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Extended Van Hove Singularity in a Noncuprate Layered Superconductor Sr2RuO4
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Angle-resolved photoemission spectroscopy was performed on a ruthenate superconductor Sr2RuO4

(Tc , 1 K) which has the same crystal structure as La2CuO4, but with RuO2 layers replacing CuO2
layers. Sr2RuO4 shows anextendedVan Hove singularity (VHS) at20 6 2 meV belowEF just like
the cuprates, regardless of the character of the electronic states atEF . This suggests that theextended
VHS is a general feature of a two-dimensional correlatedd-electron metal. The observed Fermi surface
is in contrast to local-density-approximation calculations.

PACS numbers: 79.60.Bm, 73.20.Dx, 74.72.–h
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In understanding the mechanism of superconductiv
in high transition temperature (high-Tc) cuprate super-
conductors, one of the most important questions tod
is: Given a pairing force originating in either electron
electron or electron-phonon interactions, or of a mo
exotic origin, how is theTc enhanced to the experimen
tally observed transition temperatures? Theoretical stud
have emphasized the importance of a Van Hove singu
ity (VHS) arising from a saddle point in the energy-versu
momentum (k) relation, which would provide a very high
density of states at the Fermi level (EF) as a possible caus
for an enhancedTc [1]. In a more recent study, the pos
sibility of an electronic pairing mechanism based on t
logarithmic VHS has been identified [2]. While there w
indirect evidence for the existence of high density of sta
at EF in the cuprates from various experiments [3], on
very recent high-resolution angle-resolved photoemiss
studies have directly observed the VHS nearEF , pos-
sessing a saddle-point topology. Specifically, YBa2Cu4O8

(Y124) exhibits an extended saddle-point singularity d
rived from energy bands of the CuO2 planes positioned
at 19 meV belowEF [4], observed as a sharp peak ju
below EF over a wide range ink space in angle-resolved
photoemission measurements. It was suggested that
an extended singularity could yield a power law dive
gence in the density of states and could give aTc of or-
der 100 K in a weak coupling BCS scheme. Similar
Bi 2Sr2CaCu2O8 (Bi2212) and Pr-substituted Bi2Sr2CuO6

(Bi2201) show extended VHS’s within 30 meV ofEF

[5,6]. On the other hand, Nd22xCexCuO4 (NCCO), the
electron doped cuprate, also shows a saddle-point sin
larity [7], but not of the extended type and positioned f
from EF (,350 meV). These observations are thought
be consistent with the normal state resistivity which sho
a T2 dependence in NCCO as for a normal Fermi liqu
while the proximity of the VHS toEF in thep-type high-
Tc cuprates has been tied to the linear dependence of
resistivity on temperature. The main purpose of this L
ter is to show that (1) the extended VHS is not a prese
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of the cuprates; we observe it in the low-Tc layered su-
perconductor, Sr2RuO4; and (2) while the position of the
VHS (­ 20 6 2 meV, just like the cuprates) and the tem
perature dependence of crossover fromT2 to T linear in
resistivity seem consistent with the calculations of New
et al. [8], the proximity of a VHS close toEF does not
guarantee highTc. The results suggest that the extend
VHS is a general feature of a two-dimensional correlat
metal and imply that the highTc of the cuprates compared
to the ruthenate is derived from an additional mechani
such as a different coupling constant or interlayer coupl
between the two systems.

In this study, we present results of high-resolutio
angle-resolved ultraviolet photoemission spectrosco
(ARUPS) of Sr2RuO4. This material has the sam
crystal structures as La2CuO4, but with RuO2 planes
replacing the CuO2 planes. It exhibits superconductivity
at 0.93 K [9] and a highly anisotropic resistivity fo
the in-plane and perpendicular to the plane compone
both of which follow a T2 dependence below 25 K
like a typical correlated metal [9,10]. While La2CuO4

is an antiferromagnetic insulator, Sr2RuO4 shows en-
hanced Pauli paramagnetism [11]. A band structu
calculation based on the local-density approximati
(LDA) to the density functional theory using the linea
augmented plane wave method [12] has shown that
Ru 4d´sxy, yz, zxd-O2pp antibonding bands crossEF ,
while it is well established in the high-Tc cuprates that
the Cu3dx22y2 -O2ps antibonding band crosses theEF .
Moreover, though the electronic states atEF derived from
Ru-O antibonding bands have a relatively high density
states giving a specific heatg value of,10 mJyK2 mol,
this calculated value is still much less than the observ
g value (39 mJyK 2 mol) [9]. These observations poin
to the inadequacy of a simple one-electron picture
account for the properties of Sr2RuO4.

