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A THEORETICAL STUDY OF ULTRASONIC ANOMALIES
IN La, _xerCuO4 :
V.L.Aksenov, S.Flach, N.M.Plakida

A microscopical model for description of acoustic properties at
structural phase transition in La2_x erCuO4 superconductors is
proposed. Experimentally observed acoustic anomalies are described
in the framework of the model.

The investigation has been performed at the Laboratory of Theo-
retical Physics, JINR.

MuKpOCKOMHYecKad TeopUsA aKyCTHUeCKHX aHOMAaJIUi
BLa, Sr CuO,

B.JI.AxceHnos, C.0nax, H.M.ITnakuna

TpenyoxkeHa MHKpPOCKOMHYECKad MOJeENb, ONMCHIBAIOMIAs BJIMsA-
HHE CTPYKTypHOro ¢a3oBoro mepexofia B JIAHTZHOBBIX OKCHAHBIX
CBEPXMPOBOOHMKAaX Ha MX YmNpyrue cBoiicrBa. [lamo obbacHeHHe
HaGmiomaeMbIM  3KCHEPHMEHTAIBHO  aKYCTHUECKHM  aHOMAJIHAM.

Pa6oTta moinosHena B JlaGoparopuu reopermueckoit pusuxu OUAN.

Recently 2 number of investigations of ultrasonic attenuation and
elastic constants in La,_ Sr,CuO, was done’/1-5/ The measured
anomalies in the sound velocity are expected to be caused by a structu-
ral phase transition (SPT) D}7 - D28 at T+# Tp/ 4 | This tetragonal-to-
orthorhombic SPT results #rom tﬁe softening of the tilting mode
(CuOg — octahedra rotations around (*1, 1, 0)-axis) at the X-point of
the Brillouin zone (BZ) denoted by wave vectors q , and 62 76/, A mo-
del for the microscopic description of this SPT was given in /8/. Thus,
the strong T, (x) — dependence was proposed and a good agreement
was reached with results of inelastic neutron scattering experiments /5/.

As was shown in/8/ | the SPT can be described by the motion of
oxygen ions using the Hamiltonian: '
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where X(l, k) are the displacements of the k-th oxygen ion in the l-th
unit cell along the z-axis (for details we refer to /6/),

Using the transformation
X(0k) -2 [ £ x(R(L+aé)-R(D)] @)
2 — k k z
Vvem

with £ = (1, 0, 0), 62 =(0, 1, 0) we introduce the octahedron rota-
tion coordinates R) (A = 1, 2). As a result explicit expressions of the
soft-mode frequency @, at the X-point of BZ and of the order para-
meter |[<R,(l)>|  weregiven /8/,

To introduce the deformation we follow the notations of /7-10/
expanding the potential energy of the distorted lattice in terms of the
localized strain tensor €5

“e“ﬂz‘ﬁ M2 (e)+z[ Lol () +el ()}+
+ 3 Cyp0f (£)+ Cpy foy, (D) g (1) +eyy () ey () 1+ 3)

+Cyy 04 (D) ey (1) 420 62,(0) 4 1.0y loBy(0) vedg() 11,

Cij are the elastic constants of the tetragonal lattice, M is the total
mass of atoms in the unit cell. u <(£) and MU, () are the position
and momentum of the c.m. of the 1-th unit cell, respectlvely The elas-
tic strains can be expressed by means of the normal coondmates Q u, q)
of the u-th acoustic branch with frequency o(n, q), wave vector q
and polarization vector e( u, Q):

e (Z)=<eij (Z)>+uij(2), (4-1)
it . R s
uy (€)= z, e La,e; (p.q) +q;8; (#,9)1Q(k,q), (4-2)
2VN 4,3

<€y, (£)>=eﬂ, <e,, (£)>=52., .<e$(ﬂ)>=53, .<e12(£) >=eg. (4-3)

The static deformation €; is taken into consideration in the long-wave
length limit. The dynamical part of (3) becomes

-5 G P e tM 3 0w danDAW-D. 6
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The interaction between optical (soft) and acoustic phonons can be
written as '

H = 3
R-e 4,B8.v.¢

£,x,x’

By gk e, gD X (LEVX (LK) (6)

We are interested only in the coupling to the tilting mode:

H = aE. graB(k.k’) eaB () X(£,k) X({£,k°). (7
€.kx,x’

Because of the tetragonal symmetry of the lattice for T > T o there
exist only three independent components of g, 8 :

ao =Sxx (kvk) =gyy (knk); BO ‘_‘gzz (kck)o YO =Exy(1-2) . (8)

Transforming (7) with the help of (6) one gets:

l 4 rd -
HR-fE g'zr WM,(Z)aM,(f,e )RA“)RA'“ )., - (9-1)
AN
with
aole“(f)+eyy(2)]+ Boezz €y, aA=21",
WD . 02
Vo ©gy () - VIS
2(1-F, (a)), , A=A7,
UM, (qQ) = | (9-3)
1 -FA(Q)'-F/\,(Q) +Fa“‘) F‘A,(q) . AEN,
F_(q) =cos a3, F‘y (q) =cosq_(a). (9-4)

