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The thermal diffusivity in the ab plane of underdoped YBCO
crystals is measured by means of a local optical technique in
the temperature range of 25-300 K. The phase delay between a
point heat source and a set of detection points around it allows
for high-resolution measurement of the thermal diffusivity and
its in-plane anisotropy. Although the magnitude of the diffusiv-
ity may suggest that it originates from phonons, its anisotropy
is comparable with reported values of the electrical resistivity
anisotropy. Furthermore, the anisotropy drops sharply below the
charge order transition, again similar to the electrical resistivity
anisotropy. Both of these observations suggest that the thermal
diffusivity has pronounced electronic as well as phononic charac-
ter. At the same time, the small electrical and thermal conductiv-
ities at high temperatures imply that neither well-defined elec-
tron nor phonon quasiparticles are present in this material. We
interpret our results through a strongly interacting incoherent
electron-phonon “soup” picture characterized by a diffusion con-
stant D ~ vgr, where vg is the soup velocity, and scattering of
both electrons and phonons saturates a quantum thermal relax-
ation time 7 ~ 1 /kgT.

thermal diffusivity | bad metals | electron-phonon

he standard paradigm for transport in metals relies on the

existence of quasiparticles. Electronic quasiparticles conduct
electricity and heat. Phonon quasiparticles, the collective exci-
tations of the elastic solid (here, we discuss acoustic phonons)
also conduct heat. Transport coefficients, such as electrical and
thermal conductivities, can then be calculated using, for exam-
ple, Boltzmann equations (1). However, such an approach fails
when the quasiparticle mean free paths become comparable with
the quasiparticle wavelength. For electrons, it is the Fermi wave-
length (2-4), whereas for phonons, it is the larger of the inter-
atomic distance or minimum excited phonon wavelength (5, 6).
Understanding transport in nonquasiparticle regimes requires a
new framework and has become a subject of intense theoretical
effort in recent years, triggering an urgent need for experimental
results that can shed light on such regimes. In particular, in ref.
7, the diffusivity was singled out as a key observable for incoher-
ent nonquasiparticle transport, possibly subject to fundamental
quantum mechanical bounds.

In this work, we report high-resolution measurements of
the thermal diffusivity of single-crystal underdoped YBCOs.60
(an ortho-II YBa;Cu3zOg.60) and YBCOs.75 (an ortho-III
YBazCu3Og.75). We are particularly interested in the anisotropy
of the thermal diffusivity as measured along the principal axes
a and b (which is the chain direction) in the temperature range
25-300 K. We use a noncontact optical microscope (see Fig. S1)
to perform local thermal transport measurements on the scale of
~10 pm, hence avoiding inhomogeneities, particularly twinning
and grain boundary effects. Our principal experimental results
are as follows. (i) The measured thermal diffusivity is consistent
with the previously measured thermal conductivity and specific
heat, satisfying x = c¢D. The high-temperature specific heat is
known to be dominated by phonons. However, (if) the phonon
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mean free path implied by the magnitude of the measured dif-
fusivity is of the order of or smaller than the phonon wave-
length. In addition, (iif) the intrinsic thermal anisotropy is found
to be almost identical to the electrical resistivity anisotropy, and
(iv) the thermal anisotropy starts to decrease rather sharply
below the charge order transition.

