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Abstract

We investigate the origin of the optical ac and dc conductivity anisotropies observed in the low
temperature orthorhombic phase of lightly doped, untwinned La,_, Sr,NiOy single crystals. We
show that these anisotropies can be naturally ascribed to the emergence of two odd parity,
rotational-symmetry-broken, localized impurity acceptor states, one deeper and one shallower,
resulting from the trapping of doped holes by the Coulomb potential provided by the Sr ions.
These two lowest-energy, p-wave-like states are split by orthorhombicity and are partially filled
with holes. This leaves a unique imprint in the optical ac conductivity, which shows two distinct
far-infrared continuum absorption energies corresponding to the photoionization of the deep
and shallow acceptor states. Furthermore, we argue that the existence of two independent and
orthogonal channels for hopping conductivity, directly associated with the two orthorhombic
directions, also quantitatively explains the observed low temperature anisotropies in the dc

conductivity.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Understanding the evolution from a Mott insulating behavior
until the realization of high temperature superconductivity
in lamellar copper oxides is one of the most challenging
problems in condensed matter physics. It is widely agreed
that 7—J-like models already capture the essential features
of underdoped cuprates [1], such as a small Fermi surface
(FS) composed of four pockets located at special positions
in the magnetic Brillouin zone [2]. However, while the
rather low frequency of quantum Hall oscillations observed
in YBayCu3O¢5 [3], as well as the de Haas—van Alphen
effect [4], support the small FS scenario, the validity of

0953-8984/11/215602+09$33.00

such a strong coupling, single-band description has recently
been put under scrutiny, after a new analysis of the optical
conductivity spectra in La,_,Sr,CuO4 [5]. Furthermore,
the interplay between spin, charge and orbital degrees
of freedom, together with disorder, makes any theoretical
description of such systems a very difficult task. Such
a large degree of complexity can be significantly reduced
by the thorough analysis of magnetic, optical and transport
experiments, such as the ones performed in untwinned
La,_,Sr,CuO4 single crystals, the simplest representative
of this class of compounds [6]. Understanding these
experiments might also help us clarify the role of interactions
in cuprates.

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Infrared (IR) spectroscopy is a very useful tool to
investigate charge dynamics in metals and semiconductors.
The analysis of the far-IR (FIR) ac conductivity spectrum
of Lay_,Sr,CuQy, for x = 0.03 and 0.04, by Dumm et al
[7], revealed that: (i) at high temperature, 7 > 80 K, a
Drude-like response is observed, suggesting that the electronic
conductivity is band-like even for such low doping, which is
consistent with the mobility analysis of the dc conductivity [8]
and (ii) at lower temperature, instead, the suppression of the
Drude-like behavior in the FIR, with the observation of a peak
centered at finite frequency w, points toward the localization
of charge carriers [9], much like as it happens in doped
semiconductors, strongly disordered metals and other cuprate
superconductors [10]. The position of such a peak can, in turn,
be associated with the typical energy scale for localization,
the binding energy of the holes. Most remarkable, however,
is the observation of two distinct absorption energies for two
specific polarizations of the incident light, namely along the
two orthorhombic axis, hereby referred to as A and B channels
(according to this notation, A means that the incident light is
polarized along the A orthorhombic direction and is absorbed,
no emission) [7].

The dc conductivity in lightly doped La,_,Sr,CuOy4 can
also be divided into two main regimes: metallic (band-like)
and insulating (hopping) [8, 11]. At higher to moderate
temperatures, when all hole-like carriers have been activated
to the valence band, a simple Drude picture for the hole
conductivity:

o= , (D

is able to explain (surprisingly) quite well the rather weakly
anisotropic dc conductivity data. At lower temperature,
however, when the holes become localized around the
Sr dopants, hopping conductivity between impurity sites
becomes the dominant mechanism for the transport. Quite
unexpectedly, such hopping transport is also found to be clearly
anisotropic and exhibits two different temperature scales for
the onset of localization [11], sometimes called freezing-out
temperatures [12], depending on the direction of the applied
electric field.

