
Citation: Lakhno, V.D. Simple

Explanation of Cuprates Linear

Magnetoresistance Enigma. Condens.

Matter 2022, 7, 64. https://doi.org/

10.3390/condmat7040064

Academic Editor: Carmine Attanasio

Received: 5 October 2022

Accepted: 9 November 2022

Published: 11 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Simple Explanation of Cuprates Linear Magnetoresistance Enigma
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Abstract: A simple explanation is given for the linear dependence of electrical resistance on tempera-
ture and the linear dependence of the magnetoresistance on the magnetic field in high-temperature
superconducting cuprates, which has been mysterious for many years. It is shown that this depen-
dence stems from the treatment of a gas of translationally invariant polarons as a system with heavy
fermions for wave vectors close to nesting. The destruction of such polarons at finite temperature
and an external magnetic field leads to a linear dependence of the magnetoresistance on the magnetic
field and temperature. It is shown that the relationship between the slopes of the magnetoresistance
curves at zero magnetic field and at zero temperature is determined by the universal ratio kB/µB

in fermion systems and kB/2µB in boson systems, where kB is the Boltzmann constant and µB is
the Bohr magneton. A relation between the existence of translationally invariant polarons and the
“Planck” time of their relaxation is discussed.
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1. Introduction

The linear increase of the magnetoresistance of cuprates and a number of other cor-
related electronic systems in a wide range of magnetic fields, from the lowest to quite
high ones, discovered in recent experiments [1–5], is one of the biggest mysteries in the
physics of high-temperature superconductors (HTSC). The electrical resistance of these
compounds, linear in temperature at low temperatures, which has been observed since
early experiments [6,7], also remains no less of a mystery.

In strongly correlated electronic systems, this behavior of the magnetoresistance
is attributed to the existence of a strange metal phase (SM) in them, in particular,
a fermionic phase in BaFe2(As1−x Px)2 [1,2], FeSe1−xSx [3] and a bosonic phase in
YBa2Cu3O7−x(YBCO) [4], La2−xSrxCuO4 [5], the appearance of which in itself is a mys-
terious phenomenon. It is believed that, in contrast to ordinary metals, in which at low
temperatures the magnetoresistance is quadratic in temperature and magnetic field,
which corresponds to their description based on quasiparticles, the description of the
strange metal phase based on the idea of well-defined quasiparticles is impossible [8].
The purpose of this paper is to point out the possibility of a simple explanation of the
strange behavior of magnetoresistance based on the concept of translation-invariant (TI)
polarons and bipolarons used to describe HTSC [9].

2. Results

According to [9,10], TI polarons are formed in cuprates when their momentum cor-
responds to nesting, that is, the wave vector of the charge density wave Pcdw. Due to
the Kohn anomaly, their mass is very large in this case (heavy fermions), and under the
Fermi surface they form a nondegenerate fermionic gas. At a temperature T >

∣∣∣Epol(Pcdw)
∣∣∣,

where Epol is the energy of a TI polaron (reckoned from the Fermi level), the decay of TI
polarons into free electronic states becomes possible. The lifetime of such free electrons will
be determined by scattering on phonons, that is τ ∝ ω0/T, where ω0 is the phonon energy,
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thereby determining the linear dependence of the electrical resistance on temperature:
ρ = m/e2nτ ∝ T, where n is the concentration of free electrons, and m is the mass of a
free electron. In an external magnetic field H, the concentration of free electrons depends
on H and, according to [11], is equal to nH = n · (kBT/µBH) · th(µB H/kBT). Hence, the
magnetoresistance ρH = m/nHe2τ of the fermion system is written as:

ρH(T, H) ∝ µBHcth(µBH/kBT). (1)

It follows that for H = 0: ρ ∝ T, which is the well-known linear temperature law for
the electrical resistance of fermionic compounds, and for µBH > kBT : ρ ∝ H is linear in a
magnetic field law for their magnetoresistance. It is important to emphasize that expression (1)
obtained for the magnetoresistance satisfies the Kohler rule [12]:

ρH(T, H)− ρ(T, 0) = ρ(T, 0) f [H/ρ(T, 0)].

According to [1–3], the experimental dependence of the magnetoresistance of fermionic
correlated systems ρ(T, H) in the case of a strong magnetic field is well approximated by
the hyperbolic expression:

ρ(T, H) ∝
√
(αkBT)2 + (γµBH)2, (2)

where α and γ are constants satisfying the relation γ/α = 1.01± 0.07.
Figure 1 shows a comparison of ρexp which is the experimental dependence ρ(T, H)

determined by the right side of expression (2) with the theoretical dependence ρtheor deter-
mined by the right side of expression (1), for the case γ = α. It follows from Figure 1 that
both the approximations are in agreement with the experimental dependance within the
accuracy of the experiment [1].

