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V.D. Lakhno
On the linear dependence of cuprates magnetoresistance on magnetic field

The actual problems of Fermi systems theory are considered. A simple explanation is
given to the linear dependence of electrical resistance on temperature 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 dependence 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 of
Boltzmann constant and Bohr magneton. A relation between the existence of
translationally invariant polarons and the "Planck" time of their relaxation is discussed.

Key words: bipolarons, strange metals, nesting, Kohler rule

B.A. JlTaxHo

O NUHeliHOM 3aBMCMMOCTM MarHeToCoONpPOTUB/IEHUA KYNpPaToB OT MarHUTHOro
nonsa

PaccmaTpuBaloTca aKTyasibHble BoMpocbl Teopun Pepmu cuctem. [laetca npoctoe
0bbsACHEHME B TEYEHME MHOMMUX NeT ABAABLUENCA 3arago4yHon TMHENHOW 3aBUCUMOCTHU
MarHeToconpoTMUBAEHUS oT TemnepaTypbl n NINHEHOM 3aBUCUMOCTH
MarHeToConpoTMUBAEHUS OT  MarHUTHOro  nons B BbICOKOTEMMEPATYPHbIX
CBEpXNpoBOAAWMX KynpaTax. [lokasaHO, 4YTO K TaKoW 3aBUCMMOCTM NPUBOAUT
npeacTaBNeHNe O rase TPaHCAAUMOHHO-MHBAPUAHTHbLIX MONAPOHOB KaK O cucTeme C
TAXeNbIMU GepMMOHAMKN ANA BOSIHOBbIX BEKTOPOB O/M3KUX K HECTUHry. PaspyweHue
TaKMX NONAPOHOB NPU HaNUYUM TEMMEPATYPbI N BHELIHEro MarHUTHOro Noas NpUBoAUT
K J/IMHEMHOMW 3aBUCMMOCTM MArHETOCOMPOTMB/IEHMA OT MArHUTHOrO noas MU
TemnepaTtypsbl. MokasaHo, yTOo CBA3b Mmexay HaK/MOHamu KPUBbIX
MarHeToconpoTUB/IEHNA MPU HYJIEBOM MarHUTHOM MOJIE U NpPU Hy/NEeBOW TemnepaTtype
onpeaenseTcs YHMBEPCa/IbHbIM OTHOLIEHMEM MOCTOAHHOM BonbumaHa M marHeToHa
Bopa. O6cyxpaeTca cBA3b MeXAy TPAHCAAUMOHHO-MHBAPUAHTHLIMU MOASPOHAMU W
NAaHKOBCKUM BPEMEHEM penakcaumu.

Kniouesble cnosa: 6MI'IOI'IﬂpOHbI, CTPaHHbIE METAaNNbl, HECTUHT, NPaBUIO Konepa



1. Introduction

Transport properties are the most prominent features of condensed matter
which determining their applications. An important part of condensed matter
constitutes metals the description of which is based on the Fermi liquid theory. It
was quite extraordinary that for bad metals of cuprates in the pseudogap phase
and for some strongly correlated systems the well - established laws are in
violation. These extraordinary features are usually explained by the fact that
these metals are in a special quantum states which defies the known laws.

The well-known example is the so-called “bad” or “strange” metals which
exhibit the nonstandard linear low temperature dependence observed for many
years and yet agreement of reasonable understanding is still lacking. The goal of
this paper is to explain these unusual properties.

2. Linear temperature dependence of electrical resistance in cuprates
and systems with heavy fermions

One of the most topical problems in the theory of condensed matter is the
description of the properties of metals to which the Fermi liquid (FL) approach is
inapplicable. In the theory of condensed matter, such systems have received a
common name: strongly correlated electronic systems, since the Fermi-liquid
approach is based on the opposite limiting case of independent or weakly
correlated electronic states. Alternatively, they are also called non-Fermi liquid
systems (NFL)

One of the brightest predictions of the FL theory was the conclusion about
the quadratic temperature dependence of the electrical resistance in ordinary
metals. Indeed, according to the FL approach, near the Fermi surface, at low
temperatures T K E, where Er is the Fermi energy electrons in a metal can be
considered as independent quasiparticles, the number of which is &« T. Such
electrons can only be scattered into non-occupied states under the Fermi surface,
the number of which is also &« T. Thus, the probability of electron scattering will
be « T2. Accordingly, the electrical resistance of the metal in the limit of low
temperatures will be p o« T2 The quadratic law of the dependence of
magnetoresistance on the magnitude of the magnetic field H also immediately
follows from the FL theory.

