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Abstract—We present results of the first optical and angle-resolved photoemission (ARPES) measurements on
the bilayer (St_xCa,) sRu,07, or (Ca/Sr)327, system. While the real part of optical conductivitf), of Sr327 is

similar to that of the highF. cupratesg;(w) of Ca327 can be described almost entirely by a single broad Drude-like
component. The ARPES results show a dramatic change of the low-energy electronic structure with increasing Ca
doping from a normal band metal to a narrow-band marginally metallic phase with a critical behawvio0a33.

© 1998 Elsevier Science Ltd. All rights reserved

Perovskite ruthenium oxides of the Ruddlesdon-experiments, samples were cleaved in situ in a vacuum
Popper type, (Sr/Ca)iRu,Os,1, have attracted better than 5< 10~ torr. Photons iy = 22.4 eV and at
significant attention due, in part, to the recent discoveryy = 27.4 eV were generated on the undulator beamline
of superconductivity in SRuO, (Sr214)[1]. In addition, 5-3 at Stanford Synchroton Radiation Laboratory
these materials exhibit a rich variety of magneti¢SSRL). The instrument energy resolution was
phases[2-5] and bear strong structural resemblance®@5 meV (2 cm?) and 40 meV for the optical and
the cuprate superconductors, with Ryglanes taking the ARPES experiments respectively.
place of the Cu@planes. Early work focused primarily  o;(w), the real part of the optical conductivity, is
on the single planen(= 1) and infinite layer§ = «) plotted for Ca327 and Sr327 in Fig. 1. The low-frequency
materials, with much less attention given to the two-plangpectral weight (SW) in Ca327 is principally concen-
(Sr/CayRu,0;, or (Ca/Sr)327, compounds. Recentrated in a single, very broad component centerad-at
advances in crystal growth have allowed synthesis & Adopting terminology from the higfi; cuprates[6],
(Sr;_4Ca,)3Ru,05 single crystals over the full doping we term this the mid-infrared (MIR) band. The shape of
range x0—1[3]. Despite their structural and chemicalhis MIR component can be fitted with a Drude formula,
similarities, thex = 0 andx = 1 compounds manifest al(w)zwﬁr/(47r(1+w272)), wherew, is the plasma fre-
dramatically different magnetic order. Sr327 is known tguency of the carriers and 7lis their scattering rate.
be a ferromagnet with moments aligned perpendicular tdumerical values obtained from the fit afgo, =
the RuQ planes and a Curie temperaturelgf= 104 K, 26 600 cm* andh/r = 6800 cm. The large value of
whereas Ca327 is an antiferromagnet with deNethe scattering rate is indicative of an extremely short
temperature oy = 58 K and moments aligned within mean free path for the carriers. Assuming a typical Fermi
the planes[3]. We report the first optical and anglevelocity of 10'—10° cm s7%, one finds a mean free path of
resolved photoemission spectroscopy (ARPES) measute= 0.8—-8 A well below the limit for coherent, bandlike
ments on various members of the {SICa)sRu,0; transport. Fronhew, = (4rne?/m¥) ¥? = 26 600 cm™* we
series. obtain a carrier density of= 7.8 X 10?* cm~3, assuming

Reflectivity measurements performed over the enerdhiat the effective electron massy, is unrenormalized
range from 50 cr’* to 35000 cm* were used to calcu- relative to the bare electron mass,. This in turn
late the complex optical conductivity through Kramers-eorresponds to an effective carrier density Nf; =
Kronig analysis[6]. The single crystal samples forme®.56 carriers per Ru ion. While most of the optical
platelets of 1x 1 mm? typical dimension in thea—b  conductivity of Ca327 is constituted by the MIR compo-
plane. Details of the growth and preparation of crystalsent, some sharp structure is found at low energiesy
have been reported elsewhere[3]. For the ARPES0O0 cm . This frequency is close to the upper cutoff of

phonon density of states (assuming it is comparable to
. that of the cuprates), but we believe that the observed
*Corresponding author.

tPresent address: Department of Physics, University of Orgt_eatures cannot be des_crll_)ed _by phonons along. .In parti-
gon, Eugene, OR 97403, USA. cular, the observed redistribution of the conductivity SW
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Fig. 1. The optical conductivities of Sr327 and Ca327 taken at room temperature. A Drude fit to the highegriyr Ca327 is

shown by open circles. The optical conductivity of Sr214 (with the vertical axis rescaled by 1.5) is shown as a dashed lingwvhile

for optimally doped BjSr,CaCuOg (Bi2212) is shown as open diamonds. For Bi2212 data both axes have been rescaled to show the

qualitatively identical frequency dependence for these materials. In the inset the temperature dependence of the loweffeguency
data for Ca327 is plotted.

