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We examine normal state quasiparticle excitations along the I'-M cut in momentum space for
the putative p-wave superconductor SroRuQO4 on the basis of Fluctuation Exchange Approximation
calculations. We take as input first-principles derived parameters for the bandstructure and spin-
orbit and electron-electron interactions. The numerical results are in excellent agreement with data
from photoemission experiments and provide insight into the underlying quasiparticle properties.
We find that despite the correlation induced effective mass increase near the Fermi surface, the
full B and v bandwidths are, if anything, increased by correlations. Further, for the v band we
find anomalous lifetime broadening and a significant temperature of variation of unoccupied state
quasiparticle energies for temperatures between 25 and 100 K, both of which are accounted for by
the momentum dependence of the electron self-energy. In addition to aiding our understanding
of experimental data, these results point to the challenge of assigning appropriate Fermi-liquid
parameters or momentum-independent self-energies for schemes that require such approximations

in order to model SraRuOy4.

I. INTRODUCTION

Nearly twenty years after the discovery of superconduc-
tivity in SroRuQO4!, the development of new as well as the
continued enhancement of previously utilized experimen-
tal probes and modeling tools have led to an increasingly
refined understanding of the normal and superconducting
states of this compound. For example, more recent pho-
toemission studies were able to resolve spin-orbit and sur-
face effects? ®. At the same time, realistic representations
of the Fermi surface using first-principles-based three-
band tight-binding Hamiltonians are being used along in-
creasingly sophisticated many-body approximations such
as the fluctuation exchange approximation®, dynamical
mean-field theory” ¥ and renormalization group-inspired
techniques'®!! with atomically local electron-electron
interaction containing intra- and inter- Coulomb and
Hund’s rule exchange terms.

Nonetheless, more than ten years after Mackenzie and
Maeno’s review'? of an already extensive body of ex-
perimental and theoretical work the understanding of
the superconducting and normal state properties remains
incomplete. In fact, two renormalization-group-based
schemes lead to entirely different conclusions with respect
to the symmetry of the quasiparticle bands which dom-
inate superconducting pairing'®!! leading to completely
different perspectives in interpreting seminal experimen-
tal results. For example, the polar Kerr effect observed
for T < T.'3, which suggests a superconducting state
with broken time-reversal symmetry, may either be in-
trinsic to the superconducting state!415 or a consequence
of impurity effects'®. At the same time, the failure to
observe edge currents'” that are expected with broken
time reversal symmetry for T' < T, is explained as due to
the absence of topological protection for such modes'! or
weakness of this protection on account of gap anistropy'°.

Most microscopic modeling of the superconducting
state in SroRuQy is built upon the assumption that pair-
ing in the superconducting state is driven by electron-
electron interactions. While these interactions may be
key to understanding superconductivity in SroRuQy,
they impact normal state properties as well. For ex-
ample, the measured effective masses of Fermi surface
quasiparticles are strongly enhanced with respect to den-
sity functional theory (DFT) values, presumably due to
dynamical correlations that are not accounted for by
DFT!8. Consequently, models for the normal state of
SroRuOy4 that accurately reproduce experimental results
may impact the understanding of the superconductivity
in SroRuOy4 as well.

With that in mind we focus on a many-body anal-
ysis of normal state quasiparticle excitations with the
goal of understanding the correlation effects that are re-
vealed in photoemission spectroscopy. The many-body
analysis used is based on the fluctuation exchange ap-
proximation (FLEX) applied to a three-band Hamilto-
nian constructed using first principles results for the
bare band-structure, electron-electron interactions and
spin-orbit coupling constant and includes all particle-hole
and particle-particle fluctuation diagrams. We focus on
the excitations along the I'-M cut in momentum space,
a region that includes the largest observed dynamical
mass renormalizations in the vicinity of a low-energy van
Hove singularity. We find that we are able to reproduce
key features of photoemission results such as bandwidth
renormalization, lifetime broadening and the doping de-
pendence of quasiparticle energies. However, our results
suggest interpretations of the photoemission data that,
in some cases, are at odds with what has been previ-
ously proposed. Further, we find significant temperature
renormalization of low-energy unoccupied states in the
vicinity of the van Hove singularity as well as an appre-



ciable momentum dependence for the electron self-energy
for quasiparticle states in this band. While such effects
are challenging to extract in photoemission spectroscopy,
they may play a key role in the evolution of the super-
conducting state.