This picture could be changed by taking into account the scattering of
electrons on phonons. Indeed, consideration of such scattering in ordinary metals
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at low temperatures leads to a temperature dependence of the electrical
resistance p(T) of the form:

p(T) = po +age (Z) +aep (Z) (1)

Wo

T < 0,2hw, < Ep,

where p, is the residual resistance at zero temperature, the second term in the
right-hand side is the contribution of electron-electron scattering discussed
above, the third one is the contribution of electron-phonon scattering, w, is the
Debye frequency of phonons [1].

At high temperatures, when the condition T > 0,2Aw, is satisfied,
scattering on phonons becomes dominant, which, for T > 0,2hAw,, being
proportional to the number of phonons, increases linearly with temperature:

pocT/y,, T>02hw, (2)

Thus, the fact that the electrical resistance of metals increases linearly in
temperature with increasing temperature is not surprising. In ordinary metals, it
is observed almost always at sufficiently high temperatures T > 0,2hw,.
Surprising is the fact that in cuprates and systems with heavy fermions a
linear dependence of electrical resistance arises even at very low temperatures.

An explanation of this behavior of the electrical resistance in cuprates was
given in [2]. According to [2], in cuprates and systems with heavy fermions, due to
the Kohn anomaly, the value of wycan be very small (for heavy fermions, their
polaron mass tends to infinity as wy = 0). As a result, the temperature
dependence of the electrical resistance, according to (2), turns out to be linear
even at very low temperatures.

The above explanation of the linear temperature dependence of the
electrical resistance does not require any revision of the existing concepts and, in
fact, is associated only with the peculiarities of the phonon spectrum of cuprates.

However, surprising are the experiments on measuring the dependence of
the magnetoresistance of cuprates on the magnetic field, in which at low
temperatures, instead of a quadratic dependence of the magnetoresistance on
the magnetic field, its linear dependence is observed. In particular, it was found
that: firstly, the linear dependence of the resistance on the magnitude of the
external magnetic field H takes place only at low temperatures. Secondly, at
sufficiently large field values, the resistance is practically independent of
temperature. This leads to some symmetry between H and T: a linear dependence
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on H exists only for T~0 and vice versa, a linear dependence on T exists only for
H~O0.
Next section is devoted to the explanation of this phenomenon.

3. Linear magnetic field dependence of manetoresistanse
in cuprates and systems with heavy fermions

The linear in a magnetic field increase of the magnetoresistance of cuprates
and a number of other correlated electronic systems in a wide range of magnetic
fields, from the lowest to quite high ones, discovered in recent experiments [3]-
[7], 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 [8]—[9], 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 BaFe,(As;_,P,), [3]-[4], FeSe;_,S, [5]
and a bosonic phase in YBa,Cu;0,_, (YBCO) [6], La,_,St,Cu0, [7], the
appearance of which in itself is a mysterious 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 [10]. 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 (Tl)
polarons and bipolarons used to describe HTSC [2].

According to [2], [11], Tl polarons are formed in cuprates when their
momentum corresponds to nesting, that is, the wave vector of the charge density
wave Pg4,,. Due to the Kohn anomaly, their mass m,,,; is very large in this case
(heavy fermions), and under the Fermi surface they form a nondegenerate

fermionic gas. At a temperature T > |Epol(Pch) , Where E,,; is the energy of a
Tl polaron (reckoned from the Fermi level), the decay of Tl polarons into free
electronic states becomes possible. The lifetime of such free electrons will be
determined by scattering on phonons, that is T < w,/T, where w, is the phonon
frequency, thereby determining the linear dependence of the electrical resistance
on temperature: p = m/e?nt « T/w,, where n is the concentration of free
electrons, 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 [12], is equal to
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nyg =n- (kgT/ugH) - th(ugH/kgT)  (see  Supplement). Hence, the
magnetoresistance py = m/nye?t of the fermion bulk system is written as:

H
pu(T, H) uBHcth‘;’; (3)

It follows that for H=0: p « T, which is the well-known linear temperature law
for the electrical resistance of fermionic compounds, and for ugH > kgT: p < H-
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 [13]:

According to [3]-[5], 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 /(akzT)?+ (yupH)? (4)

where a and y are constants satisfying the relation y/a = 1,01 + 0,07 .

Figure 1 shows a comparison of p.,, which is the experimental dependence
p(T,H) determined by the right side of expression (4) with the theoretical
dependence pieor determined by the right side of expression (3), for the case
y = a. It follows from Fig. 1 that both the approximations are in agreement with
the experimental dependance within the accuracy of the experiment [3].

The fact that, according to [3], 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 Tl
polarons reaches maximum [2].

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 Tl polarons in
them, since the concentration of the latter is much lower than the concentration
of ordinary current carriers.
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Fig.1 Comparison of the theoretical dependence p(x) =
Pineor (X), determined by (3) with the approximation of the
experimental dependence p(x) = p.xp(x), determined by
(4). The maximum difference for x = ugH/kgT = 1.432 is
8.8 percent.

