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The electron momentum density of the unconventional supercondugl®uSy has been studied using the
high-resolution Compton scattering technique. Compton profiles have been measured ald@gltHa 10|,
and [210] directions, and compared with theoretical profiles calculated using the full potential linearized
augmented plane wave method within the local density approximation. The calculated and measured electron
momentum distributions, as obtained by the Compton profiles, are in good agreement with respect to their
overall shapes and anisotropies in the Compton profiles. Theoretical analyses have shown that the amplitude of
the anisotropies is dominated by the filled bands which possessdRand O % bonding characters in the

RuG, planes.
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[. INTRODUCTION type electron correlatioff: However, early angle-resolved

photoemission spectroscopRPES experiment®~1’have

The layered perovskite oxide JRuQ, has attracted con- presented a different FS geometry. The difference comes
siderable attention since the discovery of superconductivitfrom the detection by ARPES of a dispersive feature aMhe
in this compound. Although the value off, is about 1.5 K,  point which is interpreted as an extended van Hove singular-
Sr,RUO, has been intensively studied since it is isostructuralty pushed down just below the Fermi energy by strong elec-
with the (La,SryCuQ, high-T, superconductors, and it pos- tron correlations. Recently, ARPES has been carried out once
sesses partially filledl bands that are strongly hybridized again, and the resuits reported are very sensitive to the ex-
with O p orbitals in the same way as the cuprates. In spite op€rimental condition, e.g., the incident x-ray energy and tem-
these similarities, various studies have revealed essential diperature of the sample cleaving; an analysis with special care
ferences between the ruthenate and the cuprates. I required to reproduce the LDA F8.The different FS
SrL,RuQ,, superconductivity occurs in a normal state that isobserved in previous ARPES studies is ascribable to the lat-
well described as a Landau-Fermi ligiidjn contrast to the tice reconstruction on the surface, found in scanning tunnel-
anomalous normal state of the cuprates. A series of sfifliesing microscopy.® Therefore, the validity of a LDA-based
provided lines of evidence that spin-triplet Cooper pairs withtheory on predicting the electronic structure and relevant
p-wave symmetry are formed in the superconducting state djuantities of SfRuQ, is still inconclusive in connection with
Sr,RuO,,® while the highT, cuprate superconductors have athe influence of electron correlations. The present issue is to
spin-singlet pairing withd-wave symmetry. These differ- Settle this situation by obtaining information about the elec-
ences are conceivably attributed to the nature of their valenc&onic structure of SIRuQ, with a complementary technique.
bands. The aim of the present study is to measure the electron

A central issue to understand the differences is the elegnomentum density distributions in HuQ, using the
tron correlation effects which may modify the Fermi surfaceCompton scattering technique. This paper shows that LDA-
(FS) geometry and the energy dispersion that are predicteiased band theory predicts the experimental results well with
by the band theory. Regarding the cuprates, the local spirespect to their overall shapes and anisotropies in the Comp-
density approximation fails to describe the magnetism of unton profiles. A theoretical analysis shows that the LDA result
doped systems properly, mostly due to the presence of strorfgproduces the low momentum part of the density distribu-
electron correlations. A theoretical study of Yf,0, has tions better than that artificially obtained with an upward
shown that the on-site electron correlation certainly modifieshift of the Fermi energy. It is also presented that the LDA
the geometry of the FS and the energy dispersion which arproperly predicts the filled bands without having recourse to
obtained by the band theofyTurning to ruthenates, the band the strong electron correlation effects.
theory predicts the correct magnetic behaviors and phases in In @ Compton scattering experiment, one measures the
(Ca,Sr)RuQ and SpYRUO, and the insulating character of So-called Compton profil&,*!
SrL,YRUO,.2 Moreover, the local density approximation
(LDA) calculations for SfIRuQ, (Refs. 9 and 1phave pro-
vided a shape of the FS which is quite consistent with the de J(p2)= J j n(p)dp,dpy, @)
Haas—van AlpheiidHvA) experiment$:**~*The multiband
quasiparticle calculations have presented that the geometwherep, is the momentum component along the scattering
of the LDA FS is not changed by the inclusion of Hubbard-vector. The Compton profilel(p,) is given as a one-
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dimensional projection of the electron momentum densitytion, while the core states were calculated relativistically.
n(p), onto thep, axis. In an independent-particle model, the The valence(Sr 5s, Ru 4d and 5%, O 2s and 2) and
momentum density is given by semicore(Sr 4s and 4p, Ru 4s and 4p) states were treated

