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Observation of a Novel Orbital Selective Mott Transition in Ca1:8 Sr0:2 RuO4
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We observed a novel orbital selective Mott transition in Ca1:8 Sr0:2 RuO4 by angle-resolved photoemission. While two sets of dispersing bands and the Fermi surface associated with the doubly degenerate dyz
and dzx orbitals are identified, the Fermi surface associated with the wider dxy band is missing as a consequence of selective Mott localization. Our theoretical calculations demonstrate that this orbital selective
Mott transition is mainly driven by the combined effects of interorbital carrier transfer, superlattice
potential, and orbital degeneracy, whereas the bandwidth difference plays a less important role.
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Ca2x Srx RuO4 is a fascinating 4d multiorbital system
that exhibits a rich and intricate phase diagram, ranging
from a chiral p-wave superconductor (Sr2 RuO4 ) to a Mott
insulator (Ca2 RuO4 ) [1,2]. Similary to the high-Tc cuprates, the metal-insulator transition under the influence of
electron correlations in the ruthenates is of fundamental
importance and currently under intensive debate. There is
accumulating experimental evidence for the coexistence of
local moments and metallic transport, and heavy fermion
behavior in the region of 0:2  x  0:5 [2–4], which is
remarkable because there are no f electrons in this material. To account for the coexistence of localized and itinerant electrons in this region, the scenario of orbital selective Mott transition (OSMT) has been proposed [5,6] as
following: Sr2 RuO4 has three degenerated t2g orbitals (dxy ,
dyz , and dzx ) occupied by four 4d electrons. The isovalent
Ca substitute does not change the total carrier concentration, but rather increases the effective electron correlation
strength (Ueff ) relative to the reduced bandwidth which is
induced by structural change due to the smaller ion radius
of Ca2þ . Consequently, it is possible that an OSMT takes
place in the narrower bands, i.e., the one-dimensional (1D)
dyz and dzx orbitals, where electrons undergo a Mott transition and become localized, while the electrons in the
wider two-dimensional (2D) dxy band remain itinerant. A
similar partial localization mechanism has been proposed
for some heavy fermion materials, e.g., UPd2 Al3 [7].
While the concept of OSMT is of critical importance to
the multiorbital Mott Hubbard systems and has been
studied extensively in theory [5,6,8–10], it has not been
confirmed experimentally. Our previous angle-resolved
photoemission spectroscopy (ARPES) study [11] shows
that, for samples with x ¼ 0:5, the two 1D ( and )
Fermi surface (FS) sheets are clearly ‘‘visible’’ as well as
that of the 2D () FS, although the latter is considerably
smeared and weaker in comparison to the case of Sr2 RuO4 .
This is in sharp contrast to the OSMT prediction that the
0031-9007=09=103(9)=097001(4)

1D FS sheets become Mott localized. To check if the
OSMT occurs at a lower Sr concentration, we have conducted ARPES experiments on high-quality single crystals
at x ¼ 0:2, grown by the floating zone technique [4].
Our experiments were performed at synchrotron undulator beam lines (e.g., Wadsworth, U1-NIM, PGM at the
Synchrotron Radiation Center, Wisconsin), using a Scienta
SES-2002 electron analyzer. The energy and momentum
 1 , respectively.
resolutions are 10–30 meV and 0:02 A
Samples were cleaved in situ and measured at 40 K in a
vacuum better than 1  1010 torr. The samples have been
found to be stable and without degradation for a typical
measurement period of 48 hours. Precise determination of
the low-energy electronic structure at this doping level is a
rather difficult and lengthy experiment due to a much
reduced ARPES spectral intensity in the vicinity of the
Fermi energy (EF ) near the insulating phase. Several techniques have been used to boost photoelectron signals,
including enhancement of the ARPES matrix elements
through fine-tuning of photon energy and measurements
at different Brillouin zones (BZs). Laue pictures have been
taken before the measurement to align the samples, and
LEED pictures of the surface have also been recorded.
These pictures, which are included in the supplementary
material [12], clearly indicate good quality of samples and
cleaved surfaces.
As shown in Fig. 1, strong spectral intensity and clear
dispersion similar to the case of Sr2 RuO4 are observed in
the valence band of Ca1:8 Sr0:2 RuO4 . However, the spectral intensity near EF experiences dramatic reductions
as the Sr content x approaches 0.2, as demonstrated in
Fig. 1(c), reflecting the fact that the system is near an
insulating phase. To see clearly the low-energy excitations, we zoom in to the binding energy range within
0.2 eV to EF , as plotted in Fig. 2. One can identify weak
but discernible peaks dispersing towards EF , as shown in
Figs. 2(c) and 2(d). Unlike Sr2 RuO4 , which has Fermi
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FIG. 1 (color online). The valence band of Ca1:8 Sr0:2 RuO4 .
(a) Plot of second derivative of ARPES intensity for the valence
band of Ca1:8 Sr0:2 RuO4 taken along -M-X (h ¼ 75 eV, T ¼
40 K). (b) The corresponding EDCs along -M-X. (c) Comparison of the EDCs for x ¼ 0:2, 0.5, 2, taken at the  band
crossing point along -M (h ¼ 32 eV, T ¼ 40 K).

