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A review is given of neutron elastic and inelastic scattering studies in the lightly-doped
La2-iSra;Cu04, which exhibits a spin-glass behavior. The most remarkable behavior in the
static spin correlations is that a diagonal spin modulation, which is a one-dimensional modula
tion rotated away by 45° from that in the superconducting phase, occurs universally across the
insulating spin-glass phase in La2-rcSrxCu04 (0.02< x <0.055). This establishes an intimate
relation between the magnetism and the transport properties in the high-temperature copper
oxide superconductors. Magnetic excitation spectra suggest that magnetic correlations change
from being incommensurate to commensurate at a temperature and an energy.
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§1. Introduction

The phase diagram of La2-a;Sra;Cu04 shows that
the magnetic state changes dramatically with Sr dop

ing. The parent material La2Cu04 exhibits three-
dimensional (3D) long-range antiferromagnetic order be
low ~325 When a small fraction of La is replaced

by Sr, which corresponds to hole-doping, the 3D antifer
romagnetic order disappears and the low temperature
magnetic phase is replaced by a disordered magnetic
phase in which commensurate two-dimensional short-
range antiferromagnetic fluctuations are observed.^'
In the superconducting phase dynamic incommensurate
(IC) spin fluctuations persist. It has been known for
some time that in La2-xSr3,Cu04 when the insulator-

to-superconductor transition occurs, the instantaneous

magnetic correlations change from being commensurate
to incommensurate.

In this paper, a review is given of the recent results on
the static and dynamic spin correlations in the spin-glass
phase of lightly-doped La2-a:Srj;Cu04.

§2. Static Properties

Recently, Wakimoto et al. have found that the static

magnetic correlations at low temperature are IC in the
insulating spin-glass Lai.95Sro,o5Cu04.'*' They have ex
amined the intensity profiles and have shown that there
are only 2 satellite peaks along ftortho^^ while in super
conducting compounds the IC peaks are located parallel
to both the Otetra and fctetra axes. These magnetic corre
lations in Lai.95Sro,o5Cu04 are consistent with diagonal
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charge stripes, in which the stripes run along the aortho
axis. Actually, such diagonal stripes have been predicted
theoretically.®"^"^ Diagonal stripes are also reported ex
perimentally in insulating La2_xSrxNi04.^^^ These re
sults lead to the important conclusion that the static

magnetic spin modulation changes from diagonal to par
allel at a: = 0.055 ± 0.005, coincident with the insulator-

to-superconductor transition. Most recently, Matsuda et
al. showed that the diagonal one-dimensional IC mag
netic correlations persist throughout the spin-glass phase
down to the critical concentration of a;=0.02 for 3D Neel

ordering.
The incommensurability e corresponds to the inverse

modulation period of the spin density wave. Here, e is
defined in orthorhombic notation so that e = sfl x <5
where <5 is defined in tetragonal units. As shown in Fig.
1, (5 follows the linear relation b — x reasonably well
over the range 0.03< x <0.12 which spans the insulator-
superconductor transition. In a charge stripe model this
corresponds to a constant charge per unit length in both
the diagonal and parallel stripe phases, or equivalently,
0.7 and 0.5 holes per Cu respectively because of the \/2
difference in Cu spacings in the diagonal and parallel
geometries. The value for a:=0.024 definitely deviates
from the 8 = x line and instead appears to be close
to ~1 hole/Cu as in La2-xSr2,Ni04 where there is ~1
hole/Ni^^' along the diagonal stripes. This suggests that
as the hole concentration is decreased, in the context
of the stripe model, the hole concentration evolves pro
gressively from ~0.5 hole/Cu at a;=0.12 to 1 hole/Cu
at a;=0.024. This behavior is very different from that
in La2-xSrxNi04, where the hole density is ~1 hole/Ni
over a wide range of hole concentrations in the insulating
phase albeit at rather larger hole densities.^®' We note
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Fig. 1. Hole concentration (x) dependence of the splitting of the
IC peaks (5) in tetragonal reciprocal lattice units. Open circles
indicate the data for the inelastic IC peaks reported by Yamada
et Filled circles and square are the data for the elastic IC
peaks reported by Wakimoto et at..®''®' The filled triangle is
obtained by Matsuda et The broken and solid lines cor
respond to <5 = X and e = x, respectively. The insets show the
configuration of the IC peaks in the insulating phase (diagonal
stripe) and the superconducting phase (parallel stripe). From
Matsuda et

that Machida and Ichioka predict 1 hole/Cu throughout
the diagonal stripe phase.

