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Abstract—We report on the results of measurements of anisotropic resistivity of RBa,Cu;Og , , (R =Tm, Lu)
high-temperature superconducting single crystals in a wide range of doping levels, indicating a nontrivial
effect of magnetic order on the electronic properties of cuprates. In particular, our results visually demon-
strate the crossover from the state with moderate anisotropy of resistivity p./p,, ~ 30 to a strongly anisotropic
state with p,/p,, ~ 7 x 10° upon cooling as well as upon a decrease in the hole concentration in the CuO,
planes. It is also shown that anisotropy is sensitive to the magnetic state of CuO, planes and attains its maxi-
mum value after the establishment of the long-range antiferromagnetic order. The results are discussed in the
framework of the theory based on the —#'—t"—J model of CuO, layers taking into account strong electron
correlations and short-range magnetic order. In this theory, anomalies of spin correlators and Fermi surface
topology for a critical hole concentration of p* ~ 0.24 are demonstrated. The concentration dependence of
the charge carrier energy indicates partial suppression of energy due to the emergence of a pseudogap at p < p*. This
theory explains both the experimentally observed sensitivity of anisotropy in conductivity to the establish-
ment of the antiferromagnetic order and the absence of anomalies in the temperature dependence of resistiv-

ity p,,(7) in the vicinity of the Néel temperature.
DOI: 10.1134/51063776110070101

1. INTRODUCTION

The interrelation between variations in the electric
and magnetic properties is often encountered in tran-
sition metal compounds. The most visual example is a
metal—insulator transition with the formation of spin
density waves (e.g., NiS or V,0; [1]). For this reason,
the absence of changes in resistivity p,,(7) of weakly
doped nonsuperconducting cuprates [2—4] upon a
transition through the Néel point 7Ty in experiments is
sometimes interpreted as the absence of a strong cou-
pling between charge carriers and the magnetic sub-
systems. Here, we give an alternative interpretation, in
which the coupling of charge carriers with the spin sys-
tem exists and is strong, while the absence of changes
in p,, in the vicinity of 7} is explained by specific fea-
tures of the magnetic state of quasi-two-dimensional
antiferromagnets. We also report on new experimental
results on anisotropic transport properties of
RBa,Cu;0q , . (R =Tm, Lu) single crystals, indicating
the effect of the magnetic structure on the electronic
properties at temperatures corresponding to the exist-
ence of long-range antiferromagnetic (AFM) order as
well as at T> Ty. The article has the following struc-

ture. In Section 2, the interrelation between the
electronic and magnetic structures and the pecu-
liarities of quasi-two-dimensional antiferromag-
netism in cuprates are considered qualitatively. In Sec-
tion 3, experimental data on intra- and interplanar
conductivity of RBa,Cu;0¢ ., (R = Tm, Lu) single
crystals are considered in a wide range of hole concen-
trations. In Section 4, the electronic properties are
analyzed with allowance for the short-range magnetic
order and the pseudogap and are compared qualita-
tively with experiment.

2. SPECIFIC FEATURES OF MAGNETISM
IN QUASI-TWO-DIMENSIONAL CUPRATES

It is well known that a metal with a Fermi surface
satisfying the nesting condition is unstable to the tran-
sition to the state of a charge- or spin-density wave. In
a particular case of an antiferromagnetic spin-density
wave, the dielectric state is formed below the Néel
point [5, 6]. In the Hubbard model, which is often
used for describing the electronic structure of transi-
tion metal compounds, such a band mechanism of the
metal—insulator transition takes place in the weak cor-
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relation limit U << W, where U is the Hubbard param-
eter and Wis the band half-width. In the opposite limit
of strong correlations (U > W), the interrelation
between electronic and magnetic properties becomes
even stronger. Even in the absence of charge carriers in
an undoped Mott—Hubbard dielectric, the exchange
interaction between neighboring spins J;; is formed by
virtual electron jumps 7; from the /th site to the jth site

and back, J = 272/U. Doped electrons (or holes) hop-
ping from one site to another against the background
of the antiferromagnetic structure have a jump ampli-

