentzian,l and j, will be taken as the centers o
the twod peaks as shown in Fig. 4,~i.e., l50.045 Ry and
j50.01 Ry, with respect to the Fermi level!, and n50.5
because the two peaks are very similar. We can take diffe
values of the width of the different peaksL5J50.005 Ry,
andL5J50.001 Ry, as can be seen in Fig. 4. Figures 5~a!
and 5~b! show the drawing of the self energies correspond

FIG. 5. Self-energies corresponding to the Lorentzians re
sented in Fig. 4. In all casesU50.18 Ry andn50,5. ~a! l
50.045 Ry,j50.01 Ry andL5J50.005 Ry;~b! l50.045 Ry,
j50.01 Ry andL5J50.001 Ry;~c! l5j50.05 Ry andL5J
50.005 Ry; ~d! l5j50.05 Ry andL5J50.001 Ry. It can be
seen as~a!–~b! violates the Luttinger condition while~c!–~d! do
not.
. 4;
h

c-
at

-
ms

nt

g

to these parameters. The solid line~dashed line! represents
the real~imaginary! part of the self-energy. We can see th
in both cases the imaginary part is slightly negative in s
eral intervals of the frequency and therefore, presents m
than one zero and, according to the Luttinger theorem,
only zero of the imaginary part of the self energy shou
correspond to the Fermi level. Thus, these parameters gi
self energy that slightly violates the Luttinger sum ru
Therefore, we should make small variations in the band
rameters which define the self energy in order to satisfy
Luttinger condition. Analyzing the expression of the self e
ergy, we can see that the reason for this violation is that
two Lorentzians are too near to each other, i.e.,l1j is too
small. We slightly separate the Lorentzians until the L
tinger condition is satisfied and find that the following p
rameters:l50.05 Ry andj50.05 Ry. In Figs. 5~c! and 5~d!,
they have been represented the resulting self-energies
L5J50.001 Ry andL5J50.005 Ry respectively.

Figure 6 represents the resulting DOS for the self ene
shown in Fig. 5~c!. It presents two important new feature
~i! In Fig. 6, the peakIb of Fig. 2~a! centered at 0.05 Ry
below the Fermi level~exactly where one of the peaks of th
Lorentzians has been centered! has disappeared and no

e-

FIG. 6. The DOS of Sr2RuO4 taking into account the self-
energy effects WithU50.18 Ry, n50,5, l5j50.05 Ry andL
5J50.001 Ry. ~a! Total DOS; ~b! partial 4d DOS of Ru; ~c!
partial p DOS of O1; and ~d! partial p DOS of O2.
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10 130 PRB 61A. PÉREZ-NAVARRO et al.
there is a single peak belowEF ; and~ii ! the peakII of Fig.
2~a! has disappeared too. Both below and aboveEF there are
pseudogaps originated by the strongly correlation effects
general the structure with the inclusion of the self energy
smoother due to the non-stationary condition of the qua
tates whose finite half life decreases their influence in
DOS. In addition, in Fig. 6 the splitting of everyd state in
several resonances has also influence in the DOS. Howe
as indicated above, the strong correlation effects prod
quantitative changes in the DOS, but it maintains qualitat
similitude with the electronic structure calculated with LDA
Looking at the partial density of states, we see that the or
of the peaks is the same as that of the LDA calculation. T
p partial DOS is smoother too, although small changes
be observed which are due to the hybridization. As will
explained in the following paragraph, the improvements
more quantitative than qualitative, except around Fermi le
where the influence of correlations is more important.

The results of DOS of Fig. 6 are in reasonable agreem
with experimental data,4,8,9 above all with respect to the re
sults obtained by Schmidtet al.9 We have identified the ex
perimental peaks (A, B, C, andD) in our results of Fig. 6 in
order to show this agreement by comparision. As was
pected, as we move away from Fermi level, the agreem
between theory and experiment decreases, but this zon
where our study is less reliable. What we have called peaA
is experimentally found just below Fermi level. This is th
peak responsible for the number of states at Fermi level,
in this case we find that it isN(EF)516.3 states/Ry. It is an
important improvement with respect to all the previous c
culations. However, as has been explained in Sec. I, as
Fermi level is very close to a peak, a small variation in t
position of this peak can imply that the number of sta
undergo a great variation. In order to see the effects of
self-energy, we can also look at the height of the peak: in
LDA calculation, shown in Fig. 2~a!, the peak close to Ferm
level, marked asIa corresponded toNIa556.9 states/Ry. In
the LDA1U calculationNIa551.6 states/Ry and the heigh
of the peak in the present case isNIa525.0 states/Ry. We
can see then, that the effect of including correlation
means of the self energy reduces the number of state
Fermi level, since the correlated orbitals, which are thed
orbitals, presented the more important contribution to
density of states around Fermi level.

To determine the influence of different parameters wh
define the self energy, we have carried out many other
culations and we present some of them in Figs. 7 and
Figure 7 shows the DOS obtained with the self-energy dra
in Fig. 5~d!, i.e. taking a width ofL5J50.005 Ry, five
times that introduced in Fig. 6. In this case the number
states at Fermi level increases toN(EF)530.9 states/Ry,
which still is an improvement with respect to the LDA ca
culation, and the height of the peak isNIa535.5 states/Ry. It
is clearly worse than the previous result, although it is
important improvement with respect to LDA and LDA1U
calculations. Qualitatively Figs. 6 and 7 present the sa
characteristic, compatible with the experimental results,
a peak very close to the Fermi level and below it. Looking
the experimental results9 we see that the height of the peak
in the order of two times the value of the number of state
Fermi level, and this restriction is not accomplished in t
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case, given that the peak is too close to the Fermi le
Although the value of the number of states at Fermi leve
very different, results from Figs. 6 and 7 are very simila
and in both cases the number of states at the Fermi lev
reduced. The fit to the experimental results is better when
height of the Lorentzians is similar to the height of the pea
of the partiald DOS. Therefore, we conclude that despite t
dependence of the self-energy with the width of the Lore
zians, the resulting DOS is not so dependent.

