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Extended Van Hove Singularity in a Noncuprate Layered Superconductor SsRuO4
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Angle-resolved photoemission spectroscopy was performed on a ruthenate supercongi@y Sr
(T, ~ 1 K) which has the same crystal structure asCaO,, but with RuG; layers replacing Cu@
layers. SpRuO, shows arextendedvan Hove singularity (VHS) a0 = 2 meV belowEr just like
the cuprates, regardless of the character of the electronic stakgs afhis suggests that thextended
VHS is a general feature of a two-dimensional correlatedectron metal. The observed Fermi surface
is in contrast to local-density-approximation calculations.

PACS numbers: 79.60.Bm, 73.20.Dx, 74.72.-h

In understanding the mechanism of superconductivityof the cuprates; we observe it in the |diy-layered su-
in high transition temperature (high-) cuprate super- perconductor, SRuQ,; and (2) while the position of the
conductors, one of the most important questions todayHS (= 20 = 2 meV, just like the cuprates) and the tem-
is: Given a pairing force originating in either electron- perature dependence of crossover fréfto T linear in
electron or electron-phonon interactions, or of a moreesistivity seem consistent with the calculations of Newns
exotic origin, how is theT. enhanced to the experimen- et al.[8], the proximity of a VHS close t& does not
tally observed transition temperatures? Theoretical studieguarantee higi.. The results suggest that the extended
have emphasized the importance of a Van Hove singulaivHS is a general feature of a two-dimensional correlated
ity (VHS) arising from a saddle point in the energy-versus-metal and imply that the high, of the cuprates compared
momentum K) relation, which would provide a very high to the ruthenate is derived from an additional mechanism
density of states at the Fermi levély) as a possible cause such as a different coupling constant or interlayer coupling
for an enhanced’. [1]. In a more recent study, the pos- between the two systems.
sibility of an electronic pairing mechanism based on the In this study, we present results of high-resolution
logarithmic VHS has been identified [2]. While there wasangle-resolved ultraviolet photoemission spectroscopy
indirect evidence for the existence of high density of state$ARUPS) of SpRuO,. This material has the same
at Er in the cuprates from various experiments [3], onlycrystal structures as L&uO,, but with RuG, planes
very recent high-resolution angle-resolved photoemissioneplacing the Cu@ planes. It exhibits superconductivity
studies have directly observed the VHS ndar, pos- at 0.93 K [9] and a highly anisotropic resistivity for
sessing a saddle-point topology. Specifically, ¥8a,0g the in-plane and perpendicular to the plane components,
(Y124) exhibits an extended saddle-point singularity deboth of which follow a 7> dependence below 25 K
rived from energy bands of the Cy(lanes positioned like a typical correlated metal [9,10]. While L&uO,
at 19 meV belowEr [4], observed as a sharp peak justis an antiferromagnetic insulator, fuO, shows en-
below E over a wide range ik space in angle-resolved hanced Pauli paramagnetism [11]. A band structure
photoemission measurements. It was suggested that suchlculation based on the local-density approximation
an extended singularity could yield a power law diver-(LDA) to the density functional theory using the linear
gence in the density of states and could givé.aof or- augmented plane wave method [12] has shown that the
der 100 K in a weak coupling BCS scheme. Similarly,Ru 4de(xy, yz,zx)-O2p# antibonding bands crossy,
Bi,Sr,CaCwOg (Bi2212) and Pr-substituted B3r,CuQgs  while it is well established in the high; cuprates that
(Bi2201) show extended VHS's within 30 meV &  the Cu3d,.-,.-O2po antibonding band crosses tiig .
[5,6]. On the other hand, Nd,Ce.CuQ, (NCCO), the Moreover, though the electronic statesatderived from
electron doped cuprate, also shows a saddle-point singiRu-O antibonding bands have a relatively high density of
larity [7], but not of the extended type and positioned farstates giving a specific heat value of ~10 mJ/K? mol,
from Er (~350 meV). These observations are thought tothis calculated value is still much less than the observed
be consistent with the normal state resistivity which showsy value (39 mJK?mol) [9]. These observations point
aT? dependence in NCCO as for a normal Fermi liquid,to the inadequacy of a simple one-electron picture to
while the proximity of the VHS tcEr in the p-type high-  account for the properties of gRuO,.
T. cuprates has been tied to the linear dependence of the Single crystals of SRuO, were prepared by the float-
resistivity on temperature. The main purpose of this Leting zone method. The samples were characterized for
ter is to show that (1) the extended VHS is not a preservstructure using x-ray diffraction. Magnetic susceptibility