A complete understanding of transport in the high-temperature
regime of the YBCO (or similar) material system requires
that we interpret our diffusivity results together with previously
reported measurements of the charge sector on similar crystals at
temperatures above the charge order transition, primarily pho-
toemission spectroscopy (8, 9) and electrical resistivity (10-12).
Those measurements suggest that the electronic mean free path
is also comparable with or smaller than the electron wavelength
and thus, at or beyond the MIR limit. [The MIR limit has been
expressed in different ways in the literature (e.g., as kpf=~ 1 or
£/a=1; kr is the Fermi wavevector, a is the lattice constant,
and ¢ is the mean free path). These approaches typically pro-
duce the same order of magnitude estimate. In this paper, we use
the criterion proposed in ref. 2 of /Ar ~ 1, where A\r = 27 /kr.]
The simultaneous destruction of phonon and electron quasi-
particles together with comparable anisotropies in thermal and
charge transport suggest that scattering is dominated by strong
electron—phonon interaction. The lack of coherent response
is, furthermore, incompatible with electron—phonon composite
quasiparticles, such as polarons (13) or bipolarons (14). We are,
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therefore, led to conjecture a unique type of transport in the
YBCO (or similar) system in the temperature regime where
quasiparticles are not well-defined that is dominated by diffu-
sion of an electron-phonon “soup.” Furthermore, all relaxation
processes of electrons and phonons and hence, charge and heat
are saturated at the thermal relaxation time 7~ %/kg T. This
“Plankian” timescale has previously been proposed to underpin
transport across many families of unconventional metals (refs.
15-17 and references therein) and is widely observed in optical
data on cuprates (18-21). A simple model based on the above
ansatz shows excellent fit to the temperature dependence of the
measured thermal diffusivity using measured material parame-
ters. This approach generalizes the recently proposed incoher-
ent metallic transport (7) to the case where the electronic system
exhibits strong interactions with additional degrees of freedom—
the phonons. An immediate additional generalization of our idea
could apply to complex insulators at high fields, with magnetic or
polarization excitations playing the role of the phonons.

Results and Discussion

Thermal Diffusivity Measurements. For the high-resolution ther-
mal diffusivity measurements, we use a photothermal micro-
scope (SI Materials and Methods has a description of the pho-
tothermal microscope and its modes of operation), where a
modulated power of a heating laser beam causes ripples in the
temperature profile at the sample surface, which may be mea-
sured by a probing laser because of the change in reflectivity as
a function of temperature. We obtain the diffusivity D by fit-
ting the phase delay between the source and the response signals
as a function of the modulation frequency w at fixed distance
r between the source and probe beam (Materials and Methods).
In the case of an anisotropic sample, the extracted diffusivity
depends on orientation 6 as follows:

_ Dan
" D, cos20 + D, sin20’

where D, and D, are the diffusivities of the two principle axes on
the surface of the YBCO samples. Because D = x/c, where the
specific heat ¢ is a scalar quantity, the diffusivity inherits its spa-
tial anisotropy from the thermal conductivity tensor x. Several
YBa2CuzOg, samples were measured; all showed consistent
results with the two samples reported here: a detwinned single
crystal of YBCOg .60 measuring ~3 x 2 x 1 mm (Fig. S24), and
a detwinned single crystal of YBCOg.75 measuring ~2 x 1 x 0.4
mm (Fig. S2B). In particular, Fig. S2B shows the surface of
the YBCOg.75 with the focused laser spots under polarized
light, where bright/dark stripes are the twin domains. The small
scale of measurement enables us to measure local diffusivity in
all directions of the Cu-O planes, while avoiding edges, twin
boundaries, and other visible defects when possible. At room
temperature (RT), both samples have reflectivity R~ 0.15, and
dR/dT ~10~* K=* at 820 nm. The typical power of the prob-
ing laser is < 0.2 mW, and typical rms power of the heating laser
is <0.5 mW. Using thermal conductivities reported in existing
literature (22), we estimate the increase in mean temperature
caused by both lasers to be less than 1 K in the entire temper-
ature range of interest. To check the alignment of the sample,
we first measure diffusivity as a function of sample orientation
relative to the axis of displacement of the laser spots shown in
Fig. 1, Insets. Error bars are caused by the ~ 0.5-um uncertainty
in determining the distance r between the two spots and thus,
extracting D from the data. The solid lines are a fit to Eq. 1,
showing excellent agreement. The offset angle is left as a free
parameter but agrees with the alignment to the sample edge to
within 1°. We find that the local orientations of the a and b axes
swap between different twinning domains, verifying the single-
domain nature of or measurements. Small variations (of order
10%) in diffusivity are measured at different areas on the sample
surface, which we attribute to material inhomogeneity. After the
principal axes are determined from the detailed anisotropy study,
the temperature dependence of the diffusivity is measured along
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Fig. 1. Thermal diffusivity of YBCOg 6o and YBCOg 75 single crystals ex-
tracted from phase measurements along a (blue) and b (chain direction,
red) axes, and plotted on a log-log scale as a function of temperature in
the range 25-300 K. Insets show diffusivity measured at RT as a function of
orientation around the heating spot, with the solid lines representing fits
to Eq. 1. Error bars are almost entirely caused by uncertainty in determining
lasers spots separation.

each of the principal axes in a continuous temperature sweep at
a fixed frequency.