in the same energy window by using local orbitals as an
2 extension to the LAPW basis set. Muffin-tin sphere radii
were set to 2.20, 1.95, 1.65, and 1.85 a.u. for Sr, Ru, in-plane
@) O(l), and apical @I) atoms, respectively. The cutoff

RKnax=8.5 was used, providing well converged basis sets

where lﬁk,v(r) denotes the electron wavefunction in stite and leading to about 500 basis functions per primitive cell.
and bandv, and G's are reciprocal lattice vectofd. The  Inside the atomic spheres the charge density and the potential
summation in Eq(2) extends over all occupied states. TheWwere expanded in crystal harmonics uplte6. The radial
low momentum part of the Compton profile reflects the ge-Pasis functions of each LAPW were calculated ug +010
ometry of the Fermi surface in the underlying three-and the nonspherical potential contribution to the Hamil-
dimensional momentum density(p). This technique also tonian matrix had an upper limit ¢f=4. The Brillouin zone
probes the phenomenon of bonding through a modulatethtegration was performed using the modified tetrahedron
structure in the Compton profifd.Unlike ARPES, Compton method® with 240k points in the irreducible wedge of the
scattering is very bulk sensitive, and unlike dHvA and angu-Brillouin zone, and the reciprocal lattice vectdgss were
lar correlation of positron annihilation radiatiofRCAR)  extended up to 11.5 a.u.
measurements it is insensitive to defects and impurities in a In order to obtain the Compton profiles the momentum
sample. These notable features provide complementary infoflensityn(p) was calculated on a mesh containing 24109

mation about the electronic structure 0,Bu0Q,. p points, where 240 denoted the numberkopoints in the
irreducible wedge of the Brillouin zone, and 2109 the num-

ber of p points obtained from eack point by adding recip-
rocal lattice vectors. The two-dimensional integrations in-
A single crystal of SfRuQ, was grown by a floating zone volved in the evaluation of the Compton profilesee Eq.
method. It has a nearly rectangular shape with a size of 31)] were carried out by utilizing the tetrahedron method of
X 5% 15 mn?. It was confirmed to exhibit a superconduct- Lehmann and Taut: Finally the theoretical Compton pro-
ing transition afT,=1.43 K. The Compton profile measure- files along the[100], [110], and[210] directions were com-
ments were carried out at room temperature at the BLOgWuted up top,=10.0 a.u. with a momentum mesh of 0.02
beamline of SPring-8. The reader is referred to Hiraokad.U. The geometry of the Fermi surface obtained by the
et al?*for details of the Compton spectrometer. The incidentPresent calculation is in good accord with those of the pre-
x-ray energy was 115.5 keV, and the scattering angle wawious reports;*® where the electron sheetg and ) are
165°. The overall momentum resolution was 0.14 atomiccentered at thd” point and the hole shegt) is at theX
units (a.u). The Compton profiles were measured along thePoInt.
[100], [110], and [210] directions. The obtained Compton
profiles were corrected for the background x rays, photoab-
sorption in the sample, the scattering cross section, detection
efficiency of the spectrometer, and double scattering. The Figure 1 shows the measurémpen circles and the theo-
double-Compton-scattering events were simulated via aetical (solid lines Compton profiles(CP9 of the valence
Monte Carlo programi® the integrated intensity of the electrons along thgL0Q], [110], and[210] directions, where
double-scattering events was found to be 15.2 % of the surthe calculated CPs are convoluted with an experimental reso-
of the single- and double-scattering events. The backgrounidition function. The raw data, the calculated core profile, and
X rays were correctly subtracted since the position sensitivéhe double scattering contribution for th&00] directional
detector employed in the spectrometer had an energy resolGP are presented in insét) of Fig. 1. The experimental

occ.