In this work, we investigate the origin of the anisotropies
in the optical ac and dc conductivity responses described
above, observed in the low temperature orthorhombic phase
of lightly doped, untwinned La,_,Sr,CuQy4 single crystals.
As we shall clarify below, although stripe formation has
been successfully used before to explain the mid-IR (MIR)
optical spectra of La,_,SryNiO4 and La,_,Sr,CuOy4 for x >
0.055 [13], for the case of insulating La,_,Sr,CuQy4, x <
0.055, where holes are localized by the Coulomb potential
provided by the randomly distributed Sr impurities, the two
energy scales found in the FIR ac response are associated,
instead, with the two lowest-energy, parity-odd, rotational-
symmetry-broken p-wave impurity states. These provide
also two independent and orthogonal channels for hopping
conductivity which naturally explain the low temperature dc
conductivity anisotropies [11]. The relationship between
a rotational non-invariant impurity state and anisotropic dc
response has already been acknowledged in [14], where the

deformation of a single, parity-even, hydrogenic 1s orbital,
due to the formation of antiferromagnetic spin spirals, was
considered. Here we show that the selection rules for IR
absorption are consistent, actually, with two parity-odd p-wave
orbitals [7].

2. Electronic structure

According to recent exact diagonalization studies by Chen,
Rice and Zhang, for the 7—t'—J model on a square lattice [15],
the ground state for a hole bound to an Na charged impurity
at the center of a four-Cu plaquette in Ca,_,Na,CuO,Cl,
is doubly degenerate and parity-odd. These results are
in agreement with earlier numerical studies by Rabe and
Bhatt [16], as well as Gooding [17], for the case of an Sr
impurity in La,_, Sr,CuQy, which is the case we shall consider
in the present work. Although the Sr ion is actually located
above a four-Cu plaquette, the rather large extent of the doped-
hole-Sr-ion bound state allows us to neglect, in what follows,
the small displacement of the Sr impurity from the plane.

The presence of the Sr impurity in La,_,Sr,CuO, breaks
the translational symmetry of the square lattice and the
different possible localized states can be classified according
to the irreducible representations of the C4, point group,
labeled by the eigenvalues of the reflection operators Py
and P,, (P, Py) [15]. Because of the existence of the
antiferromagnetic background, the ground state is found to be
doubly degenerate and belongs then to a two-dimensional, E,
representation which corresponds to the degenerate (4, —) and
(—, ) states [15, 16]. There is a third, fully symmetric low-
lying excited s-wave state which belongs to Aj, labeled by
(4, +), and a fourth, higher energy, d-wave state belonging
to B,, labeled by (—, —) [15]. For the continuum part of
the spectrum, the single delocalized hole state of the r—'—J
model is labeled by its momentum k and corresponds to
the maxima of the weakly elliptical hole pockets centered at
(£m/2, £ /2), (in units a = 1), see figure 1.

In what follows, however, it will be more convenient to:
(i) first extend the square lattice to a tetragonal structure; and
afterwards (ii) to consider explicitly the symmetry reduction
in La,_,Sr,CuQy from the high temperature tetragonal (HTT)
phase, with crystal structure 74/mmm and point group Dy,
down to the low temperature orthorhombic (LTO) phase, with
Bmab crystal structure and associated D5y, point group. Here a
and b are the two planar orthorhombic axis, shown in figure 1,
with b > a. In this case, the double degeneracy of the ground
state is lifted by the orthorhombicity, and the character of the
parity-odd ground state is reduced following

E, — By, + Ba. ()

Analogously, the higher energy states are also reduced

according to standard group theoretical rules:
Ay —> A} By — A ©)

Finally, the single delocalized hole state, labeled by
(£m/2, £7/2),, also has its symmetry modified from

Bys — A,. “)
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Figure 1. Top left: Srion at the center of a four-Cu plaquette and the reflection axis Py, Py. Top right: localized energy levels and their
irreducible representations of the Dy, point group. The ground state E, is doubly degenerate and parity-odd (note that we are using the hole
picture here, so the energy axis is reversed). Bottom left: A,,, B, and E, wavefunctions. Bottom right: the delocalized hole has dispersion

with maxima at (£ /2, 27r/2) and belongs to By,.

