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I. INTRODUCTION 

Recent inelastic neutron scattering experiments in La
Z-x 

Sr CuO 

(LSCO) [1] and YBa (YBCO) [2] have revealed interesting
ZCua07 

_ 6 

features as anomalous temperature dependence of the differential 

cross section in the low frequency range, its decreasing with 

increasing scattering momentum as well as broadening (a 

doUble-peak-like structure) of the scattering intensity near 20 

meV. A strong dependence of the cr~ss section on the oxygen 

content has been reported, too (see,e.g.[3]). 

Despite some indications of the magnetic nature [1,2,4], there is 

still no clearness as to the origin of such anomalous behaviour 

which itself could be important for the understanding of the 

mechanism of high-T superconductivity. On the other hand, the 
c 

experimental studies of the lattice' dynamics provide some evidence 

for the existence of soft modes in LSCO [5-7~ and recently in 

YBCO [8].In addition, the neutron diffraction data [5] bring about 

unusually large and highly aniso~ropic Debye~Waller factors for 

oxygen ions participating in euo -octahedron rotations in LSCO, 
G 

(the so-called tilting mode) as well as for O(l)-ions vibrating 

along the x-axis in YBCO [9]. Furthermore, structural studies have 

shown a tendency of CU(l) -O(l)charnsln YBCO to deviate from 

linearity with a characteristic transverse displacement length of 

d- 0.1 ~ [10] (see Fig.'l). These ex~erimental findings suggest a 

more extensive study of the inelastic neutron scattering (INS) by 

quasilocal excitations in the frame of the anharmonic model of 

high-T superconductors [11].
 

In the present paper we concern ourselfes with INS on the ld
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Fig.I.The CU(l)-O(l) chain ordering in the c=o plane. Filled 

circles denote ~u, open circles are O. The squares are oxygen 

vacancies. a ~ b ~ 3.88 ~ and d ~ 0.1 ~. 

Rn+a 

Rn 

Y~ 
X 

Fiq.2.The representatien of the Cu-O chain by rigid O-Cu-O 

molecules.R LNC rotational displacement in. the n-th unit cell. n-

The rotational axes go through the Cu ions perpendicularly to the
 

sheet plane. 

cu f1r-()o.)·:chairiS~ in -YHCO. The corresponding "S~udy of INS on the 

-tlltipg modene~r 6~8 meV in LSCO, will be considered elsewhere. 

II. KodelBlimi-ltonlan 

The essential assumpcf.on of our model is that the z.ig-:zag 

structure O'f,thec~-o chain in the z=o p Lane can be represent-ed by 

str.ongly interactingri,gid o-cu-o rOCO)J'stick-like" molE!cul~s as 

-.	 depicted in Fig .-;2. Such a zig:-zag ordering o'f the chad.n seems -to 

be~nergetl~ally favourable rather than a linear oraerin~ ,~ue, to 

th~~earest-heiqhbouroxygenrep~lsion~ reSULting in the unit ~etl 

doubling. The latter ~an be understood as freezing o~ ~he sof~ 

mode at the HZ boundary ~ =mIa, a bein,9. the lattice constant along 

the ~hain ~the y~axlg). 

'in.orcler to :describe 'the sof"t -mode involving the 'rotati.-onal 

vibrations of the OCO molecutes, we use the represantatlon '01: the 

local n~rm~L ~oordinate (LNC) as introduced by Pytt~ and Feder 

.I 12-]. Then, the oxyqen-i-on displacements x in the n-th unit cell n 

(n=1,'2, •• N~ along the x-axis can be -written in the form 

a 
X r-T {R - R -\ flJn 2y2ma -')1 n- a' , 

where R is a rotatipnal displacement of the OCO molecule in 'the n 

n-th unit cell and m is the 0 ion mass. The Hamiltonian describing 

the oxygen ion vibr~tions, 

m'2 1 B 4 
H E 2 x

1l 
+ 2 E «; I<xn"J< + 4 E xn (2) 

