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Resistivity saturation in an electron-doped cuprate
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We report the observation of resistivity saturation in lightly doped (x = 0.08) as-grown samples of the
electron-doped cuprate La,_,Ce,CuQ,. The saturation occurs at resistivity values roughly consistent with the
phenomenological Mott-Ioffe-Regel criterion once the low effective carrier density of these materials is included
in the analysis. These results imply that, at least for light doping, the high-temperature metallic phase of these
materials is not necessarily strange and may be understood as simply a low-density metal.
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The semiclassical Drude-Boltzmann theory of transport, a
kinetic theory of electronic states with well-defined momenta
(“‘quasiparticles”) undergoing collisions, is spectacularly suc-
cessful in describing the transport properties of conventional
metals [1]. At low temperatures, transport is limited by impu-
rity scattering, and at higher temperatures, phonon scattering
dominates. However, as was originally pointed out by Ioffe
and Regel in 1960 [2], the notion of a quasiparticle breaks
down when the mean free path ¢, the average distance a
quasiparticle travels before suffering a collision, becomes
comparable to the lattice constant a. Several years later, Mott
[3] reinterpreted this fact to propose a “minimal metallic
conductivity” associated with the lower bound on the mean
free path, £ = a. Since the resistivity increases with increasing
temperature in metals, often linearly because of the equiparti-
tion properties of phonon occupancy, the resistivity (mean free
path) can be large (small) at high temperatures approaching
this “minimal metallic” limit.

This bound on the validity of semiclassical quasiparticle
transport, now called the Mott-Ioffe-Regel (MIR) limit, is of-
ten stated in the contemporary literature in a slightly different
way than the original bound ¢ 2 a. One instead argues that
the quasiparticle concept breaks down when the mean free
path becomes shorter than the wavelength of the electronic
state A = 27 /kp, leading to the alternate statements of the
bound kp¢ 2 1 or kg€ 2 2. In usual metals, a and A happen
to be almost equal fortuitously, but in low-density systems
A > a, and the appropriate MIR criterion is kp€ ~ 1, which
is the MIR criterion most commonly used in the literature [4].
Typically, the longer of the two length scales, A or a, enters the
phenomenological MIR criterion providing a lower saturation
resistivity scale.

When the mean free path saturates this bound, i.e., when
krf = 1, one can estimate the corresponding upper bound on
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the resistivity p(7) by using the Drude formula,

2
= (1)
e kF
where we have assumed a three-dimensional spherical Fermi
surface so that kp = (3w%n)'/3, with n the effective carrier
density of the system. For a typical metal with n ~ 10%* cm ™3,
this upper limit is pyr =~ 150 n2cm and for resistivities
approaching this limit, quasiparticles become ill defined as the
mean free path becomes shorter than the Fermi wavelength.

For most “good” metals, e.g., copper where p(300 K) ~
1 u2cm, this limit is irrelevant as the temperatures needed
to reach pyr far exceed the material’s melting point. The
MIR limit is never reached in any normal metal where the
resistivity increases linearly, but remains more than an or-
der of magnitude below pyir. There are, however, highly
resistive materials, such as alloys [5] and A15 compounds
[6], which manifest “resistivity saturation,” wherein the high-
temperature p(7) plateaus at a constant value close to
the predicted MIR limit ppr & 150 u2cm [7-10]. Sub-
sequently, high-temperature resistivity saturation has also
been observed in several correlated systems, including heavy
fermion compounds [11-13] and, recently, iron-pnictide
superconductors [14]. Although the precise mechanism under-
lying resistivity saturation has not been decisively established,
it is generally accepted that normal Fermi-liquid-type metals
should not manifest a resistivity larger than pyr even if the
resistivity below this limit increases linearly with tempera-
ture as happens in most metals due to phonon scattering.
The qualitative reasoning is that the MIR limit implies suffi-
ciently strong scattering to invalidate the existence of a Fermi
surface and the associated Landau Fermi-liquid picture. We
note an important point often ignored in this context: The
original MIR limit for metallic transport was purely a 7 = 0
statement on how large a zero-temperature metallic resistivity
could be (~150 €2 cm in usual elemental metals) before the
system undergoes disorder-driven strong localization so that
the Drude-Boltzmann transport theory may no longer apply,
but its uncritical application in describing finite-temperature
resistivity bounds is an uncontrolled assumption without a
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real theoretical justification. For normal metals, it makes little
difference since the Fermi temperature (~10* K) is very high,
but in low-density metals of interest in the current work with
rather low Fermi temperatures (~10° K), the use of Eq. (1)
is questionable. In fact, if the dominant room-temperature
resistive scattering mechanism is phonon scattering, as it most
certainly is in most, if not all, metallic systems, the use of
Eq. (1) in discussing resistivity saturation is somewhat prob-
lematic, although universally done.

