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Layered Ruthenium Oxides: From Band Metal to Mott Insulator
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We present results of the first optical and angle-resolved photoemission study on a layered ruthe
oxide system with various CaySr substitution levels. Using two-planesSr12xCaxd3Ru2O7 and one-plane
Ca2RuO4 crystals we were able to study evolution of the electronic properties in a range from a b
metal sSr3Ru2O7d to a “bad” metalsCa3Ru2O7d to a Mott-Hubbard insulatorsCa2RuO4d. Apart from a
Mott-Hubbard metal-insulator transition (MIT), we have uncovered a qualitative change of the electro
properties at a criticalx ­ 0.33. We suggest that the latter is a result of a quantum phase transiti
into an antiferromagnetic phase that precedes the real Mott-Hubbard MIT. [S0031-9007(98)07196

PACS numbers: 71.20.Eh, 71.27.+a, 71.30.+h, 79.60.– i
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Perovskite ruthenium oxides of the Ruddlesden-Pop
type, sSryCadn11RunO3n11, have attracted significan
attention due, in part, to the recent discovery of sup
conductivity in Sr2Ru4O4 (Sr214) [1]. In addition these
materials exhibit a rich variety of magnetic phases [2–
and bear strong structural resemblance to the cup
superconductors, with RuO2 planes taking the place of th
CuO2 planes. A controversy about a topology of Sr2
Fermi surface has increased the interest even further [

Since the discovery of high-temperature sup
conductivity in layered cuprates, understanding
Mott-Hubbard metal-insulator transition (MIT) in
quasi-two-dimensional (2D) system has been a sub
of significant interest. In a simplest Mott-Hubbard d
scription, a MIT is controlled by the relative magnitud
of the on-site Coulomb interactionU and the one-electron
bandwidthW . A splitting between the lower and uppe
Hubbard bands increases asUyW increases and fo
a half-filled band MIT occurs atUyW . 1, where a
Mott-Hubbard gap opens. Interaction between magn
moments at neighboring lattice sites favors antifer
magnetic (AFM) order in a Mott-Hubbard insulator. A
AFM ground state has a higher degree of degeneracy
a nonmagnetic (or ferromagnetic) metallic since up a
down directions of magnetic moment are not equivale
Thus, AFM ground state contains a new property a
cannot be transformed to a nonmagnetic (ferromagne
one without a ground state symmetry change. This
plies that a zero-temperature, or quantum, phase trans
(QPT) must occur asUyW is varied from zero to large
values corresponding to an AFM insulator.

While Sr2RuO4 is a good metal and is believe
to be well described within a framework of Ferm
liquid theory, Ca2RuO4 is an insulator [2]. It was
suggested that the MIT insSryCad2RuO4 [sSryCad214] is
of the Mott-Hubbard type resulting from lattice distortion
caused by the smaller size of the Ca21 ion compared
to the Sr21 ion. In this scenario the lattice distortion
0031-9007y98y81(13)y2747(4)$15.00
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lead to a reduction of an electronic orbital overla
similar to that observed in 3DRNiO3 [7], thus reducing
W . A similar effect is expected forsSryCad3Ru2O7
[sSryCad327], although the structural distortions and th
corresponding bandwidth reduction may be smaller in t
more rigid two-plane structure. Thus SryCa substitution
in layered sSryCadn11RunO3n11 (n ­ 1, 2) provides a
way for a continuous “tuning” of Mott-Hubbard paramet
UyW , making it an ideal system for an experimental stu
of a transition from normal metal to Mott insulator at
constant carrier doping in a quasi-2D system [2,8].

In this Letter, we report results of the first system
atic study of the effect of SryCa substitution on elec
tronic properties of layered ruthenium oxides probed
optical and angle-resolved photoemission (ARPES) sp
troscopies. Using two-planesSryCad327 and one-plane
Ca214 crystals we were able to span a wide range of e
tronic properties from band metal (Sr327) to Mott insu
tor (Ca214). A MIT was observed in the optical resu
and an on-site Coulomb interaction was estimated as 1
1.2 eV. A continuous loss of coherence, characteristic
a Mott-Hubbard system approaching MIT, was observ
in (SryCa)327 with increasing Ca concentration in bo
the optical and ARPES results. In addition to observ
these changes, results of a detailed ARPES study indi
a qualitative change atx . 0.33. While atx , 0.33 the
ARPES spectra are characterized by dispersive feat
crossing the Fermi energy,EF , at x $ 0.33 the ARPES
features do not crossEF . Considering results of previ
ous magnetization experiments, which indicate emerge
of in-plane AFM correlations atx . 0.33 [3], we sug-
gest that the qualitative changes in the electronic prope
of (SryCa)327 atx . 0.3 0.4 result from a QPT into an
AFM phase, preceding the real Mott-Hubbard MIT. T
the best of our knowledge, this detailed behavior has
been observed before.

