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The prototypical correlated metal Sr,RhO, was studied using optical and photoemission spectroscopy.
At low energies and temperatures, the optical data reveal a complex, multicomponent response that on the
surface points to an unconventional metallic state in this material. Via a comparison with photoemission,
the anomalous optical response may be attributed to an unexpectedly strong interband transition near
180 meV between spin-orbit coupled bands that are nearly parallel along I'X. This spin-orbit coupling
effect is shown to occur in a number of related metallic ruthenates and explains the previously puzzling

optical properties reported for these materials.
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Correlated electronic states in multiorbital metals are at
the forefront of condensed matter physics research [1].
Metallic ruthenates are a paradigmatic class of materials in
which to explore this problem. The large electronic band-
width of these 4d transition metal oxides would suggest that
electron-electron interactions are unimportant. On the other
hand, transport measurements reveal signatures of strong
correlations: the coherence scale below which Fermi liquid
(FL) resistivity p o T? is observed is low and, at high T, p
smoothly evolves into a “bad metal” state with a non-
saturating p < 7 that violates the Mott-loffe-Regel limit
[2—4]. This apparent paradox has lead to the idea of a Hund’s
metal, a strongly correlated metallic state driven by Hund’s
coupling rather than the on-site Hubbard interaction [1,5].

In parallel with dc transport, the optical conductivity
[6(w) = 61(w) + ios(w)] of a number of ruthenates has
revealed anomalous features suggestive of strong correla-
tion, typified by an excess of spectral weight at midinfrared
frequencies (Aw ~ 0.1 eV) and unusual fractional power
laws in o1(w) [6-11]. These observations are in contrast
with the standard theory of metals, where a rapid 1/w?
decay of o;(w) is expected. The origin of the anomalous
6(w) and how it relates to possible non-FL states is at
present an open question [12—14].

To date, the unusual 6(w) have typically been associated
with the structure of the quasiparticle self-energy (i.e.,
scattering rate and mass enhancement) [15]. In SrRuOj,
for example, the 1/ /@ decay of o,(w) has been taken as
evidence for a non-FL self-energy [7,14], while in Sr,RuO,
the excess weight and detailed structure of 6(w) have been
attributed to “resilient quasiparticles,” dispersive and broad
quasiparticle (QP) states predicted by dynamical mean field
theory whose self-energies do not follow the FL form [10].
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The notion of resilient QPs is closely linked to the issue of
bad metallicity: the resilient QPs are thought to survive far
above the FL coherence temperature and dominate the
transport properties as the bad metallic regime is approached
[16]. Crucially, these arguments rely on a single band
interpretation of the optical data (i.e., the observed signal
is entirely due to intraband particle-hole excitations), which
may not necessarily hold at all energies [17].

In this Letter, we demonstrate that a band structure effect
associated with spin-orbit coupling (SOC) leads to a strong
interband contribution to 6(w) at energies fiw ~ A, where 4 is
the SOC constant. This mechanism provides a natural
explanation for the anomalous é(w) and indicates a break-
down in the single-band approximation, meaning () is not
associated with the QP self-energy in a straightforward way.
Using optical and photoemission spectroscopies, we inves-
tigated the charge dynamics and electronic structure of
Sr,RhO, [18], a well-characterized and clean paramagnetic
metal [21,22]. Similar to the ruthenates, the low-energy
electronic structure of this material is dominated by d bands
of 1,, symmetry, albeit accommodating one more electron
[Fig. 1(a)]. Additionally, the coherent rotation of the RhO
octahedra results in a v/2 x /2 distortion. The xy-derived
bands are thereby pushed completely below the Fermi level
[23-25], leaving the low-energy electronic structure domi-
nated by bands with a strong yz/xz character. Sr,RhO,
shows clear Fermi liquid features in photoemission [26],
making it an excellent system in which to gauge the
relationship between é(w) and the underlying QP dynamics.

Despite the FL ground state in Sr,RhO,, our optical
measurements reveal a complex, two-component charge
response at low energies. In particular, a well-defined peak
structure is observed in the midinfrared, which superficially
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= 1 Rh d excitations [29]. We discuss f and the QP contribution
L to o} (w) in detail, starting with /.