2.1. Structure of acceptor states

Following Kohn and Luttinger (KL) [18], the wavefunctions
corresponding to the i = Bsy, Boy, AZ, Ag states can be
generally written as

Wi(r) =) ol F(0)¢ (k. 1), (5)
"

where
¢k, 1) = ™ Tuy (r) (©6)

and ug, (r) is a periodic Bloch wavefunction with minima at
k, = kf; »- The index u runs over the

ki = (7/2,7/2), kj = (-7/2,7/2),

k, = (—m/2,—7/2), k, = (m/2, —m/2)
pockets (we use here the tetragonal notation for clarity) and
the envelope functions calculated within the effective mass
approximation at each pocket are

——e 15, 7

2
&

Fi(r) =

Here r = /x?+ y? and & controls the exponential decay
of the wavefunction for the ith impurity level. Finally, the
coefficients

1
ap = —2(1,0,—1,0)

2

B d
apt =11, et =1q,

1
ap = —2(0, 1,0, —1)

NG
—1,1,-1)

provide the correct parity properties to the four localized
states and are determined by the relevant symmetries of the
orthorhombic Bmab point group [18].

The two lowest-energy Bj, and B, localized states
correspond, respectively, to the parity-odd p-wave-like orbitals
along the two orthorhombic directions, a and b, see figure 1,
given explicitly by

\I[BSu(‘x7 y) =

m(x +
( y)ile—r/ézs&,u(%,%)(r)7

1
sin |:
Vv 27[%‘33“ 2
N y)] -
U (x,y) = sin e /By ) (1),
BZu( y) \/m [ 2 (5.3 )( )
where &g, p,, are the localization lengths for the two p-wave-

like states, B3, and By, oriented along the a and b directions,
respectively.
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At this point one comment is in order. The unusual aspect
of the above results, namely having two antisymmetric p-
wave states with lower energy than the fully symmetric s-wave
one, is a direct consequence of the existence of a nontrivial
antiferromagnetic background for the doped holes. In fact,
upon doping, the holes will prefer to localize in states that
correspond to sublattices with a definite spin projection, to
avoid the energy cost of antiferromagnetic superexchange, J,
for moving between different sublattices. This is exactly the
case of the two B,, and B3, states described above, which, due
to the auspicious geometry of the Sr impurity at the center of
a four-Cu plaquette, can be straightforwardly associated with
the two different spin-up and spin-down sublattices. This also
reminds us that physics of acceptor states in strongly correlated
Mott insulators, like La,_,Sr,CuQy, is much more involved
than for the case of simple semiconductors.

The wavefunctions for the other two higher energy
orthorhombic states can also be calculated analogously and we
find

Was(x,y) =

1 < [n(x + y)j|
cos
,/2775/4;; 2
+ cos [@})ermz’”(’}?)(r),

Waa(x,y) = : <cos [n(x+y)i|
g 2mE g 2

T =) |\ /e
— ¢os — e ucz,z(r),

where £4; 4, are the localization lengths for the two parity-even

®)

states, AZ and Ag. In figure 1 we show all four localized state
wavefunctions. It should also be stressed here that the KL W;
wavefunctions calculated above, do not include the information
that the delocalized holes are incoherent over a large part of the
Fermi [2]. This will be addressed elsewhere [19], but for now
it suffices to acknowledge the anisotropic p-orbital shape of the
lowest-energy impurity states (see figure 1).