Initial Observations. The temperature dependence of the diffu-
sivities along both the a and b axes for two samples is shown
in Fig. 1. We observe that the diffusivity increases at lower
temperatures, increasing by almost two orders of magnitude
in the temperature range studied here. Using existing mea-
surements of specific heat on similar YBCO crystals (23), we
obtain the respective thermal conductivities of the crystals; both
show excellent agreement with previously measured thermal
conductivities of YBCO crystals with similar doping [e.g., k. for
YBCOg.60 was previously measured by Waske et al. (22) and
Minami et al. (24)]. The temperature dependence of the thermal
anisotropy, D, /Dy, for both samples is shown in Fig. 2. Three
main features of the data are observed. First, the anisotropies
of the two samples are similar. Second, the anisotropy is almost
temperature-independent with D, /D, ~ 2 at high temperatures
but decreases sharply below the charge density wave (CDW)
transition [~140-150 K (25)]. Third, the size and temperature
dependence of the thermal anisotropy are very similar to those
of the anisotropy of the electrical resistivity. In Fig. 2, we also plot
the resistivity anisotropy of YBCOg.75 from ref. 12 measured on
very similar crystals. Because the resistivity measures transport of
the electronic system, we conclude here that the thermal diffusiv-
ity exhibits a strong electronic character. Furthermore, while at
low doping levels, the charge order is strongly anisotropic (26)
for the YBCOs.60 (27) and YBCOg.75 (28) reported here; an
almost isotropic CDW transition would not strongly affect the
diffusivity anisotropy of conventional phonons. Instead, in mir-
roring the behavior of the electrical resistivity, the decrease in
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Fig. 2. Anisotropy of the ab-plane thermal diffusivity as a function of tem-
perature of YBCOg ¢o (green circles) and YBCOg 75 (orange squares). Charge
density order occurs at around 140 — 150 K in both materials (25) and is
marked by the gray region. Note that anisotropies decrease significantly
below the transition, signifying the nontrivial role that the electronic sys-
tem plays in the thermal transport. The solid line is the electrical anisotropy
in the ab plane on similar crystals adopted from ref. 12.

anisotropy again indicates electronic contribution to the thermal
diffusivity. The onset of CDW order can both change the scatter-
ing mechanism of the electrons and also lead to unique collective
transport dynamics. The electronic excitations may ultimately
regain their quasiparticle character, including possible polaronic
behavior (13, 14). Furthermore, the CDW transition in this mate-
rial is correlated with a strong electron—phonon interaction (29,
30). We further elaborate on these points below.

Good Metals Vs. Bad Metals. The conventional treatment of heat
conduction in itinerant solids assumes the existence of well-
defined quasiparticle excitations that transport entropy: elec-
trons and phonons. The mean free paths, ¢. and ¢,,, for the
electrons and phonons, respectively, are assumed to be much
larger than their respective wavelength. For electrons to be well-
defined quasiparticles, we require that £./Ar > 1, where Ap is
the Fermi wavelength. The limiting case £./Ar ~ 1 is called the
MIR limit, beyond which the material is dubbed a “bad metal”
(2). Analogously, for well-defined phonon excitations, we require
that ¢,, > max{a, Amin }, Where a is the lattice constant, and
vs/Amin(T) (vs is the sound velocity) is the highest acoustic
phonon frequency excited at temperature 7' (5, 6). If both con-
ditions are met, the thermal conductivity of the solid will be the
sum of the thermal conductivities of the electrons and phonons,
which can also be written as products of the respective diffusivi-
ties and specific heat capacities:

K = Ke + Kph = ceDe + Cpthh =cD. [2]

The last equality states that the measured thermal diffusivity is
a heat capacity-weighted average of the two diffusivities, and
C=Ce + Cph.

