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Heynpyroe paccessHue HeHTpOHOB

B aHr apMOHHYeCKOH MOozesid BhCOKOTEeMneparypHbiX
CBEPXIPOBOAHHKOB '

Heynpyroe paccesHue HeHTpPOHOB Ha CHJIbHO aHIapMOHHYeCKHX
KoJleGaHuAX MOHOB KMCJIOPOJa B BHICOKOTEMNepaTypPHHX CBEpXNnpo-—
BOJHUKAX HCCJIeZOBaHO C NOMOWbI0 NCEeBAOCNHMHOBOIO ¢GopMaM3Ma.
[lonyueHs BopaXeHHA [JIi KOTepeHTHOTO ¥ HeKOTepeHTHOIro ceue-
HUs paccefiHMs W HaiifeHa aHOManbHas 3aBHUCHMOCTb HHTEHCHBHO-
CTH paccefHHA OT TeMnepaTryphbl. '

Pa6ora BhinonHeHa B JlaGopaTropuH TeopeTHUYeCKOH ¢H3HKHU
OHAH. ' ‘
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Inelastic Neutron Scattering :

in the Anharmonic Model of High-T,

Superconductors

The inelastic neutron scattering on highly anharmonic
vibrations of oxygen ions in high~T. superconductors is
studied in the framework of a pseudo-spin model. By eva-
'luating the coherent and incoherent cross-sections it tur-
ned out that the scattering intensity exhibits an anomalo-
us temperature dependence.

'The investigation has been performed at the Laboratory
"of Theoretical Physics, JINR.
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I». INTRODUCTION
The pairing mechanism of high-Tc superconductivity is still to be
elucidated. A number of magnetic pairing models has been proposed
as well as excitonic ones. But some experimental findings indicate
that the electron-phonon pairing mechanism can not be ruled out.
All the cupric oxide superéonductors exhibit oxygen isotope
effects (see e.g. [1]). The,discovery of high—Tc superconductivity
[2], a large oxygen isotope effect [3] and tunneling spectroscopy
measurements (4] in. BaKBiO seem to confirm. the importance of
phonons for high—'I“c superconductivity because BaKBiO is a bridging
compound between the conventional “phonon" superconductor BaPhBiO
and the new hlgh—T supérconductors.
Recent neutron diffraction (ND) 1nvest1gat10ns [5] conclude that
the part of the structure between the Cu-O0 planes in all
cupric-oxides is ill defined and indicate that there are always
multiple potential wells for the atoms there (see also [6]5. In
[7] the best ND fit for YBaCuO was obtained by assuming two
equivalent sites for the O(1l) ion in the Cu(1l)-0(1) chain. A
similar situation is observed for the 0(3) ion in the T1-0 layer
in the Tl—base& system [8]. Intetestingly‘all these oxygen ions
exhibit anomalously large thermal factors. »
Although so far the existence of such unstable modes |is
controversal, first ‘principles calculations predict double-well
potentials for the so-called tilting mode in LaSrCuC [9].
.Molecular dynamic simulations for YBaCuO [10] show that a linear
ordering of the cu(l)-0(1) chain is not favourablé.
Because the proposed anharmonic modes are related to vibrations of
.atoms, . all exclusively situated in the part of the structure

supposed to act as: the charge carrier "reservoir" their study is
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important irrespective of what mechanism underlies the pairing.

The ‘inelastic neutron scatterihé (INS) is the most appropriate

tool for the: investigation of the lattice dynamics. Therefore it

is important to understand the peculiarities of INS on anharmonic

" vibrations.

-fIn the present paper we stﬁdy the INS on én anhafmonic potential
by the pseudo-spin formalism. ‘
II,.Model ’ :

The Hamiltonian describing the oxyéen ion displacenents X, in the
n-th unit cell can be written as: o

PR DRI PR <y
with m being the oxygen ion mass and ¢nk- .the harmonic force
constant accounting for the interaction < of oxygen ion
displacements in neighbouring cells. B is‘ the anharmonic model
parameter. ' ‘

'We make use Jdf the represantation of the local normal coordinate
(LNC) as introduced by Pytte and Feder [11] to describe a soft.
rotational mode_which involves the tilting mode in LaSrCuO or the
rotational vibration of 0(1)—¢u(17)—6(1) molecules leading to the
observed zig-zag ordering of the Cu(l)-0(1) cﬁain in YBACuO, Then,
the oxygen-ion displacements X, in tﬁe n-th unit cell (n=1,2,..N)
along the x-axis can be written in the form

b

X =

n - Rup)s : (2)

—_— ‘(R
2v2mp® P
where R, is a rotational displacement in the n-th unit cell and b
the lattice constant along the y-axis. Here we note that if the
double-well potential is not related to a rotational mode, which

seems to be the case for the oxygen ion in T1(Bi)~-0 layer in the

Tl (Bi)-based cupric ‘oxides thefg is no need to introduce LNC.

