aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Thermal diffusivity above the Mott-loffe-Regel limit
Jiecheng Zhang, Erik D. Kountz, Eli M. Levenson-Falk, Dongjoon Song, Richard L. Greene,

and Aharon Kapitulnik
Phys. Rev. B 100, 241114 — Published 24 December 2019
DOI: 10.1103/PhysRevB.100.241114


http://dx.doi.org/10.1103/PhysRevB.100.241114

Thermal Diffusivity Above the Mott-Ioffe-Regel Limit

Jiecheng Zhang, 2 * Erik D. Kountz,"»? Eli M. Levenson-Falk,?
Dongjoon Song,* Richard L. Greene,”® and Aharon Kapitulnik! 27

! Department of Physics, Stanford University, Stanford, CA 94305, USA.
2 Geballe Laboratory for Advanced Materials, Stanford University, Stanford, CA 94305, USA.
3 Department of Physics, University of Southern California, Los Angeles, CA 90089, USA.

4 Center for Correlated Electron Systems, Institute for Basic Science (IBS), Seoul 08826, Republic of Korea
5 Center for Nanophysics & Advanced Materials, University of Maryland, College Park, Maryland 20742, USA.
S Department of Physics, University of Maryland, College Park, Maryland 20742, USA.
"Department of Applied Physics, Stanford University, Stanford, CA 94305, USA.

(Dated: December 3, 2019)

We present high-resolution thermal diffusivity measurements on several near optimally doped
electron- and hole-doped cuprate systems in a temperature range that passes through the Mott-
Toffe-Regel limit, above which the quasiparticle picture fails. Our primary observations are that the
inverse thermal diffusivity is linear in temperature and can be fitted to Dél = aT + b. The slope
a is interpreted through the Planckian relaxation time 7 = h/kpT and a thermal diffusion velocity
vp, which is close, but larger than the sound velocity. The intercept b represent a crossover diffusion
constant that separates coherent from incoherent quasiparticles. These observations suggest that
both phonons and electrons participate in the thermal transport, while reaching the Planckian limit

for relaxation time.

The standard paradigm for transport in Fermi-liquid
metals relies on the existence of well-defined quasiparti-
cles. Transport coefficients such as electrical and thermal
conductivities can then be calculated using Boltzmann
theory, where the electrons are treated semiclassically
[1]. However, such an approach fails when the quasi-
particle mean free path becomes comparable to its de
Broglie wavelengths. Beyond this so-called Mott-Ioffe-
Regel (MIR) limit [2], the material is dubbed a “bad
metal” [3], and transport becomes “incoherent,” as the
notion of momentum eigenstate quasiparticles fails. A
new theoretical framework is needed to describe this
regime, while new experiments, complementary to the
extensively studied electrical resistivity, are needed to
provide an additional perspective on the problem.

In the absence of a microscopic transport theory, one
may still use thermodynamics supplemented by conti-
nuity equations for the charge and energy as conserved
quantities. In the absence of thermoelectric effects, this
approach leads to Einstein relations for the electrical
conductivity ¢ = xD. and the thermal conductivity
k = cDg, which are expected to hold regardless of the
presence of quasiparticles. Here, x = e?(dn/du) is the
charge susceptibility and is proportional to the density of
states, c is the specific heat, and D, and D¢ are charge
and thermal diffusivity, respectively. It is therefore inter-
esting to explore transport in a non-quasiparticle regime
by studying the diffusivities directly. Indeed, in recent
studies diffusivity was singled out as a key observable for
incoherent non-quasiparticle transport, possibly subject
to fundamental quantum mechanical bounds [4], particu-
larly a minimum “Planckian” relaxation time 7 ~ i/kgT
[5], which leads to the iconic linear resistivity that per-
sists beyond the MIR limit. Such a behavior has been ob-

served in numerous resistivity measurements on strongly
correlated materials including the hole-doped [6] and
electron-doped [7] cuprate superconductors. However, no
sufficient studies have been performed for thermal trans-
port in these materials, despite evidence from early stud-
ies by Allen et al. [8], and more recent data from Zhang
et al. [9], suggesting that thermal transport in the high-
temperature regime of the strongly correlated cuprate
superconductors must involve incoherent electrons and
phonons.