For perfectly tetragonal systems, such as the
Ca,_,Na,CuO;Cl, system discussed previously, we have that
€p, = &p, = &, and a complex linear combination of
the wavefunctions corresponding to the degenerate B,, and
Bs, levels can, in principle, be constructed: \I—'ji-t (x,y) =
Vg, (x,y) £ i¥g, (x,y). To such a wavefunction one
can associate an orbital angular momentum and they would
correspond to the chiral wavefunctions proposed long ago by
Gooding, describing states circulating clockwise and coun-
terclockwise around the dopant [17]. For the La;_,Sr,CuQOy4
system, however, the degeneracy is lifted by the orthorhombic
distortion and AF order, thus quenching completely this
orbital motion. Observe, furthermore, that the envelope
wavefunctions calculated here are not truly of the p-wave type
since there are no x, y, or r dependences in the exponential
pre-factor.

Finally, the orthorhombic splitting E, — By, + Bay is
determined by the competition between the Coulomb potential
from the Sr ion, which favors a Bj, ground state (b > a),

and the next-to-nearest-neighbor hopping / > 1, [20], which
favors a B,, ground state. In what follows we shall argue
that: (i) for x = 0.01, when the Sr ion is poorly screened,
the Bj, state becomes the ground state and (ii) for x = 0.03,
instead, the By, state becomes the ground state (most likely due
to better screening), causing a switch of the dc conductivity
anisotropies (a related switch is also observed in the Raman
intensity anisotropies [21]).

3. Optical ac conductivity

3.1. Localization of carriers

As mentioned in section 1, the observation of a peak at
finite frequency in the optical conductivity spectrum of
La,_,Sr,CuQy4, followed by a suppression of the Drude
behavior at low frequencies, is consistent with the strong
localization of doped carriers. On general grounds, the 7 = 0
optical conductivity can be calculated as proposed by Vollhardt
and Wolfle [9] and is given by
, N i

o(w) =e" —

m* o+ MO. ) =0'(w) +ioc"(w), (9)

where e is the electric charge, n is the carrier density, m*
is the effective mass and the memory function is given as
M (0, w) = i/t for a metal with relaxation time t and

i a)g
MO, w)=—-——,
T w

(10)

for a disordered insulator. The insulating character of the
above expression arises from the infrared divergence of the
memory function as w — 0, which is in turn characterized
by a single oscillator with frequency given by wy. In our case,
such an oscillator frequency can be directly associated with the
typical binding energy of the acceptor states and determines
their localization length [9]. For the case of two localized
states, one deep and one shallow, we obtain, for the real part
of the conductivity:

e’n 1/t

m* (@ — 02 jw)? + (1/1)?

(11

o'(w) =

a behavior similar to the one depicted in figure 2. At
finite temperature, lattice vibrations (phonons) promote the
tunneling of carriers between impurity states, producing a finite
value for o (w) even at @ = 0, consistent with the optical
experiments by Dumm et al [7] and also consistent with the
low temperature hopping dc conductivity [11].

3.2. IR selection rules

The finite frequency peaks observed in the optical ac spectrum
of Lay_,Sr,CuO4 for x = 0.03,0.04 [7] are related
to the absorption, by the continuum, of the photoionized
hole states, made possible by the electric-dipole coupling.
Within the framework of the D, group, a dipole along the
a/b axis belongs to the Bs,/ By, irreducible representations,
respectively. At the top of the valence band maximum, located
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IR absorption spectra
900

'(w) (Ohm—1 em—1)

0 S0 100 150 200 250 300
Frequency w (cm—1)

Figure 2. Typical behavior for the real part of the optical
conductivity, o’ (), from equation (11), in lightly doped
La,_,Sr,CuQO,. The two continuum absorption energies correspond
to the photoionization of the two possible types of localized states:
the deep/red and shallow/blue acceptor states.

at the kg = (£m/2, £m/2) points in the Brillouin zone,
a delocalized hole is accessible at the A, channel of the
orthorhombic Dy, group (or, equivalently, the B, channel of
the tetragonal point group Duy), as recently demonstrated by
Tassini et al in [22].