tude depending on spin correlators C; = (S;-S) of

neighboring spins [7]. This is the main mechanism of
interrelation between the electronic and magnetic
properties in the strong correlation mode. A more rig-
orous calculation of the electron Green’s function
shows that the mass operator in the Hubbard model is
determined by the correlation functions of spin,
charge, and pair fluctuations [8, 9]. As a result, we can
expect a change in the electronic structure as a result
of transition from the antiferromagnetic to the para-
magnetic phase, in which spin correlators disappear,
either to the metal state (in the weak correlation
mode), as in NiS, or to the paramagnetic Mott—Hub-
bard dielectric. An example of the latter situation is
LaTiO;, in which the dielectric properties are pre-
served above Ty also, but the temperature dependence
p(7) has a kink at the Néel point [10]. The smooth
temperature dependence of p, in cuprates in the
vicinity of the Néel point [2—4] and the absence of
qualitative changes in G,(7) upon a transition from
compositions with the paramagnetic state to those
with a long-range AFM order [2—4] appear even more
surprising.

What is the difference between the variation of the
magnetic structure upon a transition through the Néel
point in La,CuO,, YBa,Cu;04, and other undoped
cuprates and that in NiS or LaTiO;? In the latter case,
the magnetic system is three-dimensional, while in
cuprates it is quasi-two-dimensional. In a 3D magnet,
the range of strong spin fluctuations above Ty is nar-
row, while the behavior of these fluctuations in a quasi-
two-dimensional antiferromagnet is much more com-
plicated. These systems are characterized by two
energy scales: strong exchange in the plane (/ ~ 0.1 eV)
and weak exchange between the planes (J' ~ (10~*—
1073)J) (or anisotropy in the plane of the same order of
magnitude, which is equivalent as regards the forma-
tion of the 3D long-range antiferromagnetic order). It
is well known that, in the isotropic Heisenberg model,
the Néel temperature in a 2D system must be zero in
accordance with the Mermin—Wagner theorem.
Anisotropy and interplanar exchange stabilize the 3D
antiferromagnetic order in La,CuO, with Néel tem-
perature Ty ~ J/In(J/J") [11]. Above the Néel point,
the long-range order (correlations between CuO, lay-
ers) is broken, while strong exchange J in the CuO,
plane preserves antiferromagnetic correlations (short-
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range order) up to temperatures 7'~ J ~ 1000 K. Neu-
tronographic measurements show that the antiferro-
magnetic correlation length & decreases rather slowly
upon an increase in the doping level, & oc x~1/2 [12].
Since the mean free path / of charge carriers is close to
or even smaller than & in a wide range of temperatures
and doping levels, holes move in the antiferromagnetic
surrounding most of their lifetime. Time fluctuations
of the short-range order at low temperatures are prac-
tically frozen. For example, at 7< 10 K, the character-
istic lifetime of an antiferromagnetic cluster of size & is
10~? s, which is much larger than the characteristic
electron lifetime of 10~'3 s [13]. Therefore, the main
contribution to the formation of the electronic struc-
ture of carriers in a strongly correlated system of elec-
trons in the CuQO, layer comes from quasi-static anti-
ferromagnetic short-range correlations. The changes
in the electronic structure upon a transition through
the Néel point are insignificant since (by virtue of the
scaling condition / < &) it is immaterial for moving
holes whether the correlation length is infinitely large
in the case of long-range order or is 20 nm. We cannot
state that there are no variations at all: scattering of
holes from space and time inhomogeneities of the
magnetic structure leads to anisotropic damping of
carriers responsible for spreading of a part of the hole
pocket on the Fermi surface [9, 14, 15] and the forma-
tion of the finite Fermi arches observed in ARPES
experiments [16].