In this letter we report new high-resolution thermal
diffusivity measurements on single crystals of nearly op-
timally doped electron doped cuprates Sms_,Ce,CuQOy4
(SCCO), Nds_,Ce,CuO4 (NCCO), Pry_,Ce,CuOy
(PCCO), and near optimally doped BizSroCaCusOg
(BSCCO) in the temperature range of 100 to 600K. These
material exceed the MIR limit in resistivity [2] above
~250 to 300 K [7]. Unlike the hole doped cuprates, the
electron doped cuprates do not lose oxygen upon heating
and thus can be studied to relatively high temperatures.
In addition, comparing “as grown” with “annealed” sam-
ples allow for comparison of disorder effects on the high
temperature thermal transport. Our primary observa-
tion is that for all samples we measured the inverse dif-
fusivity is linear in temperature, and can be fitted to

Dél(T):aTer:( 2 )_1+D0_1, (1)
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The slope a is interpreted as a result of the product
of a diffusion velocity vg, a Planckian relaxation time
T ~ h/kgT, and an order-unity constant «. The con-
stant b = Dy ! represents a quantum-diffusion constant
separating incoherent transport from a regime with well-
defined quasiparticles, and will be discussed further be-
low. In the absence of an exact theoretical guidance we



set a = 1, and estimate v to be about twice to three
times the sound velocity in that material. Comparison to
literature data for diffusivity of undoped or lightly doped
insulators of similar materials, we observe that b = 0
and the extracted velocity is close to the sound veloc-
ity of the respective material. These observations unam-
biguously establish the substantial participation of elec-
trons in the thermal transport and suggest that also the
phonons reach the Planckian limit for relaxation time.

See Supplemental Material [10] (see, also, references
[11, 12]) for samples preparation methods. For the high
resolution thermal diffusivity measurements we use a
photo-thermal microscope previously used in ref. [9], and
described in details in the Supplemental Material section
[10]. Using this apparatus, the thermal diffusivity is ob-
tained directly, without the need to measure the thermal
conductivity and specific heat separately. An advantage
of this apparatus, exploited in our previous study of un-
derdoped YBCO, is the ability to measure the full in-
plane anisotropy of the thermal diffusivity by orienting
the pair of laser spots at any orientation with respect to
the crystal axes. The mobility in the optics is further
used for diagnostics of spatial uniformity of the thermal
diffusivity values. Electrical resistivity was measured in
the ab-plane on some of the samples for comparison.

The stability of oxygen in the electron-doped cuprates
allow for measurements up to 600K. The ab-plane ther-
mal diffusivities of two single crystal Smi g4Ce.16CuQy,
two Ndj g5Ceg.15CuOy4, an as grown and an annealed
sample for each material, and a Pry g7Cep.13CuQy4 an-
nealed sample were measured from 100-350K(SCCO as
grown) and 100-600K(all others). Thermal diffusivity of
BSCCO was only measured to ~ 420 K, above which the
crystal loses oxygen in vacuum. Examples of our diffu-
sivity results are shown in Fig. 1, where the rest of the
data is shown in the Supplemental Material[10]. These
ranges of temperature capture the behavior below and
above the resistive MIR limit. To appreciate the quality
of the data, we refer to the Supplemental Material [10],
which shows a typical frequency response of the phase
shift from which we determine the value of Dg. The sin-
gle coefficient fit means that for time scales of (20kHz) !
to (200Hz)~! Dg is unique, indicating thermal transport
of a uniform “fluid”. We emphasize that all data pre-
sented in this paper show similar behavior.

