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We present a systematical theoretical study on the transport properties of an archetypal family of Hund’s
metals, Sr2RuO4, Sr3Ru2O7, SrRuO3, and CaRuO3, within the combination of first principles density
functional theory and dynamical mean field theory. The agreement between theory and experiments for optical
conductivity and resistivity is good, which indicates that electron-electron scattering dominates the transport of
ruthenates. We demonstrate that in the single-site dynamical mean field approach the transport properties of
Hund’s metals fall into the scenario of “resilient quasiparticles.”We explain why the single layered compound
Sr2RuO4 has a relative weak correlation with respect to its siblings, which corroborates its good metallicity.
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The transport properties of correlatedmaterials are anoma-
lous as they cannot be understood in terms of Fermi liquid
(FL) theory [1], except at extremely low temperature. The
term “bad metal” has been coined to stress their large
resistivities that sometimes exceed the Mott-Ioffe-Regel
limit [2]. Microscopic theoretical understandings of bad
metals are slowly emerging. Dynamical mean field theory
(DMFT) in simple Hubbard models [3,4], for example,
explains the very low coherence scale TFL below which
strongly renormalized Landau quasiparticles are responsible
for the transport. It also describes the transport properties at
higher temperature, in terms of resilient quasiparticles with
temperature-dependentmass renormalizations [5,6]. The bad
metal behavior is commonly seen in a wide variety of
correlated materials, such as cuprates [7,8], vanadates [9],
ruthenates [10], nickelates [11], and organic metals [12].
While these materials all exhibit large resistivities, the
magnitude and sometimes the temperature dependence of
their resistivities are different. What the roles of various
scattering processes are, e.g., electron-phonon coupling and
electron-electron interaction, is not known a priori. Can the
correlated nature of these materials, notably the local
electron-electron interaction, account for their anomalous
transport properties?What is the origin of the discrepancies if
they exist? These open questions pose fundamental chal-
lenges to theoretical understanding and quantitative descrip-
tion of these materials. While DMFT seems to provide a
promising avenue to investigate these issues, a solution
requires systematic studies, which capture the effects of
correlations and can be compared with comprehensive
experimental measurements, on specific materials.
In this Letter we address the above issues in the

Ruddlesden-Popper ruthenate family (Anþ1RunO3nþ1),
focusing on four metallic members: Sr2RuO4 (n ¼ 1),
Sr3Ru2O7 (n ¼ 2), SrRuO3, and CaRuO3 (n ¼ ∞).
Ruthenates have been extensively studied as prototype

correlated systems, with large effective mass enhancements
revealed by various experiments [13–26]. They exhibit a
very small coherence scale TFL, and a crossover into bad
metal regime [10,26–30]. Surprisingly the single layered
compound Sr2RuO4 is more metallic than the pseudocubic
SrRuO3 and CaRuO3 at relative low temperature. This is
different from many other systems, for example, the
Ruddlesden-Popper family of strontium vanadates, lantha-
num nickelates, lanthanum cuprates, strontium iridates,
where the single layered compounds are insulating and the
pseudocubic ones are metallic. In this Letter we investigate
the correlated effects in these ruthenates, and demonstrate
that the electron-electron interaction dominates their trans-
port. We show that the relative weak correlation in Sr2RuO4

corroborates its good metallicity. Moreover, ruthenates are
regarded as archetypal Hund’s metals [31–35], in which
Hund’s interaction rather than the Hubbard repulsion gives
rise to heavy quasiparticle mass. Our findings thus shed
light on the scattering mechanism in Hund’s metal and its
consequence for the transport properties.
Our method is the combination of density functional

