
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 NOVEMBER 1998-IIVOLUME 58, NUMBER 20
ARPES results on Sr2RuO4: Fermi surface revisited
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The electronic band structure of Sr2RuO4 has attracted considerable attention recently. However, it has also
become a subject of an important controversy. Results of de Haas–van Alphen experiments yielded a Fermi
surface consisting of two electronlike and one holelike sheets, in good agreement with the theoretical predic-
tions. At the same time, results of angle-resolved photoemission spectroscopy~ARPES! measurements yielded
oneelectronlike andtwo holelike sheets suggesting an extended van Hove singularity~evHS! similar to that
found in cuprate high-temperature superconductors. In an effort to resolve this controversy we performed an
extensive ARPES study using various incident photon energies. We found no conclusive evidence for an evHS.
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Sr2RuO4 ~Sr214! is a highly two-dimensional metal and
superconductor withTc.1 K.1 Its layered structure is re
markably similar to that of high-temperature supercondu
ors with RuO2 planes taking the place of CuO2 planes. Un-
derstanding the electronic structure of Sr214 could prov
critical information on the importance of electronic corre
tions in quasi-two dimensional~2D! materials and their rela
tion to high-temperature superconductivity. Several stud
have been performed recently to determine the Fermi sur
of Sr214. The results of de Haas–van Alphen~dHvA! ex-
periments yielded a Fermi surface consisting of two electr
like pieces and one holelike piece,2 in good agreement with
the band-structure calculations.3,4 However, based on the re
sults of their angle-resolved photoemission spectrosc
~ARPES! experiments, several research groups reporte
Fermi surface consisting ofoneelectronlike andtwo holelike
pockets with an extended van Hove singularity~evHS! at
~p,0! ~or M point!.5,6 Since an evHS was also observed in t
cuprate high-temperature superconductors, an important
nection has been made between Sr214 and the cuprates.5 The
main experimental result that led the ARPES groups t
conclusion about the existence of an evHS was an obse
tion of an extremely narrow, very weakly dispersing pe
close to the Fermi energyEF that dominates the ARPES
spectra obtained in a Brillouin zone~BZ! area close toM.
Since the peak never crossesEF , it was asserted that there
only one Fermi-level crossing along theG-M line as opposed
to two predicted by the band- structure calculations and
served experimentally in the dHvA experiments. A ‘‘mis
ing’’ crossing was reported on theM-X line, where two
crossings were found, as opposed to one according to
band-structure calculations and the dHvA results. The ap
ent disagreement between the results of two major exp
mental techniques has attracted significant attention.7
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Here we report ARPES results obtained at several in
dent photon energieshn. We uncovered a very sharp depe
dence of the intensity of the peak atM on hn, suggesting a
stronghn dependence of the corresponding matrix eleme
Since such a behavior is not normally expected for
ARPES feature associated with a bulk electronic ene
band, we have performed extensive ARPES measuremen
hn526.4 eV where the peak is severely suppressed. Ou
sults indicate onlyone Fermi-level crossing along theM-X
line and two crossings alongG-X line, in agreement with
dHvA results.

For the ARPES experiments samples were cleavedin situ
in vacuum better than 5310211 torr. Samples were cleave
and measured at temperatureT520 K. Photons at various
energies were generated on the undulator beamline 5-3 a
Stanford Synchrotron Radiation Laboratory~SSRL!. The in-
strumental energy resolution was 35 meV. Several sam
were measured and the results were found to be consis
with each other.EF was determined independently from
measurements performed on polycrystalline Au film, elec
cally connected to a sample. Prior to ARPES measureme
samples were characterized and aligned using Laue diff
tion. Sharp, dispersive valence-band peaks as well as an
sence of a well known contamination or degradation deriv
feature at about 10 eV~Ref. 8! speak for a good surfac
quality.

