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We present results of the first optical and angle-resolved photoemission study on a layered ruthenium
oxide system with various @&r substitution levels. Using two-plaii8r,_,Ca,.);RwL0O; and one-plane
CaRuQ, crystals we were able to study evolution of the electronic properties in a range from a band
metal (SsRu,O;) to a “bad” metal(CaRu,O;) to a Mott-Hubbard insulatofCaRuQ,). Apart from a
Mott-Hubbard metal-insulator transition (MIT), we have uncovered a qualitative change of the electronic
properties at a criticat = 0.33. We suggest that the latter is a result of a quantum phase transition
into an antiferromagnetic phase that precedes the real Mott-Hubbard MIT. [S0031-9007(98)07196-8]

PACS numbers: 71.20.Eh, 71.27.+a, 71.30.+h, 79.60.—i

Perovskite ruthenium oxides of the Ruddlesden-Poppdead to a reduction of an electronic orbital overlap,
type, (Sr/Ca),+1Ru,0s,+1, have attracted significant similar to that observed in 3IRNiO; [7], thus reducing
attention due, in part, to the recent discovery of superW. A similar effect is expected for(Sr/Ca;Ru,0;
conductivity in SsRu;O, (Sr214) [1]. In addition these [(Sr/Ca)327], although the structural distortions and the
materials exhibit a rich variety of magnetic phases [2—5]corresponding bandwidth reduction may be smaller in this
and bear strong structural resemblance to the cupratore rigid two-plane structure. Thus/&ra substitution
superconductors, with Ru(lanes taking the place of the in layered (Sr/Ca),+1RuU,0s,+1 (n = 1,2) provides a
CuG, planes. A controversy about a topology of Sr214way for a continuous “tuning” of Mott-Hubbard parameter
Fermi surface has increased the interest even further [6].U/W, making it an ideal system for an experimental study

Since the discovery of high-temperature super-of a transition from normal metal to Mott insulator at a
conductivity in layered cuprates, understanding ofconstant carrier doping in a quasi-2D system [2,8].
Mott-Hubbard metal-insulator transition (MIT) in a In this Letter, we report results of the first system-
quasi-two-dimensional (2D) system has been a subjecitic study of the effect of €Ca substitution on elec-
of significant interest. In a simplest Mott-Hubbard de-tronic properties of layered ruthenium oxides probed by
scription, a MIT is controlled by the relative magnitude optical and angle-resolved photoemission (ARPES) spec-
of the on-site Coulomb interactioii and the one-electron troscopies. Using two-planéSr/Ca)327 and one-plane
bandwidthWw. A splitting between the lower and upper Ca214 crystals we were able to span a wide range of elec-
Hubbard bands increases d%/W increases and for tronic properties from band metal (Sr327) to Mott insula-
a half-filed band MIT occurs at//W = 1, where a tor (Ca214). A MIT was observed in the optical results
Mott-Hubbard gap opens. Interaction between magnetiand an on-site Coulomb interaction was estimated as 1.1—
moments at neighboring lattice sites favors antiferro-1.2 eV. A continuous loss of coherence, characteristic for
magnetic (AFM) order in a Mott-Hubbard insulator. An a Mott-Hubbard system approaching MIT, was observed
AFM ground state has a higher degree of degeneracy than (Sr/Ca)327 with increasing Ca concentration in both
a nonmagnetic (or ferromagnetic) metallic since up andhe optical and ARPES results. In addition to observing
down directions of magnetic moment are not equivalentthese changes, results of a detailed ARPES study indicate
Thus, AFM ground state contains a new property andxa qualitative change at = 0.33. While atx < 0.33 the
cannot be transformed to a nonmagnetic (ferromagnetid\RPES spectra are characterized by dispersive features
one without a ground state symmetry change. This imerossing the Fermi energ¥r, at x = 0.33 the ARPES
plies that a zero-temperature, or quantum, phase transitideatures do not crosBr. Considering results of previ-
(QPT) must occur a#//W is varied from zero to large ous magnetization experiments, which indicate emergence
values corresponding to an AFM insulator. of in-plane AFM correlations at = 0.33 [3], we sug-