In marked contrast, resistivity measurements of the cuprate
high-temperature superconductors often find nonsaturating
resistivities at high temperatures, and attaining values as
high as 1 m{2cm or above. Specifically, a maximum value
of p(600 K) ~ 0.6 mQ cm was found in Biy{Sry_,CuOg.;
(Bi2201) [15]; p(1000 K) ~ 0.9 mQcm in La,_Sr,CuOy4
(LSCO) with x = 0.15 [16]; and p(900 K) ~ 1.1 mQ2 cm in
YBa,CuysOg (YBCO) [17]. Since these values are all greatly
in excess of pyr ~ 150 u€2 cm predicted for usual metals,
these results are often taken as evidence that the cuprates
violate the MIR limit, and consequently the high-temperature
highly resistive metallic phase of the cuprates is a “bad metal”
[18] that does not admit a quasiparticle description. The tacit
assumption here is that cuprates in their normal phase remain
metallic even when the transport mean free path might be, as
inferred from the very high resistivity, shorter than the putative
Fermi wavelength.

Moreover, the resistivity of these materials exhibits a
much-discussed linear temperature dependence, p o« T with
a single slope that is unchanged from the superconducting
critical temperature 7, to the highest measured temperatures,
as beautifully demonstrated in Bi2201 [15], as well as LSCO
and YBCO [16,17]. Of course, most normal metals also man-
ifest a well-understood phonon scattering-induced linear-in-T
resistivity for T > 50 K, and therefore it is unclear that a
such a linearity itself is necessarily a strange property. Two
arguments are often made based on the continuity of p(7T')
over such a wide temperature range: first, that the linear-
in-T resistivity cannot be due to electron-phonon scattering
(as occurring in conventional metals [1]) since it sometimes
extends down to low temperatures; and second, that the lack
of any discernible change in the behavior of p(7) across the
MIR limit suggests that the “nonquasiparticle” nature of the
high-temperature phase could persist down to temperatures
of order T;, with potential implications for the nature of the
metallic ground state and superconducting pairing in these
materials [18]. The first of these arguments is addressed at
length by one of the authors in Ref. [19], and in this work we
remain agnostic about the underlying scattering mechanism in
the system, while the second establishes the importance of the
question of whether or not the cuprates violate the MIR limit.
In the current work, we focus on this important issue of bad
metallic behavior with respect to the MIR limit in cuprates.

Having briefly reviewed the literature of this field and its
typical interpretation, we now make the somewhat contro-
versial claim that the experiments described above, with the
measured resistivities as high as 1 m€2 cm, do not constitute
prima facie evidence that the cuprates violate the MIR limit.
This is based on the simple observation that ppr is strongly
dependent on the effective carrier density, as seen in Eq. (1)
which explicitly involves kr, in conjunction with the fact

that cuprates are low carrier density systems (i.e., they have
small Fermi surfaces) where n ~ 102! cm~3. Based on these
considerations, one finds that the typically quoted value of
oMmR ~ 150 12 cm for normal metals (with # ~ 10> cm™3)
is inappropriate for the cuprates; rather, a rough estimate using
Eq. (1) yields pyr ~ 1-10 mQ cm. In fact, measurements
of lightly doped LSCO with x = 0.04-0.08 exhibit tenden-
cies toward saturation, with p(1000 K) ~ 2-8 mS2 cm, but
because these values greatly exceed 150 pu€2cm this near
saturation was attributed to an unknown mechanism beyond
the MIR limit [16,20].