n(p)=(2w)*3V§k)G 5(k+G—p)j Y (r)ePdr

II. EXPERIMENT

IV. RESULTS AND DISCUSSION

tion to discriminate between signals and backgrouffid§. valence CPs have been obtained by subtracting the calcu-
lated core CPgRef. 32 from the measured profiles. The
IIl. COMPUTATIONS height of the experimental CPs are reproduced well by the

theoretical calculations. This fact is in contrast to the previ-
The crystal structure of SRuQ, is of K;NiF, type, with  ous findings in simple metals and alloys, where the heights
the 14/mmm space group! The atomic coordinates are of LDA-based theoretical CPs were higher than that of
given by Sr(0,&(Sr)), Ru0,0,0.5, O(1)(0,0.5,0, and experiment&~*°For comparison, the Lam-Platzman correc-
O(I1)(0,0,z(0)). The lattice constants and parameters argion is displayed in insetb) of Fig. 1. Although slight dis-
a=3.8603 A, ¢c=12.729 A, z(Sr)=0.14684, and z(0) crepancies are observed in a region betwpgnl and 4

=0.3381. a.u., there is a good accord between the experiment and
The self-consistent calculations were carried out using théheory with respect to the overall shapes of the CPs.
full potential linearized augmented plane wa#eAPW) Figure 2 presents the low momentum parts of the experi-

method?® With regard to the exchange correlation potential,mental CP(open circles along the[100] direction, together
the form of Perdew and Wang was employédhe valence with that of the LDA-based calculatiofsolid line). The cal-
band states were treated in a scalar relativistic approximaculated profile is convoluted by the experimental resolution
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FIG. 3. Theoretical bandwise profiles of the partially filled
(17th—19th and highest filled(16th) bands:(a) [100] directional
profiles, (b) [110] directional profiles.

FIG. 1. Experimental Compton profil€€P9 (open circlesand  (17th—19th and highest filled16th) bands are presented for
calculated CPsgsolid lineg for Sr,RuQ,. The calculated CPs are the [100] direction in Fig. 3a). The theoretical FS is com-
convoluted with the experimental resolution function. In¢at  posed of two electron shedi8 andy) centered at thE point
shows the raw data, the core profile, and the double scattering copmd a hole sheet at thepoint. The projection of the bodies
Fribution for the experimental CP glong thEDQ] direction. Insetb) of the 8 and y sheets and their higher componef®+0)
is the Lam and Platzman correction. onto the[100] direction makes a dip at 0.35 a.u. in the 19th

and 18th band profiles. The hole pockets of theheet also
function. In order to highlight the sharp structures related to
the geometry of the FS, the profile without the resolution

convolution (dash-dotted lingis also shown in Fig. 2. In 15 010 R = oe
order to clarify the origin of the fine structures in the theo- 1.0 ° E;';'\' Loos L. e
. . . . . . = ) g 4
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FIG. 2. Experimental Compton profiCP) (open circley and 0 1 2 3 4 5
calculated Compton profiles in the low momentum region. The p, (a.u.)

solid line shows the result of the LDA-based calculation and the

dashed line is that obtained by the artificial upward shift of the FIG. 4. Experimentalopen circles and theoretica(solid lineg
Fermi energy by 0.06 eV, where both calculated profiles are convoanisotropy profiles. The power spectrum of {i€©0]-[110] anisot-
luted by the experimental resolution function. The calculated pro+opy profile is shown in the inset, wheRyy, and R, indicate the
files without the resolution convolution are shown to highlight shortest distances between Ru atoms along[1@$)] and [110]
sharp structures related to the geometry of the Fermi surface.  directions.
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where;(r)’s are the position space wavefunctions anig
taken along thd hkl] direction?® Several other peaks ob-
served in the experimental and calculate¢) ’s could be
understood as the behavior of the total autocorrelation func-
tion of the wave functions. Till now, several experiments
have reported that the presence of bonding gives rise to a

05}

0.0 '..'_"