II. MODEL

Our calculation starts with a tight-binding represen-
tation of an LDA band-structure for SroRuQOy4 as devel-
oped by Pavarini and Mazin'®2°. Low energy electronic
states are represented with a basis consisting of a dgy,
d,. and d,. orbitals for each Ru ion a square lattice of
side a = 3.87A. In undoped SroRuQ,4 these orbitals are
2/3 filled on average. This three-orbital basis set de-
scribes well the three quasiparticle bands that cross the
Fermi surface and are designated as o, § and 2122, In
our calculations weak interplanar couplings correspond-
ing to the z direction are ignored. For the Ru atomic
spin-orbit interaction, A §- f, we use the first-principles
derived value of A\ = 93 meV?? although larger values
have been proposed?*.

Correlation effects on quasiparticle quantities are char-
acterized through the electron self-energy, ¥,5..70 (k, E)

Z (HIES');U’U’ (E) +

v'o!

As FLEX has been demonstrated to overestimate the
self-energy, at least on the basis of one-band model
calculations in the d — oo limit3°, we apply a sin-
gle scale factor to the cRPA vertex, i.e ['O-FLEX —
gFLEXr(O)’CRPA. Thus, JrLEX < 1 becomes the sin-
gle adjustable parameter in these calculation and rep-
resents the effect of missing vertex corrections in the
self-energy. Since all elements of the bare vertex are
scaled by the same factor, the bare vertex retains its
symmetries and the conserving properties of FLEX are
preserved®!. This highly simplified treatment of screen-
ing necessarily neglects physical processes that are in-
corporated through momentum- and energy-dependent
vertex corrections and so, consequently, we do not pro-
duce features that are normally not observed in FLEX32,
Further, we will assume the same scale factor as a func-
tion of doping even though we might anticipate screening
changes as portions of the Fermi surface pass through a
van Hove singularity. Although these are limiting as-
sumptions, they allow us to assess the extent to which
experimental results can be captured by a weak to inter-
mediate coupling theory with a minimal set of input pa-
rameters. Meanwhile improvements beyond these results
might be achieved using other versions of the FLEX or
related algorithms®? 34, We set grp g x so that the FLEX

where v and o are orbital and spin indices respectively.
These dynamical correlations are modeled on the ba-
sis of an atomically local bare interaction, F(0)=CRPA,
consisting of band-dependent intraorbital (U;; ~ 2.6 eV)
and interorbital Coulomb (U], ~ 1.9 eV) terms and ex-
change interaction (J;z; ~ 0.25 V) determined through
constrained random phase approximation calculation?®.
The layered SraRuO, crystal structure lifts the three-
fold degeneracy maintained by the dy, dy. and d,. in
cubic symmetry which is reflected in the bare interac-
tion. For example, Uy zy = 2.72 €V # Uy, o, = 2.48 V.
These first-principles derived interactions along with the
DFT bandstructure suggest that SroRuOy4 is in the in-
termediate coupling regime, i.e. U < Wy where Wy
is the unrenormalized bandwidth. Consequently, it is
possible that weak-coupling schemes such as low-order
perturbation theory?%27 and self-consistent perturbation
theory?®2% might capture electron-electron correlation ef-
fects, a possibility that is supported by what appears to
be Fermi-liquid-like properties at low temperature, al-
beit with effective masses that are strongly renormalized
in comparison to DFT values. Energy renormalization
and lifetime broadening of quasiparticle excitations are
calculated via the quasiparticle equation

EVU;V’U’ (k, Eqp)) Yo (k, Eqp) = (Eqp + il—‘qp) ¢ua(k7 Eqp) (1)

calculation of the quasiparticle linewidth along the sym-
metry cut I'-M is comparable in scale to experimental
results®® for binding energies between 0 and 60 meV. In
doing this we obtain grrpx =~ 2/3 which we will use in
all calculations which follow.