The consequences of Eq. 2 are well-shown in the case of both
good and disordered metals, even at temperatures of the order
of the Debye temperature. Table 1 gives examples of RT ther-
mal transport parameters for good metals (copper, gold, silver,
and tungsten), metals with large RT resistivity (mercury, con-
stantan, and Inconel), and several cuprates, which are known to
be bad metals at RT. In the case of good and disordered met-
als, ample data are available on identically prepared samples to
confirm that, at RT, the thermal conductivity x closely matches
the measured diffusivity times the measured specific heat (x* in
Table 1). Furthermore, when the electronic thermal conductivity
ke(Lo) is calculated from the resistivity using the Wiedemann—
Franz law (kp/ T = L) and the theoretical value of the Lorenz

5380 | www.pnas.org/cgi/doi/10.1073/pnas.1703416114

number Ly = 2.44 x 10~® W-Q/K?, the result is very close to the
measured thermal conductivity, yielding a measured L/ Lo ~ 1.

Unfortunately, not much data are available for the cuprates
where the diffusivity, specific heat, thermal conductivity, and
resistivity have all been measured on the same sample or at
least the same doping samples made with the same protocol.
For example, a-direction thermal conductivity on YBCOg,
was reported by Minami et al. (24), but for similar doping,
their crystals show much larger resistivity than measurements
done on crystals similar to our crystals (12). At the same time,
Inyushkin et al. (40) measured twinned crystals with similar dop-
ing levels, which are expected to yield a larger value as the
a- and b-directions average (50). We, therefore, base our esti-
mates on a range of thermal parameters values as found in the
literature.

Analyzing the available data for the cuprates, we first note
that here x~ k™, but now, > k.(Lo). At the same time, we
find it to be very close to and sometimes smaller than r,;,".
This minimum phonon thermal conductivity is calculated as
the product of the sound velocity, the lattice constant, and
the specific heat and amounts to setting ¢,, = a as discussed
above. It is a lower bound to the total thermal conductivity
of a system with well-defined quasiparticles regardless of elec-
tron participation (a complementary bound on x;,"™ using Amin
instead of a is discussed below). For good metals, ;" < &,
and L/Lo~1 is as expected from electron-dominated thermal
transport. Mercury at RT is a liquid with a relatively slow sound
velocity. Nevertheless, it shows similar behavior to the best
metallic elements with thermal transport dominated by elec-
trons. However, with increasing resistivity caused by disorder,
constantan and Inconel show a tendency to a decreased ther-
mal conductivity and an increasing Lorentz number. The bad
metal cuprates, however, show at RT nzn;’}f", with anoma-
lously large Lorentz number. These facts might raise doubts on
whether high-temperature thermal transport in cuprates has any
significant electronic contribution at all (cf. ref. 24) in appar-
ent tension with the electronic character noted in the previous
section.

Failure of the Quasiparticle Picture. Although at lower tempera-
tures, it is believed that quasiparticle excitations are well-defined
(8, 51), the situation must change close to the MIR limit. Indeed,
applying the conventional treatment to our diffusivity measure-
ments in the temperature range >150 K raises several prob-
lems that challenge the self-consistency of the quasiparticle
approach. Within a quasiparticle interpretation, x.(Lo) < &, and
therefore, we would conclude that the high-temperature ther-
mal transport is dominated by phonons. Even without assum-
ing quasiparticles, at high temperature, the phonon specific heat
is overwhelmingly large compared with that of the electrons
(23, 52). Thus, because the product of the specific heat and
our measured diffusivity yields the commonly measured ther-
mal conductivity, the naive conclusion is that phonons dom-
inate the high-temperature thermal transport, and we should
expect to measure k = ¢D = ¢, Dpi, = K1, However, even in this
phonon-dominated picture, we see that k=~ k", and there-
fore, ¢,, =~ a. Because RT is well below the Debye tempera-
ture for this material, it is appropriate to use a stricter bound