According to the above reasoning, the only electric-dipole
transitions, allowed by group symmetry, between the bound
and delocalized hole states are (see figure 3):

(i) absorption of a Bj, hole at €4 for E || a, since

B3y x B3, = Aga (12)
(ii) absorption of a By, hole at ¢ for E || b, since
B2u X B2u = Ag. (13)

The above selection rules are very important because: (i)
they determine precisely the types of absorption processes
allowed, constraining the photoionization of each state to
each of the orthorhombic directions, and (ii) they determine
unambiguously the odd parity of the impurity ground state, see
figure 3.

3.3. Orthorhombic splitting

The energy difference between the ac peaks at &g — €4, for
the A channel, and at &y — ¢p, for the B channel, is a direct
measure of the orthorhombic level splitting. For x = 0.03 and
0.04 such a splitting is ~30 K [7], The localization lengths,
&4, relate to the binding energies as (€9 — €4.5) ~ é;,ZB, and
typically £ &~ 2 — 2.5 in units of a. For x = 0.03 and 0.04 the
B, state is shallower than the B,, state, see figure 4, and we
find £4 > &p. For x = 0.01, in turn, we shall argue that this
situation is reversed, causing the dc anisotropy switch [21].

3.4. Disorder bandwidth

Each Srion doped into La,_, Sr, CuQOy acts as an acceptor and
introduces precisely one hole into the system. Nevertheless,
a sizable bandwidth of disorder W can allow for unoccupied

non equivalent
hole pockets

Ky
kh k

i

A- Channel B- Channel

> A~ holes (B - holes of Dan)

Figure 3. Photoionization of acceptor states in 3% doped

La,_, Sr,CuOy for the allowed optical transitions according to the
selection rules for the polarization of incident light. Only the two
lowest-energy states are shown for clarity. The B, valence band
holes of Dy, located close to (£ /2, &7 /2), (in units a = 1), have
their symmetry reduced to A, of Dy, and this determines the
possible electric-dipole transitions for the A(B)-channel, where

E || a(b), here in blue/left (red/right).

E 'r\:': kg kb k,
c Ag — Continuum

£)-€

€0~ B

A Impurity - B3,

B Impurity =B,

Figure 4. Localized deep and shallow acceptor states, as well as
continuum states, for x = 0.03. The energy axis is reversed. A
bandwidth W allows for empty sites above p and sites with two
holes below . Both B,, and B3, states are partially occupied at

T = 0, in fractions of §4 and &, and provide different populations of
pockets at T # 0.

acceptor sites above the chemical potential and, as imposed by
charge neutrality, acceptor sites with two holes below it, see
figure 4. Furthermore, since each p-wave state is associated
with one spin projection, the bandwidth W should increase
with increasing frustration, which distorts the AF background,
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<BauHiB2> = Vppo €050, + Vpp, sifO,,

Figure 5. The overlap between two misaligned p-wave orbitals,
where H represents the phonon absorption/emission Hamiltonian,
that causes the jump of the holes from one site to another. V,, is the
hybridization due to o -overlaps (aligned orbitals) and V. is the
hybridization due to w-overlaps (parallel orbitals). Usually

Viopr K Vppo» and we can neglect the second term.

mixing the two sublattices and broadening the peaks seen in
the ac spectrum.

Observe that, even though double occupancy of the By,
or Bj, orbitals individually is forbidden, due to the large on-
site Coulomb repulsion U, configurations with one hole at
each of the By, and Bj, levels at the same impurity site are
allowed. Although the associated nearest-neighbor Coulomb
interaction, V, may significantly correct the position, €4 g, and
bandwidth, W, of the localized levels, it does not affect the
splitting pattern between the levels nor mix their symmetries.
This situation is analogous to the problem of placing two
electrons at one p-orbital in the hydrogen atom. The energy
is shifted but the pattern of Zeeman splitting is not modified.

Finally, the fraction of empty Bj, states above p in
figure 4, 1 — §p, is equal to filled Bj, states below it, §4, and
the number of carriers participating in hopping conductivity for
both channels is the same.

