
"The submitted manuscript has been authored by a / ' • ' ' - > - .
contractor of the U.S. Government under contract No. /
PE-AC0S-84OR21400. Accordingly, the U.S. *-
Government retains a nonexclusive, royalty-free
license to publish or reproduce the published form of fYTNP—Q5nW^fi "}
this contribution, or allow others to do so, for U.S. VAAWC ^ U J i i J O j
Government purposes."

DE92 019952

Neutron Scattering Studies of the Spin Dynamics in La2-xSrxCu04

S. M. Hayden(1), T. E. Mason(2l3), G. Aeppli(3), H. A. Mook(4), S-W. Cheong(3),
Z. Fisk(5)

( 1 ) « . H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue. Bristol BS81TL. UK
^Ris0 National Laboratory, Roskilde, DK-4000, Denmark

&AT&T Bell Laboratories. Murray Hill, New Jersey 07974, USA | ^ ^,,-., <% r . •' • •
(4)<?a* Ridge National Laboratory, Oak Ridge. Tennessee 37831. USA %\ v •- '-•*":

(5)Los Alamos National Laiwatory, Los Alamos. New Mexico 87545. USA MJG 2 5 1992

ABSTRACT
Inelastic neutron scattering has determined the modulation vectors and correlatien

lengths for the low-energy incommensurate magnetic fluctuations observed in
La2-xSrxCuO4 for x > 0.07S. On entering the superconducting state a strong
suppression of * e low-energy fluctuations is observed. These results are discussed with
reference to a two-dimensional band structure model.

1. Introduction

Neutron scattering can provide valuable information about the electronic
correlations in solids through the spin correlation function. It has proved to be highly
informative in the high-rc problem where spin fluctuations have now been detected across
the La2-x(Ba,Sr)xCu041>2 and YBa2CuO6+x

3 series. We report here experiments on
highly doped (x > 0.075) La2-xSrxCuC>4, where the incommensurate magnetic scattering
has been characterised in the normal4 and superconducting5 states. The relationship to an
itinerant picture of the carriers is discussed.

2. Preliminaries

Except for small x, the La2-x(Sr,Ba)xCu04 system does not show well defined
magnetic excitations. 'Diffuse' magnetic correlations can be described in terms of the
power spectrum |/H(#,CO)|2 of the local spin magnetisation m(r,t). The power spectrum is
the Fourier transform in space and time of the autocorrelation function
<m(r', 0)m(r'+r, t)>. Neutron scattering measures this power spectrum directly, where
m is the component of the magnetisation perpendicular to the momentum transfer Q = Jfcj -
k{, k\ and Jfcf are the incoming and outgoing neutron wavevectors. More formally the
neutron scattering cross section is,
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Another quantity of interest is the closely related imaginary part of the generalised
susceptibility Im%(g,G>) = x"(?>G>)- This is a measure of the absorption when the system
is probed by a spatially and temporally varying field B(r,t) (eg due to the magnetic moment
of the neutron). The power spectrum (derived from the unsymmetrised correlation
function) and the response function x"(tf,oo) are related through the fluctuation-dissipation
theorem,

- 1

\m(q,(Q)\2 ~ [n(«» + lft'Xtf, o), (2)

where the Bose-Einstein factor «(co)+l={l-exp(-ft(o/kBD}

3. Experiments

Throughout the paper, we label reciprocal space using a (nearly) square-lattice
notation appropriate to the Q1O2 planes, the real space separation of the Cu ions is one
distance unit, ao = 3.8 A, as in Fig. l(a). Fig. l(b) shows the position of the reciprocal
lattice points due to the ionic lattice, these have coordinates (m2n, n2n), where Q = (Qx,
Qy). The unit-cell doubling associated with the antiferromagnetism in La2CuC>4 introduces
new points at positions ((2m+l)jt, (2n+l)7t). We will not be concerned with the
component of Q perpendicular to the CuC>2 planes, since the strong anisotropy in the
magnetic interactions leads to no observable variation of the scattering described here with
this component Neutron scattering experiments have shown that for small doping in La2-
x(Sr,Ea)xCuO4 and YBa2Cu3Og+x the antiferromagnetic long-range order is replaced by
commensurate fluctuations213 with a correlation length of the order of the separation of the
dopant atoms. At higher doping levels, incommensurate fluctuations have been reported2

in La2-xSrxCu04 but not for YBa2Cu3O6+x-

(0, 2%) (2TC, 2TC)
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Fig. 1. (a) The lattice of Cu atoms in a nearly square CuO2 plane. Throughout this paper we measure real
space distance in units of OQ =3.8 A and reciprocal space in units of (I/on). 0>) Reciprocal space with open
circles representing the positions of lattice points due to the ionic lattice; the crossed circle represents the
extra point introduced due to the doubling of the unit cell by antiferromagnetic order in La2CuO4. The
closed circles represent (not to scale) the positions of the incommensurate peaks described in the text.
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Fig. 2. The magnetic scattering observed around Q = (n, re) at low energies in La2-xSrxCuC>4. (a)

