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We use low energy optical spectroscopy and first principles LDA+DMFT calculations to test
the hypothesis that the anomalous transport properties of strongly correlated metals originate in

the strong temperature dependence of their underlying resilient quasiparticles.

We express the

resistivity in terms of an effective plasma frequency w, and an effective scattering rate 1/74,.. We
show that in the archetypal correlated material V203, w, increases with increasing temperature,

while the plasma frequency from the partial sum rule exhibits the opposite trend.

1/7f has a

more pronounced temperature dependence than the scattering rate obtained from the extended
Drude analysis. The theoretical calculations of these quantities are in quantitative agreement with
experiment. We conjecture that these are robust properties of all strongly correlated metals, and
test it by carrying out a similar analysis on thin film NdNiOs on LaAlO3s substrate.

PACS numbers: 71.27.+a, 72.10.-d, 78.20.-e

Understanding the transport properties in metallic
states of strongly correlated materials is a long-standing
challenge in condensed matter physics. Many correlated
metals are not canonical Landau Fermi liquids (LFL) as
their resistivities do not follow the 72 law in a broad
temperature range. Fermi liquid behavior emerges only
below a very low temperature scale, Ty, which can be
vanishingly small or hidden by the onset of some form
of long range order. Above Tppr, the resistivity usu-
ally rises smoothly and eventually exceeds the Mott-Ioffe-
Regel limit, entering the so-called “bad metal” regimel[I]
with no clear sign of saturation [2, [3]. As stressed in Ref.
1l an interpretation of the transport properties in terms
of quasiparticles (QPs) is problematic when the mean
free path is comparable with the de Broglie wavelength
of the carriers and describing the charge transport above
Trrr is an important challenge for the theory of strongly
correlated materials.

It was shown in the context of the interacting electron
phonon system, that the QP picture is actually valid in
regimes that fall outside the LFL hypothesis[4]. There
are peaks in the spectral functions which define renor-
malized QPs even though the QP scattering rate is com-
parable to the QP energy. The transport properties can
be formulated in terms of a transport Boltzman kinetic
equation for the QP distribution function, which has pre-
cisely the form proposed by Landau[5l [6]. Solving the
transport equation, the dc conductivity can be expressed
as

Gac = (Wh)P7i, /Am (1)

in analogy with Drude formula. The effective transport
scattering rate 1/7;,. characterizes the decay of QPs due
to collisions involving Umklapp process, and wy is the
low energy effective plasma frequency.

The temperature dependence of the transport coeffi-
cients beyond the scope of LFL and many salient features

seen in correlated oxides, such as their low coherence
scale, non saturating resistivities and anomalous trans-
fer of spectral weight, are described well in studies of
doped Hubbard model within the framework of dynami-
cal field mean theory (DMFT) (for early reviews of this
topic see [7, 8]). A complete understanding of the trans-
port anomalies has been reached recently[0HI1]. Asin the
Prange-Kadanoff theory[4], the QPs are resilient, surviv-
ing in a broad region above Tpp; [10] and a quantum
kinetic equation provides a quantitative description of
the transport[1]] .

While in the electron-phonon coupled system treated
in Ref.[4] the Fermi liquid parameters such as the QP ve-
locities and therefore wy are temperature independent,
they are strongly temperature dependent in the doped
Mott insulator within DMFT due to changes in the Fermi
surface at high temperatures [9, [I0] and a strong temper-
ature dependence of the effective mass at intermediate
temperatures [I0, TI]. This strong temperature depen-
dence of wy, hides the more conventional temperature de-
pendence of 1/7; in the resistivity, which is quadratic in
a broad region of temperatures and has saturating behav-
ior at high temperatures [I1]. Strong temperature depen-
dence in the QP electronic structure with the resulting
temperature dependence of w;; and 1/7/,. thus provides a
simple scenario to describe the anomalous transport of
correlated metals.

In this Letter, we provide experimental and theoreti-
cal evidences that this picture holds beyond the DMFT
treatment of simplified Hubbard Model, and is indeed
relevant to real materials. We focus on V503. This
archetypal correlated material provided the first exper-
imental corroboration of the validity of the DMFT pic-
ture of Mott transition[I2] and is still a subject of in-
tense experimental studies[I3HI7]. We extract the effec-
tive plasma frequency w, and effective scattering rate
1/7/. from the optical conductivity as described below



and show that they display the predicted temperature
dependence. We contrast their temperature dependence
to that of the plasma frequency and scattering rate ex-
tracted from the standard extended Drude analysis.