The largest nonsaturating resistivites measured in
Refs. [15-17] only reach the lower limit of this window,
and hence are not “smoking gun” evidence of MIR violation.
Thus, the question of whether or not the cuprates violate the
MIR limit is a nontrivial question which, in our view, has yet
to be definitively answered.

In this work, we aim to access MIR physics by capi-
talizing on the fact that it is pyr which is fundamental,
not the temperature at which saturation occurs. In particular,
by studying samples with large resistivities one may forego
the elevated temperatures which inevitably lead to sample
degradation through oxygen loss and other materials science
problems. To this end, we study as-grown (unannealed) sam-
ples of the electron-doped cuprate La,_,Ce,CuO4 (LCCO) at
the low doping x = 0.08. This enables us to approach very
high (>1 mQ cm) resistivities at easily experimentally acces-
sible temperatures (~400 K) without any sample degradation
complications.

The undoped parent compound La,CuQy is an antiferro-
magnetic correlated insulator which becomes superconduct-
ing with cerium doping at x = 0.07 [21-23]. The samples
studied in this work are thin films of LCCO (/150 nm thick)
epitaxially grown on SrTiO;3 substrates using the pulsed laser
deposition technique (see Ref. [24] for details) and cooled in
oxygen (~1 Torr) after growth.

By studying unannealed (nonsuperconducting) films, we
can achieve room-temperature resistivities ~1 mS2cm. The
ab-plane resistivity was measured as a function of temperature
from 50 to 400 K for a dozen as-grown samples using a
Quantum Design Physical Properties Measurement System.
The resistance of these samples is ~300 2 which is well
below the resistance and power limits of the instrumentation.
Repeated measurements show that sample degradation is not
a major concern and the measured resistivity is reproducible
below 400 K, the temperature regime of interest for this study.

Representative data for two samples are shown in Fig. 1.
The notable feature of these data, and the main finding of this
work, is that the resistivity does indeed saturate at ~3 mS2 cm.
In fact, saturation (or near saturation) is observed for all
measured samples. We note that the value pgy at which the sat-
uration occurs is substantially larger than the (nonsaturating)
resistivities reported at the highest-measured temperatures in
hole-doped cuprates [15-17] and of similar magnitude to
those found in prior studies of other electron-doped cuprates
[14]. We believe that this saturation regime is not reachable
in hole-doped cuprates just as the MIR limit is unreachable in
normal metals.

The low-temperature upturn in the resistivity in our results
is a well-known feature of the transport phenomenology of

L020501-2



RESISTIVITY SATURATION IN AN ELECTRON-DOPED ...

PHYSICAL REVIEW B 103, L020501 (2021)

4.0

3.5

3.0

2.5

p (mQcm)

2.0

1.5
3.5

p (mQcm)

2.0

100 200 300 400
T(K)

FIG. 1. (a) ab-plane resistivity vs temperature for two as-grown
x = 0.08 LCCO samples. The dotted lines are estimates of the MIR
limit calculated from Eq. (1) using kr = (37 n)'/3, where n is the car-
rier density of each sample, as determined from Hall measurements
at 300 K. The values of n and pyr are given in Table 1. (b) The
resistivity of another as-grown x = 0.08 sample which is also seen
to saturate at the highest measured temperature.

underdoped cuprates (both hole and electron doped) [25-27],
and of little consequence to this work, which is focused on the
high-temperature MIR regime.