Reflectivity measurements performed over the ene
range from 6 meV to 4.3 eV (3 eV for Ca214) on as-gro
© 1998 The American Physical Society 2747
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ted
crystals were used to calculate the complex optical cond
tivity through Kramers-Kronig analysis. The single crys
samples formed platelets of1 3 1 mm2 typical dimension
in the ab plane. Details of the growth and preparatio
of crystals have been reported elsewhere [3,9]. An AF
ordering transition in our Ca214 samples was obser
at TN ­ 110 K. For the ARPES experiments sampl
were cleavedin situ in vacuum better than5 3 10211 torr.
The (SryCa)327 crystals were cleaved and measured
T ­ 20 K. Ca214 crystals were cleaved and measu
at T ­ 100 K. For x ­ 0.58, 1, and Ca214 we also per
formed ARPES measurements atT . TN and, on the
energy scales discussed in this paper, the results w
similar. Photons athn ­ 22.4 eV and hn ­ 27.4 eV
were generated on the undulator beam line 5-3 at Stan
Synchrotron Radiation Laboratory (SSRL). The instr
mental energy resolution was 0.25 and 35 meV for the
tical and ARPES experiments, respectively. At least th
samples were measured for each composition (more
x ­ 0, 1) and the results were found to be consistent w
each other. Prior to ARPES measurements samples w
characterized and aligned using Laue diffraction. Sha
dispersive valence band peaks as well as absence of
known contamination or a degradation derived feature
about 10 eV [10] speak for a good surface quality.

s1svd, the real part of the optical conductivity, is plo
ted for Sr327, Ca327, and Ca214 in Fig. 1. The int
band optical spectra for Ca327 and Sr327 are essent
identical, with a peak at around 3 eV. However, at lo
energies the spectra are qualitatively different. The lo
energys1svd of Sr327 is steeply increasing towards ze
energy suggesting coherent charge transport. In a con
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FIG. 1. The optical conductivities of Sr327, Ca327, a
Ca214 taken at room temperature. Note a scale chang
h̄v ­ 1.25 eV. A Lorentz oscillator fit to the high-energ
s1svd for Ca327 is shown with the open circles.Eg is the
optical gap andUm is the on-site Coulomb energy for Ca214.
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to Sr327, the optical conductivity of Ca327 is mostly co
posed of a single, very broad component that can be fi
to a broad Lorentzian,s1svd ­ v2

ptyf4ps1 1 v2t2dg,
where vp is the plasma frequency of the carriers a
1yt is their scattering rate. Adopting terminology fro
the high-Tc cuprates, we term this the midinfrared (MIR
band. We note that the MIR band is a universal signa
of weakly doped Mott-Hubbard insulators, observed in
cuprates, nickelates, titanates, etc. [11]. Numerical
ues obtained from the fit arēhvp ­ 3.3 eV and h̄yt ­
0.84 eV. The large value of the scattering rate is indic
tive of an extremely short mean free path,l, for the carri-
ers. Assuming a typical Fermi velocity of107 108 cmys,
one findsl ­ 0.8 8 Å, well below the limit for coherent
bandlike transport. A dc conductivity that can be extra
lated from the low-energys1svd is just above the criti-
cal Mott conductivity s ­ e2y3h̄a ­ 2200 V21 cm21,
wherea ­ 3.84 Å is an in-plane lattice constant [4].