Contour plots of scattering collected at tt(O •- 1 meV for x = 0.075 from Cheong et al.4 The dark regions

represent the areas with the highest scattered intensity. Some spurious scattering is present near (0.9n,

Lire). This could be eliminated under different experimental conditions, (b) and (c) show scattering

collecfxi6 for fcCO = 2 meV and x =0.14 for (b) T = 35 K = Tc + 2K and (c) T = 5 K. For T < Tc,

X"(tf,co) is strongly suppressed (see text), (d) The region within the dashed square represents the area covered

by the maps in (a)-(c)-

3.1. Normal State
Fig. 2(a) shows the form of the incommensurate scattering at low energy, fico = 1

meV, near the (Jt, it) position in Lai.925Sro.07sCu044. From Fig. 2(a), it can be seen that
the scattering shows square-like symmetry, with the strongest scattering at the corners of
the square. The scattering in Fig. 2(a) can be well described by four resolution-corrected



Gaussian peaks centred on the corners of the square, ie the positions (71, JC) ± 8(TC, 0) and
(K, K) ± 8(0, n). The best fit to the data gives 8 = 0.14 ± 0.02 and the half-width-at-half-
maximum (HWHM) of the Gaussians i~l = 0.055 ± 0.003 A"1. Fig. 2(b) shows a
contour map6 for the x - 0.14 composition. The peaks move out from (TC, 71) with
increased doping.
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Fig.3. Constant ti(O = 1 meV scans collected at two temperatures in Lai.925Sro.075Cu04 (S = 0.14)
from Cheong et al.4 (a) Scans along the dotted line in (a) Q = (71, JT) + C, (n, -n). (b) Scans along the
(lashed line in (a) Q = (1 - 5/2) (n, TC) + C (TT, -n).

J[(T=100 K)(A) flSr-Sr(A)
0.075
0.14

0.14 ±0.02
0.24 ± 0.01

18±l(10K)
25 ± 1 (35 K)

12.7 ± 1.7
19

13.8
10.1

Table 1. Wavevectors (8) and inverse half-width-at-half-maximum widths (£) of the low energy
meV) incommensurate peaks in La2-xSrxCuO4. Values determined from refs. 4 and 5.
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Of great interest is the effect of temperature on the scattering, Fig. 3 shows fi(O = 1
meV scans parallel to the (K, -n) direction4: (i) through the centre of the box and (ii) along
the edge for T = 0.05 K and T = 100 K. The effect of warming to 100 K is to cause a
'filling in' of the middle of both scans. Thus, qualitatively, the four-peak structure
becomes a broad maximum centred on (n, it), with the intensity at (n, n) increasing on
warming as previously observed by Shirane et al.7 A quantitative analysis of the peak
positions and widths is given in table 1.

T=35K
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Fig. 4. A series of constant-^C0 scans along the line Q = % (it, n) + (8/2)(JT, -n) for different energy
transfers in Lai.86Sro.i4Cu04 (8 = 0.24) from Mason et al.5

Fig. 4 shows a series of constant-/ico scans at T = 35 K = Tc + 2 K made parallel
to the (7t, it) direction through the peak positions (7E-8JC, 7t) and (7t, 7C+87i) for
Lai.86Sro.i4Cu04 from ref. 5. At the lowest energies two sharp peaks are observed, as
above. As Sco is increased the peaks become broader as the region between the peaks 'fills
in'. Thus, the higher-energy fluctuations show shorter correlation lengths.



3.2. Superconducting State
One of the key issues in this field is how the correlations between carriers are

affected by the superconductivity. While nuclear magnetic resonance techniques provide
momentum averaged information at very low frequencies, neutron scattering is unique in
that it gives the full response function in the frequency (ftco <, A) and momentum range
relevant to the superconductivity. Fig. 5 shows that, as is appropriate for magnetic
fluctuations derived from carriers near a Fermi surface, there is a suppression in the low-
fio) scattering on cooling through Tc. For #a> = 3 meV, it is found that the drop in
\m(q,a>)\2 is not due to a reduction in the Bose-Einstein factor (which drops by 33% from
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Fig. 5. Constant Q = (n, n) - 8(n, 0) scans in Lai.86Sro.i4CuC>4 for T = 35 K > Tc = 33 K and T =

12 K from Mason et al.5

T = 35 K to 12 K) but to a decrease in %"(?, co). While x"(ff, to) at elevated ha is
reduced on going through Tc, it is probably not completely eliminated. The q dependence
of what remains is given by Fig. 2(c), which is indistinguishable from a reduced-intensity
version of the scattering above Tc. Thus, any scattering remaining below Tc, at the
frequencies probed so far, does not have a radically different shape to that seen at the same

for T>TC

4. Discussion

In order to understand the observed magnetic scattering of La2_xSrxCuO4 tor x >

0.075, where the incommensurate peaks are present, it is useful to make a



phenomenological model for x"(tf. to)- The paramagnetic scattering8 of itinerant
antiferromagnet Cr and Cr-V alloys bears much similarity to La2-xSrxCuC>4. In the Cr
case, 3D Fermi-surface nesting gives rise to a incommensurate magnetic instability.
Noakes et al.8 have successfully analysed the paramagnetic scattering of Cr and Cr-V
alloys using a dynamic susceptibility derived for a two-band incommensurate