liquidlike quasiparticle (QP) peaks [13], Ca1:8 Sr0:2 RuO4
has a much broader line shape in its low-energy dispersion.
As illustrated in Figs. 2(a) and 2(b), we observe two
linearly dispersive bands along the high-symmetry line
 1 , respecX--X, crossing EF around 0.3 and 0:9 A
tively. These two Fermi crossing (kF ) points, plotted in
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Fig. 2(f) as points 1 and 2, locate, respectively, on the
calculated  FS for Srp2 RuO
and its folded FS (labeled as
4 ﬃﬃﬃ
ﬃﬃﬃ p
0
the  FS) due to the 2  2 reconstruction caused by a
rotation of the RuO6 octahedra [14]. We note that the peak
intensity in both energy distribution curves (EDCs) and
momentum distribution curves (MDCs) diminishes as it
approaches EF or kF , possibly due to a small energy gap or
the QP decoherence effect observed in some transition
metal oxides near the metal-insulator boundary [15]. The
band dispersion along another high-symmetry line M--M
is displayed in Fig. 2(e), and we observed four FS crossings
(points 3–6) whose locations are plotted in Fig. 2(f). While
the crossing points 4 and 5 are on the calculated 0 FS, and
3 and 6 are close to the  FS with respect to the location
and direction of dispersion as compared with x ¼ 0 and
0.5, there is no observation of the dispersing  band and the
corresponding FS crossing. A direct comparison of ARPES
spectra between Ca1:8 Sr0:2 RuO4 and Sr2 RuO4 is included
in the supplementary material [12], clearly showing the
absence of the  band for the former case.
To verify these band and FS assignments, we have
performed many measurements to cover a wide range of
k space. We locate and plot all observed FS crossing points
in the first BZ shown in Fig. 3(a). The extracted kF points
from the dispersive bands indicted by dots are obtained
from MDCs and EDCs. The uncertainty of kF determina 1 which is 2% of
tion is estimated to be about 0:03 A
the BZ size (2=a) of Ca1:8 Sr0:2 RuO4 . It is clear that both
the  and  main FS sheets and the folded 0 FS are
present in Ca1:8 Sr0:2 RuO4 . However, no evidence of the 
FS is found. The disappearance of the  FS is puzzling.