The optical conductivity of Ca214 is insulating, with
broad maximum at,1.1 1.2 eV and an optical gapEg .
0.2 eV, which is in a good agreement with the activati
energy of 0.2 eV found in dc resistivity measureme
[2,9]. The sharp structure at low energies is due
phonons. The overall shape of the conductivity is v
similar to that observed for a correlated insulator V2O3 [12]
and predicted theoretically for a Mott-Hubbard insula
[13]. Using a one-band analysis similar to that employ
in Ref. [12], we estimate an on-site Coulomb interact
from the position of the peak ins1svd, Um . 1.1 1.2 eV,
and a single-particle bandwidth from the width of the pe
Dm . 1 eV. A loss of coherence observed in a mate
sequence from Sr327 to Ca327 to Ca214 is remark
similar to that observed previously in the doping-induc
Mott transition study on the 3D La12xTiO3 system [14].

While results of the optical measurements prov
important information about MIT, it is of great intere
to examine evolution of the electronic properties in ev
more detail using ARPES. Because of space limitati
we present spectra only from a fewk points. Additional
data taken over much more extensivek grids validate
the conclusions presented here. Energy distribution cu
(EDC) spectra for (SryCa)327 at normal emission [G,
or skxa, kyad ­ s0, 0d, point] at variousx are plotted in
Figs. 2a and 2b at different energy scales. The spe
were normalized to the total integrated intensity in
0–10 eV binding energy window. Equivalent data tak
on a single layer Ca214 crystal atT ­ 100 K are shown
by the dashed lines. The spectra are all qualitativ
similar at binding energies above 2 eV, apart from
prominent feature at 7.5 eV in Ca327, which appears
evolve with increasing Ca concentration in (SryCa)327.
The similarity of the valence band electronic structu
corroborates the high-energy optical spectra which a
show little difference between Ca327 and Sr327.

The sharp feature lying near the Fermi energy in Sr
exhibits behavior reminiscent to that of a surface-rela
feature observed in YBa2Cu3O6.9 [15], including a strong
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FIG. 2. ARPES spectra fromsCaxSr12xd3Ru2O7 and Ca214
(dashed lines), taken at theG point using hn ­ 22.4 eV.
The dotted line in panel (a) forx ­ 0.33 is taken at X
[or skxa, kyad ­ sp , pd] and demonstrates the dispersion in
valence band spectrum. In panel (b) a gold spectrum is sho
by the open symbols superimposed on thex ­ 0.33 spectrum.

dependence on photon energy and a complete lack
measurable dispersion [16]. Also, its extreme narrowne
is uncharacteristic of quasiparticles normally observed
correlated materials, hinting that this peak may be surfa
derived. Asx is increased, the peak loses intensity witho
measurable changes in its binding energy. The feat
centered at 350 meV atx ­ 0 shifts towards the Fermi
energy and becomes notably broader with increasingx, as
indicated by the arrows. However, atx ­ 0.33 this trend
is reversed and the spectral weight starts movingaway
from the Fermi energy. It finally forms a broad featur
centered at about.400 meV belowEF in Ca327. As a
result, the spectral weight at the Fermi energy in Ca3
is very small, an observation confirmed by measureme
throughout the Brillouin zone. Asx increases beyond
x . 0.33 another broad feature, centered at 1.2 eV f
x ­ 1, appears at higher binding energies. For Ca21
ARPES intensity is characterized by a broad shoulder
500 meV and a peak at 1.5 eV.

The angle-resolved spectra along theG-X [or
skxa, kyad ­ s0, 0d 2 sp, pd] line for (CaySr)327 at
variousx and Ca214 are shown in Fig. 3. In panel 3
a comparatively broad peak lying about 350 meV belo
EF at G shows clear dispersion along theG-X line and
appears to correspond to the bottom of an upward
dispersive conduction band. A second dispersive feat
visible in Fig. 3a corresponds to a second conducti
band centered atG. There exists a third dispersive
feature in Sr327, not clearly visible in Fig. 3a but mor
pronounced in Fig. 3b and easily identifiable in spect
taken at a higher photon energy ofhn ­ 27.4 eV (not
n
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FIG. 3. The ARPES results for the members
CaxSr12xRu2O7 series along theG-X line usinghn ­ 22.4 eV.
Open symbols mark some of the dispersive features. Num
on the left show position ink space along theG-X line, starting
at G. The 50% spectra forx ­ 0.33 and Ca214 are missing
Note a difference in energy scales.