To make quantitative comparisons to the MIR criterion,
we performed room-temperature Hall effect measurements to
estimate the carrier density of each sample from Ry = 1/ne.

TABLE 1. Values of the carrier concentration for each sample
shown in Figs. 1 and 2, as determined by Hall measurements at
300 K, as well as the corresponding estimates of the Mott-Ioffe-Regel
(MIR) bounds for each, calculated using Eq. (1) as described in the
main text. The carrier density of sample E was not measured.

Sample n (cm™3) ovir (M2 cm)
A 1.28 x 10% 3.62

B 1.93 x 10*! 3.16

C 2.27 x 10% 2.99

D 4.17 x 102 5.25

E

F 8.64 x 10% 4.13

G 8.34 x 102 4.17

PmIR

100 200 300
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FIG. 2. Resistivity traces of four as-grown x = 0.08 samples,
all of which exhibit resistivity saturation at room temperature. The
carrier densities and estimates of pyr for each sample are given in
Table I. The transparent marks on the right of the figure indicate pyr
for each sample for which the carrier density was measured.

Below 100 K, the Hall coefficient is strongly temperature
dependent, but above 200 K has only a weak temperature
dependence [for example, 7(300 K) = 1.28 x 10?! cm~ and
n(200 K) = 1.34 x 10> cm~3 for sample A], such that the
carrier density measured at 300 K is very close to its value
at 400 K [24]. The measured Hall values of n for each sample
are listed in Table I.

Given the measured effective carrier density, we can es-
timate the MIR limit using the Drude formula of Eq. (1)
assuming an effective spherical Fermi surface, which is a
highly simplified approximation, but should suffice in view
of the phenomenological nature of the MIR criterion (and
the absence of a microscopic transport theory for cuprates).
Although our main experimental finding is the observation of
resistivity saturation, we provide a comparison of the experi-
mental saturated resistivity with the MIR limit using Eq. (1),
obtaining a surprisingly good agreement.

The values of pyr obtained using Eq. (1) are indicated
by the dotted horizontal lines in Fig. 1(a), which agree re-
markably well with the measured values of pg. In fact, for
all samples measured, ps, agrees with the calculated ppr-
We note in passing that the two samples shown in Fig. 1(a)
are those in which the agreement is the best, and are also
the samples with the largest ratios of pgat/Pmin, Where pmin is
the minimal value of the resistivity, typically attained around
~80 K.

In Fig. 1(b), we plot the resistivity of another x = 0.08
sample exhibiting resistivity saturation. The slight downturn
in the resistivity above pg, which is most visible in this
sample, is common to many systems which exhibit resistivity
saturation [7,11,12], thus showing that the MIR phenomenol-
ogy in our cuprate system is generic.

Further, by preparing samples with even lower carrier
densities (~10%° cm™3), we can attain resistivity saturation
at room temperature, as shown in Fig. 2 for four different
as-grown x = 0.08 samples with slightly different densities.
The values of n and ppg for each are tabulated in Table I.
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It is clear that we observe resistivity saturation, and the exper-
imental saturated resistivity is consistent with the MIR limit as
estimated within a simple Dude formula. We emphasize that,
despite the remarkably close agreement between the estimated
pvir and measured pgy, our calculation of the MIR limit is
a crude order of magnitude estimate, not the product of any
sophisticated theory.

