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We reveal a “‘high-energy anomaly” (HEA) in the band dispersion of the unconventional ruthenate
superconductor Sr,RuQ,, by means of high-resolution angle-resolved photoemission spectroscopy
(ARPES) with tunable energy and polarization of incident photons. This observation provides another
class of correlated materials exhibiting this anomaly beyond high-T,. cuprates. We demonstrate that two
distinct types of band renormalization associated with and without the HEA occur as a natural
consequence of the energetics in the bandwidth and the energy scale of the HEA. Our results are well
reproduced by a simple analytical form of the self-energy based on the Fermi-liquid theory, indicating that
the HEA exists at a characteristic energy scale of the multielectron excitations. We propose that the HEA
universally emerges if the systems have such a characteristic energy scale inside of the bandwidth.
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Understanding electron correlation is being actively
pursued in modern condensed-matter physics. Landau’s
Fermi-liquid (FL) theory is a fundamental and a very
successful paradigm describing normal metallic states of
interacting electrons in many systems [I1]. Within the
framework of the FL theory, the interacting electrons can
be described as “‘quasiparticles”—independent particles
but with renormalized mass (m*). In general, the effective
mass enhancement is caused by two primal many-body
interactions [2]: electron-electron interaction (EEI) and
electron-boson interaction (EBI). EEI is responsible for
band renormalization over a large energy scale (eV order)
accompanying a ‘“‘band narrowing,” whereas EBI is re-
sponsible for a low energy-scale one near the Fermi level
(EFR), which causes a “‘kink’ in the energy-band dispersion
at the bosonic-mode energy (sub-eV order).

Besides these well-established band renormalization
effects, a ““high-energy anomaly” (HEA) in the band dis-
persion is indicative of a strong renormalization effect,
which has been widely observed using angle-resolved
photoemission spectroscopy (ARPES) in various high-T.
cuprate families. Tremendous experimental [3—11] and
theoretical [12-23] effort has been devoted to identifying
the physics behind the HEA. Experimentally, the HEA has
been characterized by two spectral features in the energy
range of ~300-600 meV: a giant kink (‘“‘high-energy
kink”) and a nearly vertical dispersion (‘“‘waterfall’’),
though photoemission matrix-element effects also play
an important role in the spectral appearance especially
around the waterfall region [8,9]. After an intense debate
on the origin of the HEA, in a long list of proposals given
so far, the self-energy approach [20-23] has been received
as the mainstream consensus. However, even though the
HEA seemingly originates in self-energy effects, ambigu-
ity remains in a key ingredient of excitations, whether
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these arise from strong correlation [7,14,15,19,23], or cou-
plings to high-energy bosonic modes such as phonons [5],
antiferromagnetic spin fluctuations or paramagnons
[6,17,18,20], and plasmons [13]. One reason for this might
be that, so far, the energy scale of the HEA has not been
quantitatively determined experimentally.

In this Letter, we report the first observation of the HEA
in the band dispersion of single layered ruthenate Sr,RuQO,,
using high-resolution ARPES. Further, we demonstrate
two distinct types of band renormalization associated
with and without the HEA in Sr,RuQ,. One type, observed
in the d,, band, yields both positive and negative energy
shifts, i.e., an effective mass enhancement near Ey as well
as an increase in the bandwidth. Accordingly, the HEA
emerges at around their crossover region identified by a
characteristic energy (w.), at which the real and imaginary
parts of the self-energy becomes zero and shows a local
minimum, respectively. In contrast, the other type, ob-
served in the d,, band, yields only band narrowing because
the bandwidth is smaller than .. These distinct types of
band renormalization can be reasonably explained by a
simple self-energy analysis based on the FL theory, indi-
cating that the multielectron excitations are responsible for
the HEA. The generality of the HEA will also be detailed.