n, I< 

in the LNC representation reads 

H ! E n2
- ~ E R2 + C E R 4+ ! t U R R (3)4 n 2 n 4 n n 2n;!' 1< nIe n-lc 
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here 
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A 1 

o in = - U
n n 4m(~n+ ... n - ~ n. n » 0 (4) 

is the frequency of unstable rotational vibrations in the harmonic 

approximation and 
: 2 r = B/4m , Un. k = (118m) (2~nk -4Jn _ e , k -4Jn • k _ Q J, (5) 

are respectively the effective rotational anharmonic and 

displacement coupling constants. There are two possibilit~es for 

the orientation of ea6h OCO molecule above 'the strUctural 'phase 

t'ransition (T.). This rotational motion' of OCO molecules Ts' the 1d 

analogue of the CUO~ -tilting in LSCO~' 

Going over to the pseudo--spfn representation ("'s=1/2 j 

R -) 2 ~ sx, (6)
n 01 n 

s~ being the Pauli x-m~trix and ~o. = <~o r~ 1~1) - the matrix element 

between the two lowest eigenstates,the Hamiltonian (3) is cast, in 

the form 

H = -0 E SX + E J SZ SZ • (7)n n~k nk n k. 

where Q~ -& 
1 0 is the excitation energy and J Ie = 4 (t ) 2U Ie the

h 01 n, 
et'fecti've pseudO-spin 'interaction. It Includes "both the 
intra-chain ( ;r/ ) .and inter-chain . n ,n+ 4 ' JL ,). couplings. The 

n I_n+u 

two lowest eigenstates ~ are1 ,0 and eigenvalues & determined by 

the equation 
1. 0 

1'2 
2'R + U(R) J ".,0 = &1 ,0~1 ,0 (8) 

for each OCO molecule vibrating in a double-well potential 
2U(R)= -(6) /2)R + (r 14)R4.o 

Tha possibility to describe these vibrations by a two-level system 

(TLS) (Eq.(7» has been demonstrated numerically in the case of a 
4-potential

realistic R (13J: however,.in what follows we prefer 

simple model e~timates. In the nearest-neighbour approximation the 

Hamiltonian (7) leads to the two-dimensional dispersion law for 

the anharmonic pseudo-spin mode 6}q 
• - L 

6}2 = 0 2 + Qtanh(Q/2T) (;r/cosq b + J cos~a), (9)q , // 

where 
..// L02 Q2 + ( 2J < Sx) ) 2; J ..J + J (10) 

For T> T s 

<Sl = ~ tanh(O/2T) (11) 

and < SK) =0, because each site is occupied with equal probability. 

on the contrary, for T<Ts l <Sx>~O and <S2> is no longer 

temperature dependent being equal to Q/2J.We note that the 

dispersion along the ~-axis has been ne~lected in Eq.(9) due to 

the large distance between basal planes bearing cu-o chains. For 

the' structural phase-transition to occur it is obvious that the 

condition O/2J~ 1 has to hold. It should be ,mentioned that for reai 

anisotro~ic syst~ms ( e.g. YBCO) it is ;r/)J
L 

, whereby, owing to 

the predominant in-phase ordering of neighbouring chains ( see. 
L

Fig.1), J ) 0 also holds. Consequently, the coherence length along 

the x-axis is shorter than the correspondinq one along the chain 

(the y-axis) . 