on k" associated with A, (instead of a). Assuming that
the highest-frequency phonon excited at RT is proportional to
temperature, the corresponding minimum phonon wavelength is
Amin ~ hvs /kp T. The sound velocities of a similar YBCOg.60
crystal have been measured, yielding v =6.0 x 10® and v =
6.5 x 10°m /s (41). Shear sound velocity may be a factor ~+/3
smaller, which does not change the following arguments.
Note that these velocities (along with the lattice constants)
would yield a much more isotropic diffusivity than the mea-
sured D. Assuming now 2D phonon transport, the “classical”
phonon diffusivity satisfies Dy, = vs£p;, /2, and thus, we estimate

Zhang et al.
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Table 1. RT thermal transport parameters for selected good metals, disordered metals, and cuprates
rk*=cD, ng’,f” ~ Cvsa, re(Lo),

Metals D, cm?/s ¢, Jiem3.K W/cm-K k, Wiem-K  p, p2-cm v, cm/s W/cm-K W/cm-K L/Ly 0p, K
Copper 1.15 3.45 3.97 3.98 1.67 3.56 0.044 4.4 0.91 310
Gold 1.28 2.5 3.2 3.15 2.24 3.25 0.033 3.3 0.96 185
Silver 1.61 2.47 4.0 4.27 1.59 3.6 0.036 4.6 0.95 220
Tungsten 0.68 2.56 1.74 1.78 5.65 5.25 0.042 1.3 1.27 315
Hg 0.043 1.88 0.081 0.084 96 1.45 0.0085 0.074 1.1 110
Constantan 0.064 3.65 0.23 0.21 49.9 5.2 0.07 0.15 1.32 390
Inconel 718 0.029 3.5 0.101 0.097 156 4.94 0.06 0.05 1.56 410
YBCOg ¢ (a-dir) 0.016-0.018 2.7 0.043-0.05 0.05-0.065 560-700 6.05 0.063 0.013 5.0-54 410
YBCOg 75 (a-dir) 0.018-0.02 2.7 0.05-0.054 0.047-0.068 430-500 6.05 0.063 0.017 4.1-5.0 410
LSCO (x = 0.13) 0.021 2.67 0.056 0.057 700 5.9 0.06 0.01 45-55 400
BSCCO:2,212 0.021 2.35 0.048 0.058 580-780 4.3 0.055 0.009 4.6-6.2 280

Comparison of RT thermal properties of good metals, disordered metals, and cuprates. LSCO data are for Laj g7Srg.13CuO4 (see Fig. S4). BSCCO data
are for optimally doped Bi;Sr,CaCu,0g as found in the literature. YBCOg go(a-dir) and YBCOg 75(a-dir) a-direction data are on single crystals from similar
doping, whereas diffusivity data are from this work. Discussions on x* = cD, n;",i" = cvslpp (with £, = a; a is the lattice constant), and ke(lo) =LoT/p are in
the text. (Table S2 provides the references from which the values in this table were obtained.)

Lo/ Amin = 2Dkp T /hv? ~0.6 <1 (for D, at RT), violating the
condition for well-defined phonon excitations. A similar analysis
was previously reported by Allen et al. (6) on BiaSroCaCusOg
single crystals, concluding that phonons are poorly defined in this
system. However, their treatment of the electronic contribution
relied on a standard application of the Wiedemann-Franz law,
which was subsequently shown by Zhang et al. (53) to fail around
RT. Finally, we note that (Table 1) the values of a-direction D
for the YBCOg., crystals are practically the same as the val-
ues for the more isotropic (in the Cu-O planes) cuprates. Similar
observations can be found for the resistivity of the cuprates (e.g.,
b-axes resistivities can be found in refs. 10 and 12). This fact must
indicate that the chain direction has an excess electronic conduc-
tion rather than a phononic one.