~a

According implications for the INS will be discussed underneath.

In the LNC representation our Hamiltonian (1) becomes

. 2
102 _ 0 2, T 4, 1
H = Z z Rn - Eo ): Rn + Z Z Rn + 2 ):UnkRan H (3)
n n n n¥k
here
2 A 1
= e = - = — - 4
wD m Unn 4m(¢n0a,n ¢n,n) > o ( )

is the frequency of unstable rotational vibrations in the harmonic
approximation and
2
= B/4m™, U“,k’—‘ (1/8m) [2¢ - ¢n-a.k = ¢n‘k_a 1, (5)
are respectively the effective rotational anharmonic and
displacement coupling constants. Now, it is convenient to go over
to the pseudo-spin representation with spin 1/2. Introducing
X
- . 6
Rn > 2 EOlsn 4 ( )
where, s¥ is the Pauli x-matrix and €= <WOIE|W3- the matrix
n .
element  between the two lowest eigenstates,the Hamiltonian (3) is
cast in the form
z X X
= - - 7
H Q )E s’ .,EKJ"“ sT s, , (7)
: s . 2
where Q=c;¢o is the excitation energy and J“=-4(£m) Umk— the

effective pseudo-spin interaction. Due to the layered structure of

the cupric oxides the z-component of the latter can be omitted,

i.e.

= " (8
nk~ Ix t Iy . (8)

) J
In the nearest—neighﬁour approximation the Hamiltonian (7) 1leads
to the two-dimensional dispersion 1law for the anharmonic
pseudo-spin mode wq:

wé =82 - 5t;nh(ﬂ/2T)(Jx cosqa +.J,
where a is the lattice spacing along the x-axis and.

82 = 0? + (23 %)% (10)

cosq yb)’» (9)

For T>T (Ts is the temperature of the structural phase transition

i.e. at which the soft mode freezes at BZ boundary)



&% = -21- tanh(Q/2T) (11)
and <sx>=0, because each site is occupied‘ with equal

probability.on the contrary, for T<T,, “<8%¥>20 " and <s%> is no

longer temperature dependent being equal Q/2J3.

+

III.INS differential cross section
We start from the general expression of the neutron !
double-differential cross section per unit solid angle O and unit

interval of outgoing energy in the very well known form

1 .
N doaE = p S(kiw)s ; (12) .

where h: = 30-3 and hw = Eo—'E‘are momentum and energy transfers,

j E0=p§/2m and p, E=p2/;m being neutron initial and final

momenta and energies, respectively. The corresponding Van Hove

function for neutron scattering by : oxygen ion vibrations of

rotational type is given by [12]

1 2 2 3
S(n w)—— ¥ aa el (x- k)e-ZW(x
n,k

y [14N(w)) 5
e Inlx,, (R,0) ], (13)

where a is the scattering. length for ‘the n~th nucleus,
exp[-ZW(z)] is the . anharmonic Deb}e-Waller factor and [1+N(w)]~
the Bose factor; For the one-quantum scattering process the above
infroduced displaceﬁent correlation function

N 53
(K,0) = <<KX |KX >> =
k n,,‘l(e

2 1 1 -5 > > S5
. 2m g<<(R-R_ )|(Rk—R} VR (14)

+a

= K

in the pseudo-spin representation (6) reads .
5 .

K 2,2 D ey
L Ro)= g, )23y 18R Msin? (§H " (w), (15)
q ‘ -
where
(u)—- -8 |s_q>>u o (16)

is the resonant (xx—component) Green function.

We note that the contribution of the relaxational (zz-component)
Green function x (u), being of entirely quasi—elastlc nature, is
omitted in Eq.(ls) as it is predominantly responsible for the
central peak dynamlcs ( i.e. the zero-frequency range) -in addition
being welghted by the small pseudo-spin form-factor
4] (€500 - (€, ) % |1

For the coherent scattering from Eqs. (13)~(16) one obtains

o 2
Scoh(zlu)=afohA(2—a)e 2W(K) >m (2601) sin (:_g‘)
[1+N(w) ] .
—r— Imxy (w+i8)]. : (7)

The corresponding incoherent scattering function is given. by the

expression
> %inc 2 (K) 2 [1¥N(0)]
Sine (ks0)= '--(2601 T~ G(v), (18)

where the weighted spectral density of vibrational states (DOS)