While SkRuQ, is a good metal and is believed gestthatthe qualitative changes in the electronic properties
to be well described within a framework of Fermi of (Sr/Ca)327 atx = 0.3-0.4 result from a QPT into an
liquid theory, CaRuQy is an insulator [2]. It was AFM phase, preceding the real Mott-Hubbard MIT. To
suggested that the MIT iSr/Ca),RuQ, [(Sr/Ca214] is  the best of our knowledge, this detailed behavior has not
of the Mott-Hubbard type resulting from lattice distortions been observed before.
caused by the smaller size of the ?Caion compared Reflectivity measurements performed over the energy
to the St* ion. In this scenario the lattice distortions range from 6 meV to 4.3 eV (3 eV for Ca214) on as-grown
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crystals were used to calculate the complex optical condude Sr327, the optical conductivity of Ca327 is mostly com-
tivity through Kramers-Kronig analysis. The single crystalposed of a single, very broad component that can be fitted
samples formed platelets 6fX 1 mm? typical dimension to a broad Lorentziang(w) = w3 7/[47(1 + w?7?)],
in the ab plane. Details of the growth and preparationwhere w, is the plasma frequency of the carriers and
of crystals have been reported elsewhere [3,9]. An AFMI/7 is their scattering rate. Adopting terminology from
ordering transition in our Ca214 samples was observethe high?, cuprates, we term this the midinfrared (MIR)
at Ty = 110 K. For the ARPES experiments samplesband. We note that the MIR band is a universal signature
were cleavedh situin vacuum better thaf X 107!! torr.  of weakly doped Mott-Hubbard insulators, observed in the
The (SyYCa)327 crystals were cleaved and measured atuprates, nickelates, titanates, etc. [11]. Numerical val-
T =20 K. Ca214 crystals were cleaved and measuredies obtained from the fit arkw, = 3.3 eV and/i/7 =
atT = 100 K. Forx = 0.58,1, and Ca214 we also per- 0.84 eV. The large value of the scattering rate is indica-
formed ARPES measurements &t> T, and, on the tive of an extremely short mean free pathfor the carri-
energy scales discussed in this paper, the results weegs. Assuming a typical Fermi velocity ®0’—10% cm/s,
similar. Photons ativ = 22.4 eV and hv = 27.4 eV one findsl = 0.8-8 A, well below the limit for coherent,
were generated on the undulator beam line 5-3 at Stanforolandlike transport. A dc conductivity that can be extrapo-
Synchrotron Radiation Laboratory (SSRL). The instru-lated from the low-energyr(w) is just above the criti-
mental energy resolution was 0.25 and 35 meV for the opeal Mott conductivity ¢ = e?/3/a = 2200 Q~'cm™!,
tical and ARPES experiments, respectively. At least thre@vherea = 3.84 A is an in-plane lattice constant [4].
samples were measured for each composition (more for The optical conductivity of Ca214 is insulating, with a
x = 0,1) and the results were found to be consistent withbroad maximum at-1.1-1.2 eV and an optical gap, =
each other. Prior to ARPES measurements samples web& eV, which is in a good agreement with the activation
characterized and aligned using Laue diffraction. Sharpenergy of 0.2 eV found in dc resistivity measurements
dispersive valence band peaks as well as absence of wgll,9]. The sharp structure at low energies is due to
known contamination or a degradation derived feature gbhonons. The overall shape of the conductivity is very
about 10 eV [10] speak for a good surface quality. similar to that observed for a correlated insulatg©y [12]
o1(w), the real part of the optical conductivity, is plot- and predicted theoretically for a Mott-Hubbard insulator
ted for Sr327, Ca327, and Ca214 in Fig. 1. The inter{13]. Using a one-band analysis similar to that employed
band optical spectra for Ca327 and Sr327 are essentialip Ref. [12], we estimate an on-site Coulomb interaction
identical, with a peak at around 3 eV. However, at lowfrom the position of the peak it (w), U,, = 1.1-1.2 eV,
energies the spectra are qualitatively different. The low-and a single-particle bandwidth from the width of the peak,
energyo(w) of Sr327 is steeply increasing towards zeroD,, = 1 eV. A loss of coherence observed in a material
energy suggesting coherent charge transport. In a contras¢quence from Sr327 to Ca327 to Ca2l14 is remarkably
similar to that observed previously in the doping-induced
5000 el 10000 20000 Mott transition study on the 3D La,TiOs; system [14]. _