In Figs. 1~a! and 1~b! we show energy distribution curv
~EDC! spectra obtained along theG-M line at hn522.4 eV
and hn526.4 eV. The Sr214 BZ and thek-space locations
where the spectra were obtained are shown in Fig. 1~d!.
While the spectra are very similar nearG, the similarity
breaks down nearM. Here the spectra obtained athn
522.4 eV are dominated by a resolution-limited almost no
dispersive peak close toEF , while in the EDC’s obtained a
hn526.4 eV this feature is absent or severely suppres
R13 322 ©1998 The American Physical Society
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The hn dependence of the peak atM is shown in Fig. 1~c!.
We note that the peak disappearance is not a result of ra
tion damage at higherhn since the spectra were taken
order of decreasinghn. It is usually a good approximation
that intensity of an EDC spectrum isI (v,k)
5uM (v,k,n)u2A(v,k) f FD(v) where A(v,k) is a one-
electron spectral function andf FD(v) is a Fermi-Dirac func-
tion. Therefore, the results suggest stronghn dependence for
a matrix elementM (v,k,n)5u^c f up•Auc i&u2, where c i , f
are the initial and final electronic states corresponding to
narrow feature. Such a strong dependence would be q
surprising and unusual for a quasiparticle peak. On the o
hand, somewhat similar behavior has been observed be
in YBa2Cu3O6.9 ~YBCO!, where it was attributed to a surfac
state.9 In addition, theM-point peak is much sharper than th
rest of the features seen in Sr214, but is similar to the YB
surface-state peak. A similar feature was observed in t
plane ruthenium oxide Sr3Ru2O7, although at a different BZ
location.10 In a less directly related case, a surface state o
also shows strong photon energy dependence.11 Considering
that it was the narrow peak that was interpreted as evide
for a van Hove singularity atM in Sr214,5,6 the new result on
the extremely sharp dependence of its intensity onhn makes
it necessary to reexamine this conclusion. We also note
the intense peak near M almost completely masks a we
dispersive peak at about 0.4 eV belowEF . In fact, a flat
band belowEF is expected from the results of band-structu
calculations, although its energy was predicted to be so
what higher,.0.9 eV.3,4

In Figs. 2~a!–2~c! we plot EDC spectra obtained along th

FIG. 1. ~a! and ~b! show EDC spectra obtained along theG-M
line at hn522.4 eV andhn526.4 eV. High binding-energy back
ground was subtracted and intensity of the spectra was norma
to an arbitrary value, not the same for~a! and ~b!. ~c! hn depen-
dence of the EDC spectra atM point. ~d! Experimentally measured
BZ points corresponding to the spectra shown in~a! and ~b!.
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G-X-M-G line at hn526.4 eV. Prior to plotting, the experi
mental spectra were symmetrized with respect toEF , using a
procedure suggested by Normanet al.12 The intensity of the
symmetrized spectrumI s(E) is obtained asI s(E)5I (E
5Eb)1I (E52Eb), whereI (Eb) is an intensity of the raw
data as a function of binding energy. This removes a Fer
Dirac edge while atuEu larger than the experimental energ
resolution, in our caseuEu>35 meV,I s(E) remains the same
as the experimentally measuredI (6Eb). The reason for per-
forming the above procedure is twofold. First, in the ne
paragraph we will be interested in an energy derivative of
EDC spectra. Removing Fermi-Dirac edge eliminates a c
responding spurious peak in the derivative spectra. Sec
spectra symmetrization provides the following convenie
way to visually identify Fermi-level crossings. If an ED
spectrum corresponds to ak location where an electronic
band is belowEF , the midpoint of the leading edge of th
corresponding ARPES peak is expected to be at the pos
binding energies. Therefore, symmetrization will produce
valley in I s(E) at E50. If, however, an EDC spectrum cor
responds to a Fermi-level crossing, the midpoint is expec
to be close to zero binding energies~or even at the negative
binding energies due to finite-energy resolution! and symme-
trization will produce aplateau ~or a peakdue to the high
binding energy falloff! in I s(E) at E50. At k’s where the
band is aboveEF the midpoint recedes to positive bindin
energies so that a valley is expected again. Since in a

ed
FIG. 2. ~a!–~c! EDC spectra obtained athn526.4 eV along the

G-X-M-G line and symmetrized as discussed in the text. Poss
Fermi-level crossings are marked by the arrows.~d! A gray-scale
plot of second derivative of the spectra presented in panels~a!–~c!.
On the top of the panel we showk locations of the points measured
The dashed lines are the results of the theoretical calculations.
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ARPES experimentk space is probed discretely, to identi
Fermi-level crossings one may use spectra with the shall
est valleys instead of the plateaus, which occurs fork5kF

only, and thus can be easily missed. Several suchk locations
can be identified in the spectra in Figs. 2~a!–2~c! as is indi-
cated by the arrows. It is especially important that two cro
ings can be seen along theG-M line. This is consistent with
the results of the dHvA experiments and band structure
culations.

