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Electrons with Planckian scattering obey
standard orbital motioninamagneticfield
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In various so-called strange metals, electrons undergo Planckian

dissipation'?, a strong and anomalous scattering that grows linearly with
temperature’, in contrast to the quadratic temperature dependence
expected from the standard theory of metals. In some cuprates*’ and
pnictides®, alinear dependence of resistivity on amagnetic field has also
been considered anomalous—possibly an additional facet of Planckian
dissipation. Here we show that the resistivity of the cuprate strange metals
Nd, La, ,Sr,CuO, (ref.’”) and La,_,Sr,CuO, (ref. ®) is quantitatively consistent
with the standard Boltzmann theory of electron motion in a magnetic field,
inall aspects—field strength, field direction, temperature and disorder
level. Thelinear field dependence is found to be simply the consequence

of scattering rate anisotropy. We conclude that Planckian dissipation is
anomalous inits temperature dependence, but not inits field dependence.
The scattering rate in these cuprates does not depend on field, which means
that their Planckian dissipationis robust against fieldsup toatleast 85 T.

The hallmark of strange metals is a perfectly linear temperature
dependence of the electrical resistivity as temperature (T) goes to zero,
in contrast to the 7> dependence expected from the standard
Fermi-liquid theory of metals. This behaviour is observed in a wide
range of metals, typically close to a quantum critical point, as in
heavy-fermion metals’, hole-doped cuprates’®, electron-doped
cuprates'®”, organic superconductors”and iron-based superconduc-
tors'™"“, even though the nature of the critical point may be different”.
The phenomenon is called Planckian dissipation, because in all cases
an estimate?, or a measurement’, of the inelastic scattering time t
yields T ~ #/kg T, where #is Planck’s constant and k; is Boltzmann’s
constant. The microscopic mechanism that underlies Planckian dis-
sipation remains unknown, but the simplicity and universal character
of the phenomenon point to afundamental quantum principle.

It has been suggested that the dependence of resistivity on mag-
neticfield Bisanother facet of Planckian dissipationin strange metals.
Specifically, the scattering rate would have not only an anomalous
T-linear dependence, but also an anomalous B-linear dependence.
This suggestion was inspired by the observation of B-linear resistivity
in cuprates such as La,_,Sr,Cu0, (LSCO)*, TI,Ba,CuOy,; (T12201) and
Bi,Sr,CuOy,; (Bi2201)°, and pnictides such as BaFe,(As,_,P,), (ref. ®)—a
behaviour that contrasts with the usual B> dependence observed in
simple metals. Inone proposal, Tand Bwould be linked viaascattering

rate of the form +/ (akg T)2 + (yuB)® , where g is the Bohr magne

ton, and « and y are coefficients of comparable magnitude®.
To determine whether the linear magnetoresistance isanomalous,
we must compare it towhatisexpected from the standard Boltzmann
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Fig.1| Cuprate phase diagram and T-linear resistivity in Nd-LSCO and LSCO. allwith doping p = 0.24: Nd-LSCO (red), LSCO S1 (green) and LSCO S2 (blue).
a, Schematic temperature-doping phase diagram of the cuprate Nd-LSCO, All three exhibit a perfect T-linear dependence below T= 70 K, with a very similar
showing the pseudogap phase (PG)*, the superconducting phase in zero field slope. The residual resistivities extrapolated fromalinear fitin the interval
(SC), the charge-density-wave region (CDW)'>'**° and roughly the region of 20-70 K (dotted lines) are p, = 28,12 and 48 pQ cm, respectively. The drop in
strange metal behaviour (SM), distinct from the Fermi-liquid behaviour (FL). ptozerobelow10 K is due to superconductivity, not entirely suppressed at this
b, Temperature dependence of the in-plane resistivity p (/||a) in a magnetic field relatively low field.
B=16 Tnormalto the copper oxide planes (B||c), for our three cuprate samples,
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Fig.2|Field dependence of resistivity at various temperatures. Measured
and calculated MR, plotted as p(B)/p(0) versus B, for J||a and B||c, at various fixed
temperatures, as indicated. a, Isotherms measured in Nd-LSCO up to 85 T, for
T=4K (blue),40K (green) and 100 K (red). The MR at 4 K is seen to be linear in
afield above ~-40 T, whereas the MR at 100 K is quadratic, as emphasized by the
linear (dashed) and quadratic (dashed dotted) lines. b, Calculated MR using the

parameters for Nd-LSCO extracted from a previous ADMR study?, for the same
three temperatures. ¢, Isotherms measured in LSCO S1up to 65 T, for the same
three temperatures asina.d, Calculated MR at T=4 K, using the full scattering
rate of Nd-LSCO, given in equation (1) (red, same asina), and using only the
isotropic part of that scattering rate (blue). The parallel dashed lines are linear,
to emphasize the loss of B-linearity in the isotropic case.

theory of electron motion in a magnetic field providing all electronic
parameters are known. Here we carry out such a comparison in detail
for two closely related strange metals: the cupratesLa, ,  Nd, ,Sr,.CuO,
(Nd-LSCO) and LSCO, at a hole concentration (doping) of p = 0.24.