3. TRANSPORT PROPERTIES
OF SINGLE CRYSTALS

One of the most visual manifestations of the pecu-
liar electronic states of HTSC cuprates is the contrast-
ing behavior of the electron transport along CuO,
planes and between them. In this case, metal-type
conductivity ¢,,(7) can be combined with the activa-
tion behavior of 6(7T) [2—4, 17, 18], and the conduc-
tivity anomalies associated with antiferromagnetic
ordering are manifested only in the interplanar direc-
tion [2—4, 18]. A comprehensive explanation of such a
behavior has not been obtained as yet; in particular,
this is due to the lack of systematic experimental data
on conductivity anisotropy as a function of the doping
level for most HTSC cuprate families. In this connec-
tion, we performed detailed measurements of aniso-
tropic resistivity of RBa,Cu;0q , . (R =Tm, Lu) single
crystals in the composition range from a weakly doped
antiferromagnet to an optimally doped supercon-
ductor. The techniques for growing single crystals,
setting the required concentration of oxygen, and
precision measurement of resistivity components
were described in detail in our previous publications
[2, 3]. Since the behavior of TmBa,Cu;0Oq¢,, and
LuBa,Cu;0¢, , single crystals is qualitatively the
same, the results on these compounds will be distin-
guished in the text only in the cases where it is impor-
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Fig. 1. Temperature dependences of anisotropic resistivity of RBa,Cu;O¢ , , (R = Tm, Lu) single crystals in various doping level
ranges: for (a) a weakly doped nonsuperconducting compound with 7y = 43 K; (b) a weakly doped superconducting compound
with T = 19 K, and (c) approximately optimally doped crystals with 7 = 90 K.

tant that the entire set of measurements is made on the
same crystal.

Figure 1 shows the characteristic temperature
dependences of anisotropic resistivity for three doping
level ranges. It can immediately be seen that the resis-
tivity component along CuQO, planes exhibits a practi-
cally invariable behavior: the p,,(7) curves are similar
to one another, although the doping level range under
investigation extends from the nonsuperconducting
antiferromagnet to the optimally doped superconduc-
tor. The only qualitative change (if we disregard the
superconducting transition) is a slight variation of the
curvature of the p,(7) dependence. The absolute
value of p,, in the normal state changes only by a factor
of 6—9 (depending on temperature) upon a change in
the oxygen concentration x from 0.32 to 0.91, corre-
sponding to a change in the hole concentration p in the
CuO, layer by a factor of 4—5 (from p = 3.5—4% to
17%) [4, 19]. Consequently, the increase in the con-
ductivity normalized to the hole concentration upon a
transition from antiferromagnetic compounds to the
optimally doped superconductor is only by a factor of
1.5—2. If we recall that the additional conductivity of
layers formed by CuO,, chains for an oxygen concen-
tration of x ~ 0.9 becomes comparable with the con-
ductivity of CuO, planes, the increase in the carrier
mobility is bounded from above by only a few tens of
percent, which is close to the errors of resistivity and
carrier concentration measurements. Thus, the type of
electron transport along CuO, planes weakly depends
on the doping level. Only the scaling of carrier con-
centration and intraplanar conductivity takes place,
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which confirms the conclusions [4] about the weak
dependence of the hole mobility in CuO, planes on
the doping level.

The behavior of interplanar resistivity p.(7) in
Fig. 1 is much more complicated. The form of the
p(T) dependence changes from the quasi-metallic
behavior at the maximal doping levels to a complex
dome-shaped curve for weakly doped compounds,
which is supplemented with a sharp kink of the curve
upon a transition to the state with the long-range anti-
ferromagnetic order below the Néel temperature Ty
(marked by the arrow in Fig. 1) [2, 3]. The sharp
increase in p, below the Néel temperature in the
absence of singularities on the p,,(7) curve appears
more unusual [2—4]. The sharp increase in the value of
p. upon a transition to the AFM state unambiguously
indicates a significant role of the spin order in the
interplanar electron transport.