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measurements confirmed the superconductivity at abowtructure calculation reported by Oguchi [12]. While the
0.9 K. ARUPS measurements were performed using arossing at 16is not clear along th&'X direction, an in-
high-resolution angle-resolved photoemission spectromdependent measurement along ¢tddrection shows a def-
eter constructed at Tohoku University. Samples werénite crossing a® = 16° as marked out in Fig. 2 where
cleaved in an ultrahigh vacuum of better thdanxX  the Er crossings are shown as filled circles. The circles
107" Torr at 20 K. All measurements have also beenindicate the positions corresponding to the measurement
done at 20 K within 4 h of every cleaving, as the surfacepoints in the Brillouin zone. For th&€Z direction, how-
degraded beyond 6 h of cleaving as seen by the reduever, the same bands become sharp on approaéhirfigr
tion in intensity of the sharp peak observed nEarand increasingd and remain as dispersionless sharp peaks at a
a concomitant formation of the well-known contamina-binding energy of less than 30 meV bel@y over a wide
tion or degradation derived feature at about 10 eV bindfegion of the Brillouin zone [see Fig. 1(b)]. On further
ing energy. The contamination-derived feature at 10 e\increase off, the feature broadens out and moves again
binding energy is absent only for an atomically clean surto a higher binding energy, showing that it does not ever
face as has been established recently even for Ru oxrossEr along thel'Z direction. In order to further in-
ides [13]. Energy and angular resolutions were 50 meWestigate the nature of the band dispersion #gaaround
and less than 2 respectively. A restricted set of mea- the zone boundary, we measured along several lines per-
surements was carried out for the& direction at higher pendicular to thel’Z direction and one special direction
energy resolution of 30 meV to accurately determine theparallel toI'X direction. The corresponding cuts in the
position of the VHS. The Fermi level was referred to thatBrillouin zone are shown in Fig. 2 as rows of circles la-
of a gold film deposited on the sample substrate. The rebeledc, d, e, f, andg. Figure 1(c) shows the result obtained
sults presented here were acquired from over 15 cleavingdong cute. [Note thatd = 0°in Fig. 1(c) corresponds to
and reproducible dispersion was obtained, confirming tha®# = 22° in Fig. 1(b).] As can be seen in Fig. 1(c), the
the results are intrinsic. narrow peak neaEr at6 = 0° disperses slowly towards
Figure 1 shows the ARUPS spectra of,BuO, along  Ef forincreasing and decreasifigralues and crosses over
the I'X, I'Z, and perpendicular to thEZ direction (de- to unoccupied states @& = *9°, as is evident from the
noted by XX) of the Brillouin zone, measured at 20 K disappearance of the narrow peal&at Thus, in contrast
using the He resonance liney = 21.22 eV). For the to a flat maximum observed along thh& direction, the
I'X direction [Fig. 1(a)], we observe two bands located atsame sharp peak shows a minimum on ke high sym-
about 0.1 and 0.4 eV binding energy athd= 0° whichis  metry line in a direction perpendicular to it. This behavior
derived from Ru 4 and O 2 antibonding states. These is also observed for several cuts perpendicular toltAe
bands approachEr for increasingd, before crossing it be- direction and the results are summarized in Fig. 3 where
yond = 16° and 20, respectively. This is understood we show a surface plot of the dispersion of the singular
by the sharp decrease in intensityFt beyondd = 20°  feature as a function of the in-plane wave vector. As is
and is consistent with crossings expected as in the bandearly seen in Fig. 3, the sharp peak ngarin Sr,RuQ,
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FIG. 2. Section of the calculated [12] (thin line) and observed
FIG. 1. ARUPS spectra of SRuO, in the vicinity of the (thick line) Fermi surface of SRuQO, together with points irk
Fermi level along (a)T'X, (b) I'Z, and (c) perpendicular space at which ARUPS measurements were performed (circles).
to the I'Z direction (denoted byXX) using He photons Filled circles correspond t& points at which a band crossing
(hv = 21.22 eV), measured at 20 K. Also see Fig. 2 for the is observed (cuta—g) or expected to be observed (cuts-f’)
Brillouin zone and the high-symmetry points of . BuO,. The  from symmetry. Shaded region corresponds to region in which
I'Z direction corresponds to the Ru-O bonding direction. the VHS lies within 30 meV of .
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FIG. 3. A surface plot of the dispersion of the singular feature
as a function of the in-plane wave vector, showing an extended 00— 50 EF
saddle-point topology. A two-dimensional contour plot is Binding Energy (meV)
shown in thek,-k, plane.
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FIG. 4. ARUPS of SsRuQ, using 30 meV energy resolution