High-quality single crystals of Sr,RuO, were grown by
the floating-zone method using the self-flux technique [24].
The present data were collected at BL-1 of the Hiroshima
Synchrotron Radiation Center using a VG-SCIENTA
R4000 electron analyzer. All measurements were per-
formed after cleaving the samples in situ under ultrahigh-
vacuum conditions ~2 X 107! Torr at T ~ 10 K. To
reduce complexity due to the surface-derived states [25],
we aged the sample surface and then collected the ARPES
data with the energy and angular resolution of 30 meV
and 0.3°, respectively.
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The tunability of the excitation energy (hv) and polar-
ization [Fig. 1(a)] of incident photons are indispensable in
the present ARPES study. In Fig. 1(c), two bands derived
from the d,, and d,, orbitals cross Eg along the '-M or
Z-M high-symmetry line [Fig. 1(b)], and these can be
selectively observed using p- and s-polarized light as
shown in Figs. 1(d) and 1(e) following the dipole selection
rule [26,27]. Note that those experimental conditions were
carefully determined to examine wide energy-band disper-
sions by surveying hv’s (22-100-eV) and momentum
spaces (Ist and 2nd Brillouin zones). For instance, the
significant matrix-element effects become apparent under
certain conditions, as seen in Figs. 1(f) and 1(g), where
spectral weights near the zone center (I" or Z) are strongly
suppressed as similarly observed in cuprates [8,9,20].

The experimental energy-band dispersions are accurately
determined over an extended energy region by standard
line-shape analysis (see caption to Fig. 2) as seen in
Figs. 2(a) and 2(b), both, indicating good agreement
between experimental dispersions and contour ridges of
the ARPES images. By comparing the ARPES and
local-density approximation (LDA) dispersions [Figs. 2(c)
and 2(d)], the large energy-scale renormalization effects
seem at first glance to be highly band dependent. The group
velocity of the ARPES dispersion for the d,, band is entirely
slower than that of the LDA dispersion. By contrast, for the
d,, band, the ARPES dispersion shows slower and faster
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FIG. 1 (color). (a) Schematic polarization geometry used in
the ARPES experiment, where the p-polarized light and
s-polarized light are incident on the sample parallel and perpen-
dicular with respect to the detection plane (xz plane), respec-
tively. (b),(c) Respective Fermi surfaces and electronic bands
along the I'-M or Z-M line of Sr,RuQ, as determined from
LDA calculations without hybridization between Ru 4d and O
2p states [26]. (d)—(g) ARPES images recorded along the I'-M
or Z-M line with different polarizations and incident photons.

group velocities compared with the LDA dispersion at the
respective energies above and below the intersection of
their dispersions. Furthermore, the d,, band undergoes
vertical dispersion near the intersection of the ARPES and
LDA dispersions. This waterfall-like dispersion pattern is
an unambiguous signature of the HEA, as reported for
cuprates [3—11].

To visualize the energy renormalization, we derived the
real part of the self-energy X/(w) [28] of the d_, and d,,
bands, displayed respectively in Figs. 2(e) and 2(f) together
with previous theoretical calculations [29]. The global
features of X/(w) show the close resemblance between
experiment and theory, implying the validity of parameter
values used in Ref. [29] (U=1.2eV,J = 0.2 eV). A clear
deviation can be recognized in the low-energy region for
the d,, band, though not for the d_, band, where the con-
tributions due to the EBIs as well as the spin-orbit interac-
tion [26,27] can be expected. A further quantitative
evaluation of low-energy renormalization effects is in
progress, but is beyond the scope of this work.

Next, the X/(w) values were fitted by an analytical
formula, 3,40 (@) = gw/(w + iy)?, which satisfies cau-
sality and the FL theory [28]. As evidenced by the good
agreement between experimental and model X/(w) and
3/ (w) shown in Figs. 2(e) and 2(f), the HEA should be
related to the electronic excitations. This is also supported
by the fact that the modeled spectral functions well repro-
duce the global spectral shapes and intensities as seen in
Figs. 2(g) and 2(h).