4. Dc conductivity

4.1. Phonon-assisted hopping between p-orbitals

According to the standard theory for hopping conductance
in doped semiconductors, the conductance due to phonon-
assisted hopping between two p-wave-like orbitals at sites i
and j, separated by a distance R;;, is

Gi; = (G§ cos2 ®i; + GI sin2 @ij)z {efAE,-,/kBTesz,-,/é} ;
(14)
where A E;; is the energy difference between the two impurity
sites and ©;; is the angle between R;; and the principal axis of
the p-wave-like orbitals, see figure 5.
The dependence on the cos® ®;; and sin* ®;; terms in the
above expression comes from the fact that the conductance
is proportional to the square of the overlap integral between

initial and final localized states, G;; Iizj. For B», states, for
example, we have

Iij = (Bau(x;) | Hpn| B2u(r))) = Vppo €08” O + Vipr sin’ 9,

(15)
where V,,, and V,, are, respectively, the overlap integrals
between direct, o-type, and parallel, m-type, alignment
between two p-orbitals, as can be seen in figure 5 and Hpy, is
the usual electron—acoustic—phonon Hamiltonian.

Note that usually V,pr < Vppo, and we can safely neglect
the second term in the above expression. A more quantitative
estimate of the above integral would require the precise
knowledge of the envelope wavefunction, also including the
effects of correlations, in order to calculate the Coulomb ()
and resonant (B) integrals of the simplified LCAO (linear
combination of atomic orbitals) theory, and this is beyond the
scope of this paper.

Note, furthermore, that for fully symmetric, long
wavelength acoustic A, phonons (the case considered here) we
have

(Bau(ri)|Hpn| B3u(r)) = (B3u(ri)[Hpn| Bau(rj)) = 0, (16)

by symmetry, and consequently no cross hopping between
By, and Bsj, states can occur. We anticipate that this very
important property will play a crucial role in determining
the dc anisotropies observed experimentally.  Following
the above reasoning, in what follows we will neglect the
Vppr contribution to conductance and consider only the Vi,
contribution:

a7

Gij = Go COS4 ®ij {G_AEi//kBTe_ZRij/S} y

where

Go = (G)*. (18)

The above result has a very important physical
consequence. Hopping corresponding to parallel, m-type
alignment between p-wave-like orbitals contributes a very high
resistance to transport and becomes disconnected from the
resistance network. The above statement simply reflects the
fact that, when R;; is perpendicular to the p-waves, ®;; = /2
and G,’ = 0.

We can give as an example a network of only B,
states, represented by the red p-wave-like orbitals aligned
horizontally, o-type alignment, as shown in figure 6. For
E || Bay, that is, for E || b, it is clear that there are many
low resistance links, along the direction of the largest overlap,
and the phonon-assisted hopping involves mainly B, orbitals.
For E L Bp, or E || a, however, m-type direct links between
By, orbitals are disconnected (black dashed lines in figure 7)
because they contribute a very high resistance to the problem.
If we had only B,, orbitals available, there could still be
transport for £ | a, but in this case the way to make a hole
hop vertically would be by using a nontrivial, zigzag path,
as shown in figure 7, also resulting in a high resistance path.
Fortunately, we also have available the Bj, orbitals, which, for
E || a, provide the direct, o -type overlaps that produce a low
resistance path, and thus they dominate the conductance at low
temperatures, see figure 7.
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= E

Figure 6. For E || b (here chosen to be the horizontal direction),
there are many low resistance links between B,, orbitals in red,
o-type overlap, giving rise to a large conductance and dominating the
transport along this direction.

