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ARPES results on S,RuO,: Fermi surface revisited
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The electronic band structure of BuO, 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 spectrdgd®pizS measurements yielded
oneelectronlike andwo holelike sheets suggesting an extended van Hove singulawtyS 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.
[S0163-182698)50644-3

SrL,RUQ, (Sr214 is a highly two-dimensional metal and a  Here we report ARPES results obtained at several inci-
superconductor withf.=1 K.! Its layered structure is re- dent photon energigsv. We uncovered a very sharp depen-
markably similar to that of high-temperature superconductdence of the intensity of the peak it on hv, suggesting a
ors with RuQ planes taking the place of Cy®lanes. Un-  Stronghv dependence of the corresponding matrix element.
derstanding the electronic structure of Sr214 could provideince such a behavior is not normally expected for an

critical information on the importance of electronic correla- ARPES feature associated with a bulk electronic energy
tions in quasi-two dimension&2D) materials and their rela- band, we have performed extensive ARPES measurements at

tion to high-temperature superconductivity. Several studieg’ﬁz.&g’.evt Whelre thereaklis s:everely_ suppl)ress;eh%l g)(ur re-
have been performed recently to determine the Fermi surfa UILS Indicate onlone Fermi-Ievel crossing along A

of Sr214. The results of de Haas—van AlphiitvA) ex- Ine andtwo crossings alond’-X line, in agreement with
) dHVA results.

periments yielded a Fermi surface consisting of two electron- For the ARPES experiments samples were cleaneitu

lt'rlfe tr))lecaestancti one h|0|e||”§.e ??é'e:m good Sgrezmentthwnh in vacuum better than %10 ! torr. Samples were cleaved
€ band-sfructure calculations.fowever, based on (€ ré- ;4 eagyred at temperature=- 20 K. Photons at various

sults of their gngle—resolved photoemission SpectroSCOpgnergies were generated on the undulator beamline 5-3 at the
(ARPES experiments, several research groups reported &tanford Synchrotron Radiation Laboratd§SRL). The in-
Fermi surfgce consisting an‘neelectronhkg andwo holelike  ¢trymental energy resolution was 35 meV. Several samples
pockets with an extended van Hove singularigvHS at  \yere measured and the results were found to be consistent
(,0) (or M point).>® Since an evHS was also observed in theyjth each other.Er was determined independently from
cuprate high-temperature superconductors, an important cofeasurements performed on polycrystalline Au film, electri-
nection has been made between Sr214 and the cuprates. cally connected to a sample. Prior to ARPES measurements,
main experimental result that led the ARPES groups to aamples were characterized and aligned using Laue diffrac-
conclusion about the existence of an evHS was an observéion. Sharp, dispersive valence-band peaks as well as an ab-
tion of an extremely narrow, very weakly dispersing peaksence of a well known contamination or degradation derived
close to the Fermi energf, that dominates the ARPES feature at about 10 eVRef. 8 speak for a good surface
spectra obtained in a Brillouin zon@®Z) area close tdMl. quality.

Since the peak never crosdes, it was asserted that there is  In Figs. 1@ and Xb) we show energy distribution curve
only one Fermi-level crossing along theM line as opposed (EDC) spectra obtained along tHeM line athy=22.4 eV

to two predicted by the band- structure calculations and obandhv=26.4 eV. The Sr214 BZ and thHespace locations
served experimentally in the dHVA experiments. A “miss- where the spectra were obtained are shown in Fi{d).1
ing” crossing was reported on thel-X line, where two While the spectra are very similar neft the similarity
crossings were found, as opposed to one according to tHereaks down neaM. Here the spectra obtained #tv
band-structure calculations and the dHVA results. The appar=22.4 eV are dominated by a resolution-limited almost non-
ent disagreement between the results of two major experdispersive peak close ©¢, while in the EDC’s obtained at
mental techniques has attracted significant atterftion. hy=26.4 eV this feature is absent or severely suppressed.
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FIG. 1. (a) and(b) show EDC spectra obtained along thievi
line athv=22.4 eV andhv=26.4 eV. High binding-energy back- r
ground was subtracted and intensity of the spectra was normalized
to an arbitrary value, not the same f@ and (b). (c) hv depen- FIG. 2. (a)—(c) EDC spectra obtained atv=26.4 eV along the

BZ points corresponding to the spectra showrfanand (b). Fermi-level Crossihgs_ are marked by the arro¢as. A gray-scale
plot of second derivative of the spectra presented in paaglgc).