01 02 03 04 05 Midinfrared peaks reminiscent of  are in fact commonly
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metals and are generally interpreted as a signature of strong

FIG. 1. (a) Top: schematic density of states near Ey. Bottom:  correlations or polaron physics [15]. The relevance of such

hopping processes between yz orbitals. (b) Real part of the optical  gcenarios is not, however, immediately clear in the present
cqnductivity o (w) of Sr,RhO, at different temperatures. Inset: case. As we argue in more detail below, # may instead be
High-energy o, (@) at 10 and 300 K. traced to a low-lying interband transition that becomes

optically active within the SO coupled band structure of

Sr,RhOy, rather than exotic physics.
points to an unconventional metallic state. Via a quantitative To substantiate the connection between 5 and the band
comparison with the photoemission data, we demonstrate that  structure, we apply a minimal 2D tight-binding (TB)
the peak structure is in fact due to an unexpectedly strong,  model. The low-energy electronic structure of Sr,RhO,
low-lying interband transition whose root cause is SOC.  is dominated by two quasi-1D bands derived from the
Although the effect of SOC on the Fermi surface is well ~ yz/xz orbitals [28]. This band structure may be approxi-
known [27,28], its impact on &(w) has traditionally been ~ mated by a TB model parametrized by three quantities: ,,
ignored. A comparison with the ruthenates Sr,RuO, and 5, and 1 [18,28,30]. The hopping parameters ¢, and
Ca3Ru,0; reveals similar features, demonstrating that such  describe nearest-neighbor 7- and 5-type hopping processes
SOC-activated interband transitions are common in 4d between like orbitals [Fig. 1(a)], while 4 is the SOC
transition metal oxides (TMOs). We further establish that  constant. We note that at this level of approximation the
the optical self-energies extracted from an extended Drude  hopping is purely diagonal in the yz/xz basis, due to the
analysis are strongly affected by the SOC-activated compo-  symmetries of these states. SOC, on the other hand, tends to
nent, signaling a breakdown in the single-band approximation ~ mix the yz and xz orbitals. This mixing effect is most
that has been widely applied in the ruthenate literature to date.  pronounced along I'X where, for 1 = 0, the yz and xz bands

The temperature (7) dependent o, (@) is summarized in  are degenerate.

Fig. 1(b). The o,(w) spectra were derived over an energy The TB parameters may be chosen by comparison with
range of 11 meV to 4 eV from a combination of spectro-  the angle-resolved photoemission (ARPES) data displayed
scopic reflectometry and ellipsometry [18]. At 300 K, a  in Figs. 2(a) and 2(b). Figure 2(a) shows a Fermi surface
broad, Drude-like feature is seen at zero frequency with a  map obtained by integrating within =8 meV of the Fermi
shoulder near 200 meV. As T is reduced, this feature  level (E;). Consistent with earlier studies [23,26], the Fermi
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FIG. 2. (a) ARPES Fermi surface map collected at 15 K. The folded Brillouin zone is indicated with dashed lines. (b) ARPES spectra
along the I'X line. The intensity is plotted on a logarithmic scale in order to emphasize the weak back-folded bands. The TB Fermi surface
and band dispersions are indicated as red lines in (a) and (b) while the dominant optical transition is indicated by a blue arrow in (b). (c) 100
K experimental and TB interband contributions to o, (). Inset: spectral weight (SW) and peak energy of the TB contribution vs A.
(d) Comparison of ¢ (w) for Sr,RhOy, Sr,RuO,, and CazRu, 0, showing similar peak structures. The Sr,RuO, and Ca;Ru, 0, data are
reproduced from Refs. [9,10] and were collected at 10 and 60 K respectively. The Sr,RhO, data were collected at 100 K.

267402-2



PRL 119, 267402 (2017)

PHYSICAL REVIEW LETTERS

week ending
29 DECEMBER 2017

surface consists of two structures: a large electron pocket
centered at I' and a small hole pocket around X. These

features are back folded by the \/§ X \/§ distortion, which
takes X back to I', leading to additional weak structures in
the ARPES data. Figure 2(b) shows a representative cut
along the I'X line. Four bands crossing E; are visible,
corresponding to the spin-orbit split yz/xz bands and their
back-folded replicas. We found that the ARPES data are
well described by the TB model for (z,, 15, A) =
(0.120, 0.018, 0.172) eV. The TB Fermi surface and
dispersions computed using these parameters are overlaid
in red in Figs. 2(a) and 2(b).

With a suitable TB parametrization in hand, the inter-
band optical conductivity 61z (@) for light polarized in the x
direction may be computed using the Kubo formula [31]

UIB _thfn ];m mk|.]x|n k><

Jilm. k)
n - (em .

€,) +in )

m#n, 3

Here m and n are the band indices, k is the crystal
momentum, J, is the paramagnetic current operator, €,,
is the dispersion of band m, and # is a broadening
parameter. The real part of &p(w) computed with
Eq. (1) and setting n = 0.1 eV and T =0 is shown in
Fig. 2(c) and compared with the experimental f peak
obtained after subtracting the QP component [18]. Despite
the simplicity of our approach, the calculated conductivity
agrees semiquantitatively with the data: the peak location is
within 20 meV of the experimental value, while the
integrated intensity agrees within ~40%. The good agree-
ment between our model calculation and the data strongly
supports our interpretation of # as an interband transition
rather than a strong correlation effect. Inclusion of a finite
off-diagonal hopping term, which may be expected in
V2 x /2 distorted Sr,RhO,, does not qualitatively affect
the calculated 615 () [18].