Single crystals of Sr2RuO4 were prepared by the float
ing zone method. The samples were characterized
structure using x-ray diffraction. Magnetic susceptibili
© 1996 The American Physical Society 3009
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measurements confirmed the superconductivity at ab
0.9 K. ARUPS measurements were performed usin
high-resolution angle-resolved photoemission spectro
eter constructed at Tohoku University. Samples w
cleaved in an ultrahigh vacuum of better than4 3

10211 Torr at 20 K. All measurements have also be
done at 20 K within 4 h of every cleaving, as the surfa
degraded beyond 6 h of cleaving as seen by the red
tion in intensity of the sharp peak observed nearEF and
a concomitant formation of the well-known contamin
tion or degradation derived feature at about 10 eV bi
ing energy. The contamination-derived feature at 10
binding energy is absent only for an atomically clean s
face as has been established recently even for Ru
ides [13]. Energy and angular resolutions were 50 m
and less than 2±, respectively. A restricted set of mea
surements was carried out for theGZ direction at higher
energy resolution of 30 meV to accurately determine
position of the VHS. The Fermi level was referred to th
of a gold film deposited on the sample substrate. The
sults presented here were acquired from over 15 cleav
and reproducible dispersion was obtained, confirming
the results are intrinsic.

Figure 1 shows the ARUPS spectra of Sr2RuO4 along
the GX, GZ, and perpendicular to theGZ direction (de-
noted byXX) of the Brillouin zone, measured at 20
using the HeI resonance line (hn ­ 21.22 eV). For the
GX direction [Fig. 1(a)], we observe two bands located
about 0.1 and 0.4 eV binding energy andu ­ 0± which is
derived from Ru 4d and O 2p antibonding states. Thes
bands approachEF for increasingu, before crossing it be-
yond u ­ 16± and 20±, respectively. This is understoo
by the sharp decrease in intensity atEF beyondu ­ 20±

and is consistent with crossings expected as in the b

FIG. 1. ARUPS spectra of Sr2RuO4 in the vicinity of the
Fermi level along (a)GX, (b) GZ, and (c) perpendicular
to the GZ direction (denoted byXX) using HeI photons
(hn ­ 21.22 eV), measured at 20 K. Also see Fig. 2 for th
Brillouin zone and the high-symmetry points of Sr2RuO4. The
GZ direction corresponds to the Ru-O bonding direction.
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structure calculation reported by Oguchi [12]. While th
crossing at 16± is not clear along theGX direction, an in-
dependent measurement along thec direction shows a def-
inite crossing atu ­ 16± as marked out in Fig. 2 where
the EF crossings are shown as filled circles. The circl
indicate the positions corresponding to the measurem
points in the Brillouin zone. For theGZ direction, how-
ever, the same bands become sharp on approachingEF for
increasingu and remain as dispersionless sharp peaks
binding energy of less than 30 meV belowEF over a wide
region of the Brillouin zone [see Fig. 1(b)]. On furthe
increase ofu, the feature broadens out and moves ag
to a higher binding energy, showing that it does not ev
crossEF along theGZ direction. In order to further in-
vestigate the nature of the band dispersion nearEF around
the zone boundary, we measured along several lines
pendicular to theGZ direction and one special directio
parallel toGX direction. The corresponding cuts in th
Brillouin zone are shown in Fig. 2 as rows of circles la
beledc, d, e, f, andg. Figure 1(c) shows the result obtaine
along cute. [Note thatu ­ 0± in Fig. 1(c) corresponds to
u ­ 22± in Fig. 1(b).] As can be seen in Fig. 1(c), th
narrow peak nearEF at u ­ 0± disperses slowly towards
EF for increasing and decreasingu values and crosses ove
to unoccupied states atu ­ 69±, as is evident from the
disappearance of the narrow peak atEF. Thus, in contrast
to a flat maximum observed along theGZ direction, the
same sharp peak shows a minimum on theGZ high sym-
metry line in a direction perpendicular to it. This behavi
is also observed for several cuts perpendicular to theGZ
direction and the results are summarized in Fig. 3 wh
we show a surface plot of the dispersion of the singu
feature as a function of the in-plane wave vector. As
clearly seen in Fig. 3, the sharp peak nearEF in Sr2RuO4

FIG. 2. Section of the calculated [12] (thin line) and observ
(thick line) Fermi surface of Sr2RuO4 together with points ink
space at which ARUPS measurements were performed (circ
Filled circles correspond tok points at which a band crossing
is observed (cutsa–g) or expected to be observed (cutsc0 f 0)
from symmetry. Shaded region corresponds to region in wh
the VHS lies within 30 meV ofEF .
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FIG. 3. A surface plot of the dispersion of the singular featu
as a function of the in-plane wave vector, showing an exten
saddle-point topology. A two-dimensional contour plot
shown in thekx-ky plane.

is a VHS possessing an “extended” saddle-point topology,
just as is observed in the high-Tc cuprates [4–6].