From eq. (9) one can obtain the correct ¢ - R® interaction in the pheno-
menological Landau expansion of the free energy / 19/ where ¢ are
components of stress tensor. Here we are interested only in the so-called
resonant part of (9) producing a jump in the sound velocity at T, :
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R i
Hopy = — I QW = My, o, (ded)e -1, (0)(10)
8myN u,3 €A\
with
X (agd, +B,4,) -€(u, @) , A=A",
MM’(Q-#)= { (11)

Yy (qxeyku,q)+qyex(u.Q)). AEA,

R=[<RA(Z)>], rA(E) =R, (0) ~<R, (f)>.

This resonant part vanishes in the tetragonal phase (R = 0). In the case
of T< T, the equatlon of motion of the acoustic commutator Green’s
function D( i, 4, @) becomes:

D(1,q,0) =[w2-0(u,q) -5 (u,0.0)]" L. (12)

Neglecting the terms <Q(y,q)r, (£)>, the mass operator X can be
expressed by the commutator Green’s function G M’(a’ ) of the tilt-
ing mode:

2

2(mG o) ==l IM (ud) o (d-d)]" A e (3-0,.0) . (13)

(16m)2

In the long—wave length limit of acoustic phonons’/!~%/ we can appro-
ximate q q : = q

The correspondmg acoustic frequencies satisfy the inequality
w(u, q) < 0 o (T). Using

-1
G (@ 0) =1 -03(T) +®17 .5,
(see 78/ ) one can calculate the new frequency poles of D( y, g, ) and

consequently the renormalized frequencies. The lower frequency corres-
ponding to the modified acoustic energy is

- - > a (q)
wz(u,Q)=w2(u.Q)- £ > , (14)
QO
with
o @R sy (.o @)1
ll = ’ u" g ,
asm)® » M M
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To compare (14) with the experiments / 1=4/ one has to integrate
a, (a) over all g-directions as soon as only ceramic samples were used.
In the case of longitudinal sound it follows:

1, R 2 2 o
a, (q) z—é-(_&_n—) (2ay +B,) a7, (15-1)

and in the case of transverse sound:

a 4(q) =—;—(-%)2 vZa®. (15-2)

Using Qg(T) =321, R2(T) for T < Ty (see /e/) one gets (even
in the case of a second order SPT as in LagCuO,) for the changed
sound velocity Su :

3 2 11 2 .1/2
SL=[SL—3_§(2a0+BO) ] » (16-1)
3 2 1 2.1/2

= -— 16-2
S'r [sT ByO] ( )

The change in S, is finite as predicted by experiments. The jump
height is determined by the anharmonicity of the oxygen-Z-vibra-
tions B= 64T, - m2 and the interaction parameters «_, 8 and Yo -

Let us discuss the influence of Sr-doping. Besides of changes in
the electronic structure, there is a strong dependence of S2_8§ lf on
Xg, Wwith its maximum near x = 0.15. As was shown in ’}6/, there
will be no noticeable B(x)-dependence, but according to (16) an increa-
seof y_  with Xg, Up tox = 0.15 and its drastic decrease for x > 0.15
is to be expected. Together with the fact that Sy (for T>T,) has
its minimum at x =~ 0.2 we conclude the Sr-doping causes (besides
a decrease of Ty — see /8/) a remarcable softening of the elastic cons-
tants C; - S“ in the tetragonal phase (up to x= 0.2) and further-
more an increase of the interaction strength between the deformation
and the optical soft mode (up to x =0.15). In summary these effects
lead to a softening of the elastic constants of 50% at low temperatures
for 0.15 < x < 0.2. Thus, the possible role of the SPT in Lagy_, Sr,CuO,
is to cause a softening of the lattice in the orthorombic phase. Note,
that the change in the sound velocity (16) is independent of temperatu-
re. This is also an unexplained experimental fact /1% suggesting our
model to be valid over a wide temperature range. Another interesting
fact is the wide temperature range of 60K-150K, where the change
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Sp - §T takes place. This may be caused by additional slow-relaxation
dynamics. As was mentioned in 78/, there are indications of nonvani-
shing longtime correlations L), = lim <r, (t)r x> % O near the

t »00
SPT, causing central peak and precursor cluster fluctuations (see /12/ )
It is easy to show in the case of L 4 O that there exists a resonant
part in (9) even for T > T_, which has the same form as (10) where
the order parameter R ® is replaced by L.

Summarizing, a model for the microscopic description of anoma-
lous lattice behaviour in La,_,Sr; CuO, is presented. The SPT can
“switch on” a remarcable softening of the elastic moduli. This softe-
ning may change through crystal fields inner properties of some exci-
tations in the crystal, e.g. the frequency of excitons connected with
d-d-excitations (see / 13/), Thus, the interaction of such excitations
with electrons is changed.
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