Our finding of resistivity saturation is in apparent disagree-
ment with much of the literature on hole-doped cuprates,
where it is often claimed that the nonsuperconducting phase
is a bad metal, based mainly on the lack of any observed
resistivity saturation. By contrast, our results presented in
Figs. 1 and 2 in the current work clearly establish the ex-
istence of the resistivity saturation phenomenon in lightly
electron-doped cuprates at a high value of pyr, as consistent
with the small Fermi surface (i.e., small kr) in these materi-
als. We believe that the possibility that hole-doped cuprates
might manifest resistivity saturation if the resistivity can be
increased to several mS2 cm cannot be ruled out; the problem
is the degradation of the system at high temperatures (so that
the resistivity is high) due to loss of oxygen. The important
point is that cuprates have small Fermi surfaces (i.e., low car-
rier densities), leading to very high pmir, and hence reaching
pMIR 1S experimentally challenging. We must remember that
the MIR limit of ~150 €2 cm has never been reached in any
ordinary metal either (since metals would melt or vaporize
long before reaching this high a resistivity), but it would be
ludicrous to claim that copper is a bad metal because its
measured resistivity never reaches the appropriate pyr. Since
cuprates are low-density metals, their pyr values are simply
too high to be observed experimentally in most situations.
This, by itself, should not be construed as evidence for a
bad or strange metal—it could simply be a reflection of ppr
being very high in most cuprates by virtue of the small Fermi
surface. Having found evidence that the MIR limit is respected
for at least one member of the cuprate family, we now raise
the possibility that resistivity saturation might occur in other
cuprates if sufficiently high resistivities of order ~3—-5 mQ cm
can be accessed. It is therefore possible that cuprates are not
bad metals at all, but are just very highly resistive metals (still
being below their MIR limit) because of strong quasiparticle
scattering and a small Fermi surface. This is of course, at
present, merely an informed speculation, and further work is
necessary to determine whether resistivity saturation is indeed
generic in the cuprates.

We emphasize that our results and analysis do not in any
way depend on any underlying assumption about the resistive
scattering mechanism in our system. We use the semiclassical
Drude formula for estimating ppr to compare with our mea-
sured resistivity, but this formula, our Eq. (1), is independent
of any scattering mechanism and is based only on kpf ~ 1
condition with ¢ being the finite-temperature transport mean
free path. Our key experimental finding is a saturation of the

measured resistivity around ~1 m€2 cm and the fact that this
saturation value agrees with the estimated pyr according to
Eq. (1), with kr estimated from our Hall measurements of
the effective carrier density, is simply an empirical secondary
result.

Note that our central experimental finding, Figs. 1 and 2,
of resistivity saturation is independent of our secondary theo-
retical finding that the putative saturated resistivity is crudely
consistent with Eq. (1) if we use our measured Hall carrier
densities (Table I). Since Eq. (1) is explicitly for a three-
dimensional (3D) system (following the original MIR work),
one could ask how our results would be modified if we use
an effective 2D transport approximation, using the c-axis
layer separation to convert 3D resistivity to 2D resistivity
as was done in Ref. [18]—the carrier density does not enter
this approximate 2D consideration. We estimate an effective
MIR limit of ~1 mQ2cm through this crude 2D transport
approximation, which is also roughly consistent with our
measured saturated resistivity, given the highly hand-waving
nature of the theory. We believe that the question of whether
the MIR limit (3D or 2D) is at all relevant in discussing finite-
temperature transport in low-density metals remains open,
but we also believe that given that our measurement is an
effective 3D measurement in thin films, the 3D approximation
of Eq. (1) is more appropriate for our thin film samples given
that we also directly measure a 3D carrier density to estimate
an approximate kr. We mention that a cylindrical approxima-
tion for the Fermi surface does not in any way change our
conclusion, only modifying slightly our estimated MIR limits
of Table I.

In summary, we have demonstrated that the MIR limit is
obeyed in as-grown samples of the electron-doped cuprate
LCCO. These samples were chosen on account of their large
room-temperature resistivity, enabling us to probe the MIR
regime at relatively low temperatures. The magnitude of the
resistivity at which we observe saturation is substantially
larger than the measured resistivity at 1000 K in hole-doped
cuprates [ 15—17]. Further, the observed saturation consistently
occurs near the estimated MIR limit, pyr, derived from a
simple Drude model. Our results suggest the possibility that
other cuprates may not be so-called “bad metals” at all, and
may very well obey the MIR limit if probed at sufficiently
high resistivity scales.
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