To make the scheme computationally feasible, the dy-
namical cluster approximation (DCA)36 is used to reduce
dynamical correlations to a range of L, << L where L is
the physical lattice dimension and we numerically demon-
strate that our results well-describe the large L. limit.
The results shown here are for L = 256a and L. = 16a.
The DCA allows us to relax the assumption that the elec-
tron self-energy is atomically local/momentum indepen-
dent. Indeed, we will demonstrate significant momentum
dependence of the electron self-energy in the vicinity of
a van Hove singularity in the v-band.

IIT. BANDWIDTH-WIDE POLARIZED
PHOTOEMISSION

Iwasawa, et al.® utilized angle-resolved photoemission
spectroscopy (ARPES) to deduce the nature of occu-
pied states along the I'M cut for energies that range
from 2.5 eV below up to Er. DFT calculations sug-



gest this range is sufficient for capturing the § and ~y
band minima'®. Photon polarization enabled separation
of the 8 and v bands which are dominated by d,. and
d.y orbitals respectively along the IM cut. Our FLEX
calculations of the orbital, v, projected spectral function
from the orbital and spin, o, diagonal components of the
Green’s function, A,(k,E) = (=1/m)ImGps..0(k, E),
combined with the Fermi occupancy function allows for a
comparison to the intensity maps produced by Iwasawa,
et al.. However, photon-energy-dependent final state ef-
fects are not accounted for in our FLEX calculations and,
consequently, caution must be taken in relating the ex-
perimental and model results.

Our results are shown in Fig. 1. For ease of compar-
ison with experimental results, we use color maps that
are similar to those used by Iwasawa, et al.. Results for
p-polarization, which projects d,, orbitals and are dom-
inated by the -band, are shown in the top of Fig. 1 and
results for s-polarization, which projects d;, orbitals and
are dominated by the «-band, are shown in the bottom of
Fig. 1. Unrenormalized quasiparticle excitation energies
from DFT are shown as filled circles and renormalized
FLEX quasiparticles are displayed as open circles.
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FIG. 1.

dependent photoemission spectral intensities, A,,(IAC'7 E), for
k = (kz,ky = 0) at T' = 25K for (a) f-band dominant v = d,
orbitals and (b) v-band dominant v = d,, orbitals.

(Color online) Calculated momentum and energy-

First, we focus on the [-band results in the top of
Fig. 1. As expected, in the vicinity of the Fermi level
we find that the slope, dE/dk,, of the quasiparticle ex-

citations is reduced for the FLEX results in comparison
to DFT, a reflection of dynamical enhancement of the
effective mass at the Fermi surface. However, the over-
all bandwidth of the renormalized band is, if anything,
a bit larger than that for DFT. If the overall bandwidth
is larger, but dE/dk, is reduced near Er, then a region
where dE/dk, is enhanced must appear as well. In our
calculations, this enhanced slope appears in the form of
a “kink” at approximately 0.5 eV below the Fermi level
for the 8 band.

The calculated intensity map is in good agreement with
that obtained by Iwasawa, et al. when using a 62 eV
photon source. In the 62 eV results, the intensity map
is essentially featureless for energies that are more than
0.4 eV below the Fermi level. We see similar behavior
in the FLEX results. However, we do computationally
identify a quasiparticle band at much lower energies us-
ing the quasiparticle equation and we attribute the lack
of structure in this energy region as being due to large
lifetime broadening.

