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We report the Fermi surfaces of the superconductgR®D, and the nonsuperconductor, 3€& s,RuO,
probed by bulk-sensitive high-energy angle-resolved photoemission. It is found that there is one square-shaped
hole-like, one square-shaped electron-like, and one circle-shaped electron-like Fermi surface in both com-
pounds. These results provide direct evidence for nesting instability giving rise to magnetic fluctuations. Our
study clarifies that the electron correlation effects are changed with composition depending on the individual
band.
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Clarification of Fermi surfacesFS9 is fundamental to electron-like FS4° However, the following ARPES
understand the physical properties of functional materialstudied''?have suggested that the earlier finding originates
such as superconducting transition metal oxides, heavy fefrom surface states, and that the bulk FSs are qualitatively
mion systems, and organic conductors. Quantum oscillatiogimilar to the result of the band structure calculation. It has
measurements by virtue of the de Haas-van Alphen oRlso been reported that a lattice distortion takes place at the
Shubnikov-de Haas effect are known as useful techniques turface!® giving FSs different from the bulk. Thus, the char-
detect bulk FSs. However, their electron- or hole-like char-acters and shapes of the two-dimensional bulk FSs of
acter and their shape cannot be experimentally revealed b§r,RuQ, are experimentally still unclear because the re-
these measurements alone. In addition, these techniques fsorted shapes of the FSs from the low-energy ARPES de-
quire low temperatures and almost defect-free single crystalpend on the surface preparation and the excitation photon
so that they are not easily applicable to doped or partiallyenergies!*? Low-energy ARPES on $RuQ, has shown
substituted systems such as the high-temperature supercafat the FSs shapes measured on the “degraded” surface ob-
ductors La_,SrCuQ,, BiSr,CaCyOg,s or the here re- tained by cleavage at 180 K and fast cooled down seem to be
ported Sy ¢Ca RuQ,. The number of measurements by us-similar to the prediction of the band structure calculation
ing quantum oscillations on oxides is actually very few. Oncompared with those on the clean surface prepared by cleav-
the other hand, low-energy angle-resolved photoemissiolge at 10 KL12 In general, photoemission data on cleaner
(ARPES is known as a tool for probing FSs as well as surfaces prepared by cleavage at lower temperatures, at
quasiparticle dispersions of correlated electron sysfemswhich surface desorption and diffusion of atoms from inside
However, it is still unclear whether so far reported low- are suppressed, are more reliable. Thus, the mere similarity
energy ARPEShr=120 e\) results fully reflect bulk elec- of the FSs as obtained by low-energy ARPES and theory
tronic structures because of its high surface sensitivity. Sinceannot guarantee that the genuine bulk FSs eR$®, are
high-energy photoemissiofny=500 eV) has an advantage really established. Besides, the FSs of lightly Ca-substituted
in probing bulk state$? high-energy ARPES with high an- Sr; (Ca, ,RUQ, are not yet clarified at all.
gular resolution can be a complementary and promising tech- Compared with low-energy ARPES, high-energy ARPES
nique for the bulk Fermiology of solids besides the quantunfaces several experimental difficulties regarding the detection
oscillations measurements. of quasiparticle dispersions and FSs. High angular resolution

