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Electronic structure of Sr,RuO, by means of local-density approximation plus
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The electronic structure of gRuQ, according to experimental spectroscopic data presents strong correlation
in the electrons at energies close Ep . 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 approximatiofLDA). In a second calculation we develop an LBA 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.

[. INTRODUCTION tion, it is important to say that, as in the high-cases, the
number of states located Bt is one of key data for explain-
SKLRuO, (SRO is a layered compound whose crystal ing their superconducting behavior and LDA is clearly un-
symmetry is equal to that of LEUQ, (LCO).1~*In SRO the  able to fit this number of states, since all calculations in this
RuG, planes play a similar role to that of the Cu®nes in  approximation yield a density of staté®@OS) at the Fermi
LCO. The dynamics of the charges within Cu@lanes are level, N(Eg), more than three times larger than that of the
responsible for the higii, superconductivity since they are a experimental spectroscopic measurements.
common  structural element of high-temperature Obviously, the similitude of crystal symmetries and elec-
superconductorsit seems reasonable to conjecture that thetronic structure(although with some differencgsimplies
clues for the superconducting behavior of SRO should alst¢hat the physical properties present analogies and differences.
be looked for in these sheets in a way analogous to that uséthe resistivity abovel, is, in both LCO and SRO, clearly
in high-T, systems. On the other hand, the normal state o&nisotropic. In the case of SRO, it is three orders of magni-
these cuprates is very unusual, and it seems clear that it tade larger in planes than in chaih3his property is coher-
fundamental to understand these anomalous normal sta&mt with the two-dimensional character of this system. The
properties in order to have grounds for comprehending th@ormal state of SRO is a metallic Pauli paramagnetic mate-
possible mechanisms of superconductivity. rial in opposition to LCO which is an antiferromagnetic
The electronic structure of SRO has sompriori differ- insulator® The superconductivity in SRO occurs by itself
ences with respect to that of LCO systems; this is interestingvithout requiring doping as in LCO systehThe T, in SRO
to analyze in order to obtain different routes for explainingis less than 1 K0.93 K)! and, in contrast to the doped LCO
the highT. phenomend.The 3d° configuration of the cop- system, lies between 30 and 40 K.
per layer is substituted by fourddelectrons of Ru. The an- As has been said above, the DOS at the Fermi level ob-
tibonding orbitals atEg are derived in the ruthenates from tained from the LDA calculation is three times larger than
dyy, dy;, anddy, rather than from thel,>_,. orbital as in  that obtained from spectroscopical measuremenitdis
the cuprates. However, these different configurations for théeads us to think about the requirement of including strong
corresponding metallic atoms do not hinder the fact that ircorrelation effects within the band-structure calculation.
both materials there are similar van Hove singularities neaHowever, we will see that these strong-correlation effects
Er .® The strong correlation effects are present in both elecintroduce important quantitative variations into the DOS
tronic structures;’~° although these are more subtle in SROwhich imply an improvement of our results that are closer to
than in LCO. Recent papers claim that the electronic correthe experimental data than those arising from the LDA cal-
lations in SRO play a quantitative role, but from a qualitativeculations. Achieving the electronic structures by considering
point of view their effects are more modé&tThis is the strong correlation of the particles close B is an initial
reason for which the local density approximatittDA) is  point that should be treated in this systeir'3and that we
able to explain some properties of the electronic struttidfe introduce in the analysis of the electronic structure of SRO.
although, as is well known, LDA fails in other properties in However, although the spectroscopical data suggests the in-
a similar way to that of the cuprates. clusion of U effects, on the other hand, the specific heat
One important feature that still remains unexplained is themeasuremehtleads us to think that other different effects,
different Fermi surface obtained by means of the de Haaprobably magnetic fluctuations, should be included in order
van Alphen and angle-resolved photoemissioiihe differ-  to conciliate the thermodynamical data with the photoemi-
ent result seems to be due to the fact that the first gives theion measurements. The analysis of the influence of spin
bulk properties and the second the surface propéfti¥'s. fluctuations is an issue that lies beyond the aims of this pa-
The LDA calculations are only able to fit the first. In addi- per.
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We start our work by calculating the electronic structure
of the ground state of the non-interacting system by means of
a LDA calculation, which is shown in Sec. Il. The reasons
for beginning our analysis with this calculation is to obtain a o~
noninteracting systerfi.e., without self-energy effegtsand
to compare our LDA results with other previous papérs §
and with spectroscopic data.