A visual idea of the evolution of resistivity anisot-
ropy can be gained from systematic data on p./p,
obtained for the same pair of samples cut from the
same TmBa,Cu;0y , , single crystal (Fig. 2). The tem-
perature dependence of p./p,, is much simpler than
the behavior of the single p. component. It can be seen
from Fig. 2 that the resistivity anisotropy smoothly
increases from approximately 30 (see also Fig. 1c) to
approximately 7000—8000 both upon a decrease in
temperature and upon a decrease in the doping level at
a fixed temperature. The variation of anisotropy has
the form of a crossover between two selected states
with moderate and strong electron anisotropy.
Although the range of AFM compounds is not repre-
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Fig. 2. Temperature dependence of resistivity anisotropy
P/ Pap of TmBa,CuzOg |, . single crystals with various oxy-

gen concentrations. All values of resistivity components
pT) and p,,(T) were obtained for the same pair of sam-

ples cut from the same crystal and subjected to simulta-
neous annealing. Measurements were taken after relax-
ation of the crystals at room temperature leading to oxygen
ordering in CuO,, chain layers.

sented in Fig. 2, it can easily be seen from Fig. 1 that a
transition to the AFM state leads to an additional
sharp increase in anisotropy [3]. The absolute value of
anisotropy p./pa at T = 100 K varied almost linearly
upon an increase in the hole concentration (Fig. 3)
and is saturated in the above-mentioned regions with a
moderate (about 30—50) and strong (about 10%)
anisotropy.

The effect of spin AFM ordering on the conductiv-
ity anisotropy is clearly manifested upon a transition
through the Néel temperature. However, the effect of
spin correlations on the electron transport in the range
of superconducting compositions is more important
for explaining the HTSC origin. Indeed, dynamic
AFM correlations are preserved in an extremely broad
range of compositions and temperatures [12] (Fig. 4a)
and can be responsible not only for the clearly mani-
fested anomaly in p.(7) at Ty but also for the observed
smooth increase in the resistivity anomaly upon a
decrease in the carrier concentration and in the
vicinity of the range of the AFM order. This ques-
tion could be clarified by shifting the Néel temper-
ature and changing the scale of AFM correlations.
Such a change (albeit small) is indeed possible for
RBa,Cu;0¢,, compounds. It was demonstrated
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Fig. 3. Dependence of resistivity anisotropy p./p,, of
TmBa,Cu;0g , ,single crystalsat 7= 100 K on the oxygen
concentration.

recently [20] that the application of a strong magnetic
field stabilizes AFM correlations and increases the
Néel temperature. Although the mechanism of this
effect is not completely clear, one of its possible expla-
nations is the additional anisotropy introduced into
the spin system by the magnetic field. This additional
anisotropy enhances AFM correlations and stabilizes
the long-range order analogously to magnetic-crystal
anisotropy or interplanar spin interaction J'. The
long-range AFM order is established in cuprates when

J' integrated over the correlation volume (J'Ejb)

becomes equal to k7. The additional magnetic
anisotropy introduced by the magnetic field is also
integrated over the AFM correlation volume and com-
petes with thermal disordering. Obviously, the stron-
gest effect of the magnetic field must be observed near
T, where correlations are strong enough, while the
effect of the magnetic field upon an increase in tem-
perature or in the doping level decreases approxi-
mately in proportion to [E,(7, p)|1>/kgT. The
enhancement of AFM correlations induced by the
applied magnetic field may in turn affect the interpla-
nar transport; this can be observed in magnetoresis-
tance measurements. Such measurements performed
in [20, 21] revealed that the magnetic field indeed
induces a substantial positive magnetoresistance Ap,
and, accordingly, increases anisotropy p./p,; the
range of temperatures in which this effect is observed
is not bounded by the region of long-range AFM order
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Fig. 4. (a) Phase diagram of RBa,Cu;0Og , , compounds in the range of antiferromagnet—superconductor transformation [3] as

a function of carrier concentration ncuo, with its relative values determined from the data on the conductivity in CuO, planes.