theory and DMFT (DFTþ DMFT), which is successful in
the quantitative descriptions of electronic structures inmany
correlated systems [36]. We carry out the DFTþ DMFT
calculations in the charge self-consistent and all electron
formulation, which avoids building the low energy Hubbard
model, as implemented in Ref. [37] based on WIEN2k [38].
There are a few DFTþ DMFT studies on ruthenates in the
literature [31,39–41], but they are performed on low energy
Hubbard models. Moreover, a complete investigation of the
transport propertieswithin a uniformDFTþ DMFT scheme
for these materials is missing.
We briefly introduce our calculation scheme and refer the

details to Supplemental Material [42]. A large energy
window 20 eV is used to construct the localized d orbitals,
which permits us to use the same interaction parameters for
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all the ruthenates. The Slater integrals within the localized
orbitals are estimated to be ðF0;F2;F4Þ¼ð4.5;8.0;6.5ÞeV,
which amounts to ðU; JÞ ¼ ð4.5; 1.0Þ eV. We note that in
previous studies [31,39–41] smaller interaction parameters
are used, because there the local orbitals are constructed in a
much smaller energy window thus more extended. The
standard double counting in the fully localized limit form is
adopted. The resistivity and optical conductivity are calcu-
lated using formalism of Ref. [37] in which the vertex
corrections to the transport are neglected. The continuous-
time quantum Monte Carlo method with hybridization
expansion is used to solve the impurity problem [43,44].
Both polynomial fit and maximum entropy method are used
to analytically continue the computed self energy. We focus
on the paramagnetic states and neglect the ferromagnetism
in SrRuO3. We neglect the spin-orbit coupling effects.
We first justify our choice of interaction parameters by

examining the effective mass enhancement, computed
as m�

theory=mDFT ¼ 1=Z ¼ 1 − ð∂ReΣðωÞ=∂ωÞjω¼0. These
values extracted at T ¼ 58K are presented in Table I, along
with their experimental estimations. For CaRuO3 and
Sr2RuO4, they are in good agreement with experiments,
and with previous DFTþ DMFT calculations [31,39,40].
For SrRuO3 no comparison is available since measure-
ments are performed in the ferromagnetic state. Our result
shows that the correlation strength of SrRuO3 is close to
that of CaRuO3 despite the fact the latter has a larger
distortion and slightly narrower bandwidth. The correlation
is stronger in the considered paramagnetic phase than in the
experimental ferromagnetic phase, which is expected since
magnetism tends to reduce correlation. Sr3Ru2O7 is pecu-
liar with a strong momentum dependence of the effec-
tive mass enhancement revealed by quantum oscillation
(QO) and angular-resolved photoemission spectroscopy

(ARPES) [20,25]. Although the strong momentum depend-
ence is beyond our single-site DMFT approach, our
calculation gives a mass enhancement very close to the
value (∼6) on a large portion of the Fermi surface [25].
Since the theoretical mass enhancements across all the
materials agree reasonably well with available experimental
values, our current choice of parameters is satisfactory.
The room temperature optical conductivities σðωÞ com-

putedwithDFTþ DMFTare shown inFig. 1, alongwith the
experimental measurements and DFT predictions. Our
results are consistent with the experiment measurements
for all the compounds considered, andDMFTsystematically
improves theDFTresults. The height andwidth of theDrude
response are reasonably captured in our calculations. We
note that the Drude response contains not only intraorbital
but also interorbital transition among t2g orbitals, which is
argued to be important for the ω−1=2 behavior in CaRuO3

[40]. A broad peak centered around 3 eV appears in all the
compounds as observed in experiments. The broad peak is
assigned to the transition between theO-2p to Ru-d orbitals.
Note that DFT predicts an additional peak in SrRuO3 at
about 1.5 eV and in CaRuO3 at about 2.0 eV, which can be
assigned to t2g-eg transition. Its amplitude depends on the
extent of GdFeO3 distortion, and is insignificant or even

TABLE I. The mass enhancement of ruthenates in current
DFTþ DMFT calculations at T ¼ 58 K. Values estimated from
specific heat coefficients, ARPES, and quantum-oscillation
measurements are presented for comparison. The experimental
specific heat coefficients γexp are taken from Refs. [13–17], while
the corresponding DFT values are computed with WIEN2k.
m�

theory=mDFT of SrRuO3 and CaRuO3 is averaged over t2g
orbitals. Note the m�

ARPES=mDFT of Sr3Ru2O7 is the value for
a large fraction of the Fermi surface [25]. The m�

QO=mDFT of
CaRuO3 is the value at zero magnetic field estimated in Ref. [26]
assuming Kadowaki-Woods relation.