The experimental 88 eV photon energy results show
an enhanced intensity for low momentum values at about
0.4 €V below the Fermi level. Iwasawa, et al. interpret
this feature as being the highly-renoramlized, substan-
tially flattened S-band minimum. This would represent a
nearly 50% reduction to the energy of the band minimum
as obtained by DFT and is in contradiction to our re-
sults which shows that minimum being pushed to higher
binding energy. We note that the FLEX results do dis-
play significant intensity near 0.4 eV due to incoherent
features of the spectral functions. For low momentum
values a very weak peak appears in the incoherent in-
tensity at approximately 0.3 eV below Er. We suggest
that the 0.4 eV feature observed in photoemission may
not represent the actual S-band minimum. Possible ex-
planations for its appearance include the enhancement
of moderate incoherent spectral weight by final state ef-
fects or the introduction of folded bands due to surface
reconstruction®37:38,

The FLEX-based calculated intensity map for the dg,
orbitals, shown in the top of Fig. 1 and which is domi-
nated by the v band, agrees well with the experimental
result. As we observed with the 8 band, the renormalized
quasiparticle band is significantly flattened in the vicin-
ity of the Fermi surface in comparison to the DFT band
reflecting large dynamical contributions to the effective
mass. Nonetheless, we once again find that the overall
bandwidth is actually increased with respect to the DF'T
result. In this case, this completely agrees with the data
analysis of Iwasawa, et al. who put the band minimum
at a binding energy greater than 2.5 eV which is below
the DFT value of approximately 2.3 eV.

Thus, we find qualitatively similar behavior for the
predominantly d,.-derived § band that is probed with
p-polarized light and for the predominantly d,,-derived
~v band that is probed with s-polarized light. Namely,
we find the expected dynamically induced flattening of
the bands near the Fermi level, i.e. effective mass in-



crease, but a deepening of the band minima with respect
to DFT values. Such overall structures necessarily re-
quire a steepening of the dispersion, i.e kinks, at some
intermediate binding energy. Quasiparticle broadening
is significant at large binding energies and our calcu-
lated results for the intensity maps suggests that extrac-
tion of the experimental quasiparticle dispersion can be
challenging as non-intrinsic or incoherent features in the
quasiparticle spectrum may appear to be larger in in-
tensity than the broadened quasiparticle excitations at
higher binding energy.

IV. DOPING DEPENDENCE OF y-BAND
QUASIPARTICLE EXCITATION ENERGIES
NEAR Er

Shen, et al? used ARPES to examine the v-band
quasiparticles, focusing on states in a much narrower
energy window about Frp. Through thermal occupa-
tion (at T=100K) and doping, normally unoccupied
E > Efr quasiparticle states were resolved to energies
up to about 20 meV above Er, which encompasses a
low-energy van Hove singularity. The ~-band effective
mass is dramatically renormalized at Er along this mo-
mentum cut. Thus, these quasiparticle excitations are
particularly good targets for understanding the dynami-
cal correlations in this system.

In the left panel of Fig. 2 we show the FLEX results for
the dispersion of y-band quasiparticles for doping values
of y =0,y =0.18 and y = 0.27 doped electrons per unit
cell. Just as was observed experimentally by Shen, et al.,
we find that once we account for a shift in Er the energy
vs. momentum dependence of these highly renormalized
states is essentially unaffected by doping even as the Er
passes through the van Hove singularity. As shown in the
figure, we are able to make the dispersion curves collapse
by moving the y = 0.18 and y = 0.27 Fermi levels to
about 8 and 14 meV above the y = 0 Fermi level in
the plot, analogous to what was done by Shen, et al.
although in their case they observed Fermi level shifts of
about 13 and 19 meV for these doping values.

This result suggests that the correlations that drive
the large mass enhancement observed for this band are
largely unaffected by the occupancy of the band it-
self. That is, it seems likely that v-band excitations are
strongly renormalized by interband correlations as the o
and 8 bands do not undergo substantial changes (such
as passing through a van Hove singularity) in this dop-
ing range. More specifically, strong spin fluctuations ob-
served near q = (27/3a, 2m/3a)3%4? in the undoped com-
pound, which are believed to originate from the a and 3
bands, provides a strong collective mode that drives the
strong renormalizations observed in the v band along the
I'-M cut.