The threshold concentration at which superconductivity appears is taken as unity. The shaded part on the phase diagram above
Ty and T schematically illustrates the range of strong dynamic AFM correlations in CuO, planes. Arrows indicate the states for

which magnetoresistance data are given in (b) showing the temperature dependence of the interplanar magnetoresistance Ap,./p,..
of RBa,Cu30g , , single crystals in a magnetic field H || ¢ borrowed from [21]. The inset illustrates the magnetic state of
RBa,Cu;0g ,  in the range above Ty: two-dimensional antiferromagnetic correlations have magnitude & 4«(7) in CuO, planes
and fluctuating direction of the sublattice magnetization (shown by arrows).

and extends to high temperatures (Fig. 4b). The spin
origin of the observed magnetoresistance can easily be
verified by slightly changing the hole concentration
and, accordingly, by shifting the Néel temperature. It
can be seen from Fig. 4 that, upon a displacement of
Ty, the entire magnetoresistance curve exhibits a par-
allel shift, which confirms the interrelation between
the magnetoresistance in the entire temperature range
under investigation and the AFM ordering. Thus,
AFM correlations indeed affect the interplanar trans-
port and resistivity anisotropy not only in the region of
AFM order but also in wide ranges of temperatures
and compositions, in which strong AFM correlations
are preserved.

4. ELECTRONIC PROPERTIES
IN THE PSEUDOGAP STATE

On account of the interrelation between charge
carriers and magnetic moments, the electronic and
magnetic structures must be calculated self-consis-
tently for each point (x, T) on the phase diagram. Due
to strong electron correlations, we must take into
account in our calculations the prohibition on the
occupation of two-particle states; for this purpose, it is

convenient to use Hubbard X operators X7 = |p)(q|.
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Here, |p) and (g| are local states |c) with a single hole
and spin o = £1/2, as well as the Zhang—Rice singlet
|S). The exclusion of double filling for hole-type
cuprates indicates that two-electron states d'’p® (hole
vacuum |0)) are excluded from the local basis of the
Hubbard model. In spite of the complexity of the alge-
bra of X-operators as compared to the conventional
Fermi or Bose operators, their application guarantees
that two-particle prohibition is taken into account
exactly in any approximation in contrast to the slave
boson method. The microscopic multiband p—d
model taking into account all orbitals of copper and
oxygen, as well as strong Coulomb interactions
between electrons, is used for deriving the r—¢'—¢"—J*
model with jumps ¢, #', and ¢" to the first, second, and
third neighbors and with the J exchange [22]. The
asterisk indicates that we take into account three-cen-
ter correlated jumps whose amplitude is also J.

Here, it is not expedient to write Green’s functions
and the mass operator for holes, which are defined by
the spin (C,, = (S, S,) ) and kinetic (K, = <X§6Xf S) )
correlation-induced fluctuations. For the lower Hub-

bard band determined by operator X°° and corre-
sponding to the bottom of the conduction band, the
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0.05

Fig. 5. Decreasing spin correlation functions C,, for vari-

ous doping hole concentrations x and numbers # of coor-
dination spheres. Forn =2, 3,5, 7, and 9, correlations are
positive (within one sublattice), while for n = 1, 4, 6, and 8,
correlations are negative (between different sublattices).

procedure and results of calculations are described in
[22, 23]. Analogous calculations for the valence band
of interest to us in the case of hole doping, which coin-
cides with the upper Hubbard band in the hole repre-

sentation and is described by operator X° S, are given
in [24]. In the development of the research in [24], we
consider new results required for the discussion of
experimental data.

The magnetic structure with a short-range antifer-
romagnetic order is described in the approximation of
an isotropic spin liquid, in which all spin components

have identical correlation functions (S,S,) = (SpS) =
(85:8% = C,,/2. These functions can be determined

from the spin Green’s function ((Sf|57 Y) using the

method developed in [22, 23, 25, 26]. Kinetic correla-
tors K, and the chemical potential can be expressed in