Taking a second derivative of EDC spectra and plottin
as a function ofk and binding energy allows one to trac
dispersive ARPES peaks, corresponding to electronic ba
along the high-symmetry lines in a BZ. Such a plot is p
sented in Fig. 2~d!. Before differentiating, the EDC spectr
of Figs. 1~a!1~c! were smoothed and interpolated to a regu
k grid at every binding energy to achieve a uniform shadi
The gray scale was chosen to emphasize negative values
second derivative. The experimental plot is dominated b
weakly dispersive band at about 0.4 eV belowEF . It crosses
EF close toX, at locations marked asa, forming a hole
pocket. The high intensity between the two crossings neaX
is due to a receding peak after a band has crossed the F
level. The important observation is thatno more crossings
are observedalong theX-M line. On the other hand, alon
the M-G line there seem to betwo bands crossingEF at k
locations markedg and b. This is in agreement with the
band-structure calculations~dashed lines4! and the results of
dHvA experiment. Boxes with width representing expe
mental uncertainty are placed atk’s where Fermi level cross
ings were observed in the raw data of Figs. 2~a!–2~c!. Both
approaches indicateEF crossings at the samek locations.
We note that while positions of the Fermi-level crossings
in reasonable agreement with the results of band-struc
calculations, the bands seem to be much shallower than
pected theoretically. From this energy renormalization
estimate the electron effective mass to bem* .2.5, in agree-
ment with the results of dHvA Ref.~2! and infrared optical
experiments.13

To perform one more test we have chosen the spec
weight ~SW! approach to determining a Ferm
surface.10,14–16 This approach takes advantage of the f
that an electron occupation numbern(k) can be written
as n(k)5*2`

` A(v,k) f FD(v)dv. In a sudden approxi-
mation intensity of an EDC spectrum isI (v,k)
5uM (v,k)u2A(v,k) f FD(v). Therefore, if the matrix ele-
ment does not change very rapidly,v andk dependence o
EDC spectra mimics closely that ofA(v,k). If Dn is the
largest quasiparticle bandwidth then integrating over ene
a set of EDC spectra obtained on a sufficiently densek grid
*2Dn

` I (v,k), one obtainsn(k) modulated by the matrix ele

ment. Alternatively, one can choose to integrate over a n
row energy window centered atEF , *2DE

DE I (v,k)dv, to ob-
tain n(k,DE). Roughly,n(k,DE) is a fraction of the total
n(k) that includes only electrons with energiesDE away
from the Fermi energy. It is nonzero only fork’s where an
electronic bandE(k) is close enough to the Fermi energ
EF2E(k)<DE.

While the SW approach is generally quite appealing, th
are a number of complications. While a comprehensive
view can be found elsewhere,14,16 we mention a few of the
-

-

l-

it

s,
-

r
.
f a
a

rmi

-

e
re
x-

e

al

t

y

r-

e
-

most serious potential problems. First, there are no intrin
reasons to believe that the matrix element does not cha
significantly on the scale of a BZ. This may lead to signi
cantly different contributions from bands having differe
orbital character. A gradient method was suggested to s
this problem.14,16 However, since taking derivative greatl
amplifies experimental noise, a very fine mesh ink space is
usually required. We could not achieve the necessary pr
sion in our experiment. We also found that while both t
broad energy window and the narrow energy window in
gration techniques produced similar results, using the la
allowed us to achieve a better contrast. However, this te
nique does not provide a mechanism to distinguish betwe
band that actually crosses the Fermi level and a flat band
enters the window of integration but never crossesEF ,
prompting a certain degree of caution. Fortunately, one
compare then(k) map with the experimentally obtained dis
persions, such as that shown in Fig. 2~d!, to check for a
possibility of a flat band.