III. niLLerential cross section 

For the sake of simplicity we consider the nuclear neutron 

scattering on oxygen ions participating in low-frequency 

rotational vibrations of stick-like OCO molecules" only, 1. e., we . 

neglect the explicit effect of other phonons in the same frequency 

range. As we are to see below, such approach is justified by the 

fact of possible distinction between peCUliar rotational and 

54 



phonon degrees of freedom as properly revealed in the neutron We note that the contribution of the relaxational (zz-component) 

scattering intensity of the system. In this context it is believed Green function x~z«(o), . being of entirely quasi-elastic nature, is 

that the difference of the neutron spectra for YBa CU 0 7 omitted in Eq.(lS} as it is predominantly responsible for the2 3 

and YBa2CU 30 6 can be studied at least qualitatively. central peak dynamics i.e. the zero-frequency range) in addition 

We start from the general expression of the neutron 

double-differential cross section per unit solid angle ° and unit 

interval of outgoing energy in the very well known form 

1 d 20'	 p .. 
p s(x ,(0), {12)N dOdE o .. 

where hx	 = Po-P and h(o) = Eo- E are momentum and energy transfers, 

p , E =p2/2m and p, E=p2/2m being neutron initial and final 
000 . 

mom~nta and energies, respectively. The corresponding Van Hove 

function for neutron scattering by oxygen ion vibrati~ns of 

rotational type is given by [14] 

.. 1 i : (rt- l:.) -2W(:) [l+N«(o)] .. 
s (x '(o)=N E a ,\ e e .' If • Im[X nk (x ,(0)]' (13)

n
 
n ,k
 

where an is the scattering length for the n-th nucleus, 

exp[-2W(:)] is the anharmonic Debye-Waller factor and [l+N«(o))

the Bose factor. For th~ one-quantum scattering process the above 

introduced displacement correlation function 

x .. (:,(0) = «:!c I:!c» = n,a. n -"lc 

211 .... .... 
X -_• ...,-.« (R n -Rn+ .. ) I (R., -R., + .. » >(0) (14)

" 2mo 4 

in tJ:le pse.udo,,·spin· representation (6) reads 

2 
IE ..... ~ .... 

x (: (0)= ·~(2~ )2'!E e1q(n-J()sin2(~)xXX«(o) (is)n,k' :lm 01 N 2 q , 
q 

where 
Xxx«(o)= _( (sxlSx >> (16)q q -q (0)
 

is the resona.nt (xx-component) Green funct"ion.
 

being weighted by the small pseudo-spin forin-~actor 

4 I (~ 00) 2 - (~11 ) 2 j ( ( 1

l~ For the coherent scattering !rom Eqs. (13)~(16) one ~btains 

.2	 . .. .. 
S . (:,(o)=a2 h(:-q)e-2W(.>....!(2~ )2sin2(~). 

coh coh 2m 01 
2 

[l+N«(o)] . 
n Im[X~x(w+i6»). (17) 

The corresponding scattering function is given by the expression 

0'. 2 
.. _ 1nc -2W(x) Xx 2 [l+N«(o)) 

Sinc(x ,(0)-~ e . 2m{2~ 01) ,>" G«(o)}, (18) 

where the weighted spectral density of vibrational states (DOS) 

G«(o) is defined as follows: 

G«(o)= ~ E sin2(~) 2(0) ~ Imtx~x«(o)+i6»)= 
q 

.... . 

~ E sin2(~)Q(S~>6«(o)-(o) ).	 (19) 
q	 q 

For polycrystalline samples,the incoherent ~pproximation for the 

coherent part (17) can be applied. Therefore,the total inelastic 

scattering function becomestl! 
t~1 

0'. 1£2 2~ 2 
.. 2 a.nc -2W(x) x( 01)

S(x,(o)=(a h + -4--)e '--2 -2--- [l+N«(o))G«(o)). (20)co If m (0) 
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In order to compare the obtained results (17l-(20) with ,Thus, the anisotropic dispersion law (9) leads to "splitting"of 

experiments [1,2] we also introduce the ordinary DOS the DOS (see Fig.3): 

Q
.L '" •

1 (0)2_(0)2 == ;r/ -J ) Otanh2T". (27}
Z(w}= NE 6(w~w ). (21) + 

q q: 
This splitting is strongly temperature dependent as a mere 

After continuumization we/arrive at the expression 
consequence of the peculiar factor tanh (Q/2T) coming from the 

eoth....£:-. pseudo-spin representation. We note that such a strong temperature 
2T

F(k,~~, 0< k< 1, dependence cannot be obtained within usual harmonic approxim~tion. 

o j;r/ JI 
(22) 

'.. By assuming 0 ::: 20meV [15J, one can estimate that below a 
2w'Z (w)::: 

temperature
1 1 n 1< k< IX),F(j('Z), independent 

~ '1. . Z . a '1.
 
