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Scale-invariant magnetoresistance
in a cuprate superconductor

P. Giraldo-Gallo"?*, J. A. Galvis“3*, Z. Stegen*1, K. A. Modic’, F. F. Balakirev®,
J. B. Betts®, X. Lian"*, C. Moir"*, S. C. Riggs’, J. Wu’, A. T. Bollinger’, X. He”5,
1. BoZovi¢”®, B. J. Ramshaw®?®, R. D. McDonald®, G. S. Boebinger"*, A. Shekhter't

The anomalous metallic state in the high-temperature superconducting cuprates is
masked by superconductivity near a quantum critical point. Applying high magnetic
fields to suppress superconductivity has enabled detailed studies of the normal state,
yet the direct effect of strong magnetic fields on the metallic state is poorly
understood. We report the high-field magnetoresistance of thin-film La,_,Sr,CuO4
cuprate in the vicinity of the critical doping, 0.161 < p < 0.190. We find that the
metallic state exposed by suppressing superconductivity is characterized by
magnetoresistance that is linear in magnetic fields up to 80 tesla. The magnitude of
the linear-in-field resistivity mirrors the magnitude and doping evolution of the
well-known linear-in-temperature resistivity that has been associated with quantum
criticality in high-temperature superconductors.

igh-temperature superconductivity in the

cuprates is born directly out of a “strange”

metallic state that is characterized by linear-

in-temperature resistivity up to the highest

measured temperatures (7-4). In conven-
tional metals, current is carried by long-lived
electronic quasiparticles, which requires the
scattering length not to be significantly shorter
than the de Broglie wavelength (5-8). In contrast,
the resistivity in the strange metal state of the
cuprates does not saturate or exhibit a crossover
at the temperature where the inferred quasi-
particle scattering length is comparable to the
electronic wavelength. This behavior is some-
times referred to as “Planckian dissipation,” which
suggests that the transport relaxation rate 7/t
(where 7 is the reduced Planck constant and 7 is
the relaxation time) is limited directly by the ther-
mal energy scale kzT (Where £y is the Boltzmann
constant and 7'is absolute temperature) rather
than by quasiparticle interactions and lattice dis-
order (4, 9-16). This calls into question the very
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existence of quasiparticles in the strange metal
state. More important, it indicates scale-invariant
dynamics (i.e., the lack of an intrinsic energy
scale). This behavior is observed in both classes
of high-7,. superconductors—the cuprates and
the pnictides (17, 18)—but its microscopic origin
and implications for superconductivity have yet
to be fully understood.

Scale-invariant transport is commonly associ-
ated with metallic quantum criticality: A charac-
teristic energy scale is continuously tuned by
an external parameter and vanishes when the
tuning parameter crosses a critical value (4). For
hole dopings below the critical point, p < 0.19,
the Hall effect in La,_,Sr,CuO,, (19) and quantum
oscillations in YBa,CuzOg,s (20, 21) provide evi-
dence for a small carrier pocket, believed to be
associated with a charge density wave (22-24).
By contrast, when p > 0.19, quantum oscillations
in Tl,Ba,CuOg.5 (25) indicate a large hole-like
Fermi surface, in agreement with band structure
calculations (26). Measurements of Hall resistiv-
ity (27-29), the upper critical magnetic field (30),
and the quasiparticle effective mass (20, 21, 25),
as well as the zero-temperature collapse of a line
of phase transitions (31-35), suggest a quantum
critical point near p = 0.19. At this doping, the
linear-in-temperature resistivity extends to the
lowest temperatures (4, 16, 36), and therefore
one might expect to access the anomalous be-
havior in the strange metal state in the broadest
range of magnetic fields.

Magnetic fields have been instrumental in the
study of both conventional and correlated metals
because they couple directly to the charge carriers.
Previous studies of the cuprates have made use of
magnetic fields as a way of suppressing super-
conductivity to reveal the normal ground-state
properties through the magnetoresistance and
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quantum oscillations (16, 17, 19-21, 25, 27-29, 36-39).
The linear-in-temperature resistivity, however,
suggests a strong interaction between the metal-
lic state and the critical fluctuations associated
with the quantum critical point. What has been
missing is a study of how the magnetic field
affects these fluctuations and thus the metallic
state. To this end, we studied the electrical trans-
port of La,_,Sr,Cu0, in high magnetic fields for
a range of compositions near the critical doping,
& = 0.19. We found a scale-invariant response to
the magnetic field that is distinct from the well-
understood response of charged quasiparticles
to the Lorentz force in conventional metals
(40, 4I). Strikingly, linear-in-field resistivity at
high fields, together with linear-in-temperature
resistivity at high temperatures, emerges as an
intrinsic characteristic of the strange metal state
in a cuprate superconductor.