terms of the hole Green’s function ((X° S|Xj‘-y °) . For

each doping level x with total hole concentration »;, =
1 + x, the correlators and the chemical potential are
determined self-consistently (i.e., the changes in the
electronic and magnetic structures in the theory are
interrelated). Figure 5 shows the moduli of the spin
correlation functions depending on the number of the
nth coordination sphere up to n < 9 for various values
of x. It should be noted that the correlations are anti-
ferromagnetic; i.e., C,, is negative for the alien sublat-
tice (n =1, 4, 6, 8) and positive for its own sublattice
(n=2,3,5,7,9). It can be seen that, in the weak dop-
ing region, spin correlations decrease quite slowly. For
strongly doped compositions with x = 0.3, correlations
take place only between the nearest neighbors; pre-
cisely such a behavior of spins in a paramagnet is
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Fig. 6. Concentration dependence of the kinetic, poten-
tial, and total energies in the r—¢'—¢"—J* model in the state
of an isotropic spin liquid. The kink and partial suppres-
sion of the kinetic energy below x,. = 0.24 correspond to the

formation of the pseudogap state.

expected. The composition with x = 0.20 still shows
the traces of the short-range order, although the dop-
ing level is higher than optimal. It can be seen from the
concentration dependence of correlators C,, that a
critical point x, = 0.24 exists, at which C,; has a kink,
while correlators with larger numbers vanish for x > x,.
Point x, is close to the critical value corresponding to
the emergence of a pseudogap p* = 0.24.

To determine the role of critical point x,, we calcu-
lated the concentration dependence of the total energy
(H) (Fig. 6) and its partial components: kinetic
energy ( H,) , potential energy ( H,) , and correction to

energy ( H,;) from three-center correlated jumps. The

energy origin is set at the mean value of the one-site
part of the Hamiltonian,

(Hy = Z(S_ W {n;e) -

The three-center terms are important for the forma-
tion of the superconducting state with the dxz_yz sym-

metry since their amplitude is determined by exchange
parameter J [27]. The resultant smallness of their con-
tribution to energy is in conformity with the result of
exact diagonalization of finite one-dimensional and
two-dimensional clusters [28]. Potential energy ( H,)

varies with the hole concentration almost linearly with
a small kink at critical point x.. The critical point is
manifested most strongly in the kinetic energy of car-
riers. Above x,, the dependence is linear (approxi-
mately proportional to 1 + x), which is typical of a 2D
electron gas with mean energy € ~ e ~n,=1+x. The
continuation of this dependence to the left of the crit-
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Fig. 7. Concentration dependences of effective mass
m*/mg and velocity v at the Fermi level in the nodal

direction [1, 2]: experimental values of the effective mass
from the data on quantum oscillations are marked by sym-
bols + for YBa,Cu3Og 5 [30] and x for YBa,Cu3Og [31, 32].

ical point shows that the kinetic energy for x < x, is
lower than that expected for a free electron gas. We
attribute this decrease in the energy to the formation of
a pseudogap in the vicinity of the Fermi level, as a
result of which some electron states make zero contri-
bution to the energy. Thus, the coincidence of our crit-
ical point x, with point p* is not accidental; this point
corresponds to origination of a pseudogap at 7= 0
below x, = p*. The concentration dependence of the
kinetic energy is described by the relation

Eyin(p) = exp _4Eg(p)
Eiw(p*) J )

in which the pseudogap is E,(p) = J(1 — p/p*). In our
theory, the pseudogap appears due to enhancement of
the short-range antiferromagnetic order upon a
decrease in the doping concentration and is close to
the spin-fluctuation origin considered in [15, 29].

The characteristics of charge carriers such as effec-
tive mass m* and velocity vy at the Fermi level are
important for analysis of transport experiments. It
should be noted that the variations of these quantities
depicted in Fig. 7 in a wide range of concentration
from weakly doped to strongly doped compositions are
insignificant. Small changes in the Fermi velocity were
detected by the ARPES methods [33], while variations
in the effective mass of carriers were determined from
analysis of experimental data on transport and optical
properties [4, 34]; our calculations are in qualitative
agreement with the conclusions drawn in [4, 34].

