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Fermi Surface and Extended van Hove Singularity in the Noncuprate Superconductor SIRuO4
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We mapped the Fermi surface of the first copper-free layered perovskite supercondufRoQ.Sr
by high-resolution(=22 meV) angle-resolved photoemission. Three bands cross the Fermi energy,
consistent with band structure calculations; one arolihéind two aroundX. The highlight is
the observation of an extended van Hove singularity located 17 meV below the Fermi level.
It extends aroundM for ~0.2 A~' along T-M-T' and X-M-X in the projected Brillouin zone.
This raises important questions related to the possible role of a van Hove singularity for oxide

superconductivity. [S0031-9007(96)00410-3]

PACS numbers: 79.60.Bm, 73.20.Dx, 74.70.Ad, 74.80.Dm

Following the discovery of superconductivity in1.a- The SKRuQ, single crystals were grown in air by a
Ba,CuQ, by Bednorz and Miiller [1], a large number modified floating-zone melting process [7]. The crystals
of related compounds with high superconducting transican easily be cleaved, yielding highly oriented crystals
tion temperaturesTi.’s) has been found. The most com- with a (001) surface. Electrical resistivity measurements
mon feature of these high-temperature superconductopgerformed on crystals from the same batch give, aof
(HTSC's) is a layered-perovskite crystal structure con-0.93 = 0.03 K [2]. The crystal structure is body-centered
taining a planar Cu@network. It is now generally be- tetragonal of the KNiF, type with a = b = 3.8694 A
lieved that the conduction takes place in the Gylanes andc = 12.746 A at room temperature as determined by
which, therefore, are essential to HTSC’s. This raises th&-ray powder diffraction [8].
question of whether superconductivity can occur in lay- ARPES measurements were performed with a discharge
ered perovskites that do not contain copper and why codamp using the Ne line at 16.85 eV (the satellite line at
per is so conducive to high,’s. 16.67 eV has no intensity contribution in the narrow en-

With this key question in mind, the recent discovery ofergy range of the spectra of this work). The angular ac-
superconductivity in SRuQ, (T. = 0.93 K) by Maeno ceptance of the hemispherical analyzer (VSW HA50) was
et al. [2] is very significant: This is the first copper-free +1°, which corresponds to & resolution 0f0.06 A~!.
superconductor to be isostructural to any cuprate supeA pass energy of 2 eV was chosen, corresponding to
conductor. To understand the nature of the oxide suan energy resolution of 22 meV as determined by the
perconductors a thorough understanding of the electroniEermi edge of freshly evaporated gold films at 10 K.
structure is a prerequisite. Some readily apparent differThe single crystals were oriented with Laue diffrac-
ence of SgRuO, to HTSC's include the following: (1) It tion; then, once inside the analysis chamber, the relative
is superconducting without any chemical doping, whereasample orientation could be determined to within® us-
superconductivity in the cuprates appears only after carng a charge-coupled device camera. The samples were
rier doping of an insulating parent compound such asooled down to 10 K and then cleaviedsitu at a pressure
La,CuQ,; (2) RU™ (44%) is in the low-spin state with of <3 X 107! mbar. Even at such a low pressure, the
spin 1, whereas the Cti (34°) valence state has splf2;  sample surface becomes contaminated, and reliable spec-
and (3) thed orbitals involved in thed-p hybridization tra can only be recorded up to 12 h after cleaving. Dur-
haver,, (dyy, dy;, andd,;) in Sr,RUQ, but ¢, (d,»—,2)  ing the measurements, we checked the spectra regularly to
symmetry in the copper oxides. ensure that no changes has occurred. After completion of

As amply demonstrated for the HTSC's [3], angle-the measurements, the sample orientation was confirmed
resolved photoemission spectroscopy (ARPES) is a powby low-energy electron diffraction.
erful method of measuring the electronic structure close to Figure 1 presents ARPES data for,BuO, along three
the Fermi levellEr). In this Letter, we present ARPES high-symmetry lines. The high two-dimensional character
data from single-crystalline $RuO, (Ref. [4]). With  allows us to adopt the projected BZ. Since we are inter-
high energy resolution we have mapped the whole Fermésted in measuring the Fermi surface, we concentrate only
surface (FS) in the reduced Brillouin zone (BZ). The mea-on a very narrow energy range ndaf. A study on the
sured FS is compared with local-density-approximatiorfull valence band will appear elsewhere [9]. The angles
(LDA) band structure calculations [5,6]. (6, @) displayed next to each energy distribution curve
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we probe further away from thé/ point. Symmetry-
equivalent FS crossings are evidenfat +8.5°.