In Figs. 6 and 7, there is a feature that would be import
to remark, which is the disappearance of peakIb, precisely
where one of the peaks of the Lorentzians is centered. As
peak has the origin on thed orbitals where the self energ
have been applied, the effect of splitting of thed states into
quasistates is more important as the peakIa is of characterd
too, it is useful to see the effects of a self energy with one
the peaks of the Lorentzians centered atIa. In order to find a
self energy able to satisfy this condition and the Lutting
sum rule, we will vary the parametern, as well as the width
of the Lorentzians, in such a way that the resulting o
would be as close as possible to the double Lorentzian in
duced in Fig. 6. The resulting self-energy is shown in Fig
with the following parameters:l50.045 Ry andj50.01 Ry
in order that the center of the Lorentzians would be at

FIG. 7. The DOS of Sr2RuO4 taking into account the self-
energy effects withU50.18, n50,5, l5j50.05 Ry andL5J
50.005 Ry.~a! Total DOS;~b! partial 4d DOS of Ru;~c! partialp
DOS of O1; and ~d! partial p DOS of O2.
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same place than the peaksIa and Ib of Figs. 2~a! and 2~b!;
L50.0001 Ry,J50.001 Ry andn50.1. With these param
eters the double Lorentzian is similar to that introduced
Fig. 6 and the self energy is Luttiger coherent. In Fig. 9,
show the corresponding DOS. In this case the features

FIG. 8. Asymmetric self-energy with the peaks centered ab
the peaks of the partiald DOS shown in Fig. 2~b! and accomplish-
ing the Luttinger condition.U50.18 Ry,n50,1, l50.045 Ry,j
50.01 Ry,L50.0001 Ry andJ50.001 Ry.

FIG. 9. The DOS of Sr2RuO4 taking into account the self
energy effects of Fig. 8, i.e., withU50.18 Ry,n50,1, l50.045
Ry, j50.01 Ry,L50.0001 Ry andJ50.001 Ry.~a! Total DOS;
~b! partial 4d DOS of Ru;~c! partial p DOS of O1; and ~d! partial
p DOS of O2.
n
e
re

somewhat different from that of Figs. 6 and 7, and have m
similar aspects to that of Fig. 2, i.e., the LDA calculation.
Figs. 6 and 7, as the peakIb disappeared, the remaining pea
was considered peakA. In the case of Fig. 9, an overly sma
double peak structure appears that can be considered as
A, and is very close to the experimental results obtained
Schmidtet al.9 As in the spectroscopic data, it is below th
Fermi level and with negative slope at that point. The nu
ber of states isN(EF)518.1 states/Ry, is closer to the e
perimental result@N(EF)519 states/Ry# than the previous
calculations. In this case, The height of the peak is ofN~Peak
A)541.7 states/Ry, higher than in Fig. 6 but smaller than
the LDA.

In all the cases where the self energy have been inclo
the experimental structure around Fermi level have b
quantitatively improved. Other self energies have be
tested, symmetrical as that shown in Figs. 5~c!–5~d! and
non-symmetrical as that shown in Fig. 8. In all cases h
been found very similar results to that shown in Figs. 6 a
9 when the height of the Lorentzians is similar to the heig
of the peaks of the partiald density of states shown in Fig. 2
In Fig. 9, as well as in Figs. 6 and 7, the structure of pe
has suffered more quantitative than qualitative changes
the origin of the peaks is in all cases the same than c
mented in section II for the LDA calculation.

V. CONCLUSIONS

In this paper, we have seen that the LDA and LDA1U
calculation fails when trying to fit the spectroscopic da
quantitatively, although in both cases we find reasona
good qualitative agreement with the experimental results
this context, the inclusion of correlation effects find its ju
tification. They have been included by means of a se
energy obtained by averaging tok’s and introducing a
double Lorentzian as a non-interacting DOS. The parame
of this Lorentzian have been obtained by fitting the dou
central peak of the partiald density of states arising from th
LDA calculation. The self-energy has only been introduc
into the d orbitals, which are the localized and, therefor
strongly correlated states. The main effect is the reduction
the number of states at the Fermi level, i.e., the height of
double peak of thed orbitals at the Fermi level is reduced
The results are more similar to the experimental ones acc
ing to whether the double Lorentzian is closer to the dou
peak. When the height of the peaks of the Lorentzians
similar to those of the LDA peaks, the partiald DOS are
similar, and the number of states at the Fermi level rema
around the experimental value. On the other hand, the st
ture of peaks next to the Fermi level is also qualitative
improved, in comparison with the experiment. The conc
sion we obtain from this paper is that although the corre
tion effects are not particularly large, they need to be
cluded in describing the features of the electronic structu
and have a certain quantitative importance in explaining
experimental results of Sr2RuO4, and, above all, in explain-
ing the results of the electronic structure nearEF .
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