In correlated systems the optical conductivity is usu-
ally parametrized with the so-called extended Drude
analysis in terms of two frequency dependent quantities,
the scattering rate 1/7(w) and the mass enhancement
m* (w)/my, [18,

2
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o(w) = 01(w) +ioy(w) = (2)

The plasma frequency w, is obtained with the partial
2

sum rule % = foﬂ o1(w)dw and depends on the cutoff
Q chosen so as to exclude interband transitions. To test
the theory, instead we focus on quantities that have a
simple QP interpretation, namely 1/7/. and (w;)Q, from
low frequency optical conductivity extracted as follows,
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When a direct determination of the imaginary part of op-
tical conductivity ( as for example in ellipsometry mea-
surements) is not available, they can be extracted from
o1(w) only, using

oa(w) 1/OO 1 doy(v')
w0 = —— ————dw'. 4
w 70 T ) oo w Ow n @)
Comparing with extended Drude analysis, we have
*\2 _ _m 2 1 _ _m 1 . .
(wp) = m*(bo)ww = m*(bo)m' Thus this analysis

is related to extended Drude analysis, but free of partial
sum rule. Similar low frequency analysis has been used in
previous works[I8-24], however the temperature depen-

dence of w, and Tl* was not the focus of those studies.

We apply the p;;)posed analysis to V203, a prototypi-
cal material exhibiting a metal insulator transition (MIT)
[25] 26]. Pure V2Og3 is a paramagnetic metal (PM) at
ambient condition. It enters antiferromagnetic insulat-
ing state (AFI) below Ty ~ 150K with a concomitant
structural transition, and the AFI can be quenched by
Ti-doping or pressure. The PM can be turned into the
paramagnetic insulator (PI) by slight Cr-doping, which
induces a first order isostructural transition with a small
change in ¢/a ratio, indicating a typical band-controlled
MIT scenario[27]. This first order transition ends at a
second order critical point at temperature around 400K
[13, 26]. The PM phase exhibits significant signatures of
correlations, for instance, a pronounced QP peak and a
broad lower Hubbard band were revealed in photoemis-
sion spectroscopy measurements [28H30]. The PM phase
is a Fermi liquid at low temperature when AFT state is
suppressed [31].

Fig [[{a)(b) shows the measured optical conductivity
o(w) = o1(w) + ioa(w) of pure VoO3 in PM phase[I6].
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FIG. 1. Optical conductivity (a) o1(w) and (b) o2(w) of V203
at different temperature is taken from Ref. [16], where dashed
lines indicate data at 7' = 180K very close to MIT. (c) (w};)*
and (d) 1/7. of V203 are extracted according to Eqn.
wf, and 1/7(0) extracted from extended Drude analysis are
shown for comparison. Dashed lines are guides for the eyes
by fitting (wj)? and 1/7/. (1/7(0)) to linear (a + bT) and
parabolic (¢ + dT?) functions respectively.

Pronounced Drude peaks show up even when the resistiv-
ity is high (of the order of 1 mQ~tem™1) and does not fol-
low T2-law[13,32]. The Drude peak diminishes gradually
upon increasing temperature, except at the lowest tem-
perature where the transport is probably affected by the
precursor of ordered phase. wy and 1/7/,. extracted ac-
cording to Eqn. [3|are shown in Fig[1c)(d). We find that
(wh)? increases with increasing temperature. This is in
contrast with (wj)? obtained by the partial sum rule with
a cut off Q = 140meV, which slightly decreases[16] except
at the lowest temperature where precursors to ordered
phase such as magnetism and electronic heterogeneity
tend to open a gap and reduce (wp,)?. 1/7/. increases
with increasing temperature and has the same trend as
the scattering rate extracted with extended Drude anal-
ysis at zero frequency 1/7(0), but with a much stronger
temperature dependence. The experimental data is con-
sistent with an (w?*)? which has a term linear and a 1/7/,
which is quadratic in temperature, revealing a Fermi lig-
uid behavior that is hidden in 1/7;.. The analysis of the
experimental data, thus corroborates the main qualita-
tive predictions of the DMFT description of transport
properties in simple model Hamiltonian[11].