Our results place strong constraint as to what is respon-
sible for the HEA. Notably, there exists a characteristic
energy (w,) of ~1.2 eV satisfying 2/(w,) = 0 and a local
minimum %"(w,), thereby yielding a maximum linewidth
2|3"(w.)|. The energy scale of the HEA should correspond
to the w ., at which the sign of the 3/(w) reverses as well as
the spectral intensity becomes suppressed because of the
enhanced linewidth broadening. Thus, one cannot rigor-
ously define a group velocity in the sense of the one-
electron picture around the w, or the waterfall-type
spectral shape where the coherent peak is not well defined.
If the coupling parameter for the HEA (g/y? in our model
[28]) is strong enough, the energy band should be split into
high- and low-energy branches. This situation is similar to
that expected from the ‘“‘coherent-incoherent’ picture re-
cently discussed for cuprates [11,21]. However, we stress
here that the observed d,, band is not independent of k
even for |w| > |w,| but is indeed well dispersed, obviously
different than “‘incoherent states.” This observation thus
favors the “‘quasiparticle” scenario [5,7] in which the
Zhang-Rice singlet band [30] is described by a single
quasiparticle band with a large bandwidth.

The observed characteristics of the HEA—that is, the
zero point of the 3/(w) as well as the local minimum of the
3/"(w)—cannot be explained by the EBI. This is because
any bosonic modes, irrespective of bosonic type such as
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FIG. 2 (color). (a),(b) ARPES images of Sr,RuQ, along the I'-M or Z—M line and their contour plots together with the energy-band
dispersions (circles) recorded with 88-eV photons with p and s polarization, respectively; ARPES intensities are symmetrized with
respect to the zone center (I' or Z). (c),(d) Comparison of the energy-band dispersion between ARPES results (circles) and LDA
calculations (line) for d,, and d,, bands, respectively. The experimental dispersions were determined by fitting the momentum
distribution curves, except for the flat dispersion around the bottom of the d,, band, which was determined by fitting the energy
distribution curves. (e),(f) Real and imaginary parts of the self-energy 3/(w) (open circles) and 3" (w) (closed circles) for d., and dyy
bands, respectively. These were obtained by 3/(w) = w — efP* and 3/(w) = — Jv{PA Ak, where £fPA, v§PA, and Ak represent the
LDA dispersion, and the velocity of the LDA dispersion, and the momentum distribution curve full width, respectively. For
comparison, the 2/(w) (black line) from previous theoretical calculations [29] is also shown. Solid and dashed lines in blue (red)
represent the real and imaginary parts of the modeled self-energy [X] .. (w) and X/ . (w)] obtained by fitting 3/(w). (g),
(h) Calculated spectral functions for d,, and d,, bands, respectively, where LDA dispersion is used as the bare dispersion and blue
and red lines in (e) and (f) are used as the input self-energies.

phonons, magnons, and plasmons, are expected to couple
most strongly to the electrons at their own specific mode
energies, always driving the effective mass enhancement
associated with the gradient but not the zero point of the
3/(w) [31]. In addition, the energy scale of the HEA is
completely different from that of bosonic couplings al-
ready reported for Sr,RuQ,: the phonon distribution is
just up to ~80 meV [26,27,32-34], and the ferromagnetic
or antiferromagnetic fluctuations are only related with the
low-lying excitations below ~8 meV [35-37]. Judging
from the eV-order energy scale of the w,, we thus conclude
that electron correlation due to the EEI is the remaining

candidate for the origin of the HEA. In the present case, the
HEA energy-scale can be attributed not to the exchange
interaction J ~ 0.2-0.7 eV [29,38], but to the on-site
Coulomb interaction U = 1.2-1.5 eV [29,39].

Our results highlight two distinct types of band renor-
malization depending on the energetic relationship between
the w. and bare band-bottom energies (wy”“" ~ @i Pa).
One, observed in the d,, band, yields only band narrowing
associated with the increased effective mass, because
lwihal < lw,[, that can be well described by the canonical
coherent-incoherent picture as predicted by the infinite-
dimensional Hubbard model calculations [40]. The other,
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observed in the d,, band, yields that the effective mass of
the d,, electrons becomes heavier for |w| < |w,| but the
band-bottom energy is reduced leading to a larger W,
resulting in the HEA because || > lw,|. The indica-
tion is that the effective mass enhancement is not always
simply measured by U/W [41]. Indeed, the large energy-
scale mass enhancement, 1 — 93/ . /dwl|,—o, was esti-
mated to be about 3 times heavier compared with the LDA
band mass irrespective of band characteristics (d,,, d.), but
consistent with the dynamical mean-field theories [29,38].