(w -<A) ~ (w -e,,)mi n ~
 

m el x 

where F{k,~) is the complete elliptical integral ~f the first kind 

nj2 

d.p 
(23) 

2F(J<,~I- 1 
/1-:K.2s i n 2

p
 

o
 
in- which
 

!(w: -<s)-Z) «(0)2 2 
el lC k = ,1IIi. n) 0
 

20 r::;7"J:. coth• -I ;r . J 2T 
(24) 

and 

(}
.L (a}Z 02 ± (;r/+J }otanh2'T . (25) 

111 Ill' 
m< n 

The spectral function Z«(o» exfiibits two strong peaks (logarithmic ( t; 
\ 

sin9ularities-- .'from the condition k==l) at 
1/, 

(0)2 +6}2. f«(0)2 -(,)2 2 - 1/2 
'It; 

WIG-X ftl\. n
2 ± L lIIelX. 1IIi.n ) - /.L 2 0 ]

w == 4o;r J tanh 2'T • (26)± 

near lOOK the splitting (27) becomes temperature 

due to saturation of tanh (Q/2T) . That may be 

lew) ~102meV ~ . J/- p. 

I 
r 
I 

I· I 

~ ~IV: 
I I 
I I 
I I 
I I w 
I I rr 

0.5
 
2 Fig.3. The spectral density of states (OOS) Z«(o». 
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interpreted as an orQer-disorder type instability at Ts~ lOOK 

Which might cause favourable conditions for superconducting 

transition at TcT e.g. at Tc~ 90K rl~]. In this context it i~
s' 

not~worthy that some experimental findings indicate the ~xisten~~ 

of an order-disorder type instability near 120K I17] as. possibly 

related to the ~nset of superconductivity at 90~. 

J.v.DiscU~8ion 

In comparison with the ordinary DOSZ(oo) (21) the weighteu.DOS 

G(oo) (19) comprises the 'additional factor < S'Z) = (1/2)tanh{O/2T) 

which gives rise to the peculiar temperature dependence. £esides, 

2(qa),there appears the "phase-like factor sin strengthening, the 

scat~ering intensity in the vicinity of- the waVe vector' ~~~~nta 

corresponding to off-~hase rotati,clns ot: -neighbol,iring -oCO 

molecules. The latter can be observed experimentally as anomalolls 

x-dependence behaviour. That can be predomi~ntly rev~aled in the 

coherent scattering when ~=2nf+q and sin2(qaj2)-)(sin2(~aj2)~.~ 

t1j2) [l+{sinxajxa)] (1 is the reciprocal lattice vector -and the 
.. 

symbol ( ... )~ stands for the orientational averaging over x, 9 

being the angle between the chain axis and ~}. Therefore? the 

pseudo-spin model presented as accounting strongly anharmonic 

vibrations of oxygen ions in zig-zag chains is able to explain 

qualitatively the -observed ne~tion -scattering anomalies in high-Tc 

superconductors LSCO and YBCO. 