The electrical conductivity in strongly correlated
systems has not been calculated as thoroughly as the
electronic structure with evolution of the Fermi sur-
face [24]. Instead of the results of such calculations,
we will consider a rougher qualitative estimate based
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on analysis of different mechanisms of transport along
and across the CuQO, plane. Hopping of holes in the
plane mainly occurs in each AFM cluster in view of
the condition / < &. Such jumps are coherent in the
sense that a doped antiferromagnet is a metal with a
definite Fermi surface (even if some part of it does not
participate in conduction due to the formation of the
pseudogap, the remaining Fermi arches ensure metal-
type conduction). At the same time, jumps along the
c axis always occur between different AFM clusters
(i.e., incoherently). This incoherence will be taken
into account as follows. Usually, the electrical con-
ductivity is calculated using the relaxation time
approximation for the nonequilibrium part of the

Fermi distribution function g, =f;, — f 2 (where f;, and

f 2 are the nonequilibrium and equilibrium functions):

U _ 08 _ g (1)
ot or 1

We will use this formula and the conductivity tensor of
the familiar type

2
et of , ds
= Y ge &R 2
Glj 4n3h J-J.Vklvki( 88 g‘vk’ ( )

following from it for describing the transport in the a,
b plane. Here, v, = V,e(k)/h and dS is the constant-
energy surface area element (in the case of a 2D plane,
it is an element of an arc of the constant-energy
curve). The incoherence of the jump along the ¢ axis
will be taken into account using the fact that the recip-
rocal relaxation time is of the activation type:

1/1, = 1/texp{~E,/kT}, 3)

where E (k, p) = E,(p)@, is the pseudogap depending
on the wavevectors in the a, b plane and on the doping
level,

E) = J(1-2).

O, = %(coskxa— cosk,a).

4

In fact, expression (3) is our hypothesis based on the
difference in the hopping mechanisms in the a, b plane
and in the ¢ direction. As regards the angular depen-

dence of the form of dxz_yz (4), it was established

experimentally by the ARPES methods [35—38] and
was derived theoretically in [39] for weakly doped
AFM cuprates. The gap amplitude in the form E,(p) =
J(1 — p/p*) was proposed for analyzing the tempera-
ture and concentration dependences of the electronic
entropy and heat capacity [37]; we obtained the same
concentration dependence for the kinetic energy (Fig. 6).
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In calculating conductivity by formula (2), we must
integrate, as usual, over the Fermi surface:

0
L = 56~ ). )
€

This gives the following expression for resistivity ratio
y= pc/ Pap-

y = IkxkyB(sk — w)dk,k,

2 E(p)
X {J‘kz exp{—m(coskxa — cosk,a) ©)

x O(g; — p)dkxkyH .

In the doping range p > p,,, where p,, ~ 0.16 is the
optimal doping level, the Fermi surface is large. To
obtain a simple estimate, we approximate it by the
expression

cosk.a + cosk,a = 0. )

This gives the following expression for the conductiv-
ity anisotropy:

Gd
v=—07 : =2 @)
E,(p) Iy(a)
G I exp(—ﬁ cosx) dx
-m.2

Here, 6, is the conductivity along the ¢ axis in the
absence of the pseudogap for p > p*, I(a) is the Bessel
function of the imaginary argument, y, = G,;/7GC.q,
and a = E(p)/kT. It should be noted that formula (8)
cannot be treated as the theory of resistivity anisot-
ropy; it was derived with a number of rough simplifica-
tions and will be used only for qualitative comparison
with experiment.

It should be noted that the simplified estimates of
anisotropy considered above do not allow us to
describe the temperature dependences of p,, and p,
separately. For this purpose, we must take into account
explicitly the scattering of carriers from spin fluctua-
tions. This was done earlier by many authors using the
phenomenological approach of a nearly antiferromag-
netic Fermi liquid [40—44] as well as microscopic
approaches taking strong electron correlations into
account [45—48]. This makes it possible to describe
the linear temperature dependence of resistivity of
optimally doped cuprates. In calculating the resistivity
ratio p./p» such power corrections are canceled out,
and exponential dependence (3), which is associated
with the emergence of a pseudogap, plays the major
role in the effects discussed here.