The hv dependence of the peak Mitis shown in Fig. 1c). On the top of Fhe panel we shdwlocations of the_points mea§ured.
The dashed lines are the results of the theoretical calculations.

We note that the peak disappearance is not a result of radia-
tion damage at highehv since the spectra were taken in
order of decreasingv. It is usually a good approximation I'-X-M-I" line athv=26.4 eV. Prior to plotting, the experi-
that intensity of an EDC spectrum isl(w,k) mental spectra were symmetrized with respe ¢t using a
=|M(w,k,v)|?A(w,k) frp(w) Where A(w,k) is a one- procedure suggested by Normanall? The intensity of the
electron spectral function arf¢(w) is a Fermi-Dirac func- symmetrized spectrum(E) is obtained asl¢(E)=1(E
tion. Therefore, the results suggest stréingdependence for =E)+1(E=—E,), wherel (E) is an intensity of the raw
a matrix elementM (w,k,v)=|{|p-Al¢;)|?, where ¢; ;  data as a function of binding energy. This removes a Fermi-
are the initial and final electronic states corresponding to th®irac edge while atE| larger than the experimental energy
narrow feature. Such a strong dependence would be quitesolution, in our casge|=35 meV,l¢(E) remains the same
surprising and unusual for a quasiparticle peak. On the othas the experimentally measurd: E,,). The reason for per-
hand, somewhat similar behavior has been observed befoferming the above procedure is twofold. First, in the next
in YBa,CuOg o (YBCO), where it was attributed to a surface paragraph we will be interested in an energy derivative of the
state? In addition, theM-point peak is much sharper than the EDC spectra. Removing Fermi-Dirac edge eliminates a cor-
rest of the features seen in Sr214, but is similar to the YBCQOesponding spurious peak in the derivative spectra. Second,
surface-state peak. A similar feature was observed in twospectra symmetrization provides the following convenient
plane ruthenium oxide §Ru,0O;, although at a different BZ way to visually identify Fermi-level crossings. If an EDC
location® In a less directly related case, a surface state of Abpectrum corresponds to ka location where an electronic
also shows strong photon energy dependéh&@onsidering band is belowEg, the midpoint of the leading edge of the
that it was the narrow peak that was interpreted as evidenosorresponding ARPES peak is expected to be at the positive
for a van Hove singularity avl in Sr214>®the new result on  binding energies. Therefore, symmetrization will produce a
the extremely sharp dependence of its intensithoemakes  valleyin I4(E) atE=0. If, however, an EDC spectrum cor-
it necessary to reexamine this conclusion. We also note thaesponds to a Fermi-level crossing, the midpoint is expected
the intense peak near M almost completely masks a weaklip be close to zero binding energigs even at the negative
dispersive peak at about 0.4 eV beld®:. In fact, a flat binding energies due to finite-energy resolutiand symme-
band belowE is expected from the results of band-structuretrization will produce aplateau (or a peakdue to the high
calculations, although its energy was predicted to be somebinding energy falloff in I;(E) at E=0. At k’s where the
what higher,=0.9 ev34 band is aboveEg the midpoint recedes to positive binding
In Figs. 2a)—2(c) we plot EDC spectra obtained along the energies so that a valley is expected again. Since in a real
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ARPES experimenk space is probed discretely, to identify
Fermi-level crossings one may use spectra with the shallow-
est valleys instead of the plateaus, which occurskferkg
only, and thus can be easily missed. Several suldtations

can be identified in the spectra in Figga2-2(c) as is indi-
cated by the arrows. It is especially important that two cross-
ings can be seen along theM line. This is consistent with
the results of the dHVA experiments and band structure cal-
culations.