. | . | While results of the optical measurements provide
T=300K important information about MIT, it is of great interest
i to examine evolution of the electronic properties in even
more detail using ARPES. Because of space limitations
we present spectra only from a fdwpoints. Additional
data taken over much more extensikegrids validate
the conclusions presented here. Energy distribution curve
N (EDC) spectra for (StCa)327 at normal emissionl’|
or (kya, kya) = (0,0), point] at variousx are plotted in
1 Figs. 2a and 2b at different energy scales. The spectra
were normalized to the total integrated intensity in the
ca21a 0-10 eV binding energy window. Equivalent data taken
on a single layer Ca214 crystal At= 100 K are shown

.............. :>.j by the dashed lines. The spectra are all qualitatively
similar at binding energies above 2 eV, apart from a
0000000000 prominent feature at 7.5 eV in Ca327, which appears to
0o A 1 > 3 evolve with increasing Ca concentration in (68)327.
E, Energy (eV) The similarity of the valence band electronic structure
) o corroborates the high-energy optical spectra which also
FIG. 1. The optical conductivities of Sr327, Ca327, andspow little difference between Ca327 and Sr327.
Ca214 taken at room temperature. Note a scale change a The sh feat Vi the E . in Sr327
hiw = 1.25 eV. A Lorentz oscillator fit to the high-energy _e_s arp e_a ure )(In_g near thé -ermi energy In or
o1(w) for Ca327 is shown with the open circlesE, is the exhibits behavior reminiscent to that of a surface-related
optical gap andJ,, is the on-site Coulomb energy for Ca214. feature observed in YB&u;Og9 [15], including a strong
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FIG.3. The ARPES results for the members of

FIG. 2. ARPES spectra froniCa,Sr;);RwL0O; and Ca214  Ca.Sr,_.Rw,0; series along th&-X line usinghy = 22.4 eV.
(dashed lines), taken at thE point using hv = 224 eV.  Open symbols mark some of the dispersive features. Numbers
The dotted line in panel (a) fox = 0.33 is taken atX  on the left show position ik space along th&-X line, starting
[or (kca,kya) = (a,7)] and demonstrates the dispersion in aat I'. The 50% spectra fox = 0.33 and Ca214 are missing.
valence band spectrum. In panel (b) a gold spectrum is showNote a difference in energy scales.
by the open symbols superimposed on the 0.33 spectrum.