Formula (8) used for comparison with experiment

contains an empirical parameter y,. The pseudogap
parameters are calculated ab initio from the micro-
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Fig. 8. Comparison of experimental and theoretical
dependences of resistivity anisotropy for compounds (a)
with nearly optimal doping level and (b) with a low doping
level: (a) p =0.13 (solid curve, ®); 0.145 (dashed curve, 4);
0.16 (dot-and-dash curve, ®); (b) 0.045 (solid curve, m);
0.06 (dashed curve, A); 0.075 (dot-and-dash curve, ®).

scopic theory [24]: J ~ 1600 K and p* = 0.24. Figure 8
shows a series of temperature dependences of In y for
various values of the doping element concentration.
Parameter y, = 35. At high temperatures, the entire set
of experimental curves for various concentrations can
be described by formula (8). As the doping level
decreases, the discrepancy between the theory and
experiment becomes stronger, which we attribute to
the roughness of the description of the Fermi surface.
Indeed, Eq. (7) fails to describe small pockets and
arches, which are known for weakly doped composi-
tions. Comparison of the concentration dependence
of p,, with ARPES data [38] shows that the variation
of resistivity upon a decrease in p is in good agreement
with the decrease in the length of Fermi arches pre-
served in the vicinity of diagonals (0, 0)—(m, ) and
with the decrease in the spectral weight in the vicinity
of these points. Thus, the conductivity in the CuO,
layers is associated with length L of the arch.

Upon a decrease in temperature, the discrepancy
between the result of calculation by formula (8) and
experiment increases for the same reason as in the case
of decreasing doping level: AFM correlations increase,
which changes the band structure and the Fermi sur-
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face. Analysis of a more general formula (6) for 7— 0
indicates the boundedness of the ratio p./p,,- Indeed,
the exponential factor for T— 0 determines the situ-
ation where the contribution to the integral comes
only from those regions in the & space in which ¢, = 0.
These are nodal directions k, = +k,. It is this trunca-
tion of the integral due to the pseudogap that leads to
boundedness of p./p,;, for T — 0.

5. CONCLUSIONS

The theory of the electronic structure taking into
account the short-range magnetic order has made it
possible to qualitatively explain the important experi-
mental conclusion concerning the absence of a kink
on the p,,(7) curves at the intersection with Ty. As
regards the description of the temperature and con-
centration dependences of the conductivity and their
anisotropy in the short-range magnetic order regime
and the pseudogap generated by fluctuations of this
magnetic order, qualitative analysis of experimental
data shows the following role of the pseudogap in con-
duction. For strongly doped compositions with a large
Fermi surface, all states participate in transport, and
the conductivity anisotropy is insignificant (about 30).
Upon a decrease in the carrier concentration and
opening of a pseudogap near points (r, 0) and (0, «),
the intraplanar conductivity decreases almost linearly
upon an increase in the area of the Fermi surface cov-
ered by the pseudogap. The type of conductivity does
not change in this case; consequently, the regions of
the Fermi surface under the pseudogap simply do not
contribute to the conductivity. For the conductivity
along the c axis, the pseudogap in the region with the
maximal dispersion immediately changes the conduc-
tion to the activation type partly shunted by the
regions on the Fermi surface free of the pseudogap.
The temperature dependence of the conductivity
anisotropy is, accordingly, close to the activation-type
dependence at high temperatures. Upon a decrease in
temperature and the exponential decrease in the acti-
vation contribution to the interplanar conductivity,
the role of the shunting regions increases, and anisot-
ropy is saturated to values of about 10%, at which the
conductivity in all directions is controlled by the
region of Fermi arches. In such a situation, we can
expect an increase in anisotropy from 30 to approxi-
mately 10* both upon cooling and upon a decrease in
the doping level at a fixed temperature; this is indeed
observed in experiments. Comparison of the theoreti-
cal estimate (8) with experiment shows that, using sin-
gle parameter y,, we managed to describe the entire
family of p./p,, curves for various concentrations at
high temperatures. We decided not to perform more
complicated calculations by formula (6) with a Fermi
surface depending on the doping level since our anal-
ysis of anisotropy is rough and qualitative in nature
and does not claim to be a quantitative theory.
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