Figure 1 shows the in-plane resistivity (p) of a
thin-film La,_,Sr,CuO, cuprate sample at p =
0.190 (42-47) in magnetic fields aligned along
the crystallographic ¢ axis up to 80 T. Linear-in-
temperature resistivity down to the supercon-
ducting transition temperature, 7, = 38.6 K
(Fig. 1E), indicates close proximity to the critical
doping. Figure 1A shows that the magnetoresist-
ance below 40 K is linear in magnetic field over
the entire normal-state field range. To quantify
this observation, we define the field slope B(B,T") =
dp(B,T)/dB. We observe that at 70 T, B(B,T") satu-
rates below 25 K (Fig. 1, B and C, and fig. S3),
which suggests that linear-in-field resistivity is
an intrinsic property of the strange metal state.
The saturation value of B at low temperature
and high fields in natural energy units is B/ug =
5.2 yohm-cm/meV, where ug is the Bohr mag-
neton. This is comparable in magnitude to the
temperature slope, o(7") = dp(T")/dT, which is
11.8 yohm-cm/meV in a/kg energy units.

In conventional metals, magnetoresistance orig-
inates from the motion of electron quasiparticles
around the Fermi surface under the action of the
Lorentz force (40, 41). For a given Fermi surface
morphology, the strength of magnetoresistance is
controlled by the product of the cyclotron fre-
quency, o. = eB/m* (where m* is the quasi-
particle mass), and the quasiparticle relaxation
time 1. Magnetoresistance generally decreases in
conventional metals as t decreases with increas-
ing temperature. This is in contrast to what we
observe in La,_,Sr,Cu0O, at p = 0.190 (Fig. 1). At
80 T, and between 4 and 25 K, we observe nearly
a factor of 2 increase in resistivity, suggesting a
factor of 2 decrease in 1 (Fig. 1, A and D) (48), and
yet the strength of the magnetoresistance [dp(T")/
dB] at 80 T between 4 and 25 K is independent of
temperature (Fig. 1, B and C). This indicates that
at very high magnetic fields, the transport relax-
ation rate is set directly by the magnetic field
through 7/t o< ugB. A mechanism other than the
traditional picture of orbiting quasiparticles
must therefore underlie the high-field magneto-
resistance in La,_,Sr,CuO,. One conclusion is
that the magnetic field directly affects the dy-
namics of critical fluctuations that are responsi-
ble for the relaxation time (4, 12-15).
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Fig. 1. ab-plane resistivity of
thin-film La,_,Sr,CuO,4

at p = 0.190. The magnetic
field is applied along the ¢
axis. (A) Magnetoresistance
up to 80 T for temperatures
ranging from 4 K up to 180 K.
The right axis indicates the
resistivity in temperature
units, p/a, where a is obtained
from the linear fit in (E). The
aspect ratio reflects natural
energy units for the magnetic
field, ugB, and temperature,
kgT, where the energy of 80 T
corresponds approximately to
that of 53.7 K. (B) Temper-
ature dependence of B(B,T) =
dp/dB at a fixed field of 70 T
obtained as the slope of a linear
fit to the magnetoresistance in
(A) in the field range between
65 and 77 T. B(B,T) saturates
below about 25 K. Color
coding for temperature values
as indicated in (A) also applies
to (B) and (C). (C) Magnetic
field dependence of B(B,T),
showing that B(B,T) saturates
for B>50T in a broad
temperature range, IOK < T <
25 K. (D) Temperature
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dependence of the resistivity at fixed fields. The gray line indicates the zero-field resistivity from (E). (E) Zero-field resistivity up to room temperature. The
gray line indicates a linear-fit extrapolation of the resistivity to temperatures below the superconducting transition, p = po + oT. The magnitude of the
intercept, po = 1.5 (¥2) pohm-cm, and the temperature slope, o = 1.02 (£0.01) pohm-cm/K, are found from a linear fit in a broad temperature range.
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Fig. 2. Doping dependence of the ab-plane magnetoresistance in La,_,Sr,CuO,.