The TB analysis suggests that 3 is closely related to SOC.
The model peak position and interband spectral weight are
shown in the inset to Fig. 2(c) as a function of A with ¢, and 7
fixed. As 4 increases, the peak position increases almost
linearly, while the spectral weight first increases and then
saturates. This is a consequence of the symmetry of the yz/xz
orbitals, which requires that electrons occupying these states
may only hop between like orbitals on different sites [31].
Absent SOC, the resulting bands do not mix and the current
operator J, is purely diagonal in the yz/xz basis. In this case,
no interband transitions occur. SOC, on the other hand,
favors orbitally mixed total angular momentum wave func-
tions: an upper doublet y, 3, = (xz+iyz)? and
Xm=-3/2 = (xz—iyz)|, and a lower doublet y,, _;/» =

(xz+iyz)| and m=—1y2 = (xz—iyz)T, where 1,
denotes the electron spin [28]. This effect is most pronounced
along I'X, where the yz/xz orbitals are degenerate for A = 0,

and results in nearly parallel bands of mixed yz/xz character
crossing E; and separated by ~ 4 [Fig. 2(b)]. A large number
of transitions involving k points located along I'X are
therefore optically active between these SOC-split bands
[arrow in Fig. 2(b)], yielding a peak structure in o (w) at
hw ~ 4. Because SOC plays a crucial role in this process, we
refer to this situation as SOC-activated absorption.

The SOC-activated absorption mechanism is expected in
other 4d TMOs with broadly similar electronic structures to
Sr,RhOy, such as the metallic ruthenates. This is clearly seen
in Fig. 2(d), where we compare the conductivity spectra of
Sr,RhO, with two well-studied ruthenate metals Sr,RuO,
and Ca3Ru, 05 [9,10]. Similar to Sr,RhOy, the o, () data for
both ruthenate compounds reveal clear peak structures [open
triangles in Fig. 2(d)] in the midinfrared. ATB analysis along
the lines of Figs. 2(a)-2(c) confirms a sizable SOC-activated
component for Sr,RuO, and yields an estimate of
A~ 0.1 eV, which compares well with the 0.13 4+ 0.03 eV
value obtained from spin-resolved photoemission [32]
(see Ref. [18] for details). The SOC-activated mechanism
therefore provides a natural explanation for the excess
midinfrared spectral weight reported in a number of metallic
ruthenates [6—11].

In the important case of Sr,RuQ,, for example, it was
recently noticed that, above ~ 0.1 eV, the 6 (@) of Sr,RuO,
is significantly larger than expected from simple FL theory
[10]. This was interpreted as evidence for the resilient QP
scenario: resilient QPs are expected to have velocities larger
than the bare dispersion and should manifest themselves as
excess spectral weight in o (@) [10]. Our results suggest that
this picture should be reexamined as the excess spectral
weight near 0.1 eV is likely associated, at least in part, with
SOC-activated interband absorption.

Two other ruthenate metals whose optical properties have
attracted significant attention are StTRuO; and CaRuOj;. At
the lowest energies and temperatures, these materials are FLs
[33,34]. The optical conductivity, however, is highly
unusual: non-FL scaling is observed and o (w) decays as
1/y/®, slower than the conventional 1/w* FL dependence
[7,8,35]. On the surface, these features indicate a breakdown
of FL theory at these energies [14,36]. Dang et al. have
identified low-lying interband transitions associated with the
GdFeO;-type distortion as the source of the apparent non-FLL
features at terahertz frequencies [17]. We expect that the
SOC-activated mechanism treated in our work plays a similar
role at energies iw ~ 0.1 eV.

Having discussed the interband contribution to &(®), we
now focus on the zero energy peak [Fig. 1(b)], which
reflects the QP dynamics. We used a phenomenological
Drude-Lorentz (DL) model to subtract the interband con-
tribution to &6(w) and isolate the QP component. The
spectra were fit to a DL model that includes two Drude
terms for the QP component, a Lorentzian for the phonon
near 80 meV, two Lorentzians for the SOC-activated
interband contribution, and an additional Lorentzian
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FIG. 3. Fermi liquid electrodynamics of Sr,RhOy: [(a) and (b)]
Drude-Lorentz (DL) decomposition of &(w) at 100 K. [(c) and
(d)] M(w) at 10 K with Aw, = 2.1 eV. (e) M3(w) at various
temperatures. (f) FL scaling of Mi(w) with ¢ = (hw)? +
b(rk,T)? and b = 3.6.

located near 2 eV that accounts for the high-energy O 2p to
Rh 4d charge transfer excitations. A representative fit is
shown in Figs. 3(a) and 3(b). From the spectral weight of
the Drude oscillators, we estimate a free carrier plasma
frequency hw, = 2.1 eV. Details of the DL model may be
found in Ref. [18].

