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A theoretical model for the elastic softening observed in Laz_.Sr,CuQy is presented. It is shown
that the electronic redistribution mechanisms between the strain-split itinerant p bands and also
between the strain-shifted energy pockets can satisfactorily account for the elastic softening of ces
and (c11 — ¢12)/2. The result suggests that the Fermi level shifts from the M point to the I' point as
a consequence of the tetragonal-to-orthorhombic structural transition. Implications of the present
result on the superconducting mechanism are discussed.

Among many experimental and theoretical aspects of
Laz_,Sr,CuO4 (LSCO), elastic properties received rela-
tively little attention comparing to electronic, magnetic,
and optical properties. However, since Axe et al. showed
that the disappearance of the orthorhombicity of the
crystal could destroy the superconductivity, elastic prop-
erties drew considerable interest.! Especially, Migliori et
al. carried out ultrasonic measurements on the high-
temperature tetragonal (HTT) phase La; g6Sre.14CuO4
and reported a giant elastic softening only on cg¢ among
several elastic constants.? More recently, Nohara et al.
measured the elastic constants of the midtemperature
orthorhombic (MTO) phase Laj g6Sro.14CuO4 and ob-
served that only (ci1; — c12)/2 softens with decreasing
temperature below 50 K.3 This type of selective soften-
ing has been observed in various types of materials, such
as A— 15 and Th3 P, type superconductors, LaAg.In;_,
and heavily doped semiconductors.2~7 It is known that
this elastic softening yields valuable information on the
nature of the Fermi level. Therefore, it is expected that
proper understanding of the physical origin of these soft-
ening effects in LSCO will lead to more detailed informa-
tion on the Fermi level and, consequently, to the super-
conducting mechanism.

In this paper, we present a theoretical model for the
above elastic softening effect and, in the process, show
that the model strongly supports that the oxygen p holes
play the dominant role as the itinerant carriers. The soft-
ening in LSCO is known to depend gqn the doping level
sensitively.? This dependence clearly suggests that the
elastic softening originates from the electronic origin, in
which the reduction of the free energy is achieved through
redistribution of electrons. There exist two different and,
yet, conceptually similar softening mechanisms.#~7 The
first mechanism in which the electrons redistribute be-
tween the strain-split degenerate energy levels is usu-
ally called the band Jahn-Teller effect.® In the second
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mechanism, the electrons redistribute between the strain-
shifted energy pockets which are located at the equivalent
k points of the Brillouin zone.®” Here, we consider the
two mechanisms in turn whether they are applicable to
LSCO and can explain the elastic softening satisfactorily.

A crucial point for applicability of the band Jahn-Teller
effect to the present case is the existence of degenerate or
nearly degenerate electronic levels at the Fermi surface.
For the pure tetragonal La,CuQy, several calculations
showed that the Fermi level lies on a doubly degenerate
p band near the M point.?'° Here, we assume that the
band structure does not change upon Sr doping and only
the position of the Fermi level is shifted. With this as-
sumption, the doped holes will occupy the O(2p) bands
near the M point.® Since we are interested in the pertur-
bation of the electronic levels due to the strain, we need
the eigenfunctions of the p bands at the M point. For
this purpose, a simple tight-binding approximation can
be employed. In this method, the tight-binding parame-
ters are fitted to the band structure of the first-principles
calculations and, in turn, from these parameters, most of
the prominent features of the original calculation can be
reproduced. This type of calculation has been carried
out in Ref. 9 and we simply use their results. In this
approximation, the energy level on which the Fermi level
lies is given by

EM s Ep + 2 [Vppo - Vpp‘lr] )

and
|w1>=£ [ 21)— | 92)] (1)
|‘I'z>=%[lwz>—|y1>],

where E,, is the energy of the atomic p level, and V.
and Vjpn are the usual Slater-Koster parameters. The
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Bloch wave function | z;) and | y;) are given by