In Sec. lll, a first correction to LDA is introduced, the %
so-called LDA%U,lS_Whi_ch is based on a first order pertur- Iz FZUYX A TAZ
bation theory considering the Hubbard Hamiltonian. This
correction is able to yield the Hubbard-like splitting, but itis ~ FIG. 1. Band structure of SRuQ,. The dotted horizontal line
not yet able to show the dynamic effects that may substardenotes the Fermi level.
tially modify the pattern of the electronic structure.

In Sec. IV, we consider the LDA results in order to de- noninteracting system contains a similar band structure. This
termine the analytical expression of the self-energy in theallows us to be sure that the differences found in the follow-
random phase %DDFQXImQUCﬂRPA) within the muiltiband  ing calculations give an estimation of the strong correlation
Hubbard modet® This third calculation using the self- effects and are not due to a different method used in the
energy function describes the system of interacting particlegolution of the LDA Hamiltonian.
by means of a system of quasiparticles whose states are not Comparing Fig. 1 with that obtained by Oguthind
stationary but are quasistates with finite half life. The selfSingt? we see that our result is in reasonably good agree-
energy obtained for determined band parameters, violategent with them. The first twelve bands mainly correspond to
one of the conditions of the Luttinger theorem. According tobondingd states of Ru and @ orbitals, and the nonbonding
this theorem, the zero of the imaginary part of the self-p states of O. Around Fermi level we find three antibonding
energy corresponds to the Fermi level, and the §elf-energytates coming frond,,, d,,, andd,, of Ru andp 7 orbitals
introduced can present more than one zero. Obviously, thigf oxigen. Above Fermi level, we find anti-bonding bands
failure of the self energy in this case, makes it invalid for coming from orbitalsig,2_; andd,z_,2 of Ru, d of Sr, and
determining the quasiparticle system. Fortunately, the deviaps of O. This is an important difference with cuprates where
tions of the self energy with respect to that analytical functhe pands at Fermi level are of kird>_,2. Below Fermi
tions that SatiSfy the Luttlngel’ CO'nditilon are relatively Sma”.|eve|, and away from |t, some irrelevant differences appear
There is, then, a compromising situation between the correcthat can be attributed to the different standard methods con-
ness of self-energy expressions concerning the Luttingesidered in both calculationgve used the symmetrized aug-
theorem, and obtaining this with realistic band parametergnented plane wave method, Ref.)18nother important co-
that, as indicated above, should be obtained by fitting thegncidence between our results and previous theoretical
LDA calculation. FO”OWing thiS, we have studied the depen'worksz’3 is that three bands cross Fermi level at lIng and
dence of the DOS on the variations of the band parametefgyo at long-linel'Z, and the small dispersion in c-axis, as
included within the calculation of the self energy. This al-can be seen along the short-lid&, which confirms the
lows us to calibrate the validity of our results, as well as topjdimensionality of the material. This bidimensionality can
estimate their stability, since good results obtained with &so be seen in the quasi-mirror symmetry of bands with
fitted self energy could be qualified as fortuitous and evenegard to the middle point of long-linEZ.
dependant on the fitting parameters. However, our conclu- | Fig. 2 we show the DOS corresponding to that band
sion is that the results obtained with self energy represent agrycture. In agreement with theoretfcalnd experimental
improvement of LDA calqulauo_n in any point of the region gata* we find hybridization from Q1) 2p and Ru 4l states.
of the space parameters in which we have calculated the saf{je optain that the peaks Bt haved,,, d,, andd,, char-

energy, and we are reasonably sure that the LDA band Paicter, hybridized mainly with orbitaby andp, of O(1), and
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rameters can be represented by a point in this region. below Fermi level, the character af orbitals of 32) is also
important. In Refs. 2 ah 3 a pseudogap appears 1.3 eV
Il. LOCAL DENSITY APPROXIMATION CALCULATION below Fermi level. In our case this gap is more narrow and a

