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ABSTRACT
The suggestion is to use polarized neutrons with
the energy 1-10 eV for the investigation of spin
structure of copper oxide high Tc—superccmduc‘tor‘s
as well as for investigation of magnetic excitons
in these compounds. Corresponding dynamic formfac-

tors are calculated.
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Presently the idea of spin liquid (SL) is almost common
view on the spin structure of copper oxide high
Tc—superconductors. The main point qf interest is Cqu—sheet
which is probably responsible for the superconductivity.
There are the localized spins s=1/2 at the ions cu**. In un-
doped state (say Laz"Mernf:uQ1 at x=0 ) the compound is insu-
lator with the Neel ordering of localized spins: <s_>=%l/2.
More precisely «(sz> is smaller due to the quantum fluctuati-
ons: <52> =+1/2-0.55 [1]. At the doping [x>3-10"2] Neel or-
dering disappears and average value of electron spin at the
copper vanishes: <sz>=0. (The qualitative phase diagram for
LaZ_Mer’Cl.lt’J4 is presented at Ref. [2].) Due to the some ex-
perimental data on nuclear quadrupole resonance at Cu the
Neel ordering does not disappear, but <s 2> becomes very
small: <sz$~10_2 [3]. Picture of the SL corresponds to tran-
sition into the quantum state with localized spins <sf>=3/4,

but <§1>=0. It is not one and only possible scenario. For

example <§}_>=D if the spins become delocalized and the
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system transfers into Fermi liquid (FL) state. The FL pic-
ture does not contradict to existing experimental data as
well.

To demonstrate the difference between these two scena-
rios let us consider the model of one double link Cu-O-Cu.
Let aI{r be operator of the hole creation in closed ok
shell of the first copper ion (¢ is the spin projection),
and a;rr be the same for second ion. The wave function of

Neel state is of the form
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a jo>, <5 >=x1/2. (1)
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Spin liquid is the state with spin zero
v > =12 (a] &) - ar a )[0>, <5 >=0. (2)
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Fermi liquid corresponds to the hybridization of orbitals

II'DFL) = 1/V2 {aI ta ) 1/V2 (a,
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In SL the correlator of neighboring spins does not

+a )]0>, <s >=0. (3)
2\1/ iz

vanishes, and for distant spins the correlator drops down
with the distance. Therefore it is evident that to probe SL
one needs the magnetic scattering with momentum transfer g~
~nt/a, where a=3.8A is Cu-Cu distance. The energy transfer w
should be of the order of energy of system excitation.
Antiferromagnetic interaction of the localized Cu spins is

J 22, J~0.1 eV {sée e.g. Ref [4]). Therefore w ~J =0.1 eV.
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Thus for investigation of the SL one needs the neutrons with

energy E>0.1 eV.

In the simple model of one link Cu-Cu it is easy to
calculate the cross sections of magnetic scattering on the
states (2), (3) which correspond to SL and FL. If

interaction of the neutron with electron equals g § 3'} , then
n €

¢5L~3Z8g2[1-c0532}6(w—J}, G"FL“3/16 gz(l—cos&?] S(w-t). (4)

For the FL w equals to hybridization energy i~2-3 eV. Surely
for infinite system the w-distribution is not &-runction but
has the width of the order: of J or t correspondingly. Thus
in magnetic scattering we can easily differ the spin liquid
from the Fermi liquid: the w-distributions arl,é completely
different. |

Let E=p°/2M be initial energy of the neutron. Then w =
=p’/2M - (p - §)°/2M =~ Bq/2M = pq /M. It is easy to verify
that if a=3.8A and w and E are taken in eV then q"aﬁ42w/@.
At w=0.1 eV and E=10 eV we get g, a=~1.33. This is exactly
suitable  magnitude of longitudinal momentum transfer. At
transverse momentum transfer g ~m/a the scattering angle
equals arqg L/pm;-m‘z/v’.?. For the E=10 eV we have a~10"° rad.

Let us do more accurate calculation. Matrix element of

the Hamiltonian of neutron magnetic interaction with the Cu

3d-electron equals

HM= 8 TN Sm fﬁmﬁ = n{an} [IB + 2581. (5)