shown). We note that a thorough investigation aimed
determining Fermi surface of Sr327 [16] produced res
that are in a reasonable agreement with the band stru
calculations for Sr327 [17]. In particular, in Sr327 w
did not observe an extended Van Hove singularity (eV
at sp, 0d [16] that led to a key discrepancy betwe
results of ARPES and de Haas–Van Alphen experime
on the Sr214 system [6]. In fact, our recent ARP
experiments show no eVHs in Sr214 as well [18].
Ca concentration is increased tox ­ 0.33 and above,
the bandlike features disappear, blending into a sin
broad feature. In thex ­ 1 and x ­ 0.58 (not shown)
materials both near 1.2 eV and near 0.5 eV features
weakly dispersive. It is difficult to identify dispersion
in Ca214 although there is a redistribution of ARPES
tensity along theG-X line. The origin of the 1.2–1.5 eV
feature is not clear at the moment but we note that s
multiple-peak structures are not uncommon in numer
calculations using the Hubbard model [19].

On the gray-scale plots in Figs. 4a–4c we show a s
ond derivative of EDC spectra obtained along theG-X line.
While we have used EDC’s from Fig. 3 to obtain plots f
x ­ 0.33, 1, data obtained athn ­ 27.4 eV were used to
obtain a plot forx ­ 0 in order to minimize the effect o
the narrow feature close toEF at G. At x , 0.33 we ob-
serve several [20] dispersive features crossing the F
energy, suggesting a bandlike electronic transport. C
sidering this together with the reasonable agreement
tained between the experimentally obtained Fermi sur
of Sr327 and the one calculated within the one-elect
approximation, we term (SryCa)327 atx , 0.33 a “band
metal.” Already atx ­ 0.33 the situation is different: the
2749
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FIG. 4. Gray-scale plots of the second derivatives of ED
spectra along theG-X line. The gray scale is set up in suc
a way that the width of the features represents the width
the ARPES peaks. EDC curves from Fig. 3 were used
x ­ 0.33, 1 while data obtained athn ­ 27.4 eV were used
for x ­ 0. Solid and dashed lines in panel (a) show a fit to
parabolicEskd dependence as described in text.

dispersive features are replaced by a single, almost non
persive band whose center of mass does not reachEF .
The low-binding energy edge of the broad band is s
cut off by the Fermi function (Fig. 2b) so that the finit
density of states atEF is due to band broadness. Thu
the electronic transport is not bandlike but rather diff
sive. We term the phase atx $ 0.33 a “bad metal” phase.
The lack of dispersion is clearly not a consequence of s
face degradation since the main valence bands still sh
clear dispersion as a function ofk. As seen in Fig. 2a,
the valence-band spectrum taken atX for x ­ 0.33, plot-
ted with a dotted line, is clearly different from that take
at G. Whenx is increased above 0.33 correlation effec
become stronger, shifting the ARPES spectral weight
higher binding energies. Similar behavior was observ
previously in an angle-integrated photoemission study
Ca12xSrxVO3 [21]. There is still, however, no gap in the
optical spectra, and careful examination shows that ARP
intensity atEF remains nonzero even forx ­ 1.

To quantify the changes observed we fitted a ba
closest toG at x , 0.33 with a parabola,Eskd ­ jh̄kj2y
s2mpd 1 a, as shown by the solid and dashed lines
Fig. 4a forx ­ 0, 0.14, respectively. Asx increases,mp

increases as well so thatmpsx ­ 0.14dympsx ­ 0d .
1.4. Already at x ­ 0.33 the several distinct fast-
2750
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dispersing features disappear, blending into a single b
close toEF . While it is difficult to definemp for x ­ 0.33,
the overall lack of dispersion suggests it to be very lar
As x approaches 1, dispersion strengthens again, sugg
ing lowermp than atx ­ 0.33. All of the above indicates
a criticality at x . 0.3. Emergence of an AFM order a
x $ 0.33, observed directly in magnetization experimen
[3], demonstrates itself in the ARPES spectra which
clearly symmetrical with respect to the AFM Brillouin
zone boundary atspy2, py2d. Considering the above
we suggest that our results, taken together with those
direct magnetic measurements [3], provide an evide
for a QPT between metallic and AFM phases atx . 0.3.
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