FIG. 2 (color online). Band dispersion
along high-symmetry directions in
Ca1:8 Sr0:2 RuO4 . (a) ARPES intensity
plot along X--X. (b) The corresponding
second derivative plot of (a). The white
dashed lines are guides for eyes.
(c) EDCs and (d) MDCs, within the red
dashed box in (a), showing low-energy
band dispersion, as indicated by blue
dashed lines. (e) Second derivative plot
of ARPES intensity along M--M.
(f) Fermi crossings (black dots) indicated in (b) and (e), and Fermi surface
sheets (red lines) calculated by LDA for
Sr2 RuO4 [21] in the first BZ.
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According to the Luttinger theorem, the total occupied FS
area should remain the same due to the isovalence nature of
the Ca-Sr substitution. From the fitted  and  FS sheets
shown in Fig. 3(a), we derive the electron occupations
n ¼ 1:72  0:12 and n ¼ 0:79  0:06, implying that
the  band has 1:49  0:10 valence electrons since ntotal ¼
4. To illustrate this point, we plot the ‘‘would be’’  FS in
Fig. 3(a) as a simple circle (black dashed line), which
satisfies the Luttinger counting of 1.49 electrons. Note
that it would almost touch the M point, indicating that its
van Hove singularity is very close to EF , which may lead to
instability at low temperature.
To further understand the fate of the  band, we plot in
Fig. 3(b) an EDC of Ca1:8 Sr0:2 RuO4 integrated over the
neighboring region of M. In contrast to Sr2 RuO4 ,
Ca1:8 Sr0:2 RuO4 shows a dramatic suppression of the 
QPs. In fact, the spectrum consists of a broad feature
with a gap of * 100 meV, and a small ‘‘foot’’ extending
toward EF . The origin of this small foot is not entirely

FIG. 3 (color online). Fermi surface and electron occupancy of
different orbitals. (a) Measured FS sheets of  (green contours
centered at X),  (red contour centered at ), and the folded 
(blue dashed contour centered at ), along with the Fermi
crossing points determined by ARPES (black solid dots) and
symmetrized points according to the fourfold crystal symmetry
(red open dots). The black dotted contour centered at  is the
derived  FS according to the Luttinger theorem.
(b) Comparison of the EDCs at M between Ca1:8 Sr0:2 RuO4
and Sr2 RuO4 , integrated over the k region indicated by the
shaded rectangle in (a). (c) The Sr content dependence of
electron occupancy of  and ð þ Þ=2, obtained by ARPES
(red filled dots and lines), and LDA (black open dots and lines).
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clear, although it may come from a residual  band from a
minority phase, or certain impurity states. We regard the
disappearance of the  QP with a large soft gap as evidence
for localization of the  band. We notice that the electron
occupancy of the  band is close to 1.5 (a half integer) from
both the experimental derivation and our theoretical calculation using local density approximation (LDA), as
shown in Fig. 3(c). It is remarkable that the LDA calculation shows good agreement with the ARPES observation.
The basic reason for the increase of the  electron occupation is that the increased hybridization between the t2g
and eg orbitals, due to the increasing rotation and tilting of
the octahedra at higher Ca content, pushes down the dxy
band [10]. The same effect has been also observed in a
similar 4d-electron system (Sr2 RhO4 ) [16].
A natural question is why the  FS is absent at 1.5
electron
Remarkably, as the system undergoes
pﬃﬃﬃ occupancy.
pﬃﬃﬃ
the 2  2 reconstruction in the bulk [14], the  band
folds into two subbands by the superlattice potential, accompanied by the doubling of the unit cell. The folded 
bands in the reduced BZ host a total of 3 electrons. The
lower subband is completely filled, while the upper one is
precisely at half-filling. It is thus possible for the  complex to undergo the Mott transition and become localized
in the doubled unit cell, contributing a spin-1=2 local moment. Since there are two Ru atoms per supercell, the
localized magnetic moment is 0:5B per Ru atom. This
is indeed consistent with the field dependent magnetization
measurement in Ca1:8 Sr0:2 RuO4 [3]. The sharp increase of
the magnetization to 0:5B as the applied magnetic field
reaches about 5 T can be attributed naturally to the polarization of the local moment, whereas the subsequent gradual growth of the magnetization with further increasing
field arises from Pauli paramagnetism of the itinerant 
and  band electrons.
Theoretically, most of the model studies have focused on
the two-band Hubbard model, where the OSMT is mainly
controlled by the difference in the bandwidths [6,8]. The
real situation in the Ca
p2x
ﬃﬃﬃ Srpx RuO
ﬃﬃﬃ 4 system is more complex. Because of the 2  2 superstructure, there is a
total of six bands occupied by eight electrons in the
doubled unit cell. We have carried out first-principle calculations and found that the lower three bonding bands are
fully occupied by six electrons. The remaining two electrons occupy the upper three antibonding bands. If there
were no crystal field splitting, these two electrons would be
almost evenly distributed among the upper three bands,
corresponding to occupations (2=3, 2=3, 2=3). However,
the localized orbital must be filled by an odd integer
number of electrons in an OSMT, which can be realized
in Ca2x Srx RuO4 only when the two electrons redistribute
among the upper three bands to reach occupations (1=2,
1=2, 1) due to the crystal field splitting. Indeed, our LDA
calculation shows that, with the reduction of x, the crystal
field pulls down the  band and transfers charge from the
,  bands to the  band as shown in Fig. 3(c). When the