It is known that SyRuQ, shows “triplet” supercon- is especially required for high-energy ARPES since the mo-
ductivity,*® which disappears with a very small amount of mentum resolution not only depends on the angular resolu-
Ca substitutiolf. Combination of the quantum oscillation tion but also on the square root of the photoelectron kinetic
measurements and band structure calculations suggests ameergy(~hwv in the case of the valence-band ARBEBur-
hole-like FS sheet centered &tr,7) (« sheef and two thermore, a high photon flux is also required for a practical
electron-like FS sheets centered(@0) (8 and y sheetgin  high-energy ARPES measurement because photoionization
Sr,RuQ,.° On the other hand, so far reported results ofcross sections decrease exponentially with** Recent im-
low-energy ARPES for SRuQ, are controversial although provements in both synchrotron light sources and electron
ARPES has an advantage in determining the character afpectrometers allow us to measure high-energy ARPES spec-
FSs. Yokoyeet al. have first concluded two hole-like and one tra with high angular and energy resolutions facilitating bulk
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' ' ' ' ' ' ing energy side of the main peaks in the spectrum=ad°.
Sr,RuQ, Sr 3d S The intensity of these shoulders is remarkably enhanced in
hy = 700 eV the more surface-sensitive spectrum és£60°. Therefore,
the main peaks and the additional structures are ascribed
to the bulk and surface components, respectively. A more
detailed analysis shows that there is actually another
surface component in the spectfDue to this analysis, both
spectra are well deconvoluted into the bulk and two surface
contributions(S1 and S with the intensity ratio of bulk:
S1:S2=0.58: 0.26: 0.16 a1=0° and 0.36: 0.39: 0.25 at
#=60°. These ratios are very close to what we expect from
the lattice constants and the calculated photoelectron mean
free path” at the kinetic energy of 565 eWA=12.3 A),
namely, 0.59: 0.24: 0.17 a&#=0° and 0.35: 0.43: 0.22 at
0=60°. Since\ at the photoelectron kinetic energy of
700 eV is calculated as 13.5 A, the bulk contribution in the
valence-band spectra &t~ 0° is estimated as 63%. It was
: . | \ | . demonstrated in YO; that the surface component is notice-
140 138 136 134 132 130 ably suppressed near the Fermi leyEf) due to its more
Binding Energy (eV) localized charactéf Namely, the stronger electron correla-
tion in the surface than in the bulk leads to less quasiparticle
FIG. 1. Polar-angl¢6) dependence of the Sd3ore-level pho-  \weight nearEx and enhanced spectral weight of the surface
tosmission Spectra of §?UO4 (f|"ed Cil’CleQ. The SpeCtra are well Component away frorEF |n the Spectra Of Vanous trans|t|on
deconvoluted into three components corresponding to the contribynetal oxides. Likewise the surface spectral weight is ex-
tions from the top-most SrO surface lay€31), the second SrO pected at higher binding energies away frdp than the
surface layer(S2) placed just below the top RyQayer, and the bulk spectral weight nedg in Sr,_,CaRuO;.
bulk layers. Let us show the ARPES spectf@nergy distribution

Fermiology. In this paper, we show the FSs 0§ SEaRu0,  curves(EDCs] of SpbRuO, along the(sr, 0)- (7, ) direction
probed by means of high-energy ARPES. in Fig. 2a), which demonstrate that a band starts from
Single crystals of St,CaRuQ, (x=0,0.2 were used for ~0.5 eV at(m,0), approaches to and crosses the Fermi level
the measurements. The high-energy ARPES measurements(&t) on going to the(w,w) direction. The peak width be-
hy=700 eV were performed at BL25SU in SPring®8The = comes narrower nedg. This quasiparticle forms the hole-
base pressure was about40°® Pa. The(001) clean surface like FS sheeta. A similar behavior is observed in
was obtained by cleaving the samplassitu at the measur- St §Ca RUO, as shown in Fig. @). However, the peak is
ing temperature of 20 K. The photoelectrons within polarbroader in the spectra fr=0.2 near the Fermi wave vector
angles of about +6° with respect to the normal of the samplékg) compared with those fox=0.
surface were simultaneously collected by using a The ARPES spectra of §5tCaRu0, along the(0,0)-
GAMMADATA-SCIENTA SES200 analyzer, thereby cover- (7,0) cut are shown in Figs.(2) and 2d). They are rather
ing more than a whole Brillouin zone along the direction of complicated because there are three quasiparticle bands be-
the analyzer slit. The overall energy resolution was set tdow Eg in this direction. For both compounds, the band form-
~120 and~200 meV for high-resolution measurements anding the « sheet is located at0.5 eV, which shifts hardly
Fermi surface mapping, respectively. The angular resolutioetween0,0) and (7, 0), while the other two bands forming
was +0.1°(+0.15°) for the perpendiculagparalle) direction  the g andy sheets show dispersion and cré&s The behav-
to the analyzer slit, which was experimentally confirmedior of the Er crossing of theg and y branches(hereafter
at BL25SU. These values correspond to the momentum resabbreviated ag and y crossing is also confirmed by the
lution of +0.024 A (+0.035 A1) [6% and 9% ofw/a, momentum distribution curve€MDCs) as shown in Figs.
wherea is the lattice constant of SRuQ,, 3.87 ARef. 4]at  2(e) and 2f), and the symmetrized EDCs with respecBo
hv=700 eV. The surface cleanliness was confirmed bynot shown in this paper, a similar procedure was used in
means of the angle-integrated photoemission by the absen&ef. 11. The behavior of the ARPES spectra for
of additional spectral weight on the higher binding energySr, {Ca, ,RUQ, is qualitatively similar to that of SRuQ,
side of the intrinsic O & contribution, absence of the pos- whereas subtle differences can be recognized as the quasi-
sible C Is signal, and no peak or hump structure at 9—10 eVparticle of theB sheet is more prominent for §Ca RuG,
from E¢ in the spectra. We also measured core-level spectrthan for SgRuQ, whereas thée crossing of they sheet is
with an energy resolution of 200 meV. less prominent than fax=0.
Figure 1 shows the polar-ang(é) dependence of the Sr The photoemission intensity &g for Sr,_,CaRuO, and
3d core-level spectra of SRuQ,. The surface contributions estimated Fermi wave vectdf«:'s are displayed in Fig. 3.
in the spectra is enhenced with increasihgn addition to  One can clearly identify the one hole-like) and the two
peaks at 132 and 134 eV originating from the $in-orbit  electron-like(8 andy) FS sheets. We find that the shapes of
splitting, two shoulder structures appear on the higher bindthe « and 8 sheets are square-like while the shape of the