(solid line) in the vicinity of Er obtained at 20 K for several

points along thel'Z line. Broken lines are ARUPS using
is a VHS possessing aextendetisaddle-point topology, 50 meV resolution measured at the sakipoints. Note that

jusas s Observed it e g Ut [ B e o S s o e
In order to check the posmon .Of VHS more accurateIYspectra, indi’cating that the VHFS lies at or less than 20 meV
so as to make comparisons with the VHS observed ifom £,
the cuprates and to relate with the observed tempera-
ture dependence of resistivity, we performed high reso-
lution ARUPS at several points along th& direction
using 30 meV resolution. In Fig. 4, we display these remately% of the energy position of VHS. The position of
sults with the spectra measured at the s&peints with  VHS (20 meV-230 K) then suggests that the resistivity
a resolution of 50 meV (Fig. 1). The higher resolutionshould exhibit7? behavior below about 60 K and is in
spectra also exhibit the dispersionless sharp peakeke., fair agreement with experiments which sha® depen-
tendedVHS, from = 16° to 23, in good agreement dence below 25 K and a crossoverTdinear resistivity
with the result shown in Fig. 1. But the position of the by about 100 K.
sharp peak in higher resolution spectr2ds* 2 meV in Finally, we discuss the Fermi surface topology of
binding energy, closer t&r compared to the lower res- Sr,RuO,. Figure 2 shows the experimentally obtained
olution spectra, suggesting the position of VHS is lesd~ermi surface (thick line) compared with that obtained
than or equal to 20 meV. The position of the VHS isfrom LDA calculations (thin line). Filled circles along
thus exactly as is observed in the highcuprates. The the cutsa, c, d, e, f, andg are observed Fermi surface
existence of an extended VHS nef in Sr,RuQ, de-  crossings and those along, d’, ¢/, and /' are expected
spite the different character of bands crossifigclarifies  crossings from symmetry. The calculated surface shows
the following aspects in relation to the high-cuprates. two electron pockets centered at tHé point and a
An extended VHS neaEr may be a necessary condition hole pocket around th& point. While the hole pocket
for high T., but is surely not a sufficient condition for expected around th¥ point is observed experimentally,
the same. From a recent angle-resolved photoemissicdhe two electron pockets are not observed. Instead, we
study of a low7, (~10 K) cuprate superconductor, King observe an additional hole pocket around Xepoint.
et al. [5] conclude that there seems to be no direct relaThough the possibility of an electron pocket around the
tion between a higiT. and the presence of an extendedI’ point cannot be ruled out with the present resolution,
VHS. As for the present case, the relation between théhe observed Fermi surfaces with two hole pockets are in
position of VHS and the temperature dependence of restrong contrast to the LDA calculations. Our results seem
sistivity, Newnset al. [8] have shown that th@-linear consistent with the observation that the Hall coefficient
resistivity appears only above a temperature of approxiis positive from room temperature up to about 10 K
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