In order to check the position of VHS more accurate
so as to make comparisons with the VHS observed
the cuprates and to relate with the observed temp
ture dependence of resistivity, we performed high re
lution ARUPS at several points along theGZ direction
using 30 meV resolution. In Fig. 4, we display these
sults with the spectra measured at the samek points with
a resolution of 50 meV (Fig. 1). The higher resolutio
spectra also exhibit the dispersionless sharp peak, i.e.ex-
tendedVHS, from u ­ 16± to 23±, in good agreemen
with the result shown in Fig. 1. But the position of th
sharp peak in higher resolution spectra is20 6 2 meV in
binding energy, closer toEF compared to the lower res
olution spectra, suggesting the position of VHS is le
than or equal to 20 meV. The position of the VHS
thus exactly as is observed in the high-Tc cuprates. The
existence of an extended VHS nearEF in Sr2RuO4 de-
spite the different character of bands crossingEF clarifies
the following aspects in relation to the high-Tc cuprates.
An extended VHS nearEF may be a necessary conditio
for high Tc, but is surely not a sufficient condition fo
the same. From a recent angle-resolved photoemis
study of a low-Tc (,10 K) cuprate superconductor, Kin
et al. [5] conclude that there seems to be no direct re
tion between a highTc and the presence of an extend
VHS. As for the present case, the relation between
position of VHS and the temperature dependence of
sistivity, Newnset al. [8] have shown that theT-linear
resistivity appears only above a temperature of appro
e
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FIG. 4. ARUPS of Sr2RuO4 using 30 meV energy resolution
(solid line) in the vicinity ofEF obtained at 20 K for several
points along theGZ line. Broken lines are ARUPS using
50 meV resolution measured at the samek points. Note that
positions of the sharp peaks of high-resolution spectra are ab
20 6 2 meV, which is closer toEF than those of low-resolution
spectra, indicating that the VHS lies at or less than 20 m
from EF .

mately 1
4 of the energy position of VHS. The position o

VHS (20 meV 230 K) then suggests that the resistivit
should exhibitT 2 behavior below about 60 K and is in
fair agreement with experiments which showT2 depen-
dence below 25 K and a crossover toT-linear resistivity
by about 100 K.

Finally, we discuss the Fermi surface topology
Sr2RuO4. Figure 2 shows the experimentally obtaine
Fermi surface (thick line) compared with that obtaine
from LDA calculations (thin line). Filled circles along
the cutsa, c, d, e, f, and g are observed Fermi surfac
crossings and those alongc0, d0, e0, andf 0 are expected
crossings from symmetry. The calculated surface sho
two electron pockets centered at theG point and a
hole pocket around theX point. While the hole pocket
expected around theX point is observed experimentally
the two electron pockets are not observed. Instead,
observe an additional hole pocket around theX point.
Though the possibility of an electron pocket around t
G point cannot be ruled out with the present resolutio
the observed Fermi surfaces with two hole pockets are
strong contrast to the LDA calculations. Our results se
consistent with the observation that the Hall coefficie
is positive from room temperature up to about 10
3011
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though it changes sign below 10 K [14]. However,
recent de Haas–van Alphen (dHvA) effect measurem
[15] has observed three Fermi surfaces as in the LD
calculations, though the nature of the Fermi surfac
being electron or hole type cannot be addressed by dH
measurements. A possible explanation for the differe
Fermi surface observed in this study is that the surfa
potential could change the electron count at the surfa
and would make the Fermi surface topology differe
from that in the bulk. The possibility of a chang
of Fermi surface topology and a VHS along theGZ
direction, but with a rigid band shift of approximately
0.2 electron, has been suggested by Singh [16]. B
even in that case, the VHS is not of the extended typ
Another explanation is that strong correlations change
band structure substantially, as is also supported fr
transport and magnetic measurements as well as a re
valence band resonant photoemission study [17] acr
the 4p-4d threshold which has identified the presence o
correlation induced satellite of thed band.

In conclusion, the similar nature of the extended VH
in Sr2RuO4 and the high-Tc cuprates regardless of the ori
gin of the electronic states atEF imply that the extended
VHS is a general and characteristic feature of the ele
tronic structure of two-dimensional correlatedd-electron
systems. On the other hand, the large difference of
superconducting transition temperature between Sr2RuO4

and the cuprates requests a reexamination of the VHS s
nario and its relation to superconducting properties. T
observed Fermi surface is in contrast to the LDA calcu
tions. Further work on Sr2RuO4, in particular, neutron-
scattering and/or nuclear-magnetic resonance studies
check for short-range antiferromagnetic correlations
the possible origin for the VHS [18], would be wel
worthwhile in understanding the phenomena of high-Tc

superconductivity.
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