In most 3d transition metal oxides, the @, might be
related to the exchange interaction J because U > W.
Indeed, in the case of cuprates, the reported energy scales
of the HEA (~ 300-600 meV) are indeed similar to
3J ~ 0.35 eV [42]. However, it has been also argued that
the doping dependence of the HEA cannot be simply
described by the J scale [7]. To pin down the energy scale
and the origin of the HEA in cuprates, an analysis similar
to that presented here on various doping levels and families
in a cuprate system is highly desired.

One intriguing question is: How generic is the HEA-type
renormalization for other systems? We clearly demon-
strated that at the heart of this type of renormalization is
the existence of the characteristic energy (w,.), specifically
giving the zero and local minimum points in the %/(w) and
3 (w), respectively. In the present model, these character-
istic structures in the self-energy stems from two condi-
tions for the X/ (w) [28]: (1) w? dependence near Ep to
satisfy the FL theory, and (2) the zero-convergence at
infinite energy, i.e., lim,,_,2"(w) = 0, to satisfy the cau-
sality. From the second condition, the existence of the w,
should be generally expected for the electron self-energy,
as long as the %" (w) has some energy dependence in the
low-energy region irrespective of its functional form.
Hence, the HEA and band narrowing are a ubiquitous
electronic feature in the systems with |w,.| < |wy| and
|w,| > |wyl, respectively. These new and generic aspects
of the band renormalization provide a platform for a com-
prehensive understanding of electron correlation.

We are grateful to D.S. Dessau and S. Koikegami for
invaluable discussions and to H. Hayashi, J. Jiang,
D. Hirayama, and T. Habuchi for their experimental assis-
tance. This work was supported by KAKENHI
(22740233). The ARPES experiments were performed
under the approval from Hiroshima Synchrotron
Radiation Center (Proposal Nos. 10-A-5 and 10-A-11).

*h-iwasawa@hiroshima-u.ac.jp
Ty.aiura@aist.go.jp
[1] See, e.g., A.A. Abrikosov, Fundamentals of the Metals
Theory (North-Holland, Amsterdam, 1988).
[2] See,e.g., A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev.
Mod. Phys. 75, 473 (2003); Very High Resolution

(31

(4]
[51
(6]

(71
(8]

[10]

(21]
[22]
(23]
[24]

[25]

[26]

(27]

(28]

[29]

[30]
(31]

(32]
[33]

066404-4

Photoelectron  Spectroscopy,
(Springer-Verlag, Berlin, 2007).
F. Ronning, K. M. Shen, N.P. Armitage, A. Damascelli,
D.H. Lu, Z.-X. Shen, L. L. Miller, and C. Kim, Phys. Rev.
B 71, 094518 (2005).

J. Graf et al., Phys. Rev. Lett. 98, 067004 (2007).

B.P. Xie et al., Phys. Rev. Lett. 98, 147001 (2007).

T. Valla, T.E. Kidd, W.-G. Yin, G.D. Gu, P.D. Johnson,
Z.-H. Pan, and A. V. Fedorov, Phys. Rev. Lett. 98, 167003
(2007).

W. Meevasana et al., Phys. Rev. B 75, 174506 (2007).
D.S. Inosov et al., Phys. Rev. Lett. 99, 237002 (2007).
D.S. Inosov et al., Phys. Rev. B 77, 212504 (2008).

M. Ikeda, T. Yoshida, A. Fujimori, M. Kubota, K. Ono,
Y. Kaga, T. Sasagawa, and H. Takagi, Phys. Rev. B 80,
184506 (2009).