shown). We note that a thorough investigation aimed at

dependence on photon energy and a complete lack afetermining Fermi surface of Sr327 [16] produced results
measurable dispersion [16]. Also, its extreme narrownesthat are in a reasonable agreement with the band structure
is uncharacteristic of quasiparticles normally observed ircalculations for Sr327 [17]. In particular, in Sr327 we
correlated materials, hinting that this peak may be surfacdid not observe an extended Van Hove singularity (eVHSs)
derived. Asx isincreased, the peak loses intensity withoutat (7,0) [16] that led to a key discrepancy between
measurable changes in its binding energy. The featureesults of ARPES and de Haas—Van Alphen experiments
centered at 350 meV at = 0 shifts towardsthe Fermi  on the Sr214 system [6]. In fact, our recent ARPES
energy and becomes notably broader with increasjrag  experiments show no eVHs in Sr214 as well [18]. As
indicated by the arrows. However,at= 0.33 thistrend Ca concentration is increased 0= 0.33 and above,
is reversed and the spectral weight starts mowamgay  the bandlike features disappear, blending into a single
from the Fermi energy. It finally forms a broad featurebroad feature. In thea = 1 andx = 0.58 (not shown)
centered at about400 meV belowEr in Ca327. As a materials both near 1.2 eV and near 0.5 eV features are
result, the spectral weight at the Fermi energy in Ca32Wweakly dispersive. It is difficult to identify dispersions
is very small, an observation confirmed by measurements Ca214 although there is a redistribution of ARPES in-
throughout the Brillouin zone. As increases beyond tensity along thd™-X line. The origin of the 1.2—-1.5 eV
x = 0.33 another broad feature, centered at 1.2 eV forfeature is not clear at the moment but we note that such
x = 1, appears at higher binding energies. For Ca2l4multiple-peak structures are not uncommon in numerical
ARPES intensity is characterized by a broad shoulder atalculations using the Hubbard model [19].
500 meV and a peak at 1.5 eV. On the gray-scale plots in Figs. 4a—4c we show a sec-

The angle-resolved spectra along thE-X [or  ond derivative of EDC spectra obtained alongkh# line.
(kya,kya) = (0,0) — (7, )] line for (Ca/Sr)327 at While we have used EDC'’s from Fig. 3 to obtain plots for
variousx and Ca214 are shown in Fig. 3. In panel 3a,x = 0.33, 1, data obtained aiv = 27.4 eV were used to
a comparatively broad peak lying about 350 meV belowobtain a plot forx = 0 in order to minimize the effect of
Er at I' shows clear dispersion along theX line and the narrow feature close #®r atI’. At x < 0.33 we ob-
appears to correspond to the bottom of an upwardlserve several [20] dispersive features crossing the Fermi
dispersive conduction band. A second dispersive featurenergy, suggesting a bandlike electronic transport. Con-
visible in Fig. 3a corresponds to a second conductiorsidering this together with the reasonable agreement ob-
band centered af’. There exists a third dispersive tained between the experimentally obtained Fermi surface
feature in Sr327, not clearly visible in Fig. 3a but moreof Sr327 and the one calculated within the one-electron
pronounced in Fig. 3b and easily identifiable in spectreapproximation, we term ($€a)327 atr < 0.33 a “band
taken at a higher photon energy b¥ = 27.4 eV (not metal.” Already atv = 0.33 the situation is different: the
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dispersing features disappear, blending into a single band
close toEr. While it is difficult to definem™ for x = 0.33,

the overall lack of dispersion suggests it to be very large.
As x approaches 1, dispersion strengthens again, suggest-
ing lowerm™ than atx = 0.33. All of the above indicates

a criticality atx = 0.3. Emergence of an AFM order at

x = 0.33, observed directly in magnetization experiments
[3], demonstrates itself in the ARPES spectra which are
clearly symmetrical with respect to the AFM Brillouin
zone boundary aftw/2,7/2). Considering the above,
we suggest that our results, taken together with those of
direct magnetic measurements [3], provide an evidence
for a QPT between metallic and AFM phases at 0.3.

We acknowledge useful discussions with A.J. Berlin-
sky, J.E. Crow, M. Graiter, K. Kallin, R.B. Laughlin,
and G. A. Sawatzky. SSRL is operated by the DOE of-
fice of Basic Energy Science, Division of Chemical Sci-
ences. The Stanford work is also supported by the NSF
Grants No. DMR-9311566 and No. DMR-9705210. The
work at UCSD was supported by DOE under Contract
No. DE-AC02-76CH00016 and A.F. Sloan Foundation.
The work at McMaster University was supported by the

r Wi’n/z) )x Natural Science and Engineering Research Council and by

o the Canadian Institute for Advanced Research. The work
FIG. 4. Gray-scale plots of the second derivatives of EDCat Florida State University was supported by NSF Coop-

spectra along thd-X line. The gray scale is set up in such ; .
a way that the width of the features represents the width o {2::\52 Agreement No. DMR 95-27035 and the State of

the ARPES peaks. EDC curves from Fig. 3 were used fo
x = 0.33,1 while data obtained akv = 27.4 eV were used
for x = 0. Solid and dashed lines in panel (a) show a fit to a
parabolicE (k) dependence as described in text.