Here ﬁ=3/q, S is spin of the neutron, 7 and 2 are orbital
angular momentum and spin of the electron, M is Bohr magne-

ton, and u =-l.‘5:*1,uN is the neutron magnetic moment. Spin ex-
n
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system transfers into Fermi liquid (FL) state. The FL pic-
citations are due to the term in eq.(5) with spin of elec-

tron. Cross section averaged over the neutron polarizations

and reduced to the one cell of Cqu-sheet equals

B o >
s = 2W(w, q) o
N -+
ww, § = N Y |<n| ) 5% (0>]% 80 - w), (6)
n i=1

g’ ='{4dm ' u 3o=2l9w107% cm’.
n no B

Here m_ is the neutron mass and W(w, 3] is dynamic formfac-
tor of SL. For the liquid axis z can be directed in arbitra-
ry direction. Spin liquid was simulated on the clusters con-
sist of N=8, 9, 10 Cu ions on square lattice. The wave func-
tions was found by direct diagonalization of Hamiltonian
matrix Z J E}lgj (sum over nearest neighbors). The formfac-
tor depends on the &}p=3x+ay. The axes x, y lie in Cqu-plane
and are directed along the CuO-links. For simplicity let us
consider formfactor averaged over the directions of 3;;. in
the plane. This corresponds to the experiment with polycrys-

talline sample but with aligned Cqu-sheets. At Fig.1l the
w

plot of static formfactor is presented: W{qp}=f dw W(w, qp}.
0

At simulation on cluster the dynamic formfactor con-

sists of separate lines. To obtain the smooth curve each

line was spread by the factor

B 1
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Fig. 1. Static formfactor of spin ].l‘(ﬂ\lld Ty < ga < 217
First maximum is in the point ¢ = & V2 /a.

Fig. 2. Dynamic formfactor of spin liquid. Solid curves correspond to the
maximums of static formfactor: gia = V2 7, qaa = 1304 , gza = 57 (see
Fig. 1). Dashed curves correspond to the minimums: ¢4 a = 37} ,
gsa =94, qca = 157} .
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d(w) =
w2+ 1-2/4 w:+ 1“2/2

(1+I"x’2n-:u0], (7)

at I'=0.6J. At this value of I the factor f fits distribution
of lines strength. In (7) to standard shape the additional

factor ¢(w) is introduced. Purpose is to satisfy the condi-
W

tion f(0)=0, and to keep the normalization J f(w) dw=l. The
0
plots of dynamic formfactor Wi(w, qp] at different values of

g are presented at Fig. 2. At qp=1/§1t/a the cross section
p

per cell in maximum (w *0.7J) equals

do

-25 2 Y N
b SN O VR -7 = ~ . V. 8
T 2. 710 T oat AT 2.7-10 " cm /e (8)

Surely this calculation is not very reliable one since Ww,
g ) is obtained by rather arbitrary spreading of discrete
p

lines. However there is no doubt in the magnitude of cross

section (8).
Let us consider now magnetic excitons. Localized holes

of Cqu-sheet are in the 3d 3 state of the copper. They

X -y .
can be excited into the 3d ' de -~ ‘8d -~ 8d --states.

g XZ vz
z

The excitation energies were calculated for example in Ref.

(5]
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For these excitations the term with | in matrix element (5)
neutron polarizations

is responsible. Averaged over the

cross section per Cu ion equals

8

j

da‘{zz) P

do(xy) 2
0, ———=c0(1-n7),
dQ d
Q o z (10]
do(xy) dol{yzl) -1 2
QD T gy g R
In the w-distribution it looks like narrow peaks at the

energies (9). At small doping the width of peak is of the
order of J=0.1 eV, since the dispers_ian of excitons is due
to the same superexchange mechanism as antiferromagnetic in-
teraction. At doping the additional spreading arises due to
scattering of the holes on the excitons. It should be noted
that this mechanism leads to the spreading of spin excita-
tion dynamic formfactor (eq. (6) and Fig. 2) as well.

The formulae (10) do not take into account the size of
atomic 3d-state which is about one Bohr radius a
Ref. [6]). qpa
~5.8w/VE. For excitons w~0.8 eV, and for E=10 eV we have

L (see e.g.

Longitudinal momentum transfer equals

q"aBﬁl.S. Therefore the atomic formfactor

F(q) = I|;€Bd (r)|? sin(qr)/qr dr (11)

should be taken into account. Numerical values of formfactor
calculated with Hartree-Fock wave function of copper ion are
presented at Table I.

Table 1
Formfactor of Cu 3d-state

ga B4, 0:8 L 146 24 L0 L9 3.5

Flg) el 095 0.:82i0:66 - 0.50¢ 037 aQpa:| 108




If we neglect the higher angular harmonics in neutron
wave function the cross sections (10) should be simply mul-
tiplied by factor Fz. At E=10 eV this reduce exciton cross
sections by a factor 3 - 3.5.

The observation of excitons is important by itself,
However [ would like to stress that it could_ be very useful
for interpretation of spin excitation data. Actually calcu-
lation of the cross sections (10) is rather reliable. There-
fore using them for normalization one can find from experi-
mental data the absolute normalization of dynamic formfactor
of spin liquid.