E ssaseseeseseeesees Disconnected Links

Figure 7. For E || a (here chosen to be the vertical direction), in
turn, there are only high resistance links between B,, orbitals in red,
m-type overlaps (dotted black line) or zigzag hopping (thin black
line), giving rise to negligible conductance. However, we also have
available the higher energy Bs, states in blue, which are partially
filled with holes even at 7 = 0 due to the finite bandwidth W. These
B3, states provide the necessary low resistance links for E || a
through a direct o -type overlap, and therefore dominate the
conductance along this direction. The difference in the localization
lengths for the two available orbitals for hopping conductance,

&p,, 7# s, renders the dc hopping transport anisotropic (see text).

4.2. Hopping conductance

When the temperature is still reasonably high the hole at site
i can hop to its nearest impurity site j, as long as this is
not already occupied. This is the so-called nearest impurity
hopping (NIH) regime [23]. The conductivity is calculated by
replacing in (14) (R;;) = R, (AE;;) = €. and averaging out
(cos4 ©®;;), where R and €. are, respectively, the average inter-
impurity distance and energy difference. The result is a simple
activated behavior like

UNIH(T) = 0p €Xp [_ (kch>i|

When the temperature is very small, however, G;; is
determined by the critical conductance G. of a percolated

19)

i

Figure 8. Geometry associated with the calculation of the
anisotropic dc conductivity (see text).

random resistance network (RRN) [24]. In this case,
the maximum: (i) carrier jump distance Rp,x, (ii) energy
difference AEn., and (iii) angle ®p., are constrained
through the density of states. The result is Mott’s variable
range hopping (VRH), that for d = 2 is [12]

T\ /3
0
ovru(T) = oy exp |:— (7> :|, (20)
where )

T, 2v. Q1)

0= """
kpNo (1)&?

and v"™ is a geometrical constant depending on the solid angle

determined by 20, (for the isotropic VRH case 20,,x =
2m). Both €. and Ty decrease with doping, and the crossover
between NIH and VRH regimes occurs at
dIn (ovru(T))
Ce=——T—_—,
dp
with 8 = 1/kgT [23].

(22)

4.3. Dc hopping conductivity anisotropy

The dc conductivity for an arbitrary direction of the electric
field receives a contribution from both channels, o, (T) and
o, (T), where o(g,, B,,)(T) are hopping conductivities, either
VRH or NIH, between two By 3w — Bu3u states. We
consider only hopping assisted by A, phonons, in which
case the cross-hopping B,, = Bj, vanishes by symmetry
(even when assisted by Bj, phonons, such processes are
exponentially suppressed at low temperature due to the further
energy splitting between initial and final states).

Most importantly, the conductivity is proportional to the
square of the carrier distance jump projection into the direction
of the electric field, (R;; -é)z, that is, proportional to cos> (), as
shown in figure 8. For this reason, the conductivity due to B,
orbitals for an arbitrary direction of the applied electric field,
e, can be calculated through

®max
o, = op(T) / cos*@cos? (B — ©)dO,  (23)

Omax

where B is the angle between € and the B, orbital. An
analogous expression can be found for the Bj, case, where
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Figure 9. Left: fraction of thermally ionized holes. Right: dc conductivities, in (m € cm)~!, for x = 0.01 and 0.03, for the variable range
hopping (VRH), nearest impurity hopping (NIH) and weighed by the thermal occupation probability (NIH Occ) and Drude (Drude) regimes.

one has, instead, sin’ (B — ®) inside the integral, see figure 8.
Now, for E || a, b and ©®,,,x < 7/4, we have crg}u/crgm > 1
for the B3, channel and agzu /ngu & 1 for the B, channel,
showing that the conductivity for £ || a is dominated by
oa(T) ngu(T)’ while for £ | b it is dominated by
op(T) ~ U§2u (T). Finally, the orthorhombic splitting between
these two channels, with &5, # &p,,, renders the dc hopping
conductivity anisotropic.