Insight into the QP dynamics is often obtained through
the extended Drude analysis. In this approach 6(w) is recast
in terms of a complex memory function M(w) = M, (w) +
iM,(w) defined as [15]

=i 2)

i€,

&(w)

Here w,, is the plasma frequency and ¢, is the permittivity of
free space. In the single-band limit, M, (®) is the scattering
rate of particle-hole pair excitations, while M,(w) is
related to the QP mass enhancement via m*(w)/m = 1 +
M ,(w)/w [15]. For a local FL, M(w) = [1/Z — 1]hw +
iA|(hw)?* + b(rk,T)?], where the thermal factor b = 4 and
Zis proportional to the QP weight Z [10,37,38].

The memory function at 10 K obtained from the QP
component WE ()] is shown in Figs. 3(c) and 3(d). At low
energies, M3 (w) [M(w)] rises quadratically (linearly) with
energy, as expected for a FL metal [38]. A linear fit to
MY(w) implies m*(w)/m ~2.1 or Z ~0.48. This figure
is consistent with a LDA + DMFT study that found a

(band-dependent) Z of 0.5-0.6 [24] and also with the
renormalization of the experimental electronic specific heat
(Yexp/Viheory ~2.2) and cyclotron masses (Meyp/ Mpeory ~2.1
to 2.3) relative to density functional theory [28]. Above
75 meV, M (w) begins to deviate from the FL form: M, ()
increases slower than w? before gradually saturating, while
M, (w) reaches a weak maximum near 200 meV before
decreasing.

The T dependence of the M4 (w) data is also consistent
with FL theory. As shown in Fig. 3(e), M,(®) increases
rigidly as T is raised, with the low-energy @’ behavior
preserved. Indeed, for 7 <150 K and 7%w® <75 meV
the data may be collapsed onto an effective FL form
M, (0,T)=Ty+A[hw*+b(zk,T)* ] =Ty+AL* with Ty =
3.5 meV, A =47 x 107 meV~!, and b = 3.6 [Fig. 3(f)].
FL scaling with b =4 is in fact rarely observed: most
materials examined to date also reveal b # 4 [37,39]. The
fact that b # 4 in the present case may be due to a residual
interband contribution not properly accounted for by our DL
analysis or an added elastic scattering channel [37]. Given the
multiband Fermi surface of Sr,RhO, [Fig. 2(a)], it is not
obvious that M,(w, T) should follow the FL form. The
success of the effective single-component FL scaling analy-
sis therefore suggests that the self-energies of the bands at E ¢
are similar, in line with the relatively band-independent mass
enhancements found in LDA 4+ DMFT and in quantum
oscillation experiments [24,28], and that intraband excita-
tions dominate at low energies.

For #iw ~ A, the extended Drude analysis is strongly
affected by the SOC-activated absorption. This may be
seen in Figs. 3(c) and 3(d) where we compare M(w)
computed from the total conductivity [M'(w)] and
M7 (w). At low energies, the two cases are quite similar.
Above 60 meV, however, the two cases differ markedly:
M} (w) increases more rapidly than w? and reaches a
maximum near 150 meV before saturating, while M/ ()
shows a sharp change of slope near 100 meV followed
by a rapid decrease. We found that at low energies
(hw < 60 meV), the M4(w, T) data may still be described
with an effective FL form, albeit with quantitatively
different b = 3 [Fig. S4 of Ref. [18]]. An interesting
question is therefore whether unresolved interband con-
tributions to (@) may be behind the b # 4 reported for a
number of other materials [39]. Finally, we also note that, in
the ruthenate literature, the optical self-energies extracted
from an extended Drude analysis have often been taken
as evidence for unconventional metallic states (e.g.,
Refs. [7,10]). Figures 3(c) and 3(d) indicate that such
arguments may need to be reconsidered, as the total 6(w) is
not related to the QP self-energy in the simple manner
of Eq. (2).

To recap, Sr,RhO, has been studied with optical and
photoemission spectroscopy. The optical data reveal a
complex low-energy response, including a midinfrared peak
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structure. Through a comparison with photoemission, we
demonstrated that this peak may be traced to a band structure
effect associated with strong SOC. This SOC-activated
absorption mechanism is a common feature of 4d TMOs
with broadly similar electronic structures to Sr,RhO, and
may also lead to strong magneto-optical effects [40].
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