Figure 2 summarizes the dispersion of this band around
the M point along both thé™-M-I" andX-M-X directions.
The peak positions were obtained by fitting a simple spec-
tral function to the EDC’s: A product of a Fermi func-
tion and a Lorentzian modeling the lifetime-broadened
intrinsic line shape of the quasiparticle state was adopted
and then convoluted with a Gaussian to represent the
analyzer function. A Shirley-type background was in-
cluded to account for secondary electron losses. The
fitting was found to agree quite well with the experimen-

; tal spectra. The dispersion of this band characterizes a
Y B Y S Sy B TR R TR T X  saddle point in theE vs k space, i.e., @ minimum in
Binding energy (eV) one direction and a maximum along the perpendicular di-

FIG. 1. Experimental ARPES spectra from,BuO, using rection. Such a saddle point is called a van Hove sin-

hv = 16.85 eV photons along the (a)-X, (b) T-M-T, and  Qularity (VHs) [10]. The saddle point we observe here

(c) X-M-X directions. is located atEvys = 17 meV below Er and extends in

k space abou0.2 A~! along bothT'-M-T" and X-M-X

in the projected BZ. This is the first time that such a

saddle point singularity has been observed to extend in
(EDC) in Fig. 1 denote the emission direction of the col-both directions. In a two-dimensional system, a simple
lected photoelectrons (with kinetic ener@y). They are saddle point gives a logarithmic divergence in the density
related tok| = (ky, ky) via ky = (v/2mEy/h)sing, k, =  of states (DOS) [10]. A saddle point with an extension in
(v2mEy/h)sing. Figure 1(a) shows the EDC's along the
I'-X direction. Starting from the lowest spectrum in the
series and moving up to larger angles, a peak is seen
to emerge from the background &, ¢) = 12.6°,12.6°
and disperses towardsz. By (0, ¢) = 14.0°,14.0°, the
Fermi level is slightly above the middle of the lead-
ing edge of the feature, and iy, ¢) = 14.7°,14.7°, the
peak has lost the majority of its intensity, indicating a
FS crossing betweeiy.0°,14.0° and 14.7°,14.7°. Start-
ing at (6, ¢) = 16.0°,16.0°, we see a more pronounced
feature disperse towardsr. Then this feature exhibits
more complicated behavior: A9, ¢) = 18.1°,18.1°, it
has lost part of its intensity, but can still be clearly
seen to disperse further towardig. It is not before an
angle betweeri8.7°,18.7° and 19.4°,19.4° that a clear FS
crossing finally occurs. Figure 1(b) depicts the EDC’s
along thel-M-T' direction. A weakly defined feature
is seen to crosEy at (6,¢) = 0°19°. A more pro-
nounced feature crossé% at (6, ¢) = 0°,35°, which is
equivalent to thed®,19° crossing, reflecting the symme-
try aboutM. As shown by the tick marks in Fig. 1(b),
a second peak emerges from the background at approxi-
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mately (6, ¢) = 0°,21° and disperses towardsy until 25 - 7
(8, ) = 0°,23°. For angles betweed°,23° and 0°,30°,

this strong, sharp peak remains in close proximity£ig 30 . ! ! : .
without any evidence for a FS crossing. It then disperses 03 027 01 00 01 02 03
back from Er when moving away from thé/ point. ky - 0.814 (A1)

Figure 1(c) presents the EDC’s along theM-X direc- _
9 (©) p 9 FIG. 2. van Hove singularity around th#& point in the

tion, which is perpendicular to thE-M-I" direction. The rojected BZ: dispersion along (&--X and (b) T-3-T.