Fig. 6. Visualisation of the evolution of the experimental determined X"(fl,(o) across the La2-

x(Ba,Sr)xCuC>4 series. The figures show the 0.25 of maximum contour plotted for each energy co. (a) Spin
wave poles in La2CuO4. (b) Magnetic excitations in Lai.9sBao.05Cu04 from Hayden et al.15 (c)
Incommensurate spin fluctuations in Lai.86Sro.i4CuC>4 for 7"= 35 K from Mason et al.5 (Eqs. 3,4 of this
paper). The volumes enclosed by the boxes are 0.6n < Qx, Qy < l-4re and 0 < n(O < 50 meV for (a), (b)
and 0 < h(O < 20 meV for (c).



antiferromagnet. Mason et al.5 used a phenomenological form9 closely related to Noakes et
al,

where
+qyf- (K5) 2 ] 2

(4)

and q = (qx, qy) = Q- (it, rc). Fitting the scans in Fig. 4 yielded values for the parameters
A2 = 3858 ±210 meVA and K = 0.063 ± 0.002 A"1 for T = 35 K. A representation of this
functional form with these fitted parameters is shown in Fig. 6(c). Fig. 6(c) summarizes
the observed scattering in Lai.86Sro.i4CuC>4 for T = 35 K. At low energies, fcco ~

1 meV, there are four well defined peaks. With increasing fia>, the fluctuations broaden
in q with a characteristic energy scale A2K2 = 15 meV.

TZ

(a) (b)
Fig. 7. (a) Fermi surface contours in a rigid 3-band model for La2-xSrxCuC>4. The arrows illustrates how
mutually tangential pieces of Fermi surface can give rise to singularities in %"{q,(H). (b) Contour plot of
%"(q, co = 1 meV) for e<i - ep = 2.4 eV, t = -1.5 eV, /' = 0.3 eV and n =0.43. The dashed lines mark lines
of singularities for FS "touching". Both figures kindly provided by P. B. Littlewood (see ref. 10)

In 2D space, appropriate to La2-xSrxCuO4, even a normal Fermi liquid with a
circular Fermi surface has singularities10 in x"(#,co) as co - » 0 . A more complicated 2D
Fermi surface (FS) has singularities for q = qs, where qs connects two parts of the FS
whose tangents are parallel. Several groups10"12 have made calculations of x"(g,a>) using
band structure models with parameters derived from realistic band structure calculations.
Fig. 7(a) shows some typical Fermi surfaces for different Fermi energies10. Fig. 7(b)



shows X"(q,(o) calculated from the Lindhard function by Littlewood and coworkers10 for x
= 0.14. It shows incommensurate peaks which have approximately the correct positions
(and variation with x), however, a modest ^-independent enhancement of the susceptibility
must be included to obtain the measured value for x(q —> 0, co -» 0). Further support for
an itinerant picture of the carriers comes from the widths at small co of the observed
scattering. Since £-* < a^}Sl (see table 1), %"{q,<£>) displays features on an inverse length
scale considerably shorter than that determined by the Sr-Sr separation. This suggests that
the local effects of the Sr atoms have been screened out.

The calculations of JC"(</,£u) discussed above show that the presence of strong
magnetic interactions is not required to explain the existence and positions of the
incommensurate peaks. However, the energy and temperature dependence is a different
matter. The Lindhard "non-interacting" susceptibility X"(q,<a,T) determined using realistic
energy bands yields essentially no variation of X' over the temperature and energy ranges
investigated experimentally, 0< T < 100 K and 1 <. too <. 15 meV. This is at

variance with the data in Fig. 4. However, models incorporating magnetic interactions11-12

or (self energy) corrections to the electronic states10 can yield the appropriate variations.
The formation of a BCS-type superconducting state leads to a gap in the

quasipaiticle dispersion, A. Within the Lindhard picture described above, magnetic
excitations correspond to the formation of electron-hole pairs. In the superconducting
state, these can only be created if fico > 2A. Thus for T < Tc, one would expect a strong
suppression of X"(0,co) for fid) < 2A. Unconventional pairing or the existence of a finite
lifetime to the quasiparticle states ("gap-less superconductivity") can lead to a reduction in
this suppression. Fig. 5 shows a strong suppression of %"{q,a>) on entering the
superconducting state5 in Lai.86Sro.i4CuC>4 (Tc = 33 K) for h(o <, 6 meV, however,

X"(q,Q>) does not disappear completely for T < Tc and km > 3 meV.
In summary, for low doping, x < 0.02, the magnetic excitation spectrum

|m(^r,co)|2 in La2-x(Ba,Sr)xCuO4 is characteristic of an insulating antiferromagnet with
strong coupling1*13'14 (/ = 0.13 eV) within the Q1O2 planes. Doping causes a disruption
of the long range antiferromagnetic order. At high doping {x > 0.075) the observed spin
fluctuation spectrum can be interpreted naturally within an itinerant model for the carriers.
The existence of incommensurate peaks in %"(#,co) follows naturally from Fermi surface
"touching".
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