We emphasize, here, that only a one-dimensional spin
modulation has been observed in La2_xSra;Cu04 to-date;
any associated charge ordering has not yet been detected.
As pointed out by Tranquada, Ichikawa and Uchida,^^^
in Nd-doped La2-a:Sr3,Cu04 widths of incommensurate
magnetic and nuclear peaks become broader in the pres
ence of disorder originating primarily from a random
distribution of stripe spacings and orientations. Espe
cially, nuclear peak widths are more sensitive to the dis
order. Since incommensurate magnetic peaks are broad
throughout the diagonal stripe phase, nuclear peaks due
to the lattice distortion should be much broader so that
these peaks are very difficult to be observed. Further
studies are needed in order to clarify the existence of the
charge stripe.

§3. Dynamic Properties
Another important point is to clarify the nature of

the magnetic excitations in the diagonal IC state. In
tensive studies of the inelastic magnetic spectra in insu
lating La2-xSr3;Cu04 were performed by Keimer et al.^^
They studied the energy and temperature dependences
of the Q-integrated susceptibility and found that it fol
lows a scaling function of w/T in a wide range of w and
T. However, the Q-dependence of the excitation spectra
was not discussed since the detailed peak profile was not
known. Now that the static magnetic correlations have
been elucidated, the excitation spectra can be analyzed

50 100
Temperature (K)

Fig. 2. Energy-temperature phcise diagram in Lai ,976 Sro.024 CUO4.
Open and filed circles represent that the magnetic correlations
are diagonal incommensurate (DIG) and commensurate (C), re
spectively. From Matsuda et aL'®'

qualitatively.
Matsuda et al. studied inelastic magnetic spectra in

Lai,976Sro.o24Cu04.^^^ Figure 2 represents a summary
of their neutron inelastic measurements. The open and
fi lled circles signify that the magnetic correlations are
diagonal IC and commensurate, respectively. The diag
onal IC phase exists below ui ~7 meV and T ~70 K (~6
meV). Above these energy and temperature the mag
netic correlations are similar to those in pure La2Cu04
although the range of order in the Cu02 plane is much
shorter in Lai.976Sro.o24Cu04. This result indicates that
the characteristic energy for the diagonal IC structure is
6-7 meV. It is noted that similar behavior is also observed
in Lai.98Sro.o2Cu04.^®' In this compound, broad elas
tic magnetic peaks are observed at (7r,7r). These peaks
can be interpreted to be either broad along the 6ortiio or
slightly IC along the borthoj which is consistent with the
diagonal stripe model.

It is interesting to consider the relation between this
result and the scaling behavior with uj/T. As reported by
Matsuda et al. and Keimer et at., deviation from the scal
ing function is observed at low energies and low tempera
tures in Lai.98Sro,o2Cu04'^' and Lai,96Sro.o4Cu04.^' In
both compounds, the Q-integrated susceptibility follows
the scaling function above 3-4.5 meV. On the other hand,
below 3-4.5 meV, it is suppressed from the scaling func
tion at low temperatures. It was argued that the suscep
tibility is suppressed at low energies due to the out-of-
plane anisotropy. However, as reported by Matsuda et
al., an excitation gap due to the out-of-plane anisotropy
is lower than 1 meV in Lai,976Sro.o24 Cu04.^2) Prom the
new results, it appears to be possible that the observed
susceptibility is suppressed at low energies and low tem
peratures because the IC peaks from 2 or 4 magnetic do
mains were not properly integrated in the experiments in
the (HOL) scattering zone.^^' Since the energies at which
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the deviation from the scaling function is observed in
Lai.98Sro.o2Cu04 (3-6 meV) and Lai,96Sro,o4Cu04 (3-4.5
meV) are similar to the one at which the spin correlations
change from being incommensurate to commensurate in
Lai.976Sro.o24Cu04 (~7 meV), the two behaviors could
be closely related with each other. If this speculation is
correct, it is considered that the scaling behavior holds
down to low energies.
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