1 o Lo
| ;) = —\/—_ﬁ Zn:exp (tk « Tni) Pu, (F — Tni) , (2)

|9 = = S exp (R 7o) a7 = )

where i (= 1,2) represents the sites of oxygen in the
two-dimensional unit cell and n the lattice site. ¢, and
¢y, represent the p, and p, orbitals on the site ¢, re-
spectively. The M point of the two-dimensional square
lattice has the same symmetry of Cy4, as the I' point.
It can be shown straightforwardly that | z1)— | y2) be-
longs to the I'; representation and | z2)— | y1) to the I's
representation, respectively. Now the ultrasonic strain
Hamiltonian H.(= Eij Vijeij) for the measurement of
the elastic constants can be expanded in the irreducible
strain components of the Cy, group as follows,

I'=ezx + €yy » €2z
T3=ezc —eyy (3)
ry= €zy »

F5=eyz y €zz -

Most of the matrix elements for the strain perturbation
between the degenerate O(2p) levels, (¢r | H? | ¢;) are
zero due to the matrix element theorem which stipulates
that the nonzero terms satisfy the relation I'; x I'; =
['x.1! Using the direct product table for Cj,,'2 we readily
obtain the electron-strain interaction Hamiltonian H, at
the Fermi level:

HI — (Gl(ezz + eyy) + G2ezz

3€zy

G3e,y
Gl (ez:c + eyy) + G2ezz ’
(4)

where G1,G2, and G3 are the corresponding deforma-
tion potential constants. From the above equation, we
observe that e, ey, and e,, shift the energy levels uni-
formly, whereas e, removes the degeneracy. Other strain
components, e,, and e,, do not appear in the equation
and, thus, do not have any effect on the Fermi levels.
Therefore, only the e,, component causes the elastic soft-
ening by splitting the degenerate levels at the M point.

The elastic free energy for a tetragonal structure is given
by

_1 2 2 1 2
F=zen(ez, +eyy) + 3css€; + Crzezzeyy
+ c13(e::::ezz + eyyezz) (5)
1 2 2 1 2
+ 3caa(ey, +ez,) + 5Ce6€, -

This equation shows that the corresponding elastic con-
stant to the e,, strain component is cg¢. Thus, only cgg
will soften as the result of the ultrasonic perturbation
when the Fermi level is at the M point and described
by Egs. (1) and (2). This fact explains the reason why,
for LSCO, only cge softens while other elastic constants
including c44 show the normal behavior. Therefore, we
conclude that the elastic anomaly of LSCO can be ex-
plained consistently using the electronic redistribution
mechanism between the strain-split O(2p) levels at the
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M point.

The MTO phase of LSCO emerges as a result of a
second-order phase transition accompanied by coopera-
tive tilting of the CuOg octahedra about either the [110]
or [110] axis of the HTT phase. Nohara et al. mea-
sured the elastic properties of the MTO phase using the
crystalline coordinates defined in the HTT phase.? They
found that, among c11, ¢33, (c11—c12)/2, cee and caq, only
(c11 —c12)/2 exhibited the softening effect above T¢. Be-
low T¢, it showed a hardening trend. Since they used the
tetragonal crystalline coordinates to measure the elastic
constants of the MTO phase, the above theoretical anal-
ysis used for the HTT phase can also be applied to the
MTO case. Because the distortion from the tetragonal
structure is not large, it is expected that the main char-
acter of the wave functions does not change drastically,
although the relative positions of the energy levels at var-
ious points of the Brillouin zone may shift, thus changing
the position of the Fermi levels. For (c11 — c12)/2, the
corresponding strain is given by e, — e,,.> We see that
€z — €yy does not appear in Eq. (4). Thus, (c11 —c¢12)/2
is not affected by the M point electronic redistribution
mechanism. Therefore, we should look for another degen-
erate state near the Fermi surface, which is the I's state
according to Ref. 9. At the I' point, the Bloch wave func-
tions have the simple atomic orbital character, thus mak-
ing the analysis simple. The direct product table!? shows
that I's xI's contains I'y +T'3+I'4. Since ez, —e,, belongs
to the I'3 representation, we observe that the electronic
redistribution between the strain-split I's levels can cause
the elastic softening for (c11 — c12)/2. We believe that
this fact explains the (c1; — ¢12)/2 softening observed by
Nohara et al. Indeed, Nohara et al. sliowed that the for-
mula for the electronic redistribution* can satisfactorily
fit the observed data in their Fig. 1. It implies that the
Fermi level of the superconducting MTO phase LSCO is
located at the I' point whereas the nonsuperconducting
HTT phase LSCO has its Fermi level located at the M
point. We believe that this Fermi level shift may be di-
rectly related to the fact that the disappearance of the
orthorhombicity suppresses the superconductivity.