F. Schmitt et al., Phys. Rev. B 83, 195123 (2011).

E. Manousakis, Phys. Rev. B 75, 035106 (2007).

R.S. Markiewicz and A. Bansil, Phys. Rev. B 75, 020508
(R) (2007).

K. Byczuk, M. Kollar, K. Held, Y.-F. Yang, I. A. Nekrasov,
T. Pruschke, and D. Vollhardt, Nature Phys. 3, 168 (2007).
F. Tan, Y. Wan, and Q.-H. Wang, Phys. Rev. B 76, 054505
(2007).

A.S. Alexandrov and K.Reynolds, Phys. Rev. B 76,
132506 (2007).

R.S. Markiewicz, S. Sahrakorpi, and A. Bansil, Phys. Rev.
B 76, 174514 (2007).

A. Macridin, M. Jarrell, T. A. Maier, and D.J. Scalapino,
Phys. Rev. Lett. 99, 237001 (2007).

M. M. Zemljié, P. Prelovsek, and T. Tohyama, Phys. Rev.
Lett. 100, 036402 (2008).

S. Basak, T. Das, H. Lin, J. Nieminen, M. Lindroos,
R.S. Markiewicz, and A. Bansil, Phys. Rev. B 80,
214520 (2009).

B. Moritz, S. Johnston, and T.P. Devereaux, J. Electron
Spectrosc. Relat. Phenom. 181, 31 (2010).

K. Matho, J. Electron Spectrosc. Relat. Phenom. 181, 2
(2010).

S. Sakai, Y. Motome, and M. Imada, Phys. Rev. B 82,
134505 (2010).

Y. Yoshida, R. Settai, Y. Onuki, H. Takei, K. Betsuyaku,
and H. Harima, J. Phys. Soc. Jpn. 67, 1677 (1998).

S.-C. Wang et al., Phys. Rev. Lett. 92, 137002 (2004);
T.E. Kidd, T. Valla, A.V. Fedorov, P.D. Johnson,
R.J. Cava, and M. K. Haas, ibid. 94, 107003 (2005).

Y. Aiura, I. Hase, Y. Yoshida, S. Koikegami, and H.
Iwasawa, J. Phys. Soc. Jpn. 79, 123702 (2010).

H. Iwasawa, Y. Yoshida, I. Hase, S. Koikegami, H. Hayashi,
J. Jiang, K. Shimada, H. Namatame, M. Taniguchi, and
Y. Aiura, Phys. Rev. Lett. 105, 226406 (2010).

See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.109.066404 for the
details of the model self-energy used here.

A. Liebsch and A. Lichtenstein, Phys. Rev. Lett. 84, 1591
(2000).

F.C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988).
A. Bostwick, T. Ohta, T. Seyller, K. Horn, and E.
Rotenberg, Nature Phys. 3, 36 (2007).