At that doping, Nd-LSCO is in its purely metallic phase, with-
out pseudogap'®'®, charge-density wave modulations'>?° or static

magnetism?' (Fig. 1a). Its superconductivity can be entirely sup-
pressed by applying a magnetic field in excess of 20 T. Its resistiv-
ity is perfectly T-linear down to the lowest temperature (T=1K)’.
Thermal conductivity measurements down to 50 mK have shown this
T-linearity to persist down to 7= 0 (ref.?*). Nd-LSCO is an archetypal
strange metal, with a simple quasi-two-dimensional (2D) single-band
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Fermisurface, as mapped out by angle-resolved photoemission spec-
troscopy (ARPES) measurements'*>,

A first test of Boltzmann theory was recently carried out on
Nd-LSCO in a fixed field by measuring its angle-dependent magne-
toresistance (ADMR)®. Changes in the c-axis resistivity p.as a function
of the field angle relative to the c axis (0) and a axis (¢) were used to
extract the detailed shape and size of the Fermi surface, using the
standard Chambers formalism. The resulting Fermi surface wasin good
agreement with that seen by ARPES, thereby validating Boltzmann
theoryinafixedfield.

The ADMR data were also used to extract the scattering rate 1/7.
Its Tdependence was found to be linear, with aPlanckian slope, namely
1/7 = akg T/hwith a = 1(specifically, @ =1.2 + 0.4)>. Moreover, and cru-
cially, this T-linear inelastic scattering rate was found to be isotropic
(independent of ), thereby explaining how a perfect T-linear resistivity
is possibleina metal whose Fermi surface, density of states and Fermi
velocity are strongly anisotropic. The scattering rate is the sum of an
elastic (T-independent) term and aninelastic (7-dependent) term:

1 1

—_—T 1 v
@D =T T C0S QN | + aks T/ (1)

Taniso

Fits to the ADMR data in Nd-LSCO p = 0.24 (ref. °) yielded the
parameters a =1.2 and, the exponent, v =12 (Extended Data Table 1),
with ¢ =1.0 by construction.

The strongly anisotropic elastic term in Nd-LSCO is attributed
to the nearby van Hove singularity (together with small-angle scat-
tering?), which causes the angle-dependent density of states to be
strongly anisotropic, withamaximum in the antinodal directions’.

Given the Fermi surface and the scattering rate, we can now use
Boltzmann theory to predict how the resistivity of Nd-LSCO should
vary asafunction of field strength, disorder level and field direction, at
various temperatures. As shown below, we will find that all predictions
are precisely confirmed by our data on Nd-LSCO and on the closely
related material LSCO. In other words, the behaviour of electrons in
amagnetic field in these strange metals is entirely the result of their
orbital motion, and there is no evidence that the scattering rate has
any field dependence.

The in-plane resistivity of the three samples considered here
is displayed in Fig. 1b. It is perfectly T-linear below 70 K in all cases,
with similar slopes. The only difference is the residual resistivity (at
T=0), whichreflects the different levels of disorder (elastic scatter-
ing): p,=28,12and 48 pQ cmfor Nd-LSCO, LSCO sample S1and LSCO
sample S2, respectively.

InFig.2a, wedisplay the field dependence of the in-plane resistiv-
ity pfor Nd-LSCO, plotted as p(B)/p(0), the relative magnetoresistance
(MR), obtained by applying a pulsed field up to 85 T, at various constant
temperatures (the full set of isotherms is provided in Extended Data
Fig.1).InFig.2b, we show the corresponding prediction of Boltzmann
theory, based onthe parameters established by ADMR in Nd-LSCO. We
see that the data and calculation are in quantitative agreement: the
MR values at 4 K and 80 T are p(B)/p(0) =1.35 and 1.30, respectively.
Qualitatively, we find that the MR increases with decreasing 7, and it
evolves fromaB*dependence at high Tto B-linear atlow T—an evolution
thatis nicely reproduced by the calculation.