Figure 1. Comparison of the theoretical dependence ρ(x) = ρtheor(x) determined by (1) with the
approximation of the experimental dependence ρ(x) = ρexp(x), determined by (2). The maximum
difference for x = µB H/kBT = 1.432 is 8.8 percent.

The fact that, according to [1], the linear dependence for the magnetoresistance is most
clearly expressed near the optimal doping is apparently due to the fact that, under these
conditions, the concentration of TI polarons reaches maximum and typically become lower
in the overdoped regime [9].

We note that the presence of a strong temperature dependence of the Hall effect in
fermionic compounds has little to do with the presence of TI polarons in them, since the
concentration of the latter is much lower than the concentration of ordinary current carriers.
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In the case of bosonic cuprates, TI bipolarons are the dominant current carriers. Each
decaying TI bipolaron will now lead to the appearance of two free electrons. Accordingly, in
the expression for nH , µB should be replaced by 2µB. As a result, for the magnetoresistance,
instead of (1), we obtain:

ρ ∝ 2µBHcth(2µBH/kBT). (3)

According to [4], the experimental dependence of the magnetoresistance of bosonic
cuprates is well approximated by the expression:

ρ ∝ kBT + 2µBH. (4)

The proof of the bosonic nature of current carriers in YBCO and LSCO in [4] was
based on measurements of the Little and Parks effect near the critical superconducting
transition temperature Tc, which, generally speaking, is not a strong argument in favor of
the bosonic nature of current carriers at temperatures above Tc. A stronger argument is the
validity of the relations:

ρ′T(T, 0)/ρ′H(0, H) = kB/µB, (5)

for fermionic systems and:

ρ′T(T, 0)/ρ′H(0, H) = kB/2µB, (6)

for bosonic ones which follow from (1)–(4), and are confirmed by experiments [1,4].

3. Discussion

As noted above, there is currently not a generally accepted explanation for the depen-
dence of the magnetoresistance linear in T and H. It is worth noting that the effect under
consideration is not specific for optimal doped oxides only. As was shown experimen-
tally in [13], in such single layer cuprates as (Pb/La)-doped Bi2Sr2CuO6+δ (Bi2201) and
Tl2Ba2CuO6+δ (Tl2201) the strange-metal regime extends well beyond the critical point
of doping. As was shown above the TI-polaron description in this case leads to linear
magnetoresistance at high H/T ratios with its magnitude much larger then predicted by
conventional theory and in accordance with experiment [13] is insensitive to magnetic
field orientation.

Such behavior is often observed for systems in the vicinity of their quantum critical
points. In this regard, in [14] a concept of the universal “Planck” relaxation time 1/τP ∝
kBT/h̄ was introduced. In the case of metallic systems, this means that the Fermi energy
ceases to play the role of a scaling quantity in describing the electronic properties near
the quantum critical point and, accordingly, the temperature takes on the role of a scaling
energy. In the case of a TI polaron (bipolaron) gas under consideration, the characteristic
frequency of fluctuations ω0 near the critical point, according to [10], tends to zero due to
the Kohn anomaly, i.e., for T > 0, phase transitions can be described in terms of classical
statistical mechanics, since in this case the inequality kBT > h̄ω0 always takes place, which
explains the nature of the occurrence of the “Planck” time in strongly correlated electronic
systems near their quantum phase transitions. In this case, the participation of the magnetic
field in the scaling relations of quantum phase transitions also becomes clear, since it plays
the role of an external control parameter in them.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Condens. Matter 2022, 7, 64 4 of 4

References
1. Hayes, I.M.; McDonald, R.D.; Breznay, N.P.; Helm, T.; Moll, P.J.W.; Wartenbe, M.; Shekhter, A.; Analytis, J.G. Scaling between

magnetic field and temperature in the high-temperature superconductor BaFe2(As1−xPx)2. Nat. Phys. 2016, 12, 916–919.
[CrossRef]

2. Maksimovic, N.; Hayes, I.M.; Nagarajan, V.; Analytis, J.G.; Koshelev, A.E.; Singleton, J.; Lee, Y.; Schenkel, T. Magnetoresistance
Scaling and the Origin of H-Linear Resistivity in BaFe2(As1−xPx)2. Phys. Rev. X 2020, 10, 041062. [CrossRef]
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