Within this model the dOUble-peak structure as observed in 

scattering intensity of YBCO can be related to highly anharmonic 

and anisotropic OCO vibrations of rotational type. So as a result 

of gradual decreasing of the oxygen content, with 0- ions being 

removed from the chains in YBCO, this vibrational mode vanishes, 

thus causing drastic changes in the phonon spectrum as has been 

experimentally observed in neutron scattering intensities [18]. 

iI 

In our view, the main conclusion coming from the results presented 

is an alternative explanation of some peCUliarities in the 

inelastic neutron .scattering in high-Tc superconductors LSCO and 

YBCO which recently have been proposed to be of magnetic origin 

[1-3]. A more detailed comparison of our theore~ical results with 
I 

1" 
experimental data demands account of real st~~ctures, of LSCO and 

YBCO. Namely, in reality a certain ammount of oxygen vacancies 

' .. always exists. This leads to finite chain-lentghs and off-phase 

ordering between neighbouring chains. For instance, in YBa
2Cu30 7 -o 

with o~ 0.1, the coherent lengths along the x-and y-axes can be 

estimated to be about - 6~and ~ 20~(see Fig. 1), respectively. 

Thus, the c=o plane resembles a glass-like system. Therefore,an 

additional avera 9 i ng in Eqs. (17)-(20) over possible 

chain-configurations should be performed. This, being beyond the 

scope of this paper,will be the subject of further consideration. 

This short-range, coherent order may effect in such a way that the 

temperature dependence of the, scattering intensity, proportional 

to G(oo), possibly we~kens, resulting in less sharp peaks than as 

in Fig.3. Additional smearing out will be caused by the finite 

resolving ability of the experiment ( typically of about 1+4%). 

One of the authora (S.S) would like to thank the Laboratory of 

Theoretical Physics ,JINR for hospitality~ 
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Ilnaxnna H .I,1~ l~ gp. E 17-88-822 
K oO~HCHeHHro aHOManHH Heynpyroro cpacceHHHH 
'HeriTPoHoB Ha nsrcoxo r-eane pa-r-ypnsrx cnepxnpoaozramcax 

PaCCMaTpHBaeTCH HgepHoe Heynpyroe pacceHHHe HeHTpOHOB 
na -CHnbHO c1HrapMOHWIeCKHX xo.neoanarrx HOHoa KHCJIOpOAa B Bbl. 
COKOTeMnepaTYPHbIX cnepxnponomnncax , Ha .OCROBe nCeBAOCnH
HOBQH.MOAenH AJIH OllHCaHHH pOTa~gOHHbIX Kone6aHMH O-CU-O 
t'fOneK)7Jl no nyxensr Bblpa)J(eHHH AnH. KO-repeHTHOrO H aexo r-eperrr-: 
HOrO CeqeHHH paCCeHHH~ •.AaeTC~ 06~HCHeHHe· HaonrogaeMbIX Ha 
erccnapnaerrr-e arrojaarrsasrx rreMnepaTypHOU H vr-rroao a 3aBHCH
MOCTeH HHTeHCHBHOCTH Heynpyroro paCCeHHHH HeHTpOHOB, B BW
COKOTeMnepaTYPHbIX CBepxnpoBogHHKax LSCO H ¥BCO. 

Pa60Ta BWnOnHeHa B na60pa~OpHM TeO~eTHqeCKOH ~H3HKH 

OlUIM, 
C0061l1eHHe 06i,e,lUlHeHHOro HHCTHTYT8 R.Zl~PHbIX HCCJIeJJ;QJ;l8HJdi• .fly6Ha 1~88 
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PIakida N.M. et al , Et7 .....88-822 
On the Explanation of Anomalies in Inelastic 
N~4tron Scattering by High-T~ Superconductors 

The nuclear inel4stif neutron pcattering on highly 
anharmonic vibrations of oxyzen i~ns in high-Te supercon~ 

ductors is -consi dered , In the framework 'of a pseudo-spin 
model associated witK rot~tional vibrations of Q-Cu-O 
"molecules" both coherent and incoherent scattering cross'" 
s-ections are evaluated. A possibl-e explanation of expe

'rirnentaliy observed anomalous temperature and angular de
pendences of inelastic neutron scattering intensity in 
high-Tc superconductors LSCO and YBCO is· proposed. 

The investigation has been performed at the Laboratory 
bf Theoretical Physics, JINR. • 

Communication of the Joint Institute for Nuclear Research. Dubna 1988 