We now argue that realistic LDA+DMFT [33, [34]
calculations describe well the optical properties as well
as the extracted quantities w) and 1/7;., hence a lo-
cal approximation, which ignores vertex corrections, is
sufficiently accurate to capture the experimental trends.
LDA+DMFT investigations on VoOg by several groups
have successfully described the properties of this material
near the MIT [35H40]. The correlation in V503 is due to
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FIG. 2. (a) Optical conductivity of V203 calculated with

LDA+DMFT. The effective plasma frequency (b) and effec-
tive scattering rate (c) are extracted using Eqn. and
compared to those extracted from experimental data. Dashed
lines are guides to the eyes by fitting (w;)2 and 1/77,. to linear
(a + bT) and parabolic (¢ + dT™?) functions respectively.

the partially filled narrow d-orbitals with a nominal oc-
cupancy ng = 2. The two electrons mainly populate the
eg and aj, states of vanadium due to surrounding oxy-
gen octahedron with trigonal distortion. We perform the
LDA+DMEFT calculations and focus on the paramagnetic
metallic phase only[41]. We treat ej and a1, orbitals dy-
namically with DMFT, and set the Coulomb interaction
U and the Hund’s coupling J to 6.0eV and 0.8eV respec-
tively. These parameters place VoO3 on the metallic side
but close to the MIT. Various properties of V503 from
our calculations are in good agreement with experimen-
tal results. For example, the calculated total spectra is
consistent with experiment photoemission spectroscopy
measurements[28-30]. The occupancies of e and ay,
orbitals at 7' = 200K are 1.60 and 0.50 respectively,
in good agreement with X-ray absorption spectroscopy
measurements[42).

We calculate the optical conductivity with the formal-
ism presented in Ref. [43] in a broad temperature range as
shown in Fig. (a). The main feature of the experimen-
tal optical conductivity, the Drude peak and the shoulder
structure at about 0.1eV as well as their scale, are reason-
ably reproduced in our calculations. The Drude peak is
gradually diminished and merges with the shoulder struc-
ture at around 400K, in agreement with experiments [44].
Therefore LDA4+DMFT calculation provides a satisfac-
tory description of the optical properties of V203, except
for the lowest temperature T = 180K where effects such
as short range order and heterogeneity in the proximity
to the magnetic transition are not captured in our cal-
culation. From the optical conductivity (w?*)? and 1/7.
are extracted using Eqn. As shown in Fig[2(b)(c),

they agree reasonably well with those extracted from ex-
perimental data. In particular the same trends found
with the experimental data, thus the main characteristics
of the "hidden” Fermi liquid behavior, shows up more
clearly in the broad temperature range studied in our
calculations: (w;)2 appears linear and a 1/7;. appears
quadratic versus temperature. Therefore the proposed
analysis of both the experimental data and the first prin-
ciple calculations reveals significant temperature depen-
dence of QPs in terms of ((,u;)2 and an extended quadratic
temperature dependence of 1/7., but not of 1/7(0) .

To further understand these observations, let us re-
call the QP interpretation of low frequency optical con-
ductivity in the DMFT treatment of the doped sin-
gle band Hubbard model. In this case, o(w)|lwso =

_ 1 . . * *
2 pre (u)m, in which m*/m and 7, are the ef-

m*

fective mass enhancement and the life time of QPs, ® is
the transport function ®**(e) = Y, (ex/0k,)?d(e — ex)
and i is the effective chemical potential of QPs[11]. Ap-
plying the analysis in Eqn. (w;)2 = 87 d** (1) and
1/7} = 2/7;,. In the infinite dimension limit where
DMEFT is exact, the inverse of effective mass enhance-
ment m/m* is numerically equal to the QP weight de-
fined by Z = (1 — %i(w))_ﬂ where ¥(w) is the self en-
ergy. We note that in general the effective mass enhance-
ment m* /m enters the low frequency optical conductivity
while the QP weight Z does not [5] [6]. We also note that
the effective mass enhancement m*/m does not enter the
plasma frequency in the textbook example of interacting
Fermi gas due to the presence of Galilean invariance and
thus the cancellation of vertex correction and effective
mass enhancement [5l, 6]. However the vertex correction
is weak in realistic materials (especially in three dimen-
sional structure with a large coordination number), which
are much closer to the infinite dimensional limit than the
Galilean invariant idealization without important Umk-
lapp process[45]. This justifies the good agreement be-
tween our results and experiments. The neglect of ver-
tex correction in DMFT thus leaves QP weight in the
plasma frequency. In situations where ®(f) varies little
with temperature, the observations above imply a strong
temperature dependence of Z,, and 1 /T;p. We empha-
size that although a strong dependence of scattering rate
is generally expected in a Fermi liquid, the temperature
dependence of QP weight is not, but it was observed in
model studies[I0, [11].