same peak (highlighted by tick marks) again ShOV‘iS n‘gircles denote the peak positions obtained by a fitting procedure
significant changes in energy position frofn= —4.5 (see text); the solid line is a guide to the eye. THepoint is
to & = 4.5°. However, it disperses up toward% as represented by, = 0 andk, = 0.814 A~
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only one direction yields a stronger divergence in the DOSs shown in Ref. [5]. However, by quantitative evalua-
such afE — Eyys) /2 or (Eyus — E)™'/2. Inour case, tion of the areas enclosed by the Fermi surface, we find
however, the saddle point extends in both directions, prothat the two hole pockets are filled by 1.5 and 1.8 elec-
ducing a divergence in the DOS such|As— Evypus| V2. trons, while the electronlike band contains 0.7 electron.
A Fermi surface of SfRuO, using the full set of our These values add up to the expected value, 4, for stoichio-
APRES data throughout the BZ is presented in Fig. 3metric SLRuQ,, thus suggesting that the band structure
The open circles denote the measured positions whemalculation does not describe the position of the Fermi en-
the bands cros&r in the projected BZ, and the solid ergy correctly. Previous ARPES experiments on HTSC's
lines represent the results of a state-of-the-art LDA bandhave demonstrated a saddle point singularitykat=
structure calculation of Singh [5]. In this calculation, a (7 /a,0) for YBa,CwO7-5 (Y123) [11], YBa,Cu,Og
VHs was predicted to be 60 meV abofe. In orderto (Y124) [11,12], Bp(Sr.97Pr03)2Cu0¢+ s (Bi2201) [13],
compare the calculation with our results, we have shiftedBi,S,CaCuyO0s.s (Bi2212) [14], and Nd gCe;1:CuO,
the calculated Fermi energy up by 77 meV, thus align{NCCO) [15]. Table | compares th&., the tempera-
ing the calculated VHs position with that obtained experi-ture dependence of the in-plane normal-state resistivity,
mentally. We observed three bands to crags This  p.,(T), and the energy position of the VHs relative to
is consistent with the band structure calculations [5,6]EF of these five cuprates and RuO,. All compounds
which also assign predominantly Rd,. ,. ., character except NCCO have a VHs very close B and show a
to these bands. The two holelike surfaces centered dinear p,, (7). However, NCCO exhibits &2 tempera-
X agree rather well with the calculation [5], while the ture dependence [16] and has a VHs far below
electronlike surface around tHé point, although finding Taking the evidence from Table | into consideration,
less agreement, still exhibits a similar topology. We carthere seems to be a common relationship between a
see from the FS mapping that alohgX two crossings VHs close toEr and a linear temperature dependence
are very close to each other, thus explaining the compleaf the normal-state resistivity. This has been addressed
crossing behavior observed and discussed in Fig. 1(a). #eoretically in the work of Lee and Read [17]. However,
shift of the calculated Fermi energy as employed in thea direct link of a VHs nealEr to a high7T. cannot be
comparison above could, in principle, be caused by demade. Invoking standard BCS theory in conjunction with
viations from stoichiometry leading to electron doping,the diverging DOS, several models generically classed
as the van Hove scenario have been postulated, which
attempt to link the presence of a VHs close Eg to
M high T.'s [18]. Such an argument, however, seems to
T ' " " be at odds with the lowl'- observed for Bi2201 and
1 Sr,RuQ,. We can speculate that a high. depends
strongly on the extent of the VHSs, consistent with the
fact that the extent of the saddle point is smaller for
Bi2201 than found in Y123, Y124, and Bi2212. In the
present case, for FRuQ,, the fact that the VHs extends
in both directions might have further consequences which
still remain unclear at this time. Of course, we cannot
rule out thatT. in Bi2201 and SyRuQ;, is suppressed by
other effects. For SRuO, with its close proximity to a
ferromagnetic phase [19], ferromagnetic spin fluctuations

TABLE 1. The superconducting transition temperature, the
temperature dependence of the in-plane normal-state resistivity,
and the position of the VHs relative t&r for cuprate
superconductors and SRuQO.,.

T. (K) pan(T) Evys (meV)

YBa,Cw;07-5 92 linear <10?
FIG. 3. Measured Fermi surface of BuQ, Open circles YBaCwOg 82 linear 19°
denote the FS crossings deduced from ARPES, with a sizBi»(Sf¢7Pr03)2CuGs 10 linear <30°
representative of the resolution. The solid lines denote th®i,S»,CaCuyOg; s 83 linear <304
Fermi surface derived from the band structure calculation ofNd, 3sCe, ;sCuQ, 25 quadratic 350¢
Singh [5] in the following way: The calculatefl- was shifted  spRuQ, 0.93 =~ linear 178

by 77 meV to place the theoretical VHs at the experimentat
value (see text), and the resulting FS is displayed superimpose®ef. [11], "Ref. [11,12],°Ref. [13], ‘Ref. [14], °Ref. [15],
on the projected BZ. Ref. [20], andSthis work.
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