The phonon quasiparticle approach is, therefore, not con-
sistent. Likewise for the electrons, examination of the resistiv-
ity data for similar crystals at around RT yields ¢./Ar ~ 1 (10,
12). Beyond the short mean free paths, the phonon dominance
suggested by a quasiparticle interpretation is incompatible with
the fact that our measured diffusivity anisotropy is similar to
the electrical resistivity anisotropy and sensitive to the onset of
charge order at ~150 K. We are led to conclude that thermal
transport has strong electronic in addition to phononic char-
acter, with no simple way to separate them, especially in view
of the typically very strong electron—phonon interaction in the
cuprates (9).

The Case for an Incoherent Electron-Phonon Soup. We are, there-
fore, led to propose a nonstandard approach to transport in
strongly interacting systems where neither elementary excitations
are well-defined. Without quasiparticles, including the absence
of emergent well-defined electronic excitations (e.g., collective
modes related to a possible symmetry breaking or dressed coher-
ent excitations, such as polarons and bipolarons), the mean
free path has no meaning. However, microscopic relaxation
timescales can still be defined. Following ref. 7, we conjec-
ture that all microscopic dfs, electronic or phononic, saturate a
(momentum nonconserving) relaxation bound, leading to over-
damped diffusive transport with quantum thermal timescales
7o h/kp T. The resulting diffusion coefficient is connected to
the thermal timescale through a (temperature-dependent) effec-
tive velocity, v (T), such that
1 2 h

D = B UB(T) kB T
where the factor of 2 represents the quasi-2D diffusion in the
Cu-O planes. This approach suggests that, in the strongly
coupled, high-temperature limit, the electron—phonon system
behaves as a composite, strongly correlated soup with an effec-

[3]
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tive velocity vg. This velocity is expected to be between the faster
Fermi velocity of the electrons and the much slower sound veloc-
ity of the phonons: v; < vp < vF.

To obtain an estimate of vp, we may attempt to extrapolate the
expression for the thermal conductivity from the regime where
quasiparticles are well-defined and Eq. 2 holds

k=cD = c (%vfﬂn) + Cph (%vaph) [4]

to the new strongly coupled regime. Assuming a smooth inter-
polation between the two regimes, we bound the electron and
phonon relaxation times in the above equation by

D' [s/cm?]

D' [s/cm?]

50 100 150 200 250 300

Fig. 3. Inverse diffusivity along the a (blue circles) and b axes (red circles)
for both materials. The solid lines are fits to Eq. 6.
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where oy, and a. are numerical constants of order unity. The
resulting expression for the diffusivity is

[5]

Te = Qe

h Ce Cph
= 2% T (O‘e?vg +°‘“%”‘2)' 6]

Eq. 6 now has the form Eq. 3 with vg = 75(T), where
@B(T)2:aec—;v;+aph%vf, [7]1

which clearly satisfies the condition vs < 75 < vr. (We note that,
in the expression for the thermal conductivity, only the heat
capacity associated with the modes that propagate in the mea-
sured direction and carry entropy should be included. However,
this difference may only change the expression by a factor of
order unity.) More generally, one would like to identify vz with
a universally defined nonquasiparticle velocity. It has been noted
(54) that, in some nonquasiparticle systems, it is the “butterfly
velocity” (55, 56) that appears in the diffusivity equation (Eq. 3).