Next, we examine whether the redistribution mecha-
nism between the energy pockets also contribute to the
elastic softening of LSCO. For this mechanism to be ap-
plicable, it is necessary that the Fermi surface has energy
pockets at equivalent k points of the Brillouin zone. With
the simplified band picture discussed above, LSCO has

FIG. 1. Illustration of the effect of the strain on the hole
pockets at the four M points: (a) the diagonal strain, e., and
(b) the orthorhombic strain, €,. — eyy.
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four hole pockets at the four M points. When the e,
strain which measures cgg is applied, two of the M points
will move closer to the zone center whereas the remaining
two move away as shown in Fig. 1(a). Thus, we expect
that there will be redistribution of electrons between the
strain-shifted hole pockets. This electronic redistribu-
tion will cause the elastic softening for cg¢e. However,
with the e,, and e,, strain which correspond to c44, the
M-point energy pockets move approximately in the same
fashion. Therefore, c44 is not expected to soften. Next,
we consider e, — ey, which corresponds to (c1; — ¢12)/2.
As shown in Fig. 1(b), the four M-point pockets re-
main equivalent under the tetragonal or orthorhombic
strain, and, thus, (c11 —¢12)/2 is not affected. Therefore,
we observe that the redistribution mechanism between
the energy pocket also explains satisfactorily the selec-
tive softening of cge in the HT'T phase LSCO. Here, we
observe that this redistribution scheme between the M-
point pockets cannot explain the (¢11 — ¢12)/2 softening
of the MTO phase LSCO, because the M-point pock-
ets remain equivalent under the orthorhombic strain as
shown in Fig. 1(b). Therefore, it is again necessary to
assume that the position of the Fermi surface is shifted
from the M point. When the Fermi surface is assumed
to be moved to the I' point, then the analysis becomes
identical to the band Jahn-Teller case, since there is no
other equivalent point to the I' point.

From the above analysis, we observe that the two
mechanisms can equally account for the elastic soften-
ing of LSCO, although the magnitudes of the contribu-
tions may differ due to difference in the deformation po-
tential constant. In order to determine the deformation
potential constants, more elaborate experiments® would
be required on LSCO. At present, since the two relax-
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ation channels are equally possible, we conclude that
both mechanisms jointly contribute to the elastic soft-
ening of LSCO. Since it is not clear at present, whether
the dominant itinerant carrier is of p or d-like nature,
we believe that it is imperative to make sure whether
the softening effect can be explained also by d-like lev-
els. We have carried out the same calculations with the
d-type orbitals. However, we found that it was not pos-
sible to produce the selective softening reported in Refs.
2 and 3.

The elastic hardening at T¢ is not wholly unexpected.
Although exact calculation on this effect is not possible
due to the lack of knowledge on the exact mechanism
of the high-T¢ superconductivity, theoretical calculations
based on the BCS mechanism have been carried out. The
results showed that the elastic hardening was expected at
TC-ls

In conclusion, we have shown that the elastic soften-
ing for ce¢ in the HTT phase LSCO originate from the
electronic redistribution between the strain-split O(2p)
levels and also between the strain-shifted energy pockets
near the M point. The (c11 — c12)/2 softening of the
MTO phase LSCO is believed to originate from the elec-
tronic redistribution between the strain-split levels at the
I point. The result suggests that the Fermi level shifts as
a result of the structural phase transition and has a close
connection with the suppression of the superconductivity
with the disappearance of the orthorhombicity.
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