new peak, marked in the figure 8sappears. These results

The crystal structure of SRuQ, is the same as that of are still compatible with experimental DOS res(itssince
K,NiF, with the 14/mmm group. The crystallographic pa- the experimental broadening of the peaks cannot decide the
rameters have been taken from Vogt and Buitrey 0.35 K:  existence of this new peak. The results from Schreidl.
a=3.86111 A ,c=12.7219 A . At this temperature, the po- show 4 main features called peaks B, C, andD. In our
sition of the atoms are:z(Sr)=4.49458 A | x(0,) case, the structure formed by pedlks and Ib can corre-
=1.93056 A andx(0,)=2.071® A . The muffin-tin radii  spond to peald, and that formed by peaks andlll to peak
taken in our calculations areRg,=2.908a,, Rg,=2.070 B. PeaksC andD can correspond to the structure of peaks
a9, Ro(1)=Ro(2)=1.474ay;, wherea, is the Bohr radius. that is found below peaK! .
These data are similar to that used in previous calculafidns, ~The main physical properties depend on the electronic
although small variations can be seen since Oguchi takes thstructure exactly at Fermi level and at this location some
parameters at 100 K. The resulting band structure is showimportant differences appear between the experimental
in Fig. 1. The main reason for performing this first calcula-dat2® and the LDA calculations. Experimentally, the num-
tion is to compare both results and check that our startindper of states at Fermi level is found to Be&(Eg)=19
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: correlation local potential. However, as is well known, this
801 (a) oo T way to include these correlations betwekalectrons can be
60 - b 3a otal largely inappropriatelarger localization implies larger in-
] ability in the LDA interpolation formula for determining the
electronic correlation This is so, because LDA assume a
fixed 4d* configuration,x being the non integer number of
4d electrons. When there is localization and movement be-
tween lattice sites of thesal4lectrons, as with the analyzed
case, thisx number can fluctuate in one electron. This fluc-
tuation implies severe and sharp modification in the interac-
tion energy within the site, equivalent to the familidren-
ergy, that in this material is around 2.5 eV. Therefore, the
localization plus the dynamic transference of electrons lead
to the necessity of introducing dynamic correlation effects.
In all experimental studies it is recognized that evidence
for correlation effects have been fodrfd®%and today
the importance of such effects in ,8u0Q, is accepted®
However, it is also recognized that the influence of correla-
tions will not be as important as in cuprates. In any case, the
correlated electrons are those in thé #rbitals, which
: present their main contribution at the Fermi level, as can be
40 (@ pO seen in Fig. 2. The inclusion of correlation effects will not
: 2 therefore markedly affect the structure away from Fermi
y y
level, but the variations around it can be very important, as

40+

DOS (States/Ry)

20+ . .
we will see in Sec. IV.
R ) 0.4 0.6 0.8
E R I1l. LOCAL DENSITY APPROXIMATION PLUS U
nergy (Ry) CALCULATION
FIG. 2. LDA density of states of $RuQ, (a) Total DOS; (b) As a first approximation to include the correlation effects
partial 4d DOS of Ru;(c) partialp DOS of O;; and(d) partialp j,  orbitals, we develop an LDAU calculation. We take
DOS of O the experimental valu® U=2.4 eV (0.18 Ry, for all d