097001-3

PRL 103, 097001 (2009)

PHYSICAL REVIEW LETTERS

electron distribution reaches (1=2, 1=2, 1), the three-band
complex splits into two groups: two nearly degenerate 
and  bands, and a separated  band with a lowered center
of gravity. Therefore, we have one two-band system and
one single-band system, both with one electron per unit
cell. The reason for the OSMT to take place in the  band is
that the critical interaction Uc for the Mott transition in a
single-band Hubbard model is about 30% smaller than that
of a two-band model with one electron per unit cell and
identical bandwidth, a result obtained by variational
Gutzwiller and dynamical mean field theory [17,18]. The
Hund’s rule coupling further increases the critical Uc for
the two-band system. Therefore, in a large area of the
parameter space, the single -band system lies in the
Mott phase, while the two-band system remains in the
metallic phase. The new type of OSMT induced by the
orbital degeneracy lifting has been studied theoretically in
detail in Ref. [19].
To further illustrate this point, we apply the slave boson
mean field theory to a simple three-band Hubbard model
with the bandwidth ratios of 1:1:1 and 1:1:1:5 and two
electrons per unit cell. The technical details have been
explained in Ref. [20]. In Fig. 4, we plot the QP coherence
weight (Z) and the orbital correlations as a function of the
charge transfer . Figure 4(a) clearly shows that the coherence weight of the  band decreases continuously while
that of the degenerate  band remains almost a constant as
the OSMT is approached at charge transfer  ¼ 1=3,

FIG. 4 (color online). Calculations that show OSMT in multiorbital systems. (a) QP weight for the 3-band Hubbard model
with equal bandwidth W as a function of charge transfer  defined by ðn ;n ;n Þ ¼ ð23  2 ; 23  2 ; 23 þ Þ. U=W ¼ 4:0; J=W ¼
1:0. (b) Intraband and interband correlation functions, where
";# ¼ hn" n# i  hn" ihn# i, ";# ¼ hn" n# i  hn" ihn# i,
and ; ¼ hðn" þ n# Þðn" þ n# Þi  hðn" þ n# Þihðn" þ n# Þi.
(c) Same as in (a), except for the three bandwidths of W, W,
1:5W. (d) Same as in (b), except for the three bandwidths of W,
W, 1:5W. Note that the y axis is negative in (b) and (d). With
increasing , the intra--band correlation becomes large and
negative, while the interband correlation approaches zero.
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which corresponds to the charge distribution (1=2, 1=2,
1). Concomitantly, as can be seen from Fig. 4(b), the
interband correlations () between the  and the , 
bands are dramatically reduced. To verify that the bandwidth difference does not play an important role in the
OSMT, we show in Figs. 4(c) and 4(d) that the same
conclusion is reached for the case where the  band is
1.5 times as wide as that of the  and  bands.
In conclusion, we have measured the low-energy excitations in Ca2x Srx RuO4 near x ¼ 0:2 by ARPES and
unraveled a novel mechanism for the OSMT. The band
dispersions and the associated FSs are observed for the dyz
and dzx orbitals. In contrast, the dxy orbital shows a loss of
coherent QP excitations
pﬃﬃﬃ pﬃﬃﬃdue to Mott localization. We discovered that the 2  2 structure reconstruction plays a
crucial role in establishing the half-filling condition of the
antibonding  band. We provided microscopic theoretical
support for this novel OSMT and demonstrated the importance of the crystal-field-splitting-induced interorbital
charge transfer and the orbital degeneracy for promoting
an intriguing electronic phase with coexisting local moment and itinerant electrons.
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