The B-linear dependence at low T, hailed as anomalousin previous
studies, isinfact entirely accounted for by Boltzmann theory, given the
strongly anisotropic elastic scattering rate of Nd-LSCO. Indeed, if we
remove the anisotropic part of the scattering (by setting 1/7,,,,= 0 in
equation (1)), we then lose the B-linear character of the MR (Fig. 2d).
The fact that the MR becomes quadratic at high T (MR «< B?at 100 K)
is also accounted for by the calculation (Fig. 2b), and this is due to
the loss of anisotropy as the isotropic inelastic scattering dominates
more and more with increasing temperature. We conclude that in
overdoped Nd-LSCO and LSCO, there is no need for 1/7to depend on
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Fig.3 | Effect of disorder. a, Measured MR at T=30 K, for Nd-LSCO (red),

LSCO S1(green) and LSCO S2 (blue). The dashed lines are linear extensions of
the data. b, Calculated MR at T=30K, for three levels of disorder, obtained by
setting the prefactor of the elastic scattering termin equation (1) toc =1.0 (red),
0.43 (green) and 1.72 (blue). The values of c correspond to the variation in the
measured p, values of our three samples (Fig. 1b).

the field to explain quantitatively the B-linearity, because it is simply
due to the orbital motion of electrons in the presence of anisotropic
impurity scattering. In other words, Planckian dissipation in these
cupratesisinsensitive to field, up to atleast 85 T. Note that the B-linear
MRobservediniron-based superconductors has alsobeenlinked toan
anisotropy of the Fermi surface in those metals®.

Todirectly compare with earlier work on LSCO*, we also measured
the field dependence of p in LSCO at p = 0.24, in our two samples, S1
and S2. In those two samples, p is T-linear below T= 70 K, exactly as
in Nd-LSCO, with a very similar slope (Fig. 1b). In a previous study on
LSCOatp =0.23(ref.®), inwhich afield of 48 T was applied to suppress
superconductivity, the T-linear dependence of p was found to extend
down to at least T=1K. Note that the Fermi surface of LSCO is very
similar to that of Nd-LSCO?%, namely it is electron-like, because the
Fermilevel has crossed the van Hove singularity.

InFig.2c we display our high-field dataon LSCO S1. The behaviour
of the MR at various temperatures is seen to be very similar to that
foundinNd-LSCO andin the calculations, namely B-linear at 4 K, evolv-
ing to B?at100 K. (Note that our MR data on LSCO are also consistent
withprior MRdataonLSCO p = 0.19 (ref. *); Extended Data Fig. 2.) The
only difference is the magnitude of the MR, equal to 1.65in LSCO S1
versus 1.3 in Nd-LSCO, at 4 K and 60 T. This quantitative difference is
expected, given the lower p,in the former sample.

In Fig. 3a, we compare the MR in our three samples, at T=30 K.
In Fig. 3b, we show the predicted dependence of the MR on the
disorder level. The calculation is performed using all the same
ADMR-determined parameters, but now varying the multiplicative
factor cinfrontoftheelastic terminequation (1). By definition,c = 1.0
is the value determined by the ADMR study for an Nd-LSCO sample
with a very similar p, value to our own Nd-LSCO sample (from the
same source and batch). We see that by decreasing the strength of
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Fig. 4 |In-plane magnetic field. a, Calculated normalized MR at T= 50K, fora
magnetic field applied parallel (red, B||a) and perpendicular (blue, BJ|c) to the
CuO, planes. b, Measured MR, p(B)/p(0), at T=50 K, for amagnetic field applied
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parallel (red, B||a) and perpendicular (blue, B||c) to the CuO, planes in LSCO
sample Slatp=0.24.No MR is detected in this sample up to 50 T for B||/||a.