Intensity (arb. units)

060506-2



TECHNIQUE FOR BULK FERMIOLOGY BY...

3(:0.2‘
B

L

Intensity (arb. units)

(m,0)

10 00
Binding Energy (eV)
x=0 X =

[UNNSZZANS 7N

Momentum (unit of 1/a)

FIG. 2. (Color) High-energy ARPES spectra nedf of
Sr,_,CaRuQ,. (a) EDCs along the(ar,0)-(7r,7) cut of SERUO,
with an energy resolution of~200 meV. The red lines show the
spectra where the quasiparticle band crossedi.e., atkg). (b)
Same aga) for Sr; «Ca-RuQ,. (c) EDCs along the0,0)-(4r,0)
direction of SsRuO, with an energy resolution of 120 meV. The
blue dashed lines indicate the band dispersi¢iisSame agc) for
Sr Ca& RUO,. (6) MDCs along the(0,0)-(7,0) cut of SERUO,.
(f) Same age) for Sr; Ca ;RUO,.
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FIG. 3. (Color) Fermi surfaces of $r,CaRu0, obtained from
the high-energy ARPES$a) Photoemission intensity map integrated
from Eg to —0.1 eV(unoccupied energy siglewhich represents the
FSs of SsRuQ,. (b) Estimatedky and schematically drawn FSs
(pink solid curves based on our results. The bold green lines show
two one-dimensional FSs mutually orthogonalized, as a result of the
combination of the obtained two square-like F&sand B8 sheets.
The blue arrow represents the feasible nesting ve@tpiSame as
(a) for Sry Ca ,RUO,. (d) Same agb) for Sr; (Ca RUO,

netic fluctuations forqy=(+0.67, £0.6m), which could be
due to the nesting propertiésAs shown in Fig. 3, the ob-
served FSs give direct evidence for the nesting instability
with q=(£27/3, £27/3).

For Sk ¢Ca -,RuUQy, the y crossing cannot be resolved in

sheet is rather circular—like_ for _both compounds. Thesesomek regions whereas th@ crossing is clearly detected
_shapes reflec_t that Fh)esheet is mamly composed of a rather almost everywhere in reciprocal sp&égégs. 3c) and 3d)].
ideally two-dimensionald,, band while the other square- This is somewnhat different from our FS map of,BuQ,,

shaped sheets are due to the andd,, bands, which are to

where also they crossing can be resolved almost everywhere

some extent one-dimensional in the electronic states. ThiFigs. 3a) and 3b)] and the spectral weight &t is compa-
estimated area of each sheet is comparable to the results fromble between thg andy sheets in most of thieregions. As

the quantum oscillations for gRuQ,. The obtained FSs of
Sn Ca ,RUO, are similar to those of SRuQ,. The two-

for the «a sheet, a reduced quasiparticle weighEatis ob-
served forx=0.2 compared with that fox=0 as shown in

dimensional topology of the FSs is also consistent with theFig. 2. From these facts we conclude that the electron corre-

prediction from band-structure calculatiohs.

lations become stronger for theand y sheets by the small

The combination of the observed two square-like FSamount of Ca-substitutiofx< 0.5), which does not lead any
sheets, ther and 8 sheets, can also be regarded as two onemttice distortior?2

dimensional FSs located kf=+Q andk,=+Q, whereQ is

Although the electron correlation strengths seem to be

estimated as-0.65= from our high-energy ARPES. It has changed depending on the individual band between the su-

been theoretically predicted that FS nesting effect occurgerconducting SRuO,

with wave vectors)=(+2m/3,kj), =(k;, +27/3) and espe-

X7 =

cially atq=(+27/3, £2m/3) wherek; andk, are arbitrany’

and the nonsuperconducting
Sn §Ca -RUQ,, the electronic structures are found to be
qualitatively unchanged. On the other hand, it has been re-

An inelastic neutron scattering study indeed detected magported that the superconductivity in,8uQ, is easily sup-
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