Sr2RuO4 Sr3Ru2O7 SrRuO3 CaRuO3

ðm�
theory=mDFTÞ 4.2 (xz=yz) 6.3 (xz=yz) 6.6 6.9

5.4 (xy) 6.4 (xy)

ðγexp=γDFTÞ 4 9 3.7 (FM) 6.5

ðm�
ARPES=mDFTÞ ≃3 [22,24] ≃6 [25]

ðm�
QO=mDFTÞ 3, 3.5 (xz=yz) 6.1 [26]

5.5 (xy) [18]

(a)

(b)

(c)

(d)

FIG. 1. The optical conductivity (left panel) and the corre-
sponding integrated spectral weight (right panel) of ruthenates
from DFTþ DMFT (T ¼ 298 K) and DFT calculations. Exper-
imental data at room temperature are taken from [45] for
comparison. S113 (a), C113 (b), S214 (c), and S327 (d) denote
SrRuO3, CaRuO3, Sr2RuO4, and Sr3Ru2O7 respectively.
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missing in Sr3Ru2O7 and Sr2RuO4, likely due to the matrix-
element effects. However, this peak is shifted to higher
frequency and merged with the broad peak at 3 eV in our
DFTþ DMFT results, in agreement with experiments.
The integrated spectral weight KðωÞ ¼ R

ω
0 σðω0Þdω0,

from both experimental and calculated optical conductiv-
ities, is depicted in Fig. 1. Strong correlations normally
induce an anomalous spectral weight redistribution, which
is the case in ruthenates. Compared with the DFT result, a
significant reduction of KðωÞ at low frequency is seen in
the experimental data for all the ruthenates, and the spectral
weight is transferred to higher frequency (≥ 4 eV). Our
DFTþ DMFT calculations capture the spectral weight
reduction and the spectral weight redistribution of DFT
band theory nicely for all the compounds. The good
agreements between theory and experiments of both optical
conductivity and spectral weight distribution are solid
evidences that electron-electron correlations dominate the
electron dynamics in ruthenates.
Now we focus on the resistivity of these compounds. The

results are depicted in Fig. 2 and compared with experi-
ments. We note that in our calculations the resistivity of
SrRuO3 (CaRuO3) has a relative small anisotropy (less than
15%), in accordance with experimental determinations
[46,47]; therefore, only the average over three principle
axis is presented. For CaRuO3 the agreement between the
calculated and measured resistivity is almost perfect in both
the overall scale and the temperature dependence in the
whole temperature range. The shoulder at around 200 K
that marks the substantial change of the slope of the
resistivity is well captured. For SrRuO3 the calculated

resistivity is very close to that of CaRuO3. Its agreement
with experiment is very good above the Curie temperature
Tc ∼ 160 K; however, below Tc there is extra reduction of
resistivity due to restoration of coherence in the ferromag-
netic state, which is neglected in our calculations.
The agreement between the computed in-plane resistivities

of the layered compounds Sr2RuO4 and Sr3Ru2O7 and the
experiments as shown in Fig. 2(b) is not as good as for
CaRuO3. The calculated resistivities have similar temper-
ature dependence as those of the pseudocubic compounds
with a shoulder at around200–300K.However, themeasured
ones are different. The resistivity ofSr3Ru2O7 is almost linear
in temperature up to 300 Kwith a weak shoulder showing up
at low temperature (around 20 K), and that of Sr2RuO4 does
not exhibit a shoulder at all. Nevertheless, there are three
features correctly captured in our calculations. The resistivity
of both compounds agrees reasonably in the overall scalewith
experiments, especially at relative low temperature. The
resistivity shows no sign of saturation at high temperature,
although the increasing is not as fast as found in experiments.
And going from pseudocubic structure to layered structure,
the material becomes more conductive.
Despite the difference in the coherence scale, the