States/Ry(1_4 sta‘[es/e){g which is between three and four orbitals. The resulting DOS is shown in Flg 3. The inclusion
times less than that of the LDA calculations: Ogdopive  Of these effects displaces the Fermi level and the structure
59.4 states/Ry4.4 states/eYand Singfi 56.2 states/Ry4.1  around it from 0.57 to 0.68 Ry. Despite this displacement in
states/eV, and in our calculation we obtain 36.8 states/Rythe energies of the structure, the main features remain invari-
(2.7 states/e)/ which is a better result, but is still twice the able with only some differences. Below the Fermi level, a
experimental result. The reason for the disagreement begap appears, as a consequence of the standard Hubbard
tween previous theoretical results and ours could be the difsplitting between upper and lower bands. The gap is situated
ferences in the method used in every case, as well as in tH1 Ry below the Fermi level and its width is 0.08 Ry. Sihigh
different parameters introduced. Since there is a peak vergnd Oguchifind a gap 0.08 Ry below Fermi level and width
close to the Fermi level, small variations in the position ofof 0.08 Ry applying only an LDA calculation. The origin of
this peak give strong differences in the number of states dtoth gaps is different, because the LBA gap appears, as
Fermi level. In fact, in Fig. 2 it can be seen that the Fermistated above, because of the splitting of dieands wheréJ
level do not fall exactly at the peak, but between two peakswas applied. But as we indicated in the previous section,
On the other hand, the origin of the disagreement between athere is no experimental evidence for its existence. Although
the theoretical results and the experimental ones can arismrrelation has been introduced only in therbitals, the gap
from the above-mentioned intra-atomic correlations pro-can be seen not only in the parti@istructure shown in Fig.
duced by the relative localization of thel&lectrons of Ru.  3(b), but also in the partigb of O(1) and partialp of O(2)
These intra-atomic interactions produce a tendency to split ibecause of the hybridization. The two peaks around the
lower and upper Hubbard bands. But since the width of thé-ermi level found in the LDA calculation are displaced to
4d band is large enough, this Hubbard correlation cannothe right, which reduces the number of states at Fermi level
yield the total upper and lower splitting, but can produce ato 32.2 states/Ry2.4 states/e)/ which is an important im-
certain pseudogap and therefore a decreasing of D& at provement if we compare with that obtained by means of the
The existence of this tendency to form the electronic correLDA calculation. However, the bandstates calculated with
lation Pseudogap may be the reason for which the strongDA + U are stationary and therefore, this method is not able
correlation band structure calculation improves the results ofo show the dynamic effects which, in this case, could be
the LDA. important. In the next section we refine the calculation with
In LDA, the correlations are introduced via exchange andhe inclusion of a self energy.
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O : FIG. 4. Several double Lorentzians compared with the partial
10 DOS of Ru of the LDA calculation. In all cases the weight of the
: Lorentzians is the same for both peaks, ine=,0,5. (a) Asymmetric
0 . r A"”"‘)\" double Lorentzian with every peak situated exactly at the same
60 1 point as the peaks of the partial DOS=0.045 Ry and=0.01 Ry
(d) o referenced to the Fermi leve(p) Symmetric double Lorentzian
40 - . PY, with A= ¢=0.05 Ry. In both cases the dashed line corresponds to a
width of A=2=0.005 Ry and the dotted line th===0.001 Ry.
20
: increase, decrease, or remain the same as in the LDA calcu-
0 : . AL lation.
0.2 0.4 0.6 0.8 The self-energy is calculted a@=0. We list below cer-
E R tain approximations that we have borne in mind:
nergy (Ry) (i) As is well known, the dependence dnin strongly

correlated systems is much smaller than the frequency
dependencé®?1~2Therefore, we only take into account the
w-dependence by considering average values of the self en-
ergy in the first Brillouin zone. Th& dependence has been
IV. SELF-ENERGY EFFECTS avoided in some other works too, as for example in Ref. 10.
_ ) ) ) (ii) In the partial density of states aforbitals in Fig. Zb)

The dynamic effects in the interacting system are calcuthere is a double peak around Fermi level that could be well
lated from the self energy, which is added to band Hamilfitted by a double Lorentzian. The reason for considering the
tonian by considering the LDA electronic structure as NON<itting of the DOS in the proximity oE is to obtain ana-
interacting ground state. The self energy will transform the1ytical expressions for the self energy, which markedly re-
particles into quasiparticles with a non-infinite half life. As §ce the complexity of the calculation without losing reli-
we saw in Fig. Pb) for the partial density of states of orbitals apjjity. This allows us to obtain many calculations for
d, the main features of these correlated orbitals are th@jfferent self energies without excessive computation time,
double peak around the Fermi level. Thus, if the self energynd to perform an exhaustive analysis of the dependence of
is introduced into thel orbitals, the states at Fermi level will he results on the band parameters of the noninteracting
become non-stationary quasistates with a half-life and thenground state.
fore, the contribution to the DOS of the eadteigenvalues Figure 4 shows this partial DOS over-struck with some
will be smaller. On the other hand, the spectral function ofyguple Lorentzians. With these two approximations, we ob-

each strongly correlated eigenvalu_e can present several igin the following self energy within the random phase
peaks and therefore for each stationary state of the '—DAapProximatioﬁ6

groundstate can correspond a quasistate that contains severa

FIG. 3. (a) Total DOS of SyRuQ, obtained by an LDA-U
calculation withU =0.18 Ry;(b) partial 4d DOS of Ru;(c) partial
p DOS of Q; and(d) partialp DOS of O,.