Taking a second derivative of EDC spectra and plotting it
as a function ofk and binding energy allows one to trace
dispersive ARPES peaks, corresponding to electronic bands,
along the high-symmetry lines in a BZ. Such a plot is pre-

sented in Fig. @l). Before differentiating, the EDC spectra g1 3. A 2D distribution ofN(k) = S5V | (w,k)dw, where

of Figs. Xa)1(c) were smoothed and interpolated to a regular| (k) is an EDC intensity obtained usitigy=26.4 eV. Locations

k grid at every binding energy to achieve a uniform shadingof the measured points are shown in the upper left corner. Darker
The gray scale was chosen to emphasize negative values ofegions indicate higher intensity. The Fermi surface deduced from
second derivative. The experimental plot is dominated by ahe spectral weight plot is shown in the lower right corisolid
weakly dispersive band at about 0.4 eV belgw. It crosses lines). Theoretically obtained Fermi surface is plotted by the broken
Er close toX, at locations marked aa, forming a hole lines. There are two electronlike piecgs &ndy) and one holelike
pocket. The high intensity between the two crossings dear (). Pieceg is not clearly resolved along the-X line and can be

is due to a receding peak after a band has crossed the Ferf{ipwn as both the narrow and the bold solid lines. However, since
level. The important observation is thab more crossings W€ (_‘O not observe a separate crossingdadn Fig. 2(d), the bold

are observedalong theX-M line. On the other hand, along 'iN€ is & better representation.

the M-T" line there seem to b&wvo bands crossingg at k

locations markedy and 8. This is in agreement with the most serious potential problems. First, there are no intrinsic
band-structure calculatior{sashed liney and the results of reasons to believe that the matrix element does not change
dHVA experiment. Boxes with width representing experi-significantly on the scale of a BZ. This may lead to signifi-
mental uncertainty are placedkis where Fermi level cross- cantly different contributions from bands having different
ings were observed in the raw data of Fig&a)22(c). Both  grpital character. A gradient method was suggested to solve
approaches indicat&r crossings at the same locations.  this problemt*'® However, since taking derivative greatly
We note that while positions of the Fermi-level crossings ar&mplifies experimental noise, a very fine meslkispace is

in reasonable agreement with the results of band-structurgsua”y required. We could not achieve the necessary preci-

calculations, the bands seem to be much shallower than ®%ion in our experiment. We also found that while both the

peg';ﬁdt trlﬁoreltlcaxlyr.] Ffrforrli\';hlfnenef[gyl ren20 r5m?1rll|zat:on Weroad energy window and the narrow energy window inte-
estimate the electron efleclive mass -, Inagree- gration techniques produced similar results, using the latter

ment with the results of dHvA Ref2) and infrared optical allowed us to achieve a better contrast. However, this tech-

; 3

experiments: ique does not provide a mechanism to distinguish between a
weiTompeEfg\r/\rE or;e T(?;Ehtestowe dr;?gfm?:i?]sen ;he Ifeprergzr and that actually crosses the Fermi level and a flat band that
surf% cel014-16 Thisp%pproach takes a dvantsge of the fac,[en'[ers the window of integration but never crossgs,
that an electron occupation numbetk) can be written prompting a certain degree of caution. Fortunately, one can
as n(k)= [ A(w.K) fep(w)do. In a sudden approxi- compare then(k) map with the e>_<per|.mentally obtained dis-

. [0 AT FD : ) persions, such as that shown in Figd2 to check for a
mation intensity of an EDC spectrum id(w,k) possibility of a flat band.