dispersive features are replaced by a single, almost nondisf1] v. Maenoet al., Nature (LondonB72, 532 (1994).

persive band whose center of mass does not régch  [2] S. Nakatsujiet al., J. Phys. Soc. Jpi&6, 1868 (1997).

The low-binding energy edge of the broad band is still [3] G. Caoet al., Phys. Rev. B56, 5387 (1997).

cut off by the Fermi function (Fig. 2b) so that the finite [4] G. Caoet al.,Phys. Rev. Lett78, 1751 (1997).

density of states aEr is due to band broadness. Thus, [5] A. Kanbayasiet al.,J. Phys. Soc. Jprl, 1876 (1976).

the electronic transport is not bandlike but rather diffu- [6] T. Yokoyaet al., Phys. Rev. Lett78, 2272 (1997); A.P.

sive. We term the phase at= 0.33 a “bad metal” phase. - ";"%ij‘fgrzr;esé eae'{';h)ésﬁy'ze‘éebeg% g%g ((igg?)'

;hceelgcék of d|s_pers!on is clearly_ not a consequence of su:,-\ls] Y. Maeno, Physica (Amsterdamp82C—287C 206
gradation since the main valence bands still sho (1997).

clear dispersion as a function &f As seen in Fig. 2a, [9] G. Caoet al., Phys. Rev. B56, R2916 (1997).

the valence-band spectrum takenXafor x = 0.33, plot-  [10] A. Gulino et al., Phys. Rev. B51, 6827 (1995).

ted with a dotted line, is clearly different from that taken[11] S. Uchida et al., Phys. Rev. B 43, 7942 (1991);

atI'. Whenx is increased above 0.33 correlation effects  T. Katsufuji et al., Phys. Rev. Lett.75 3497 (1995);

become stronger, shifting the ARPES spectral weight to  T. Katsufuji et al., Phys. Rev. B4, R14 230 (1996).

higher binding energies. Similar behavior was observedl2] G.A. Thomaset al., Phys. Rev. Lett73, 1529 (1994).

previously in an angle-integrated photoemission study ol3] R. Raimondi, Phys. Rev. B1, 10154 (1995).

Ca _,Sr,VO; [21]. There is still, however, no gap in the [14] D.A. Grandleset al., Phys. Rev. B49, 16 207 (1994).

optical spectra, and careful examination shows that ARPE 2] M.C. Schr?kbebt a'i- P'LVS- Rev. BS?é 66%90 (1%%88)-
intensity atEr remains nonzero even far= 1. 16] A.V. Puchkovet al,, Phys. Rev. B8, 6671 (1998).

To quantify the changes observed we fitted a bantﬁl?] l\'(l'Nii?r?;a %’rgﬁ;es gggwrg;gcgtécir;);(l;é?rase and

- — 2
closest tal" at x < 0.33 with a paraboIaE(k) = Ihk_l / " [18] A.V. Puchkovet al. (unpublished).

(2m*) + a, as shown by the solid and dashed lines inj19] £. Dagotto, Rev. Mod. Phy$6, 763 (1994).

Fig. 4a forx = 0,0.14, respectively. Asc increasesy™  [20] While we resolve only three bands for Sr327 in Fig. 4,
increases as well so that*(x = 0.14)/m*(x = 0) = more careful examination yields more (Ref. [16]).

1.4. Already at x = 0.33 the several distinct fast- [21] I.H. Inoueet al., Phys. Rev. Lett74, 2539 (1995).

2750