In the case of bosonic cuprates, Tl bipolarons are the dominant current carriers.
Each decaying Tl - bipolaron will now lead to the appearance of two free
electrons. Accordingly, in the expression for ny , ug should be replaced by 2ug.
As a result, for the magnetoresistance, instead of (3), we obtain:

p « 2ugH cth 2ugH /kgT (5)

According to [6], the experimental dependence of the magnetoresistance of
bosonic thin cuprate films is well approximated by the expression:

p & kT + 2ugH (6)

The proof of the bosonic nature of current carriers in YBCO and LSCO in [6] was
based on measurements of the Little and Parks effect near the critical
superconducting transition temperature Tc, which, generally speaking, is not a
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strong argument in favor of the bosonic nature of current carriers at
temperatures above T, . A stronger argument is the validity of the relations:

for fermionic systems and:

for bosonic ones which follow from (3) — (6), and are confirmed by experiments
[3],[6].

As noted above, there is currently not a generally accepted explanation for
the dependence of the magnetoresistance linear in T and H. In particular, 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/tp~kgT /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 Tl polaron
(bipolaron) gas under consideration, the characteristic frequency of fluctuations
near the critical point w,, according to [11], 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 T > w, 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.

4. Discussion

It is now generally recognized that polarons, which are electrons or holes
dressed by the lattice deformations or perturbations caused by them, are the key
objects in explaining the properties of transition metal oxides, such as high-
temperature superconductors, nickelates, manganites, and systems with heavy
fermions [15-19]. In particular, according to [2], the microscopic description of
HTSC is based on the bipolar mechanism.

Since most HTSC materials have a magnetic order, the question of the type
of polarons (phonon or magnon) responsible for HTSC remains open.
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It was shown in [2], [20] that numerous properties of HTSC in the
pseudogap phase can be explained on the basis of the concept of phonon
translationally invariant polarons and bipolarons. In the approach considered, the
type of interaction between the current carriers and the lattice has not been
specified anywhere. For this reason, the above consideration is also applicable in
the case of magnetic polarons. Its universality is demonstrated by experimental
observations in a wide variety of types of compounds.

5. Supplement

According to [2], the conduction pattern in the bad metal phase looks as
follows. As distinct from the pseudogap phase, which is determined by the TI
bipolarons existing in this phase, the Tl polaron states dominate in the higher
temperature phase of a strange metal. Formed near the momentum
corresponding to the momentum of the charge density wave P.py,, Tl polarons
turn out to be almost immobile (bad metal). Hence, in the strange metal phase,
the current carriers are “bare” electrons which are formed as a result of the decay
of Tl polarons under the influence of temperature and an external magnetic field.
Their concentration can be found from the condition of instability of the TI-
polaron gas:

ZoZpn = Z. (S.1)

Where Z,, is the statistical sum of electrons, Z,, -of phonons, Z,, - of Tl polarons.
Relation (S.1) is a criterion when the free energy of the Tl polaron gas is lower
than the free energy of the electron and phonon gases formed as a result of the
decay of Tl polarons. For Z,,, Z,p, Zp, in [2] it was obtained:

ern3/2 1P
— | p—(wo+Ep)/T (2em T ev
Zp [e T ( h2 ) Np|
2mmT 3/2 ev Mo
Lo = [( 2 ) N—p (S.2)

o —@o/2T Np
th = [1 _ e—wo/T]

where N, is the number of Tl polarons, E, = E,(Pcpy) is the energy of a Tl
polaron with the wave vector P-py,, wy is the frequency of an optical phonon,
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m’*is the effective mass of an electron, m is the mass of a free electron, T is the
temperature, h is Planck's constant (h=2mh), e = 2.718 is the Napierian base.
With the use of (S.2), criterion (S.1) takes on the form:

3

)= 5| (.3)

m*

Tin(

It follows from (S.3) that, with logarithmic accuracy, the strange metal phase is

m

stable up to temperatures of the order of |Ep|.
In the presence of an external magnetic field, the statistical sum for the
electron gas Z,;, according to [12], should be replaced by the expression:

_ ugH/T Np
Zot(H) = Zot | G220 ch(us H/T) | (5.4

where Z,; is determined by (S.2).

From (S.2) and (S.4) it follows that for a given value of the magnetic field H,
the statistical equilibrium with the polaron gas corresponds to the concentration
of the electron gas determined by the expression:

T H
nHznpmthﬂ%, npsz/V (SS)

Hence, the magnetoresistance p(H) in the strange metal phase will be
determined by the expression:

p(H) =——, (S.6)

where e is the electron charge, 7 is the relaxation time of current carriers in the
strange metal phase.
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