We first note that above ~ 200K, the thermal diffusiv-
ities of all these materials are very low, indicating that
in addition to being bad electrical conductors, they are
also bad thermal conductors, similar to complex insu-
lators such as perovskites [13]. An initial estimate of
the electronic contribution to the thermal conductivity
based on resistivity measurements and the Wiedemann-
Franz law suggests that electrons contribute only about
10% to 20% of the total thermal transport in the rele-
vant temperature range (see e.g. [8, 14]). Thus, assum-
ing thermal diffusivity that is dominated by phonons, we
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FIG. 1. Examples for thermal diffusivity in the ab-plane
measured as function of temperature using the optical setup.
a) Ndi.85Ceo.15CuOy4 annealed, and b) Optimally doped
Bi2Sr2CeCusOg4o with T, = 92K. Statistical error is smaller
than the data points. A systematic error of ~ 5% is estimated
as a result of calibration of the optical paths, and the finite
size of the focused laser spots.

can estimate a thermal phonon mean-free-path Egh from
the measured thermal diffusivity D¢g using the speed of
sound wvs as a typical phonon velocity: Dg ~ vsfgh. Fol-
lowing similar estimates for complex insulators [13], we
use compressional sound velocity [15], with the rational
that much of the heat is transported by the longitudi-
nal acoustic LA mode, since it involves excursions of
atoms along the direction of heat propagation. We es-
timate at room temperature 681(2951() ~6A  for the

electron doped cuprates, E%h(Q%K ) ~5A  for near op-

timally doped BisSroCaCuQOg, and Eth(295K) ~3A for
underdoped YBasCu3Og,[9]. All these estimates yield
mean free paths that are of order of the lattice constant
(~ 4A), which lead us to conclude that phonons are very
strongly damped, with many modes poorly defined in this
temperature range. Furthermore, the fact that the “as
grown” and “annealed” samples show similar results sug-
gest that disorder does not play a major role in the ther-
mal transport in this high temperature regime. In fact,
similar conclusion was already reached by Allen et al. [8]
in their study of thermal conductivity in the hole-doped
BisSraCaCuyOg and insulating BisSro YCusOg cuprates.
Moreover, a recent comprehensive study of LA acoustic
branch corresponding to the compressional sound veloc-
ity in BSCCO crystals (vs &~ 4.37x10° cm/s) show strong
deviation from a simple harmonic mode, accompanied by
interaction with optical modes already at 240K [16]. A
more detailed comparison of the length scales is given in
the Supplemental Material [10].

Another notable feature of the data is that the inverse
thermal diffusivities Dél(T ) at high temperatures are
linear in T'. Fig. 2 shows the same data of Fig. 1 plotted
as inverse diffusivity, together with a high temperature
fit to the form in Eqn. 1. For comparison, we also show
resistance measurements on the NCCO and BSCCO sam-
ples in the same temperature range, where, as was pre-
viously established, they cross the MIR limit. These ob-
servations further support our previous assumption that
underdoped YBCO crystals would have reached a sim-
ilar linear dependence if they could be measured above



room temperatures (the temperature range was limited
to below room temperature to assure the same crystal
structure and oxygen ordering and doping [17]). Thus,
for comparison we also show in Fig. 2 our previously pub-
lished data on underdoped YBCO crystals [9], together
with a high temperature linear fit asymptote. Unique to
this system was the similar behavior of the inverse dif-
fusivity and the resistivity anisotropies, which was taken
as a proof that both phonons and electrons participate in
entropy transport above the MIR limit, possibly moving
as a “soup” of overdamped electron-phonon fluid.
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FIG. 2. Inverse thermal diffusivity Dél (T') as function of tem-
perature of optimal electron doped NCCO, SCCO, PCCO,
optimal hole doped BSCCO crystal, and two underdoped
YBCO crystals from [9]. Solid lines show linear fit in the
form Dél = aT + b to the data above 300K for electron
doped cuprates, above 250K for BSCCO, and above 200K for
YBCOs. Dotted lines show the same fit extended to lower
temperatures. Insets in a) b) f) show 4-terminal resistance
measured on the same crystals in arbitrary units.

A T7! temperature dependence of the phonon relax-
ation time is ubiquitous in highly crystalline insulators
(silicon, sapphire, etc.) at very high temperatures, tra-
ditionally explained as a consequence of umklapp scat-
tering of phonons with a scattering rate that decreases
as Op/T [18], often commencing well below the Debye
temperature [19]. However, in the presence of impuri-

ties or other forms of disorder that limit the mean free
path, notably in glasses, as the temperature increases
the thermal conductivity either saturates or weakly in-
creases, approaching the pure crystals’ high temperature
limit (i.e. umklapp limit) from below [20, 21]. In most of
these cases umklapp scattering alone is unlikely to be suf-
ficiently strong to account for the observed small mean-
free path [22, 23]. Other relaxation channels, such as
higher order phonon scattering and in particular scat-
tering of acoustic phonons by interaction with optical
phonons may dominate the thermal transport, particu-
larly in complex material systems. In the presence of
electrons, phonon-electron scattering rate may be the
dominating high-temperature cause of the observed short
phonon mean free path (see e.g. [22, 24]).