Let wus discuss now independent of neutron spin
mecha-nisms of forward scattering with energy transfer w~0.1
eV. They contribute to the background and can hamper the
obser-vation of magnetic scattering. Eirst is the scattering
on the optical phonons. Most hard are the oscillations of
the in plane oxygen ions. They have frequency wﬁﬂf—D.l eV (see
e.g. Ref. [7]). Simple -calculation gives (per cell of
Cuoz—planel.

do ( ph)

2 2 -28 2
E * 1"(q/VMw )" ~ 6-10 “cm” < o . (12)

Here M=l6m_ is 0° mass and 5.8 fm is the neutron scatter-
ing length on oxygen nucleus [8]. Numerical value of cross
section is taken at g=n/a. Thus the scattering on phonons is
negligible in_cnmparison with magnetic scattering. More im-
portant is double scattering of a neutron in sample with mo-

5> S 2 :
mentum transfers ql,qzbq, q1+q2=q. In this case we can con-
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sider the atoms as unbounded and energy transfer equels
wzqu’M. Let L be the length of a sample and Ln be the mean
free path of neutron. If LELU the probability of double
scattering equals

q

g W e F
dw. dfiwdne: E

n

(nL)>. (13)

Here | is the length of nuclear scattering, E is the neutron
energy, and n is density of the atoms which contribute to
rescattering. Let us consider for example LaECu[}q. Let N be
the dengity of elementary cells. Due to Eq.(13) the most ef-
fective are heavy atoms. Therefore n = nLa:ZN. Scattering

length 15 fm is roughly the same for all atoms, and there-

fore Lnﬁ[TNa*]'IHIZBHIZN]. To compare the probability of

double scattering (13) with the cross sections presented
above we should divide it by NL.
1 dW 2
~ . 4
N7 T an 2.5 1"/E {L/LD] (14)

At E=10 eV and L/L=l it equals to 0.6-10 *°cm/eV. Thus even
at L/Lﬂzl the probability of magnetic scattering (8) is by a
factor ~50 larger then the probability of rescattering. To
avoid the misunderstanding we remind that this is scattering

at small angles.

What kind of experiment is discussed?

| : -0 =7
1. This is forward neutron scattering:a~4-10 /’\/EEFID rad.
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Resolution inside this angle is desirable to measure the
&)—dependence of formfactor.

2. One needs to separate the events with neutron spin flip
to measure the magnetic scattering. Due to the
estimations presented above nonmagnetic background is
small. However these estimations are based on the
suppositions on the spin liquid structure, and those
should be checked by themselves.

3. The resolution in energy losses should be better then

0.1 eV.

4. The dependence of formfactor on the orientation of 3 with

respect to Cqu—sheet is important. To measure this
dependence the sheets in a sample should be aligned.

S. Control of the value of CuDz—sheet doping by the holes is
desirable. Probably the most effective way to do it is to
measure the shift of frequency of Cu nuclear quadrupole

resonance [9].

First of all I am grateful to V.V. Flambaum. In
discussions with him the importance of experiment with
energetic neutrons was realized. I am grateful as well to
V.P. Alfimenkov, V.I. Lushikov, S.V. Maleyev, A.I. Okorokov,
R. Osborn, L.B. Pikelner, A.P. Serebrov for stimulating dis-

cussions.

12

® N oo v

REFERENCES

1. D. Vakhin et al. Phys. Rev. Lett., 58 (1987) 2802.

2. Amnon Aharony et al. Phys. Rev. Lett., 60 (1988) 1330.

3. K. Kumagai and Y. Nakamura. Physica C157 (1989) 307.
4. Hong-Qiang Ding and M.S. Makivic, Phys. Rev. L_ett., 64

(1990) 1449.
V.V. Flambaum and 0.P. Sushkov. Physica C168 (1990) 56S.

V.V. Flambaum and 0.P. Sushkov. Physica C159 (1989) 586.
R. Feile. Physica C159 (1989) 1.
S.F. Mughabghab. Neutron Cross Sections. Vol. 1. Academic

Press 198l
9. V.V. Flambaum and O.P. Sushkov. Preprint INP 90-68.

Submitted to Physica C.

13




0. P. Sushkov

The Possibility of Investigation
of High Tc-Superconductors Spin Structure

Using the Neutrons with Enerqy 1-10 eV

0.Il. CywkKoB
BO3MOXHOCTb MCCJIeIOBaHWA CIHHOBOH CTPYKTYPH

BBICOKOTEMIIepaTYpPHLIX CBEPXMNPOBOOHMUKOB
C noMolb® HEeHTPOHOB C 3Hepruei 1-10 3B

OTBETCTBEHHHII 3a Bhmyck: C.I.Ilonos

PaboTra nmoctymnuiia - 5 oKTAO6pA 1990 r.
[Tlopn¥caHo K Inedyartu 14.11 1990 r.

dopMaT bymMaru 60x90 1/16 *

ObbeM 0,9 . 3., 0,8 y4.-u3n. . ‘

Tupax 180 3kK3. becniuaTHo. 3akas 128.

PoranpuHTr Uf1P CO AH CCCP, I
r. Hosocubupck, 90.