=|M(,K)[?A(w,K) frp(w). Therefore, if the matrix ele- EDC spectra were measured at 200 poigts 1/8 of the
ment does not change very rapidly,andk dependence of g7 aq s shown in the upper right quadrant of Fig. 3. The
EDC spectra mimics closely that @(w,k). If A, is the  egt of the BZ was assumed to be tetragonally symmetrical.
largest quasiparticle band\{wdth then integrating over energy,cigent photon energyy=26.4 eV was used. The resulting
a set of EDC spectra obtained on a sufficiently denggid  gpecira were integrated over the binding-energy window
f_AnI(w,k), one obtainsi(k) modulated by the matrix ele- fom 0.05 to —0.05 eV giving a setN(k;)=n(k; ,AE
ment. Alternatively, one can choose to integrate over a nar=0.05 eV) that was interpolated to a regular grickispace
row energy window centered &, éiEl (w,k)dw, to ob-  using a simple formulaN(k)=3;N(k;)exd —(|k—k;|/
tain n(k,AE). Roughly,n(k,AE) is a fraction of the total Ak)2?]/=;exd — (|k—k;|/Ak]?), wherek is a wave number
n(k) that includes only electrons with energid€ away on aregular grid andk is representative of an experimental
from the Fermi energy. It is nonzero only fais where an  angular resolution. The resulting 2D plot is presented in Fig.
electronic bandE(k) is close enough to the Fermi energy, 3 with darker regions corresponding to a larger SW.
Er—E(k)<AE. The Fermi surface deduced from the SW plot is shown by
While the SW approach is generally quite appealing, therg¢he solid lines in the lower right corner of Fig. 3. The Fermi
are a number of complications. While a comprehensive resurface predicted by the band-structure calculations is shown
view can be found elsewhet&® we mention a few of the with the broken lineé. The shape and size of the holelike
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pocket centered & (piecea) and the larger of the electron argue that the overall body of evidence suggests that it does
pockets ) are in excellent agreement with the theoreticalnot represent a bulk electronic band) Comparison of
predictions. The smallest of the electron pocke®) (s  ARPES results with the results of dHvA experiments and
clearly resolved along the edge of the BEZ-M) but not  band-structure calculations clearly supports the above hy-
along the diagonal directiohi-X. As a result, it can be drawn pothesis. (i) The characteristic properties of the peak,
both as the narrow solid line and as the bold solid line. HOW-name|y its extreme narrowness, sharp photon energy depen_
ever, since no separelig: crossing was observed f@ralong  dence, and lack of appreciable dispersion, are very unusual
I-X'in Fig. 2(d), we believe that the bold line is a better for an ARPES feature that has its origin in a bulk band struc-
representation. The increased SW at the position of the nafyre This is corroborated by the fact that as the photon en-
row line is probably due to botly and 5 entering the win- o4y is changed the peak intensity becomes severely de-
dow of integration. The total Fermi-surface volume is 3.85 ressed while EDC spectra at the higher binding energies
compared to 4 expected theoretically. Considering that th arely change, hinting that the peak does not disperse to-
experimental angular resolution wasl®, which translates wardsE- from ’the higher binding energies

into appropriately*+2.5% of the Brillouin vector, we find an In su?nmary we performed an extensivé ARPES study of
agreement between the Fermi surface predicted theoretical§r214 We fou;"nd that our results provide no conclusive sup-
and that obtained in our ARPES experiment to be quite sal Sort fdr an evHS at £,0), suggested previously. In particu-

isfactory. . . . ar, it is not clear if the narrow ARPES peak, which was
stu-lt;?ees ng:ig;(?:rggj?:]?Ie:s;l:gtgnth:g ggiolﬁr(.)ev\(//ils)oisn '?‘rEPEémterpreted as evidence f_or an evHS, a_ctually_results from a
tense p’eak with resolution—limited'width and alrr;ost no vis-bulk electronic band. While more work is requwed_ tg unde_r-_
ible dispers'ion is observed nebt if an incident photon stand t.he. exact nature of the peak, we note that it is empir-
energyhv=23 éV is used. This peak provided key evidencecaIIy similar to a surface_state obserygq in YBE@mong

' other results we emphasize the possibility of strong electron

for an evHS suggested prewquslyponsstenwnh the re- correlations in Sr214 as is evident from the high values of

sults of either the dHVA experiment or band structure calcu- . : .
) - ) X egectronlc effective mass’* =2.5.

lations. (ii) The peak is severely suppressed or disappears a

higherhv. An ARPES study performed atv=26.4 eV pro- We would like to acknowledge useful discussions with
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