significant contributions to the DOS can be centered at dif- U%fl 1 n 1-n

ferent energies, whose differences are of the ordelJof 2(w)=— T[Q_ ot O FrA—iA +w—Q —g—iﬁ)
Therefore, eacH orbital can produce several resonanges ! ! ! -
call resonances each peak in the spectral function yielded by 1 n 1-n

the self energy As a consequence, we can findet states +Q_2( 0w+ Q,FA—iA + w—Qy—E—i EH @

whose characters correspond to differehorbitals which

could be absent in the LDA calculation where the spectraivhere U is the Coulomb correlationf=2gn(1—n); g
function for each stationary state is an only delta function.=(\+¢)—i(A+E), and\, ¢ andA, E correspond respec-
Thereforea priori, the number of states at Fermi level can tively, to positions and widths of the Lorentzians that have
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FIG. 5. Self-energies corresponding to the Lorentzians repre- Energy (RY)
S_egtgfs'g Fig. 0461|nR all %aiiu;_odlgo;é z'ant;j nA:_O(’)S(') 4.(E?)R)\ FIG. 6. The DOS of SIRuQ, taking into account the self-
__6 o1 Ry'g_d/\'—:}oagm ;“(_ = _(3)/85) R_ .dA—:y' energy effects WitHJ=0.18 Ry,n=0,5, A= ¢=0.05 Ry andA
£=0. yandi===2 y;(©) A=¢=0. y andA == =E=0.001 Ry.(a) Total DOS; (b) partial 4d DOS of Ru;(c)

=0.005 Ry;(d) A=£=0.05 Ry andA =E=0.001 Ry. It can be . . )
seen ada)—(b) violates the Luttinger condition whiléc)—(d) do partialp DOS of Q; and(d) partialp DOS of Q.

not.
to these parameters. The solid litgashed ling represents

been used as non-interacting DOS, as can be seen in Fig. the real(imaginary part of the self-energy. We can see that
n is the occupation number that gives the weight of eachn both cases the imaginary part is slightly negative in sev-
Lorentzian; and)i=g?— Uf andQ5=g?+ Uf are the plas- eral intervals of the frequency and therefore, presents more
mon frequencies. We diagonalize the interacting Green functhan one zero and, according to the Luttinger theorem, the
tions as is explained in Ref. 24. We wish to emphasize thabnly zero of the imaginary part of the self energy should
Eg. (1) arise from the summation of the infinite series of correspond to the Fermi level. Thus, these parameters give a
diagrams corresponding to the RPA. The resulting self enself energy that slightly violates the Luttinger sum rule.
ergy may appear to correspond to a second order diagranherefore, we should make small variations in the band pa-
with a bareU interaction due to th&)? dependence. But this rameters which define the self energy in order to satisfy the
is an erroneous estimation since, in Ef) the “plasmon  Luttinger condition. Analyzing the expression of the self en-
poles,” 1, and(}, also depend on thg energy. ergy, we can see that the reason for this violation is that the
The parameters to introduce in the self-energy dre., two Lorentzians are too near to each other, het,¢ is too
A, & E, andn. We considerU=0.18 Ry, as we did in small. We slightly separate the Lorentzians until the Lut-
LDA +U method. As a first step, we will take=0,5, i.e., tinger condition is satisfied and find that the following pa-
we will consider half-filling. The center of the peaks of the rametersA =0.05 Ry and¢=0.05 Ry. In Figs. &) and 5d),
double Lorentzian\ and ¢, will be taken as the centers of they have been represented the resulting self-energies with
the twod peaks as shown in Fig. 4i.e., A\=0.045 Ry and A=ZE=0.001 Ry andA =E =0.005 Ry respectively.
£=0.01 Ry, with respect to the Fermi leyeland n=0.5 Figure 6 represents the resulting DOS for the self energy
because the two peaks are very similar. We can take differershown in Fig. %c). It presents two important new features:
values of the width of the different peaks===0.005 Ry, (i) In Fig. 6, the pealb of Fig. 2@ centered at 0.05 Ry
andA =E=0.001 Ry, as can be seen in Fig. 4. Figuré® 5 below the Fermi leve{exactly where one of the peaks of the
and 5b) show the drawing of the self energies correspondind-orentzians has been centeyeaas disappeared and now
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there is a single peak belokr ; and(ii) the peakil of Fig. !