towards zero frequency with decreasing temperature 1s7 K[9], and that Sr214 superconducts only at<T
reminiscent of free-carrier behavior.t 1 K[1], suggests that the form of the normal-state optical
Comparison of these data with the optical conductivitgonductivity is less relevant to the superconducting
of Sr327 reveals significant qualitative differences. Thproperties than its absolute width. Using the sum rule,
low-energy o4(w) is steeply increasing towards zerow) =8 [ a1(w)dw [6], we obtainn = 1.2 10%cm™%, or
frequency, suggesting coherent charge transport. Aldby = 0.9 carriers/Ru, for Sr327. We note that, assuming
plotted in Fig. 1 is the optical conductivity for one-planethat each Rfi" ion donates four electrons into conduction
Sr214(7], rescaled vertically by a factor of 1.5. Clearlybands (which seems to be true for Sr214[10, 11]), one can
the form ofo1(w) in the one- and two-plane materials isestimate an average effective mass of these carriens as
essentially identical, suggesting that the interplanar cot= 4/N¢. In this way we obtaim* = 7 for Ca327 anan*
pling constitutes a relatively weak perturbation, at least at 4 for Sr327. These high values af* suggest that
optical energies. The interband optical spectra for a#itrong correlations may be important.
three ruthenate compounds measured ((Sr/Ca)327 andn order to estimate the anisotropy of the electronic
Sr214) show essentially identical behavior at high fretransport we have performed optical measurements with
quencies, with a peak at around 3 eV. By appropriatelgolarization of the incident light aligned perpendicular to
rescaling the energy and conductivity axes, it is alsthe RuG planes (which we will refer to as the-axis
possible to superimpose the conductivity curves fadirection). Reflectivity of Ca327 along tleeaxis as well
Sr327 and the cuprate high- materials on a single as perpendicular to this axis is shown in Fig. 2 at room
curve. This is illustrated in Fig. 1, where,(w) for temperature. The anisotropy is evident: while the in-
optimally doped BjSr,CaCuyOg (Bi2212) is plotted as plane reflectivity has a high absolute value, is featureless
diamonds[8] with the axes scaled to matgkw) inthew  and rises monotonically towards 100% at zero frequency,
— 0 andw = 10000 cni?! limits. While absolute dc the c-axis reflectivity shows much smaller absolute
conductivities are quite similar, the conductivity peak irvalues and sharp features that are due to unscreened
Sr327 is 2.5 times broader than that of Bi2212. The fagthonons. The anisotropy in conductivity can be roughly
that superconductivity was not observed for Sr327 abowestimated to be at least a factor of 10.
For the ARPES experiments, crystals with doping
to4(w) in thew — O limit for both materials is higher than the |eyels ofx = 0, 0.33 were cleaved and measured at

values obtained in the direct resistivity measurements|[3]. Hov?-0 K wher — 1 crystals were cleaved and m red
ever, while optical experiments probe bulk properties, dc resi§- ereax = 1 crystals were cleaved a easure

tivity measurements may be affected by surface imperfectiongit T = 62 K, above the corresponding antiferromagnetic
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Fig. 2. Reflectivity of Ca327 along theaxis and perpendicular to theaxis. The anisotropy of electronic transport is evident.

(AFM) ordering transition[3]. Measured valence bandhe conclusions presented here. The large transport aniso-
spectra were normalized to the total integrated intensityopy allows us to neglect the interlayer dispersion and to
in the 0—10 eV binding energy window, whereas the lowdse a 2D formuldk| = [2m(hy — E,, — E,)]"? sin 6, where
energy high-resolution spectra were normalized to thg,is the binding energy, is the work function andis the
corresponding valence band EDCs. Due to space limitalectron emission angle[12].

tions, we present spectra from only a fewpoints. Addi- The angle-resolved spectra for (Ca/Sr)327, obtained
tional data taken over much more extensivgrids validate along the (0, 0) to %, =) cut, are shown in Fig. 3 for
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Fig. 3. ARPES results for the members of the8a_,Ru,0- series along the (0, 0)«( 7) cut. The spectra were obtainednat
v =27.4 eV (panel (a)) anldy = 22.4 eV (panels (b)—(d)). Open symbols mark some of the dispersive features. Numbers on the left
show the position ifk-space along the (0, 0)#( ) cut, starting at (0, 0). Note that the 50% spectrunxfer 0.33 is missing. Also