EDC spectra were measured at 200 pointsk i in 1/8 of the
BZ, as is shown in the upper right quadrant of Fig. 3. T
rest of the BZ was assumed to be tetragonally symmetri
Incident photon energyhn526.4 eV was used. The resultin
spectra were integrated over the binding-energy wind
from 0.05 to 20.05 eV giving a setN(k i)5n(k i ,DE
50.05 eV) that was interpolated to a regular grid ink space
using a simple formulaN(k)5( iN(k i)exp@2(uk2k i u/
Dk)2#/( iexp@2(uk2k i u/Dk#2), wherek is a wave number
on a regular grid andDk is representative of an experiment
angular resolution. The resulting 2D plot is presented in F
3 with darker regions corresponding to a larger SW.

The Fermi surface deduced from the SW plot is shown
the solid lines in the lower right corner of Fig. 3. The Ferm
surface predicted by the band-structure calculations is sh
with the broken lines.4 The shape and size of the holelik

FIG. 3. A 2D distribution ofN(k)5*250meV
50meV I (v,k)dv, where

I (v,k) is an EDC intensity obtained usinghn526.4 eV. Locations
of the measured points are shown in the upper left corner. Da
regions indicate higher intensity. The Fermi surface deduced f
the spectral weight plot is shown in the lower right corner~solid
lines!. Theoretically obtained Fermi surface is plotted by the brok
lines. There are two electronlike pieces (b andg) and one holelike
(a). Pieceb is not clearly resolved along theG-X line and can be
drawn as both the narrow and the bold solid lines. However, si
we do not observe a separate crossing forb in Fig. 2~d!, the bold
line is a better representation.
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pocket centered atX ~piecea! and the larger of the electro
pockets (g) are in excellent agreement with the theoretic
predictions. The smallest of the electron pockets (b) is
clearly resolved along the edge of the BZ~G-M! but not
along the diagonal directionG-X. As a result, it can be drawn
both as the narrow solid line and as the bold solid line. Ho
ever, since no separateEF crossing was observed forb along
G-X in Fig. 2~d!, we believe that the bold line is a bette
representation. The increased SW at the position of the
row line is probably due to bothg andb entering the win-
dow of integration. The total Fermi-surface volume is 3.
compared to 4 expected theoretically. Considering that
experimental angular resolution was61°, which translates
into appropriately62.5% of the Brillouin vector, we find an
agreement between the Fermi surface predicted theoreti
and that obtained in our ARPES experiment to be quite
isfactory.

The net experimental result of this and previous ARP
studies, prior to any interpretation, is as follows.~i! An in-
tense peak, with resolution-limited width and almost no v
ible dispersion, is observed nearM if an incident photon
energyhn<23 eV is used. This peak provided key eviden
for an evHS suggested previously,inconsistentwith the re-
sults of either the dHvA experiment or band structure cal
lations.~ii ! The peak is severely suppressed or disappea
higherhn. An ARPES study performed athn526.4 eV pro-
duced a Fermi surfaceconsistentwith the one obtained in the
dHvA experiment and band-structure calculations. T
above suggests that the ARPES evidence for an evHS is
entirely conclusive. In particular, it is not clear if the narro
peak atM represents a bulk electronic energy band.

While there is not enough direct experimental ARP
information to pinpoint the origin of the narrow peak, w
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argue that the overall body of evidence suggests that it d
not represent a bulk electronic band.~i! Comparison of
ARPES results with the results of dHvA experiments a
band-structure calculations clearly supports the above
pothesis. ~ii ! The characteristic properties of the pea
namely its extreme narrowness, sharp photon energy de
dence, and lack of appreciable dispersion, are very unu
for an ARPES feature that has its origin in a bulk band str
ture. This is corroborated by the fact that as the photon
ergy is changed the peak intensity becomes severely
pressed while EDC spectra at the higher binding energ
barely change, hinting that the peak does not disperse
wardsEF from the higher binding energies.

In summary, we performed an extensive ARPES study
Sr214. We found that our results provide no conclusive s
port for an evHS at (p,0), suggested previously. In particu
lar, it is not clear if the narrow ARPES peak, which w
interpreted as evidence for an evHS, actually results from
bulk electronic band. While more work is required to unde
stand the exact nature of the peak, we note that it is emp
cally similar to a surface state observed in YBCO.9 Among
other results we emphasize the possibility of strong elect
correlations in Sr214 as is evident from the high values
electronic effective massm* 52.5.
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