H. Iwasawa et al., Phys. Rev. B 72, 104514 (2005).
N.J.C. Ingle et al., Phys. Rev. B 72, 205114 (2005).

edited by S. Hiifner


http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/PhysRevB.71.094518
http://dx.doi.org/10.1103/PhysRevB.71.094518
http://dx.doi.org/10.1103/PhysRevLett.98.067004
http://dx.doi.org/10.1103/PhysRevLett.98.147001
http://dx.doi.org/10.1103/PhysRevLett.98.167003
http://dx.doi.org/10.1103/PhysRevLett.98.167003
http://dx.doi.org/10.1103/PhysRevB.75.174506
http://dx.doi.org/10.1103/PhysRevLett.99.237002
http://dx.doi.org/10.1103/PhysRevB.77.212504
http://dx.doi.org/10.1103/PhysRevB.80.184506
http://dx.doi.org/10.1103/PhysRevB.80.184506
http://dx.doi.org/10.1103/PhysRevB.83.195123
http://dx.doi.org/10.1103/PhysRevB.75.035106
http://dx.doi.org/10.1103/PhysRevB.75.020508
http://dx.doi.org/10.1103/PhysRevB.75.020508
http://dx.doi.org/10.1038/nphys538
http://dx.doi.org/10.1103/PhysRevB.76.054505
http://dx.doi.org/10.1103/PhysRevB.76.054505
http://dx.doi.org/10.1103/PhysRevB.76.132506
http://dx.doi.org/10.1103/PhysRevB.76.132506
http://dx.doi.org/10.1103/PhysRevB.76.174514
http://dx.doi.org/10.1103/PhysRevB.76.174514
http://dx.doi.org/10.1103/PhysRevLett.99.237001
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1103/PhysRevB.80.214520
http://dx.doi.org/10.1103/PhysRevB.80.214520
http://dx.doi.org/10.1016/j.elspec.2010.06.001
http://dx.doi.org/10.1016/j.elspec.2010.06.001
http://dx.doi.org/10.1016/j.elspec.2010.05.019
http://dx.doi.org/10.1016/j.elspec.2010.05.019
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1143/JPSJ.67.1677
http://dx.doi.org/10.1103/PhysRevLett.92.137002
http://dx.doi.org/10.1103/PhysRevLett.94.107003
http://dx.doi.org/10.1143/JPSJ.79.123702
http://dx.doi.org/10.1103/PhysRevLett.105.226406
http://link.aps.org/supplemental/10.1103/PhysRevLett.109.066404
http://link.aps.org/supplemental/10.1103/PhysRevLett.109.066404
http://dx.doi.org/10.1103/PhysRevLett.84.1591
http://dx.doi.org/10.1103/PhysRevLett.84.1591
http://dx.doi.org/10.1103/PhysRevB.37.3759
http://dx.doi.org/10.1038/nphys477
http://dx.doi.org/10.1103/PhysRevB.72.104514
http://dx.doi.org/10.1103/PhysRevB.72.205114

PRL 109, 066404 (2012)

PHYSICAL REVIEW LETTERS

week ending
10 AUGUST 2012

[34]

(35]

(36]

(37]

M. Braden, W. Reichardt, Y. Sidis, Z. Mao, and Y. Maeno,
Phys. Rev. B 76, 014505 (2007).

R. Matzdorf, Z. Fang, Ismail, J. Zhang,T. Kimura, Y.
Tokura, K. Terakura, and E. W. Plummer, Science 289,

746 (2000).

M. Braden, W. Reichardt, S. Nishizaki, Y. Mori,
and Y. Maeno, Phys. Rev. B §7, 1236
(1998).

M. Braden, Y. Sidis, P. Bourges, P. Pfeuty, J. Kulda, Z.
Mao, and Y. Maeno, Phys. Rev. B 66, 064522
(2002).

(38]

(39]

[40]
[41]

[42]

066404-5

J. Mravlje, M. Aichhorn, T. Miyake, K. Haule, G. Kotliar,
and A. Georges, Phys. Rev. Lett. 106, 096401 (2011).

T. Yokoya, A. Chainani, T. Takahashi, H. Katayama-
Yoshida, M. Kasai, Y. Tokura, N. Shanthi, and
D.D. Sarma, Phys. Rev. B 53, 8151 (1996).

X.Y. Zhang, M. J. Rozenberg, and G. Kotliar, Phys. Rev.
Lett. 70, 1666 (1993).

M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys.
70, 1039 (1998).

E. Dagotto, A. Nazarenko, and M. Boninsegni, Phys. Rev.
Lett. 73, 728 (1994).


http://dx.doi.org/10.1103/PhysRevB.76.014505
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1126/science.289.5480.746
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevB.57.1236
http://dx.doi.org/10.1103/PhysRevB.66.064522
http://dx.doi.org/10.1103/PhysRevB.66.064522
http://dx.doi.org/10.1103/PhysRevLett.106.096401
http://dx.doi.org/10.1103/PhysRevB.53.8151
http://dx.doi.org/10.1103/PhysRevLett.70.1666
http://dx.doi.org/10.1103/PhysRevLett.70.1666
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/PhysRevLett.73.728
http://dx.doi.org/10.1103/PhysRevLett.73.728