We then extract from our calculated self energies, the
QP weight Z defined above, and the QP scattering rate
defined as 2/7,, = —2ZIm¥(0), which now are orbital
dependent. The QP weight and the QP scattering rate
are shown in Fig. [3[a)(b). There is orbital differentia-
tion between eg and a4 orbitals as pointed out in ear-
lier studies [35], B7]. Generally Z increases with increas-
ing temperature and 1/ Top 18 approximately quadratic in
temperature for both e;r and a4 orbitals. a4 orbital is
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FIG. 3. The temperature dependence of (a) QP weight
Z =" = (1- 2BZW) =1 anq (b) effective scattering rate
2/1yp = —2ZIm3(0) of V203 extracted from LDA+DMFT
self energies for ey and a1, orbitals. Dashed lines are guides
for the eyes by fitting Z and 2/7,, to linear (a + bT) and
parabolic (¢ + dT?) functions respectively.

more coherent than ey orbital: Z,,  is less temperature
dependent and the effective QP scattering rate is smaller.
It likely crosses over to the LFL regime below T ~ 150K
where Z,,  starts to saturate. Note that ey orbitals have
a much larger spectral weight at the Fermi level than the
a14 orbital and thus dominate the transport. This pro-
nounced temperature dependence is consistent with that
of (wy)? and 1/7/,. extracted from the optical conduc-
tivity. Therefore the properties of the underlying QPs,
especially the temperature dependence of the QP weight
and the QP scattering rate, are captured in our analysis
on optical conductivities. We note that in addition the
temperature dependence of underlying QPs manifest it-
self in the temperature dependence of the effective chem-
ical potentials of QPs[41], which also contribute to the

the temperature dependence of (w3)?.

We expect that this picture of anomalous transport in
correlated materials is not limited to V203 and is in fact
generally applicable to various strongly correlated met-
als . To check the validity of this general conjecture we
apply the same analysis to experimental data of NdNiO3
(NNO) film on LaAlO3 (LAO) substrate. NNO is an-
other typical correlated material exhibiting temperature-
driven MIT[46]. While deposited as film on LAO sub-
strate, the MIT can be quenched so that it remains metal-
lic down to very low temperature [47]. High quality op-
tical conductivities of NNO film are taken from Ref 48
as shown in Fig [4a)(b). We note that the resistivity
is not T2-like except possibly at the lowest temperature
T = 20K [47]. We perform the same analysis as above in
V303. (wy)? and 1/7/, are shown in Fig. (c)(d) in com-
parison with w? and 1/7(0) obtained by extended Drude
analysis with a cutoff of 2 = 125meV. Again we have the
same features as in V2Os: (w;)2 increases almost linearly
with increasing temperature and has the opposite trend
with (w,)?, while 1/7;. has a more pronounced quadratic
behavior in a wide temperature range well above Ty gy, .

In conclusion, in this Letter we point out and establish
by analyzing both the experimental and the theoretical
data that the anomalous transport properties observed in
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FIG. 4. Optical conductivity (a) o1(w) and (b) o2(w) of NNO
film on LAO substrate at different temperature is taken from
Ref. [48], from which (c) (wy)? and (d) 1/7/, are extracted
according to Eqn. wy and 1/7(0) extracted from extended
Drude analysis are shown for comparison. Dashed lines are
guides for the eyes by fitting (w;;)* and 1/77,. (1/7(0)) to linear
(a + bT) and parabolic (¢ + dI™) functions respectively.

many transition metal oxides arise from a temperature
dependent (w#)? and 1/7;.. The quadratic dependence
of the QP scattering rate hidden from the resistivity is
not confined to Mott Hubbard systems but occurs also
in Hund’s metal such as CaRuOg3[41]. Further investiga-
tions should be carried out in other compounds, starting
from systems where there are already preliminary indica-
tions such as nickelates, pnictides and cuprates [49H51],
with a temperature dependent m*(0)/m; seen in the ex-
tended Drude analysis. Finally high resolution studies
using spectroscopies such as ARPES and STM in quasi-
particle interference mode would be very useful to sepa-
rate the various contributions to the temperature depen-
dence of (w;)2 by probing directly the electronic struc-
ture.
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