~
~

4.4. Drude regime

At high temperature the doped holes are ionized from the B3,
and Bj, impurity levels to occupy the valence band pocket
states at k;—L and k,;t, respectively, see figure 4. For E || a(b),
the transport is predominantly due to the coherent holes with
momenta along k,(k,) and mass m*, and a simple Drude
model

A.B (”g‘bB)ezT
ODrude = 24
com*

suffices to describe the experimental data. Here e is the electric
charge, co = 6.6 A is the interlayer distance and 1/7 is the
relaxation rate. The activation of carriers is considered through
the average thermal occupation [25]:

0
2n2D8A,3

1+ \/1 +4g(nl, /No)ePer”

A,B
(n2D )

. (25)

where g = 2 accounts for pseudospin (sublattice) degeneracy,
No = Ny T, with Ny being the two-dimensional density of
states, 84 p are the T 0 fractions of Bj,p, impurities,
satisfying §4+dp = 1, 8?'3 = (&9 — &4, p) are the freezing-out

(or binding) energies and ngD =x/a’

5. Comparison with experiments

In figure 9 we compare theory and dc conductivity data for
x = 0.01, 0.03.

(i) For 4g(n(2)D/No)eﬂ8?‘B > 1,1low T, opude 1S exponentially
suppressed and the data are well fitted using the oyry and
onm expressions (20) and (19), respectively.

(ii) For 4g(ngD//\/b)eﬁ£?'B < 1, instead, at higher T, when
most of the holes are ionized, op;g. dominates and we
can use equation (24).

(ii1) Finally, we use 1/7(T) data obtained from fits to the
mobility © et/m* [8], parameterized by the simple
Fermi liquid expression 1/7(T) = 1/19 + aT>.

5.1. x =0.01

We find: (i) 7' = 32829 K, ¢ = 125.09 K and §, = 0.52,
for E | a, and (ii) T} 30878 K, €& = 99.97 K and
§p = 0.48, for E || b. The ratio T/ T# = 8?/8? > 1,
indicating that the Bs, state is the ground state, is slightly more
populated and the splitting is small. We used 8? = 200 K,
e8 ~ 180 K and Ny 1.8 x 1072 K~!/a®. We note that
the NIH regime extends up to 250 K, weighed by thermal
occupation.

=

52.x=0.03

We find: (i) TOA = 94.38 K, eg“ = 15.2K and §4 = 0.4, for
E | a,and (ii) T = 107.2 K, ¢# =24.1 K and §5 = 0.6, for
E || b. Notice that we now have 7'/ T} = 8?/8? < 1 and the
By, state becomes the ground state. The B, and B3, splitting
is much larger, around 30 K, in agreement with [7]. We used
sff = 110K and 8? ~ 80 K [7], and we use the same value for
No.
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5.3. Anisotropy switch at high T

Due to the existence of two regimes for conductivity, hopping
and Drude, a switch of anisotropies is expected to occur at high
T [11]. For x = 0.02-0.04, we find 04 > op at very low
T, since they all have a Bj, ground state, while o4 < o3
at high 7 [11], since (n5,) < (n5,), see figure 9. For
x = 0.01, which has a Bz, ground state, the same analysis
applies. However, since (n4,) is only slightly larger than
(n%,), we observe a smooth convergence of conductivities for
120K < T < 250 K, figure 9, and a regime with 04 > op
would occur only at much higher 7' (not measured).

The values for ngD = ngD/co, m* ~ 4m, and 8;‘-’3
are all consistent with the Hall coefficient [26] and optical
conductivity [7, 27].

6. Conclusions

In lightly doped La,_,Sr,CuQy, strong correlations open a
Mott gap in the spectrum and antiferromagnetic interactions
place the top of the valence band close to the pockets centered
at (£m/2, £ /2). These very same AF interactions stabilize
a parity-odd ground state for a hole bound to the Sr impurity
when the Coulomb trap potential is taken into account. Then,
the peculiar ac and dc responses can be promptly described
using basic concepts from p-type semiconductor physics, and
well grounded concepts from group theory and selection rules.
In particular, all the novel anisotropies arise from the parity-
odd, rotational-symmetry-broken deep and shallow acceptor
levels, which are split by orthorhombicity in the case of
Lay_,Sr,CuQOy.
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