Fig. 3 shows the temperature dependence of D~ with the fit
to Eq. 6 above 150 K, where we are free of the interference with
the onset of charge order (27, 28). Using the known temperature-
dependent total heat capacity (23) and electronic specific heat
(57) (at RT, cpn ~ ¢, whereas c. ~0.014¢) and assuming in-plane
Fermi velocity found, for example, in angle-resolved photoemis-
sion spectroscopy measurements vp ~2.15 x 107 cm/s (58), we
find (e.g., for YBCOg.75) that, in the Cu-O planes, the prefactor
0. ~0.25+0.02 and o, =~ 1.6440.09, whereas along the chains,
e ~0.53 £ 0.02 and o, =~ 2.8 £ 0.2. Hence, the temperature-
dependent microscopic velocity v, defined in Eq. 7, exhibits sig-
nificant character of both electrons and phonons, with similar
coefficients of order unity and velocity vs < vp < vp. The small
errors associated with the coefficients (SI Materials and Methods,
Table S1 has a description of the photothermal microscope and
its modes of operation) signal the robustness of the fit, whereas
the independently measured temperature dependences of c. and
cpn are responsible for the curvature away from D ' oc T in
Fig. 3. Furthermore, signatures of an electron—phonon soup are
seen in the behavior of the electrical resistivity, which is not
exactly 7 linear over our temperature range. Comparing our dif-
fusivity data with existing electrical resistivity measurements (10,
12) shows that, in the bad metal regime, dp/dT oc d(D~')/dT,
implying that the sound speed contributes to the electrical
resistivity.

The above analysis yields a nonstandard transport mechanism
for strongly interacting systems that exceed the quasiparticle
mean free path limit. Thermal transport proceeds by collective
diffusion of a composite electron—phonon soup, which is dis-
tinct from any system exhibiting well-defined electron—phonon
quasiparticles, such as polarons or bipolarons (13, 14). Entropy
diffusion is characterized by thermal timescales and a unique
velocity. Consequently, commonly used electronic transport
characteristics, such as, for example, the Wiedemann-Franz law,
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are not well-defined in this regime. In the YBCO cuprates, this
scenario seems to persist down to the charge order tempera-
tures, below which electrons presumably start to regain their
quasiparticle character and hence, decouple from the electron—
phonon soup. Obviously, a main ingredient of this scenario is
the strong electron—phonon interaction, which in turn, may have
some impact on the high 7. found in the cuprates.

Conclusions. In conclusion, we have shown that the underdoped
YBa>CusOg-, system above the charge order transition exhibits
anomalous thermal transport. Neither the phonons nor the
electrons are well-defined quasiparticles, whereas their strong
mutual interactions cause both to saturate the relaxation time-
scale at ~h/kp T. This state results in a unique type of heat
transport carried by an incoherent composite fluid, which we dub
the electron—-phonon soup, characterized by an effective veloc-
ity vs < vp < vp. We suggest that such behavior is ubiquitous in
strongly interacting complex systems at high temperatures and
thus, propose that it may explain much of the anomalous trans-
port in “bad metallic” systems [e.g., cataloged by Bruin et al. (17)
and discussed in terms of spectral weight transfer in refs. 3, 4, and
59]. Additional diffusivity measurements on these systems may
test this proposal.

Materials and Methods

Samples. YBa,Cu3Og,, single crystals were grown in nonreactive BaZrOs;
crucibles using a self-flux technique (60), with the Cu-O chains oxygen con-
tent accurately determined as described in ref. 61. The crystals used in our
experiments were detwinned. No twinning domains can be observed on the
surface of the YBCOg g0 sSample, and sparse thin strips of remnant domains
can be seen on the YBCOg 75, which was experimentally measured to have
no effect on the measured diffusivity.

Diffusivity Measurements. For the high-resolution thermal diffusivity mea-
surements, we use a home-built photothermal microscope (62, 63) described
in detail in SI Materials and Methods (SI Materials and Methods has a
description of the photothermal microscope and its modes of operation).
The output power of a heating laser is modulated sinusoidally at a
frequency w ~ 1-50 kHz, much smaller than typical electronic equilibration
time (64), whereas a second laser measures the differential reflectivity at a
fixed distance (r) from it. The diffusivity D is obtained by fitting the thermal
phase delay ¢ between the source and the response signals as a function of
frequency w: D = wr?/2¢? (see, e.g., Fig. $3). Frequency sweeps at different
distances yield consistent diffusivity values, verifying the heat propagation
model that we used (S/ Materials and Methods has details and a description
of the photothermal microscope and its modes of operation).

Fits to Data. We use Eq. 6 to fit the thermal diffusivity data. Literature values
are used for the total specific heat (23), electronic specific heat (57), Fermi
velocity (58), and sound velocities (41, 65).
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