2(a) has disappeared too. Both below and abByehere are 801 (a) Total

pseudogaps originated by the strongly correlation effects. In 60 i

general the structure with the inclusion of the self energy is

smoother due to the non-stationary condition of the quasis- 40 4

tates whose finite half life decreases their influence in the 20

DOS. In addition, in Fig. 6 the splitting of every state in

several resonances has also influence in the DOS. However, 0

as indicated above, the strong correlation effects produce 40 - (b)

guantitative changes in the DOS, but it maintains qualitative dRu

similitude with the electronic structure calculated with LDA.

Looking at the partial density of states, we see that the origin > 20

of the peaks is the same as that of the LDA calculation. The %

p partial DOS is smoother too, although small changes can @

be observed which are due to the hybridization. As willbe & 0 .

explained in the following paragraph, the improvements are 2} (©) :

more quantitative than qualitative, except around Fermi level @ 5] pO

where the influence of correlations is more important. 8 !
The results of DOS of Fig. 6 are in reasonable agreement

with experimental dat43° above all with respect to the re- 104

sults obtained by Schmidit al® We have identified the ex-

perimental peaksA, B, C, andD) in our results of Fig. 6 in 0 . . i, !

order to show this agreement by comparision. As was ex-

pected, as we move away from Fermi level, the agreement 401 (d) pO

between theory and experiment decreases, but this zone is 2

where our study is less reliable. What we have called peak

is experimentally found just below Fermi level. This is the 201

peak responsible for the number of states at Fermi level, and

in this case we find that it iBl(Eg) = 16.3 states/Ry. It is an 0 :

important improvement with respect to all the previous cal- 0.2 0.4 0.6 0.8

culations. However, as has been explained in Sec. |, as the

Fermi level is very close to a peak, a small variation in the Energy (Ry)

osition of this peak can imply that the number of states o
Endergo a great variation. In order to see the effects of the /G- 7. The DOS of SRuQ; taking into account the self-
self-energy, we can also look at the height of the peak: in théinergy effects W'thJ:O‘l_s’ n=05,1=¢=0.05 R?’ andA =2

) A . =0.005 Ry.(a) Total DOS;(b) partial 4d DOS of Ru;(c) partial p

LDA calculation, shown in Fig. @), the peak close to Fermi DOS of O; and(d) partial p DOS of O,
level, marked asa corresponded tdl,,=56.9 states/Ry. In ' ’
the LDA+ U calculationN,,=51.6 states/Ry and the height case, given that the peak is too close to the Fermi level.
of the peak in the present caseNs,=25.0 states/Ry. We Although the value of the number of states at Fermi level is
can see then, that the effect of including correlation byvery different, results from Figs. 6 and 7 are very similar,
means of the self energy reduces the number of states ahd in both cases the number of states at the Fermi level is
Fermi level, since the correlated orbitals, which are the reduced. The fit to the experimental results is better when the
orbitals, presented the more important contribution to theheight of the Lorentzians is similar to the height of the peaks
density of states around Fermi level. of the partiald DOS. Therefore, we conclude that despite the

To determine the influence of different parameters whichdependence of the self-energy with the width of the Lorent-
define the self energy, we have carried out many other calkzians, the resulting DOS is not so dependent.
culations and we present some of them in Figs. 7 and 9. In Figs. 6 and 7, there is a feature that would be important
Figure 7 shows the DOS obtained with the self-energy drawmio remark, which is the disappearance of pélakprecisely
in Fig. 5(d), i.e. taking a width ofA=Z==0.005 Ry, five where one of the peaks of the Lorentzians is centered. As this
times that introduced in Fig. 6. In this case the number obeak has the origin on the orbitals where the self energy
states at Fermi level increases W(Eg)=30.9 states/Ry, have been applied, the effect of splitting of tthetates into
which still is an improvement with respect to the LDA cal- quasistates is more important as the pkaks of characted
culation, and the height of the peakNs, =35.5 states/Ry. It  too, it is useful to see the effects of a self energy with one of
is clearly worse than the previous result, although it is arthe peaks of the Lorentzians centeredaatin order to find a
important improvement with respect to LDA and LDAJ self energy able to satisfy this condition and the Luttinger
calculations. Qualitatively Figs. 6 and 7 present the sama&um rule, we will vary the parameter as well as the width
characteristic, compatible with the experimental results, i.e.of the Lorentzians, in such a way that the resulting one
a peak very close to the Fermi level and below it. Looking atwould be as close as possible to the double Lorentzian intro-
the experimental resuftsve see that the height of the peak is duced in Fig. 6. The resulting self-energy is shown in Fig. 8
in the order of two times the value of the number of states atvith the following parameterst =0.045 Ry anct=0.01 Ry
Fermi level, and this restriction is not accomplished in thisin order that the center of the Lorentzians would be at the
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somewhat different from that of Figs. 6 and 7, and have more
similar aspects to that of Fig. 2, i.e., the LDA calculation. In
Figs. 6 and 7, as the pedlx disappeared, the remaining peak
was considered peak In the case of Fig. 9, an overly small
double peak structure appears that can be considered as peak
A and is verg close to the experimental results obtained by
Schmidtet al” As in the spectroscopic data, it is below the
Fermi level and with negative slope at that point. The num-
ber of states iN(Eg)=18.1 states/Ry, is closer to the ex-
perimental resulf N(Eg) =19 states/R}ythan the previous
calculations. In this case, The height of the peak isl@eak
A)=41.7 states/Ry, higher than in Fig. 6 but smaller than in