computed resistivity of ruthenates where Hund’s coupling
dominates the correlations has a very similar shape to that
of the single band doped Hubbard model where Hubbard
repulsion dominates the correlation [5]. Therefore, this
anomalous shape is likely a characteristic of the resistivity
in the single-site DMFT approach when the vertex correc-
tions to the transport are neglected. The excellent agree-
ment between the computed and the measured resistivities
in SrRuO3 and CaRuO3, and the growing discrepancy in
Sr2RuO4 and Sr3Ru2O7, suggest that the vertex corrections
have negligible contributions to the electron scattering in
three-dimensional materials, but may play an increasingly
important role in the quasi-two-dimensional systems. This
is consistent with the fact that the vertex corrections are
vanishing in large dimensionality [48,49]. The other
possible source of discrepancies might be nonlocal inter-
actions, which are not captured in our single-site DMFT
approach. In addition we find that, in Sr2RuO4, the
scattering due to the electron-phonon interaction is much
smaller than that due to electron-electron interaction, by
carrying out estimation of the electron-phonon coupling
using the techniques of Ref. [50,51]. Therefore, electron-
phonon interaction only accounts for a small fraction of the
measured resistivity and the discrepancies between theory
and experiment (see Supplemental Material [42]).
We note that in agreement with experiments, both

Sr2RuO4 and Sr3Ru2O7 exhibit strong anisotropy in our
DFTþ DMFT calculations that the calculated out-of-plane
resistivity is orders of magnitude larger than the in-plane
one. The large anisotropy comes from the anisotropy of the
plasma frequency that is captured by DFT [52] and also
presents in DFTþ DMFT.

(a)

(b)

FIG. 2. The resistivity of ruthenates (a) SrRuO3 and CaRuO3,
(b) Sr2RuO4 and Sr3Ru2O7 calculated with DFTþ DMFT, in
comparison with the experimental measurements taken from
[10,26,29,30]. The error bar is estimated from self energies of the
last few converged iterations.

PRL 116, 256401 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
24 JUNE 2016

256401-3



The relatively good metallicity of the layered compounds
Sr2RuO4 with respect to its siblings is captured in our
calculations. To gain more understanding we recall that the
dc conductivity can be written as σ ¼ ðω�

pÞ2τ�tr=4π, where
the effective plasma frequency ω�

p and the effective
scattering rate 1=τ�tr can be extracted from the computed
optical conductivity [53]. As shown in Fig. 3, there is
strong temperature dependence of ω�

p and 1=τ�tr in all the
compounds, which are characteristics of underlying resil-
ient quasiparticles [53]. Interestingly unlike that of V2O3 in
our previous study, ðω�

pÞ2 in ruthenates shows a saturation
(or weak temperature dependence) above T ≃ 200 K. This
is possibly a characteristic of Hund’s metal and needs to be
justified in further studies. As discussed in Ref. [53], ðω�

pÞ2
and 1=τ�tr are directly related to 1=Z and the quasiparticle
scattering rate Γ� ¼ −2ZImΣð0Þ, which have strong tem-
perature dependences as shown in Fig. 4 for different
orbitals. 1=Z s decrease when the temperature increases as
found in previous studies [5,6,53], and interestingly all
approach approximately 2 at high temperature. The temper-
ature dependence of 1=Z is consistent with that of effective
optical mass inferred from THz conductivity of CaRuO3

[54]. In addition, both 1=τ�tr and Γ� generally show hidden
Fermi liquid behavior at relative low temperature such that
they are approximately parabolic in temperature [6,53],
although the behavior is elusive in SrRuO3 [42]. Our results
on the temperature dependence of 1=Z and Γ� in SrRuO3

and CaRuO3 are consistent with a recent report using a
different DFTþ DMFT scheme [41]; however, the results
on layered compounds and their connection to the transport
properties are not available there.