While the nominally £ > Ep states are only acces-
sible in photoemission through doping or through ther-
mal occupancy with kT ~ F — Er, FLEX can be used
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FIG. 2. (Color online) Quasiparticle dispersion as a function
of doping (a) and temperature (b). The doping dependence
of the dispersion is largely accounted for by a shift in the
Fermi level, Er. The energy of the van Hove singularity and
the Fermi surface effective mass have significant temperature
dependence even though a similar dependence is not apparent
for the states below EF.

to model the evolution of these states as temperature is
decreased. Experimentally, it was observed that quasi-
particle dispersions for £ < Ep in the undoped com-
pound are nearly temperature independent, suggesting
that the same would likely be found for the £ > Ep if
it were possible to observe these states directly at low
temperature. However, our FLEX results, shown on the
right side of Figure 2 indicate the potential for a signif-
icant temperature dependence for these states. Namely,
as temperature is lowered from 100 K to 25 K, the en-
ergy of the band maximum shifts downward from 11 meV
to approximately 5.5 meV above EFr. Meanwhile, con-
sistent with experiment, the occupied state dispersion
has the appearance of being largely temperature inde-
pendent over the displayed energy range. This behavior
is potentially significant as the lowering in energy of the
E > Er states for the y-band along this cut might al-
low for greater condensation energy gains for pairing of
these states than might be expected from a model that
presumes temperature-independent quasiparticle excita-
tions for the y-band. Also, it was recently observed that
SroRuQ4 exhibits a peak in T, as a function of strain
along the [100] direction*! and it was proposed that the
peak may coincide with strain dependent van Hove sin-
gularities passing through Epr making it important to
understand the low temperature behavior of these singu-
larities.

V. QUASIPARTICLE LINEWIDTHS

In Fig. 3 we show our FLEX results for low-energy
quasiparticle linewidths along the I'-M cut taking into
account their band, energy and temperature dependen-
cies. The displayed results are in excellent qualitative
agreement with the experiments of Kidd, et al.,3° captur-



ing the significant differences between the 8 and v band
lifetimes. Excellent quantitative agreement is achieved
by adding band-dependent, but energy and temperature
independent shifts of approximately Fy,imp ~ 0.016eV

and Fﬁ,imp ~ 0.044eV to the FLEX results to account

for impurity scattering effects not directly included in
the FLEX calculations. To illustrate this agreement, we
note that our calculated results of I',(E = 0.06 eV, T =
25K) -Ty(F = 0,T = 25K) ~ 0.09¢eV, I'g(E =
0.06 eV, T = 25 K) —I'3(E = 0,7 = 25 K) ~ 0.05 eV
and I'y(E=0eV, T =55K)-I'y(FE=0,T=25K) ~
0.015 eV are in excellent agreement with their experi-
mental counterparts. Konik and Rice?” were also able
to obtain good agreement using second-order perturba-
tion theory, although their calculated lifetimes somewhat
underestimated their increase as a function of energv in
co
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FIG. 3. (Color online) FLEX results for the energy depen-
dence of the the § and  band lifetimes at three different
temperatures. Scattering is significantly larger for the v band
which also displays a stronger temperature dependence near
E=0.

Perhaps the most striking feature in the FLEX results,
which might not be immediately apparent from the ex-
perimental data, is the large intrinsic linewidth for the
~-band at low energies. Indeed, we have I'y(E = 0,T =
25K) ~ 0.025 eV > kpT ~ 0.002eV. Thus, it is ques-
tionable as to whether the y-band excitations along this
cut in momentum space should be considered to be Fermi
liquid-like quasiparticle excitations, at least for the tem-
peratures considered here. It should be noted that the
Fermi liquid regime only extends up to 25 K*2. The
linewidth observed for the S band is appreciably smaller
as is the linewidth for the « band itself for points on the
Fermi surface that do not lie along or near the I'-M and
symmetry equivalent points (results are not shown here).
As relatively large dynamical enhancements are observed
in the effective mass of the v band'®, it is perhaps not
surprising to find relatively large lifetime broadening in
the v band as well.