FIG. 8. Asymmetric self-energy with the peaks centered abovghe | DA.

the peaks of the partial DOS shown in Fig. @) and accomplish-
ing the Luttinger conditionU=0.18 Ry,n=0,1, A=0.045 Ry, ¢

=0.01 Ry,A=0.0001 Ry andE =0.001 Ry.

same place than the peakes and|b of Figs. 2a) and Zb);

In all the cases where the self energy have been inclosed,
the experimental structure around Fermi level have been
quantitatively improved. Other self energies have been
tested, symmetrical as that shown in Fig$c)55(d) and
non-symmetrical as that shown in Fig. 8. In all cases have

A =0.0001 Ry,Z=0.001 Ry anch=0.1. With these param- been found very similar results to that shown in Figs. 6 and
eters the double Lorentzian is similar to that introduced in9 when the height of the Lorentzians is similar to the height
Fig. 6 and the self energy is Luttiger coherent. In Fig. 9, weof the peaks of the partia density of states shown in Fig. 2.

show the corresponding DOS. In this case the features ade Fig. 9, as well as in Figs. 6 and 7, the structure of peaks
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FIG. 9. The DOS of SRRuQ, taking into account the self-
energy effects of Fig. 8, i.e., wit =0.18 Ry,n=0,1, A=0.045
Ry, £€=0.01 Ry,A=0.0001 Ry andE =0.001 Ry.(a) Total DOS;
(b) partial 4d DOS of Ru;(c) partialp DOS of Q;; and(d) partial

p DOS of 0.

0.2 0.4 6.’6 0.8
Energy (Ry)

has suffered more quantitative than qualitative changes and
the origin of the peaks is in all cases the same than com-
mented in section Il for the LDA calculation.

V. CONCLUSIONS

In this paper, we have seen that the LDA and LBl
calculation fails when trying to fit the spectroscopic data
quantitatively, although in both cases we find reasonably
good qualitative agreement with the experimental results. In
this context, the inclusion of correlation effects find its jus-
tification. They have been included by means of a self-
energy obtained by averaging to's and introducing a
double Lorentzian as a non-interacting DOS. The parameters
of this Lorentzian have been obtained by fitting the double
central peak of the partial density of states arising from the
LDA calculation. The self-energy has only been introduced
into the d orbitals, which are the localized and, therefore,
strongly correlated states. The main effect is the reduction of
the number of states at the Fermi level, i.e., the height of the
double peak of thel orbitals at the Fermi level is reduced.
The results are more similar to the experimental ones accord-
ing to whether the double Lorentzian is closer to the double
peak. When the height of the peaks of the Lorentzians are
similar to those of the LDA peaks, the partidlDOS are
similar, and the number of states at the Fermi level remains
around the experimental value. On the other hand, the struc-
ture of peaks next to the Fermi level is also qualitatively
improved, in comparison with the experiment. The conclu-
sion we obtain from this paper is that although the correla-
tion effects are not particularly large, they need to be in-
cluded in describing the features of the electronic structure,
and have a certain quantitative importance in explaining the
experimental results of gRuQ,, and, above all, in explain-
ing the results of the electronic structure né&ar.
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