Sr2RuO4 is the least correlated one in the ruthenates
family according to the relative order of 1=τ�tr. To under-
stand the relative correlation strength in ruthenates, we look
into the orbital-resolved quantities, the low temperature
effective mass enhancement m�

theory=mDFT in Table I, and
the quasiparticle scattering rate Γ� in Fig. 4(b). We find that
the dxz=yz orbitals in Sr2RuO4 are the special ones with
significantly smaller m�

theory=mDFT and Γ� than the others.
The uniqueness of dxz=yz orbitals in Sr2RuO4 can be traced
back to their one-dimensional nature. Because of quantum
confinement by the Sr-O double layer along the out-of-
plane axis, these orbitals have one-dimensional singular-
ities at their band edges, and a low density of states near the
Fermi level. The relative weak correlation strength in these
orbitals can be understood within the same argument of
Ref. [31], that the lower density of states ρF near the Fermi
level implies stronger Weiss function in DMFT,
ImΔðω → 0Þ≃ −ð1=πρFÞ, and results in weaker correla-
tion. We note that this argument holds because in ruthenates
the real part of the local Green’s functions ReGlocðωÞ is
much smaller than the imaginary part ImGlocðωÞ ¼ −πρF
near the Fermi level [42]. As n increases from Sr2RuO4

(n ¼ 1), the density of states of dxz=yz orbitals near the
Fermi level increases due to the relaxation of quantum
confinement and the rotation of oxygen octahedra; there-
fore, the correlation is enhanced. Meanwhile orbital differ-
entiation is reduced so that eventually the dxz=yz orbitals
become nearly degenerate with the dxy orbital in pseudo-
cubic compounds and thus exhibit similar correlations.
However, considering only dxy orbitals (as well as dxz=yz

(b)

(a)

FIG. 3. The effective plasma frequency square ðω�
pÞ2 (a) and the

effective quasiparticle scattering rate 1=τ�tr (b) extracted from the
computed optical conductivity with the DFTþ DMFT method
according to the formalism in Ref. [53].

(a)

(b)

FIG. 4. The calculated effective mass enhancement
m�

theory=mDFT ¼ 1=Z (a) and the effective quasiparticle scattering
rate Γ� ¼ −2ZImΣð0Þ (b) of different orbitals in ruthenates. The
error bar is estimated from self energies of the last few converged
iterations.
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orbitals in pseudocubic compounds due to the near degen-
eracy), we find that their Weiss functions do not correlate
with their relative correlation strength. Rather the effective
mass enhancement in these orbitals is mostly related to the
in-plane Ru-O bond length and the rotation of oxygen
octahedra [42]. The dxy orbital in Sr2RuO4 is slightly less
correlated than the others because of the short in-plane
Ru-O bond length and the absence of oxygen octahedron
rotations in this compound. Our findings may shed light on
the correlation effects in ruthenate thin films and hetero-
structures where the quantum confinement [55], the Ru-O
bond length, and the distortions of oxygen octahedra could
be engineered.
In conclusion, our study provides a quite accurate

description of the transport properties in ruthenates and
shows that they are dominated by electron-electron inter-
actions. We demonstrate that the resilient quasiparticle
scenario is valid in Hund’s metals. We explain the origin of
the relative good metallicity in Sr2RuO4. Our results also
suggest that effects such as vertex corrections or nonlocal
interactions need to be considered for more precise pre-
dictions of the resistivity of layered ruthenates.
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No. DMR-1308141 (X. D. and G. K.) and NSF Grant
No. DMR 1405303 (K. H.).
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