disorder scattering by a factor of 0.43, namely the ratio of p, valuesin
our Nd-LSCO and LSCO S1samples (thatis, 12/28), so setting c = 0.43in
equation (1), the calculation reproduces perfectly the MR measuredin
sample S1. Similarly, setting c=1.72 (that is, 48/28) yields a calculated
curvein excellent agreement with the MR measured in sample S2. We
conclude that Boltzmann theory is able to account very well for the
effect of disorder on the magnitude of the MR in these strange metals.
Ifthe MRin Nd-LSCO and LSCO is entirely the result of the orbital
motion of electrons around the Fermi surface, this orbital MR should
all but vanish when the magnetic field is applied parallel to the CuO,
planes of the layered cuprate structure. If the materials were truly 2D,
no motion could arise perpendicular to the planes and so no orbital
motion could be induced by a field B||a. These cuprates are in fact
quasi-2D materials and their Fermi surface has some warping along
the caxis due to asmall but non-zero dispersion perpendicular to the
planes, such thatp./p, =250 (at p = 0.24)’.In Fig. 4a, the MR predicted
for Nd-LSCO is shown for B||a at T=50 K. A huge difference in MR
between B||cand B||ais obtained, the latter being smaller by afactor on
theorderof300 (atB=50 T).InFig.4b, we display our high-field dataon
LSCOS1, for B||cand B||a. We observe a huge difference between the two
field directions, with a negligible MR when B||a. We conclude that all the
field dependence of the electrical resistivity in these strange metals is
coming fromthe orbital motion of electrons. Inthis respect, the earlier
report ofalarge MR for B||ain the cuprates TI2201 and Bi2201°—compa-
rableto the MR for B||c—isin striking contrast to our dataand remains to
beunderstood. Note that Boltzmann calculations for TI2201based on
ADMR-determined parametersyield a predicted MR that is not consist-
ent with the measured MR®. Note also that the electron-doped cuprate
LCCO showsboth T-linear resistivity and B-linear MR", even thoughiits
band structureis far from a van Hove singularity and its Fermi surface
isrelatively isotropic. It will be interesting to measure the anisotropy
of its scattering rate (this was not done in previous ADMR studies®).
In summary, the standard Boltzmann theory accounts in detail
and quantitatively for all aspects of the MR in two archetypal cuprate
strange metals, including the dependence on field angle (6 and ¢),
on field strength and on disorder level, for temperatures down to
T=0. Although the microscopic mechanism responsible for the per-
fect T-linear dependence of the resistivity in strange metals remains
unknown, the strongly interacting electrons that undergo Planckian
scattering nevertheless conform to the standard orbital motionin a
field, as prescribed by their Fermi surface, Fermi velocity and scatter-
ingrate, thelatter being independent of field. Planckian dissipationin
cuprates is insensitive to magnetic field, at least up to 85 T. This con-
tradictsa previous proposal of a B-dependent scattering rate in LSCO*.
This insensitivity to field sheds new light on the nature of scat-
tering in cuprates. It is natural to associate the scattering process at
p=0.24 withthe critical doping at which the pseudogap phase endsin

Nd-LSCO, namely p* = 0.23 (ref.'®). This endpoint displays the standard
thermodynamic signatures of a quantum critical point, with a sharp
peakinthe specificheat Cversus p at p*and alog Tdependence of /T
at p* (ref.”). It was shown that, at p*, Cisindependent of the magnetic
fieldup to18 T (ref.”). We now find that Tisindependent of the field up
to 85 T. This is dramatically different from the quantum criticality of
other strange metals, like the heavy-fermion metals CeCu, and CeColn;,
where asmall magnetic field strongly perturbs both the resistivity and
the specific heat®?, Clearly, the fluctuations associated with the pseu-
dogap critical pointin hole-doped cuprates, presumably responsible
for theinelastic T-linear scattering near p* and potentially involved in
the d-wave pairing®, are remarkably robust against magnetic fields.

Online content
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Methods

Samples

Nd-LSCO. Single crystals of Nd-LSCO with a Sr content such that
p =0.24 were prepared with the floating zone technique at the Uni-
versity of Texas (by).-S.Z.). Aplatelet sample was cut with dimensions
2 x 0.5 x 0.05 mm? with the c axis along the shortest dimension. Lon-
gitudinal contacts were made with silver epoxy annealed in oxygen
for1hat500 °C. The high-symmetry crystallographic directions were
determined with a precision better than 5°and they were normal to the
faces of the sample. The superconducting critical temperature of this
sample obtained from resistivity measurements in zero field, where
p=0,isT.=10 +1K.

LSCO. Single crystals of LSCO were grown with the floating zone tech-
nique, withaSr content such that p = 0.24. Two samples were prepared,
with similar dimensions and contacts to that of our Nd-LSCO sample.
LSCO sample S1was prepared by S.0. and sample S2 by H.T. Sample S1
was annealed for several weeks in oxygen flow to reduce the oxygen
deficiency, yielding a lower p, compared to S2. The superconduct-
ing transition temperatures of samples Sland S2 are 7.=17 +1K and
16 +1K, respectively.

Transport measurements

Electrical d.c. resistance was measured at Sherbrooke on all samples
withanin-plane excitation currentintherange of 0.5-2 mAand witha
steady field of 16 T applied normal to the CuO, planes.

The longitudinal resistance was measured with a conventional
four-point configuration in pulsed fields up to 85 T in Toulouse.
The in-plane excitation current was 5 mA or lower, with a frequency
range between 10 and ~-60 kHz that was applied along the a axis in
all samples.

Ahigh-speed acquisition system was used to digitize the reference
signal (current) and the voltage drop across the sample atafrequency
of 500 kHz. The data were post-analysed with software to perform the
phase comparison’.