G(w) is defined as follows

G(w)= = ¥ sinz(g’g)‘ 2w% Iui[x;x(mis)]=‘ :

Z=

"}‘dﬂ z -
T sin (gi’)ms 8 (0-0) - (19)
p » .

|
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For polycrystalline samples the incoherent approximation for the
coherent part (17) can be applied. Therefore the total inelastic

scattering function becomes .

oy - 26,
s@,w=(al, + -10%e 2H(K) 5% (---—) [148(0) G (0) . - (20)

The above obtained formula (20) for the INS on anharmonic

vibrations beérs the temperature _dependent factor «s%. The



consequency of this factor is an anomalous temperature dependence
of the 1INS intensity above the .structural phase transition
temperature Tge For T>T, the intensity increases with decreasing
temperature and below Ts it becomes temperature independent hence
one may expect increased intensity at very low temperatures in the

-lower ~frequency part of the phonon spectrum‘as observed in [13].
Another feature of the obtained INS intensity is the appearence of
the phase-like factor sinz(qb/z) in Eq.(15). It is due to the
off~phase rotations in neighbouring cells and predicts decrease in
the INS intensity with raising neutron transfer momentum «. Thus,
one has to expect strong scattering intensity in vicinity of the
wave vector'q=%n=n/b. That can be predominantly revealed in the
coherent scattering.when

k = 2nt+q and sihz(qb/z)-> <sin2(xb)>6=(l/2)[1+(sinxb/xb)]

. (T is the reciprocal lattice vector and the %ymbol <esorg stands
for the orientational averaging over k). As mentioned if the
double-well potential. is not related to soft rotational modes
there is no need to introduce the INRC and consequently the
k-dependence will be dropped. Therefore, it appears that the
x-dependence of the INS intensity is a result of the scattering
on vibrations of rotational type. But the anomalous temperature
dependence is a peculiarity of the anharmonicity.

IV.Summary

We have investigated the INS on an anharmonic potential and found
an anomalous temperature dependence of theksqatteriné intensity.
Further the scattering on soft rotational—typé mbdes brings about
an anomalous dependence on the transferred neutron. momentum:x. In
the light of new.experimental findings.providing some evidence for
electron-phonon  pairing in '.the new high—Té cupriq-oxide
superconductors the above obtained results may be important for

the lattice dynamical study of this compounds.

6

References
l.aAllen P.p. Nature 335, 396(1988)
2.cava R.J., B.Batlogg, J.J.Krajewski, R.Farrow, L.H.Rubp Jr.,
A.E.White, K.Sﬁort, W.F.Peck. and T.Kometani,
Nature 332,814(1988)
3.Batlogg B.,R.J.Cava, L.W.Rupp Jr., A.M.Muisce, J.J.Krajewski,
J.P.Reneika, W.F.Peck Jf., A.S.Cooper and G.P.Espinoza
Phys.ReV.Lett..Gl, 1670(1988) -
4.Zasadzinski J.F., N.Tralshawala, D.G.Hiﬁks, B.Dabrowski,
A.W.Mitchell and D.R.Richards Physica C( to be published )
5.Torardi C.C., M.A.Subramanian, J.Gopalakrishnan and A.w.sleight
Physica C 158, 465(1989)
6.Sleight A.W. MRS Bulletin/Jan 45 (198;9)>
7.Francois M.,A.Junod, K.Yvon,A.W.Hewat, J.J.Capohi, P.Strobel,
M.Mareéio and P.Fischer
_Solid state ‘commun., 66, 1117(1988)
8.Dmowski W;, B.H.Tobyf T.Egami, M.A.Subramaniaﬁ, J.Gop'alakrisl'.man~
and A.W.Sleight Phys.Rev.Lett.,61, 2608(1988)
9.Cohen R.E., W.E.Pickett and H.Krakauer
Phys.Rev.Lett.,62,831(1989)
10.Bille$bach D.P., J.R.Hardy and P.J.Edwardson
Phys.Rev. B 39, 202(1989)
11.pytte E., and J.Feder Phys.Rev. 187,1077(1969)
12.aksenov V.L., N.M.Plakida and S.Stamenkovic
Neutron ;cattering by ferroelectrics;> Energoatoﬁizdat,Mo#cow,
1984 (in Russian) .
13.Belushkin a.v., E.A.Goremychkin, I.Natkaniec, I.L.Saéhin,

W.Zajac, A.R.Kadyrbaev and B.P.Michailov, Physica C,156,259(1988)

Received by,Publiéhing Department
on September 25, 1989.