Relevant to the present study are complex insulators
similar in structure to the cuprates, which typically ex-
hibit low thermal conductivity, attributed to their com-
plex structure and a variety of local disorder effects. For
example, perovskites exhibit tilting of octahedra, distor-
tions of octahedra sites, disorder of the cation inside the
octahedra, and when doped, anti-site disorder [13, 23].
A recent study of insulating oxide perovskites at ele-
vated temperatures [13] revealed inverse thermal diffu-
sivity where (" < g, that is dominated by a T-linear
term. More recently, Martelli et al. [25] published de-
tailed study of thermal transport in SrTiOg, where at
high temperatures a Dél o T behavior was observed,
and the prefactor was set by the sound velocity and
Planckian relaxation time 7 ~ hi/kpT [26]. Behnia and
Kapitulnik [27] further examined results on many simi-
lar complex systems ranging from high symmetry cubic
systems to glasses, and found similarly that the thermal
diffusion constant is bound by the square of sound veloc-
ity times the Planckian relaxation time.

The above discussion motivates us to interpret the ob-
served Dél(T) = aT + b behavior in a similar way to
the complex insulators. Apart from the constant, “b”,
the thermal diffusion is characterized by a velocity vg, a
Planckian relaxation rate 7 ~ h/kpT and an order-unity
constant «, which depends on the dimensionality of the
system and the precise coefficient in the expression of 7.
The intercept, D ! which is the extrapolated T — 0
limit of Dél(T), will be interpreted below as a quan-
tum diffusion constant that separates the coherent from
incoherent regimes of the electronic part of the thermal
transport. This constant is zero for insulators (see e.g.
[25]), which further demonstrate the fact that it is an
incoherent current of both, electrons and phonons that
transport entropy in the high temperature regime.

Since a prefactor for a Plankian relaxation time has
not been rigorously calculated for these systems, choos-
ing an appropriate « is somewhat arbitrary. A reason-
able choice would be to take o = 2.0, which is based on
a direct comparison with similar (non-magnetic) insula-
tors where the sound velocity is the only relevant velocity



(further discussion on the choice of « is given in the Sup-
plemental Material [10] (see, also, reference [28])). The
results for the diffusion velocity, vp for the different ma-
terials are given in Table I. For comparison we also show
the respective speed of sound vy and Fermi velocity vp
for each of these material systems. Note that the fitted
vp are very similar in magnitude, indicating very simi-
lar slope of Dél in the T-linear regime. Also note that
a more common choice of @ = 1 [4] will yield an even
larger vp.

TABLE I. Effective thermal diffusion velocity vgp and effec-
tive diffusion mass mp (in terms of free electron mass m.)
extracted from the fitting form Eq. 1 of measured thermal
diffusivity using o = 2.0 (see text and Supplemental Material
[10]). Here “(n)” denotes “annealed” and “(g)” denotes “as
grown”. For YBCO, “(a)” denotes a-axis and “(b)” denotes
the chain b-axis. We also list the experimentally determined
speed of sound v, [15, 29] and Fermi velocities vp[30-32].

Vs vp(a = 2.0) VE mp

sample [10°cm/s]| [10%°cm/s] |[107cm/s]|[m,]
NCCOo,15(g) 7.0 1.2 2.5 4.0
NCCOo.15(n)| 7.0 113 55 |26
SCCOo.16(g) 5.9 1.2 2.0 5.2
SCCOQ,lﬁ(D) 5.9 1.06 2.0 5.0
PCCOo13(g)| 6.25 1.3 91 |46
BSCCO 4.37 1.2 24 12
YBCOg75(a)|  6.05 0.8 225 |53
YBCOs75(b)| 65 1.06 — (22
YBCOs.00(a)| 6.05 0.7 21 |68
YBCOg.00(b)| 6.5 1.0 — 33