MR calculations based on the Boltzmann model
All the simulations were obtained by solving the Boltzmann equation
below (all further details are discussed in refs. >%°):

0

!% = 4% 9Sd2k D(K)v,[k(t = 0)] _fm v k()] de,

where the contour integral is over the Fermi surface, D(K) is the den-
sity of state at pointk, v, is the component of the Fermi velocity in the
xdirection, and the second integralis anintegral of the Fermivelocity
in the x direction that calculates the probability that a quasiparticle
with lifetime 7scatters after time t. The magnetic field enters through
the Lorentz force and modifies the velocity by introducing a cyclotron
motion to the quasiparticles.

Data availability

Data that support the plots within this paper are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.

Code availability
The code used to compute the resistivity is available from the corre-
sponding authors uponreasonable request.

References

29. Fang, Y. et al. Fermi surface transformation at the pseudogap
critical point of a cuprate superconductor. Nat. Phys. 18,
558-564 (2022).

Acknowledgements

We thank J. G. Analytis, R. L. Greene, N. E. Hussey, S. A. Kivelson, D.
Sénéchal and B. J. Ramshaw for fruitful discussions. A portion of

this work was performed at the LNCMI, a member of the European
Magnetic Field Laboratory (EMFL). D.V. and C.P. acknowledge support
from the EUR grant NanoX no ANR-17-EURE-O009 and from the ANR
grant NEPTUN no ANR-19-CE30-0019-01. L.T. acknowledges support
from the Canadian Institute for Advanced Research (CIFAR) as a Fellow
and funding from the Natural Sciences and Engineering Research
Council of Canada (NSERC; PIN:123817), the Fonds de recherche du
Queébec - Nature et Technologies (FRQNT), the Canada Foundation
for Innovation (CFl) and a Canada Research Chair. This research was
undertaken thanks, in part, to funding from the Canada First Research
Excellence Fund. J.-S.Z. was supported by an NSF grant (MRSEC DMR-
1720595). S.O. was supported by a JSPS KAKENHI grant (20H05304).

Author contributions

AA.,AG.,S.B.,JB.,LC.,M.-E.B., V.O.,, S.B., DV. and C.P. performed
the high-field transport measurements at LNCMI, Toulouse. A.A., AG.,
F.L.,N.D.-L. and S.B. performed the transport and characterization
measurements at Sherbrooke. J.-S.Z. prepared the Nd-LSCO sample,
S.0. prepared the LSCO S1sample, and H.T. prepared the LSCO S2
sample. A.A. analysed the data and made the simulation figures in
consultation with G.G. and L.T. A.A. and L.T. wrote the manuscript, in
consultation with all the authors. L.T. supervised the project.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41567-022-01763-0.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41567-022-01763-0.

Correspondence and requests for materials should be addressed to
Amirreza Ataei or Louis Taillefer.

Peer review information Nature Physics thanks Subir Sachdev and the
other, anonymous, reviewer(s) for their contribution to the peer review
of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-022-01763-0
https://doi.org/10.1038/s41567-022-01763-0
http://www.nature.com/reprints

Letter https://doi.org/10.1038/s41567-022-01763-0

Extended Data Table 1| The parameters that were used in the calculations

t (meV) t t” U p 1/TO 1/Taniso 4 a
(ps™") | (ps™)
160 —0.1364t | 0.0682t | —0.8243t | 0.248 8.65 63.5 12 | 1.2

Tight-binding values that were taken from refs. **° to perform the calculations in this work: t, t' and t" are the first-, second- and third-nearest-neighbour hoping parameters, u is the
chemical potential and p is the doping. The remaining four parameters are from equation (1): 1/1, is the amplitude of the isotropic scattering rate at T=0, 1/1,,,, is the amplitude of the
anisotropic scattering rate (which is T-independent), v is the power of the cosine function and a is a constant. The value of 1/t, at T>0 is: 9.45, 13.52, 15.10, 16.66 and 24.35ps ™ at T=4, 30, 40,

50 and 100K, respectively.
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Extended Data Fig. 1| Field dependence of resistivity. In-plane resistivity as a function of magnetic field (B||a) in a) Nd-LSCO, b) LSCO sample S1and c) LSCO sample

S2, atthe indicated temperatures.
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Extended DataFig. 2| Magnetoresistance in different LSCO samples. Magnetic field dependence of the in-plane resistivity (J||a) inLSCO at p = 0.19 (a), from*)
compared with b) LSCO sample S1and c) LSCO sample S2 at p = 0.24, at temperatures as indicated. In all cases, B||c.
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