note a difference in energy scales.
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several Ca concentrations. The spectra were obtainedCialitatively, the band structure and Fermi surface topol-
photon energiebr = 22.4 forx =0, 0.33, 1 as well as at ogy of Sr327 are similar to those calculated within the
hy = 27.4 forx = 0. The spectra are distinguished byL DA for Sr214[14], although there are some interesting
relatively high intensity at or near the Fermi energy, a fladifferences between the two which will be presented
region up to the onset of the main valence band, and, felsewhere.
the Sr327 compounds, the presence of a sharp featuréAs is seen in Fig. 3c, the spectral features observed in
nearl at low binding energy. As is seen in panels 3a anthe x = 0.33 sample are almost non-dispersive and the
3b, the sharp feature is very sensitive to the photdmigher energy peak is hardly visible. This may be the
energy, being significantly suppressed in the spectsignature of disorder, but is clearly not a consequence of
taken athr = 27.4 eV. Also, it shows a complete lacksurface degradation since valence band spectra still
of any dispersion. This behavior is reminiscent to that of exhibit a clear dispersion. In the= 1 material there is
surface-related feature observed in ¥%BasOg 13]. an additional feature at about 1.2—1.5 eV. Both features
Also, its extreme narrowness is uncharacteristic of quan the x = 1 material are dispersive, although the
siparticles normally observed in correlated materialspagnitude of that dispersion is still small. A particularly
hinting that this peak may be surface derived. Presentigteresting observation in this material is that dispersion
the exact origin of this feature remains unresolved and & the 500 meV feature appears nearly symmetrical about
under further investigation. A comparatively broad peakr/2, 7/2) along the (0, 0)-, =) line, behavior consis-
in Sr327 lying about 350 meV belo®r at ', showing tent with Brillouin zone folding due to antiferromagnetic
clear dispersion along the (0, O}(r) line in the two- order. Such anti-ferromagnetic ordering has been
dimensional Brillouin zone in panels 3a and 3b, appeanbserved in Ca327 below the” dletemperaturely =
to correspond to the bottom of an upwardly dispersive8 K[3, 4]. Because our spectra were taken abyeatT
conduction band. A second dispersive feature visible i 62 K, we conclude that antiferromagnetic fluctuations
Fig. 3a and 3b corresponds to a second conduction bam@y persist abov&y. In fact, while a clear dispersion
centered at thE-point. While these two bands give rise tocould not be observed for the = 0.33 material, it is
two electron-like pieces of the Fermi surface, there existsteresting that the spectra themselves are symmetrical
a third dispersive feature in Sr327, not clearly visible imboutk = (7/2, 7/2), as illustrated in Fig. 4. Indeed =
Fig. 3b but more pronounced in Fig. 3a. This third ban0.33 marks the Ca concentration where magnetic
gives rise to a hole pocket centered ai,4). moments, aligned ferromagnetically perpendicular to
the RuQ planes atx = 0, start aligning themselves

o5 E"e'g);(j") . antiferromagnetically in-plane[3]. The ARPES spectra
T T for Ca327 are remarkably similar to those for Ca214[15],
: which is a real insulator with activated behavior of dc
Patearg WX resistivity[2]. The only difference is that the ARPES SW
: in Ca214 is slightly shifted away from the Fermi energy.
B S S % S Therefore, one may call Ca327 a ‘marginal’ metal since

even a slight shift of the ARPES SW away frétpwould
"""" make it an insulator.

; ~ | T % The high-resolution EDCs from (Ca/Sr)327 show
oo N | | remarkable similarities to those of the cuprate super-
‘ s ?Zo conductors. In particular, below 2 eV binding energy the
e SW forms a flat ‘foot’ with clearly visible dispersive
seces 160 features[16].§ The natural separation of the MIR con-
e ductivity from the coherent conductivity in Ca327 makes
ceeee 140 it tempting to search for a similar dichotomy in the
ARPES data. While a detailed description of the photo-
ceees }23 emission lineshape has eluded theory so far, a phenom-
s 1 N ‘ i, enological comparison between the optical and ARPES

data provides some illuminating insights. To start with,
o % 43 (%?0 80 100 while Sr327 ARPES spectra show strong dispersive
features close to the Fermi energy, those for Ca327 do
Fig. 4. EDC spectra obtained along the (0, @) cut, super- oy
imposed in pairs symmetrically around the/Z, =/2) point (or
approximately 19). Note a close match between EDCs in the §lnaconventional 2D system the high binding energy tail of a
pairs. Inset: ARPES spectral weight, integrated in a bindinghotoemission peak is expected to fall off as a powero{1/w?
energy window from — 0.1eV to 0.5eV, plotted against for a Fermi liquid). In the cuprate superconductors (and Sr327)
position along the (0, 0) tar(, 7) diagonal. Again, the symmetry this dependence is much slower, forming a flat ‘background’, or
is evident. ‘foot’, nearEg.
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not. From the optical data, there is only a tiny cohererftom a band metal to a marginally metallic narrow-band
component in the Ca32¥,(w) spectra, whereas in Sr327phase, with critical behavior around= 0.33. These
the coherent part of ;(w) is a significant fraction of the findings are in accord with results of recent magnetic and
total SW. Therefore, a coherent part in théw) spectra transport measurements[3].
can be clearly traced to the dispersive band-like featuresFinally, similarities in both the optical and ARPES
in ARPES spectra ned&:. Assignment of the MIR band results from (Ca/Sr)327 to those of the hifh-com-
is considerably more difficult. One can start with thgounds suggest that our results may supply an important
experimental fact that the MIR part @f(w) in both Sr327 insight into the study of high-. superconductivity. In
and Ca327 is very broad and therefore the charge trargarticular, the similarities observed at optical and ARPES
port is not band-like (i.ek is a ‘bad’ quantum number). energy ranges, together with a large difference in super-
Therefore, one must look for a broad dispersionlessonducting transition temperatures between the ruthe-
feature in the low-energy ARPES spectra. The flat-footates and the cuprates, suggest that one should probably
region (or part of it) seems to be the only choice in théook at lower energy scales in a hope to find features
case of Sr327. For Ca327, both th®.5 eV and~1.2 eV  characteristic of the highi- cuprates only.
as well as the possible ‘masked’ flat-foot region fit the
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