The results of this and the previous section point to
strong renormalizations and significant temperature vari-

ation for the v band even below 100 K. Consequently, it
may be challenging to assess the relative stability of su-
perconducting states that are dominated by pairing of
these quasiparticles vs. pairing involving other bands or
regions of momentum space which exhibit more typical
Fermi liquid behavior.

VI. MOMENTUM DEPENDENCE OF THE
SELF-ENERGY

While FLEX is not expected to accurately represent
effects due to strong couplings, such as a Mott transition,
it has the advantage of enabling a numerical assessment
of the momentum dependence of the electron self-energy.
Such a momentum dependence might be anticipated in a
two-dimensional system where electrons couple to strong
collective fluctuations at low temperature. Dynamical
mean-field theory (DMFT) has proven to be a powerful
tool for modeling correlation effects in SroRu047 and a
host of other materials*®. Nonetheless, the momentum
dependence of the self-energy is ignored in DMFT and
so it is important to determine if and what manner the
assumption of momentum independence is limiting.
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FIG. 4. (Color online) Imaginary part of the orbital- and

spin-diagonal parts of the self energy, ImX,,.-(k, E), for
the v = d;y and d;. orbitals and three different momentum
values (momentum given in units of w/a. In (a) the energy
range spans that bandwidth and in (b) we zoom in on energies
near Er. The dgy orbitals, which dominate the v band, have
anomalous behavior for momentum values near the M point,
k= (r/a,7/a).

In Fig. 4 we display the energy dependence of
the orbital- and spin-diagonal (v = V,o = o)
parts of the imaginary part of the electron self-energy,
Im ¥,5,0(k, E), for the dy, and dy, orbitals at the T,
M and X points in momentum space. In the left pane we
show the energy dependence over an energy range that
covers the full bandwidth while in the right pane we fo-
cus on the behavior in the vicinity of the Fermi surface.
While there is both substantial orbital and momentum
dependence over the scale of the bandwidth, it appears
that curves coalesce in the vicinity of the Fermi surface,
suggesting the potential momentum dependence of the



self-energy is not as substantial for the most important
states of the system.

However, the right panel shows that while the self-
energy is for the most part nearly momentum indepen-
dent near Ep, there is a significant exception. Namely,
we find that a strong momentum dependence develops
for the d;, orbital part of the self-energy, which domi-
nates the y-band self-energy, in the vicinity of M point.
Here we find that the imaginary part of the self-energy
is increased by a factor of three in comparison to the
results for other orbitals (bands) or for d,, orbitals at
other points in the the Brillouin zone. This again illus-
trates the unusual behavior associated with the y-band
excitations along the I'-M cut and shows that this be-
havior is described through the momentum dependence
of the self-energy.

VII. SUMMARY AND FUTURE DIRECTIONS

We have presented Fluctuation Exchanged Approxi-
mation (FLEX) based calculations for the quasiparticle
excitations along the I'-M cut in momentum space for
SroRuOy4. The results are in excellent agreement with
several recent experiments. Key aspects of our analysis
include the following. First, the full bandwidth of for
the S and v band excitations are, if anything, slightly

increased by dynamical correlation even though both
bands are flattened (i.e. effective mass increased) near
Er. Second, while the y-band near Ep is essentially
rigidly displaced even as doping pushes the Fermi level
through the van Hove singularity in the band, we do
find strong temperature renormalizatons for the nomi-
nally unoccupied states lying between Ep and the van
Hove singularity as the temperature is lowered below
100 K. Third, the intrinsic linewidths of «-band quasi-
particles are anomalously large for temperatures above
the Fermi liquid regime, a possibility that may be ob-
scured experimentally by uncertainty in impurity scat-
tering contributions. Finally, the unusual behavior of the
~ band excitations along the I'-M cut is accounted for by
the momentum dependence of the self-energy, specifically
in the vicinity of the van Hove singularity in this band.
Thus, assessing the relative stability of pairing states as a
function of the bands and momenta of the electron pairs
may be problematic if the momentum of the electron self-
energy is assumed to be negligible.
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