.............. All Bands

J1oo(pz) - J11o(pz)

i Partially Filled periodic oscillation and an angular dependence in the mo-
05 ¢ Bands 1 mentum densit§:~**According to simple model& the am-
..~ [Filled Bands plitude of modulated structures depends on the overlap inte-
o 1 2 3 4 gral of atomic wavefunctions at different sites. Therefore, the
p, (au.) oscillatory behavior in the CP and thus the anisotropies serve

as a critical test for the theoretical predictions for the bond-
ing states. As is obvious in Fig. 4, the amplitude of the ex-
perimental anisotropies is in good agreement with that of the
LDA computations. This indicates that the present calcula-
tion gives the correct wave functions in the filled Rd 4
produce a dip at 0.35 a.u. in the 17th band profile. On thdands that are hybridized with Op2orbitals. This fact is in
other hand, the 16th band profile presents a peak at 0.30 a gontrast to the case of the cuprate ¥Ba;O;_, where the
The interplay between the dip due to the FS geometry an4DA calculation predicted a 40% larger amplitude in the
the peak due to the occupied state makes the structure aroudgisotropy profile than the experimeéft®In the cuprate, it
0.35 a.u. In the bandwise profiles along fi40] direction, is likely that the LDA-based theory does not properly de-
projection ofy and 3 gives a shallow dip at 0.35 a.u. in the scribe the bonding states in the Cu@lanes because of
18th and 19th bands, while that afmakes a small peak in strongly correlated electrons. Theoretically, it was reported
the 17th bandsee Fig. &)]. This cancellation leads to no that on-site correlation modifies the single-particle band
detectable FS signature in the CP along[th#0] direction.  structure even at the high binding energy region around 12
In order to examine how the change of the FS geometrgV in YBa,CuyO,.”
affects these low momentum parts, we have artificially
shifted the Fermi level by 0.06 eV upward, and computed the

FIG. 5. Calculated anisotropigfl00]-[110]) for all (1st—19th,
partially filled (17th—19th, and filled (1st—16th bands. The filled
bands dominate the anisotropies betweer 1#9§] and[110] direc-
tional Compton profiles.

CPs again. The idea of making adjustments to the LDA FS V. SUMMARY
by shifting the Fermi energgi.e., a rigid band shifthas been
employed for an interpretation of ARPES specfrd’ The We have measured the Compton profilé8P9 of

upward shift makes the electron sheet disappears at fie  Sr,RuQ, along the[100], [110], and[210] directions at an
point, leading to a FS with one electron sheet centered at theray energy of 115.5 keV with a momentum resolution of
I' point and two hole sheets at tepoint. As shown in Fig.  0.14 a.u. In parallel with the experiments, full potential
2, the present upward shift brings additional amounts of mot APW calculations have been carried out within the LDA-
mentum density in the CRédicated byA andB), implying  based band theory framework. Comparisons between the ex-
that the upwardly shifted FS is unacceptable ipR8IO;. periment and theory show a good level of accord in the over-
Figure 4 displays the anisotropies in the CPs of Fig. 14| shapes of the CPs, the height of CPs, and the anisotropies
The bandwise anisotropy profile§100]-[110) are pre-  of 5 pair of CPs. An artificial rigid band shift, where the
sented in Fig. 5. As is evident in Fig. 5, the anisotropiesggrm; energy is shifted upward by 0.06 eV, has worsened the
come from the filled bands except for the structurepat o5 eement between the experiments and calculations. An ex-
=0.35 a.u. The filled bands are mainly the bonding states of nination of the anisotropy profiles has also shown that the
the Ru 4 andgm-plane O P orbitals, and the nonbonding theqry well predicts the wave functions of Rd 4nd O 2
states of O 2 Slnce the nonbondmg _states do not Causeoonding states in the RuyOplanes. Finally, the Compton
any modulation in the CP, anisotropic fine structures are aSscattering provides information on the electronic structure of

signed to the bonding states. As seen in the inset of Fig. Acomplex materials, complementary to ARPES, dHVA, and
the power spectrun®(r) of the anisotropy profilé[110]~  AcAR measurements.

[110]) shows peaks which could be identified with the inter-
atomic distances, wher&,o, and R, indicate the shortest
Ru—Ru distances 'along th&00] and[110] d|.rect|ons. In the ACKNOWLEDGMENTS
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