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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 kg /g
in fermion systems and kg /2pp in boson systems, where kg is the Boltzmann constant and pp 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 BaFey(Asi_Px)2 [1,2], FeSe1_»Sy [3] and a bosonic phase in
YBayCuzOy_(YBCO) [4], Lay—,SrxCuOy [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 P.4,,. 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 > ’E pol (Pedw) ‘,
where E,, 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 T o wg /T, where wy is the phonon energy,
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thereby determining the linear dependence of the electrical resistance on temperature:
p=m/ e2nt « T, where 7 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 ng = n - (kgT/upgH) - th(upH/kpT). Hence, the
magnetoresistance oy = m/n €27 of the fermion system is written as:

pH(T,H) o« upHcth(ugH/kpT). 1)

It follows that for H = 0: p o T, which is the well-known linear temperature law for
the electrical resistance of fermionic compounds, and for ypH > kpT : p « 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]:

pu(T,H) — p(T,0) = p(T,0)f[H/p(T,0)].

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

p(T, H) o \/ (akpT)? + (vusH)?, @)

where & and <y are constants satisfying the relation y/a = 1.01 £ 0.07.

Figure 1 shows a comparison of p.y, which is the experimental dependence o(T, H)
determined by the right side of expression (2) with the theoretical dependence pyj,,, deter-
mined by the right side of expression (1), for the case v = a. It follows from Figure 1 that
both the approximations are in agreement with the experimental dependance within the
accuracy of the experiment [1].
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Figure 1. Comparison of the theoretical dependence p(x) = pypeor (%) determined by (1) with the
approximation of the experimental dependence p(x) = pexp(x), determined by (2). The maximum
difference for x = ugH/kpT = 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 ny, yp should be replaced by 2p. As a result, for the magnetoresistance,
instead of (1), we obtain:

pO(Z}lBHCi‘h(z‘uBH/kBT). 3)

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

o o< kpT +2ugH. 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 T;, which, generally speaking, is not a strong argument in favor of
the bosonic nature of current carriers at temperatures above T;. A stronger argument is the
validity of the relations:

p7(T,0)/0y(0, H) = kg/ g, (5)

for fermionic systems and:
o1(T,0)/py(0, H) = kp/2pp, ©)

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 BiySr,CuOg 5 (Bi2201) and
Tl,Ba;CuOg 5 (T12201) 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 1/7p o
kpT /h 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 wy 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 kpT > fiwg 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.
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