(A) Magnetoresistance for magnetic fields applied along the ¢ axis up to 55 T in the range
of dopings 0.161 < p < 0.184 from 10 K to 60 K. (B) Zero-field resistivity versus temperature
for the same set of dopings as well as doping at p = 0.190. (C) Doping evolution of the
temperature slope a(p) (red) and field slope B(p) (blue) in the doping range p = 0.161 to 0.190.
The left axis indicates values of a/kg and B/ug in energy units (uohm-cm/meV); the right
axis indicates the value of a in pohm-cm/K.
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The smooth evolution of the temperature slope
a(p) across the critical doping (16, 49) is another
indication of a lack of well-defined quasiparticles
in the strange metal phase at high temperatures,
in contrast to the divergence of quasiparticle
effective mass approaching the critical doping at
low temperatures (50). The doping evolution of
the magnitude of B(p) may provide further in-
sight into the character of transport in the strange
metal state. We measured the ab-plane resistivity
in magnetic fields along the ¢ axis up to 55 T in
La,_,Sr,CuO, over the range of dopings p = 0.161
to p = 0.184 (Fig. 2). All samples in this doping
range exhibit linear-in-temperature resistivity at
high temperatures (Fig. 2B). The saturation value
of B(p) is shown in Fig. 2C along with a(p) in
natural energy units. Both a(p)/kg and B(p)/us
decrease monotonically with doping in this
doping range and evolve at a similar rate. The
weak doping dependence of B(p) and o(p) ap-
proaching critical doping is in apparent contrast
to the rapid increase in the Hall coefficient
(27-29) and the divergence of the effective mass
(21) as the critical doping is approached at low
temperature and high magnetic fields. This again
indicates that despite the observation of quantum
oscillations at low temperatures [in YBa,CusOg,s
(20, 21) and Tl,Ba,CuOg, 5 (25)], the high-field,
high-temperature magnetoresistance in cuprates
has a non-quasiparticle origin.

It is well known that the transport relaxation
rate is linear-in-temperature, 72/t ¢ kg7, in the
fan-shaped region of the temperature-doping plane
(Fig. 3, magenta) emerging from the critical point
(49). Our results (Fig. 2) suggest that an analogous

Fig. 3. Schematic doping-field-temperature
(p-B-T) phase diagram in the vicinity of the
critical doping p.it. Note that the supercon-
ducting phase surrounding the critical point is
not shown. The magenta lines indicate the
extent of the fan-shaped region (shaded in
magenta) in the p-T plane where linear-T
resistivity exists. The fan-shaped region of
linear-B resistivity in the p-B plane (shaded in
blue) is bounded by the blue lines. The gradient-
colored lines separate the region of the p-B-T
space where scale-invariant transport behavior,
h/z o« max{kgT, ugB}, exists. In the region
behind these lines, a large intrinsic energy scale
suppresses the anomalous dependence of h/t
on temperature and magnetic field. All lines in
this drawing indicate a smooth crossover
region, not a distinct phase boundary.

Giraldo-Gallo et al., Science 361, 479-481 (2018)

fan-shaped region exists in the magnetic field-
doping plane (Fig. 3, blue) where the relaxation
rate is linear-in-field, 2/t o< ugB. This extends a
quantum critical region in field, temperature,
and doping where the transport relaxation rate
is set by the dominant energy scale, 2/t < max
{kgT, ugB}, as illustrated in Fig. 3 (51).

These measurements establish the linear mag-
netoresistance at very high fields as a fundamen-
tal property of the strange metal state in the
cuprates. A linear dependence on an external
energy scale is not the only possible outcome of
scale invariance near quantum critical point;
in principle, any power-law dependence is pos-
sible. It is therefore striking that the temper-
ature and field dependence of the resistivity in
La, ,Sr,Cu0, assumes the simplest possible form.
Both the cuprates and the pnictides (I8) exhibit
this simple form of scale invariance, revealing
another universal characteristic of high-temperature
superconductors.
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Cranking up the field

Cuprate superconductors have many unusual properties even in the "normal" (nonsuperconducting) regions of
their phase diagram. In the so-called "strange metal" phase, these materials have resistivity that scales linearly with
temperature, in contrast to the usual quadratic dependence of ordinary metals. Giraldo-Gallo et al. now find that at very
high magnetic fields—up to 80 tesla——the resistivity of the thin films of a lanthanum-based cuprate scales linearly with
magnetic field as well, again in contrast to the expected quadratic law. This dual linear dependence presents a challenge
for theories of the normal state of the cuprates.
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