We now turn to the residual diffusion constant Dy.
Since this T — 0 intercept of the inverse diffusivity is
observed only for the doped systems with appreciable
carrier density, we conclude that this term is a conse-
quence of the electronic contribution to the thermal dif-
fusivity. However, since this term is extracted from above
the MIR limit, where quasiparticles are not well defined,
it will not make sense to interpret this term as a true
zero-temperature limit obeying Matthiessen’s rule. This
empirical rule relies on coherent quasiparticles and its ex-
trapolation to zero-temperature yields the impurity scat-
tering. However, in the spirit of this rule, where the full
scattering rate of quasiparticle is the sum of all scattering
rates, we can interpret the constant b = Dy ' as a limit-
ing rate for incoherent quasiparticles. This then must be
the quantum of diffusion at the MIR limit, where we sub-
stitute kgl = 1 into Dyr = %UFZ, yielding Dg = %th,
where mp is an effective mass associated with the diffu-
sion process. This term also describes the limiting rate of
spread of a wavepacket of momentum-state quasiparticles
of mass mp in time (see e.g. [33]), which should cease to
be applied above the MIR limit. For example, effective
mass extracted from quantum oscillations measurements
on NCCO with Ce doping z = 0.15 yielded m* ~ 3m,
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[34], while the effective mass extracted from specific heat
and Raman measurements on a similar Pro_,Ce,CuOy4
(PCCO), with Ce x = 0.15 is in the same range [35, 36].
On the other hand, single particle mass enhancement ex-
tracted from optical conductivity data on PCCO and
NCCO with similar doping, and at room temperature,
yielded m* &~ 6m,. [37]. For BSCCO2212 OP, m* is es-
timated from specific heat to be 8.4 + 1.6m.[38], while
for YBCOg_ g0 optical conductivity[39] and quantum os-
cillation was [40] found m* ~ 2 — 3m,.. While these
m™ values have been extracted in different temperature
regimes, and using different techniques, they all seem to
be quite similar to mp, which further support our con-
jecture about Dy.

Finally we briefly discuss the resistivity above the MIR
limit. As we observe from the insets in Fig. 2, as well
as previous studies on similar material systems [7, 41],
the resistivity of the electron-doped cuprates behaves as
p o< TY, with y > 1. The case of T? resistivity has been
discussed in detail recently [42], pointing out that a T
behavior at high temperatures is inconsistent with the
standard Fermi liquid theory without hydrodynamic ef-
fects. Assuming in the limit where all relaxation times
are bounded by ~ h/kpT, thermal and charge diffusivi-
ties are expected to be equal, which, by using the Einstein
relations, implies that the electronic susceptibility obeys

X = (pDe) ™" & (pDg) ™" oc TH7Y (2)

While such estimation is in not an exact quantitative
prediction, the decrease in x as T increases is qualita-
tively consistent with the loss of carrier density at high
temperature, which could be one interpretation of op-
tical conductivity measurements in both hole-doped and
electron-doped cuprates[43, 44]. Recent theoretical argu-
ments for possible reduced electron susceptibility at high
temperatures were discussed by Perepelitsky et al. [45]
in their high-temperature expansion studies of the Hub-
bard model, and by Werman et al. [46], for a specific
model with strong electron-phonon interaction.

On the other hand, the near optimally-doped
BiySryCeCusOg displays T-linear resistivity with typical
slope found in many hole-doped cuprates (see e.g. [47]) ,
thus allow for a direct comparison of Dg and D,. In par-
ticular we are interested in the velocity that controls the
two diffusion constants above the MIR limit where the re-
laxation time reaches the Planckian limit. While for ther-
mal diffusion we obtained a velocity vp =~ 1.7 x 105cm/s,
the slope of the resistivity yields v, =~ vp, that is, the
charge diffusivity seems to be controlled by the Fermi
velocity as is also evident from the data of Bruin et al.
[47]. Note that here we assume a constant charge sus-
ceptibility x. We believe that this result is particularly
important for any attempt to construct a complete de-
scription of transport above the MIR limit as we show
that the two processes, thermal and charge transports



can be governed by the same Planckian relaxation time
but different velocities.
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