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Commensurability effects for nickelates have been studied, for the first time, by neutron scatter
on La5y3Sr1y3NiO4. Upon cooling, this system undergoes three successive phase transitions associa
with quasi-two-dimensional (2D) commensurate charge and spin stripe ordering in the NiO2 planes.
The two lower temperature phases are stripe lattice states with quasi-long-range in-plane cha
correlation. When the lattice of 2D charge stripes melts, it goes through an intermediate glass s
before becoming a disordered liquid state. This glass state shows short-range charge order wit
spin order, and may be called a “stripe glass” which resembles the hexatic/nematic state in 2D melt
[S0031-9007(97)04172-0]
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Charge and spin ordering in real space have attrac
much attention due to their role in cuprate supercondu
tivity [1,2]. Recent neutron scattering experiments ha
shown that the real-space segregation of holes and sp
in a stripe form is associated with the anomalous suppr
sion of superconductivity in the La2CuO4 family com-
pounds with, 1

8 doping [3]. These findings lead to the
speculation that the inelastic peaks explored earlier
superconducting cuprates [4] are due to dynamic fluc
ation of these stripes. Such charge and spin stripes w
first observed in the isostructural system La22xSrxNiO41d

by electron diffraction [5] and by neutron scattering me
surements [6]. Mechanisms such as a Fermi-surfa
nesting [1], frustrated phase separation [2], and polar
ordering [5] have been suggested as being responsible
the formation of stripes. One of the issues is wheth
such an order is charge and/or spin driven. Experime
tal results reported so far are conflicting. The simu
taneous incommensurate peaks due to charge and
orders were found in La2NiO4.125 [6]. On the other
hand, in La1.775Sr0.225NiO4 the incommensurate charge
peaks occur at significantly higher temperature than t
spin peak, even though the in-plane charge order sho
a shorter correlation length than the spin order in th
compound [7].

Commensurability has significant effects for charge a
spin ordering because of commensurate lock-in effe
[8]. For example, suppression of superconductivity
La22xBaxCuO4 is found when static charge and spi
ordering occurs forx ­

1
8 [3]. La22xSrxNiO4 compounds

exhibit distinct anomalies atx ­
1
3 and 1

2 [5,9,10].
So far, structural correlations for La22xSrxNiO4 with
x ­

1
3 and 1

2 have been investigated only by electro
diffraction on polycrystalline specimens. Such data a
difficult to analyze quantitatively and lack information
on magnetic correlations. In this Letter, we report th
first neutron scattering measurements on a single crys
of La22xSrxNiO4 with x ­

1
3 , which have enabled us to
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extract detailed information about the order parameter a
correlation lengths for this important composition. Ou
results “consistently” show charge order as the drivin
force behind the phase transitions in this compound.

We have, furthermore, discovered the intriguing 2D
melting-like transitions in this commensurate1

3 compo-
sition. The lattice of the 3D Fe21yFe31 ordering in
Fe3O4 melts atT ø 125 K in a first-order fashion, ac-
companied by a hysteretic discontinuity in the resistiv
ity [11]. Recently, it has been found that there exist
a strongly first order melting transition of the charge
ordered state of the 3D perovskite Pr1y2Sr1y2MnO3 [12].
In contrast with the first-order nature of 3D melting, tran
sitions in 2D melting can be continuous. An interestin
aspect of 2D melting is the presence of a glass state (
so-called hexatic/nematic state) between the crystalli
solid and liquid phases [13]. We discovered that th
melting of quasi-2D charge stripes in La5y3Sr1y3NiO4 re-
sembles the solid-hexatic/nematic-liquid transition in 2D
melting.

A large boule of single crystalline La5y3Sr1y3NiO4

(,7 mm in diameter and,80 mm long) was grown
using the floating zone method. The seed crystal a
the polycrystalline feed rod were rotated at,30 rpm
in opposite directions, and both with molten zone wer
moved downward at the speed of,5 mmyh. The top
of the boule (8 mm long with a weight of 3.5 g) was cu
for neutron scattering measurements. The sample mos
spread was 0.7±. The neutron scattering experiments wer
performed on a thermal neutron triple axis spectromet
BT2 and a cold neutron triple axis spectrometer SPIN
at the NIST reactor. Fixed incident and final neutro
energies were selected to be 14.8 meV for measureme
on BT2 and 5 meV on SPINS using pyrolytic graphite
(PG) for the monochromator and analyzer. We use th
tetragonal notation to index diffraction features througho
this paper. All measurements were done in theshhld zone
of reciprocal space.
© 1997 The American Physical Society
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For La22xSrxNiO41d with excess hole concentration
e ­ x 1 2d, charge order and spin order are characte
ized by wave vectorsse, e, 1d and s 1

2 1
1
2 e, 1

2 1
1
2 e, 0d,

respectively [5,6]. The spin wave vector1
2 e from the

antiferromagnetic reciprocal points 1
2 , 1

2 , 0d, being half of
e of charge modulation is the signature of charge strip
as magnetic antiphase domain walls [5,6,14]. We cons
tently founde ­ 0.333s2d for La5y3Sr1y3NiO4, as shown
in Figs. 1 and 4(a).e was not dependent on temperatur
sT d [see Fig. 4(a)]. This contrasts with the considerab
temperature dependence ofe when e ,

1
3 [6,7] and in-

dicates the stability of thee ­
1
3 modulation. Figure 1

showss 1
3 , 1

3 , ld scans at various temperatures. Even int
ger weakl peaks are purely magnetic because they we
not detected by electron diffraction [5]. For odd intege
l, charge-order scattering is dominant [15]. The supe
lattice peaks have long tails alongl, indicating the quasi-
two-dimensionality of structural and spin correlations
Finite repulsive Coulomb interaction will favor a stack
ing of charge stripe layers in such a way as to minimiz
the Coulomb interaction. Such a stripe pattern consist
with the superlattice peaks is illustrated at the upper rig
corner. Notice that all charge stripes in all layers are ce
tered between Ni and O atoms [16].

In Fig. 1, the relative ratios of the peak intensities va
in differentT regimes. This led us into detailed measure
ments of those superlattice peak intensities as a function
T . Figure 2 summarizes the results [in (a), (b), and (c
along with a bulk susceptibility measurementdsxT dydT
[in Fig. 2(d)]. The onset of the superlattice peaks—

FIG. 1. Neutron diffraction data alongs 1

3
, 1

3
, ld at a series of

temperatures. Data were taken on BT2 with collimations
600-400-400-800. Energy resolution was 1.4(1) meV. Typica
error was 5% of the intensity. Backgrounds were determin
by the measurement at 300 K and were subtracted. At
upper right corner is a stripe pattern fore ­

1

3
drawn. Filled

and open circles indicate Ni sites in one NiO2 plane and in
an adjacent plane, respectively. Square lines, solid and dot
are the square lattices of Ni atoms. Diagonal lines, solid a
dotted, indicate positions of charge stripes in each plane.
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especially thes 1
3 , 1

3 , 5d reflection—at,240 K, shown in
Fig. 2(a), signals the development of the localization
the holes on a time scalet . 2h̄yDE , 5 ps set by the
energy resolution of the instrument. Upon cooling, how
ever, they develop not as an ordinary phase transition,
with an unusually slow rate followed by a fast enhanc
ment at,200 K. As T decreases further down to 10 K, th
peaks continue to grow. AtT lower than 40 K, thes 1

3 , 1
3 , 1d

peak decreases. The existence of the threeT regions be-
low 239 K is clearer in the plot of the ratio of thes 1

3 , 1
3 , 1d

peak intensity to thes 1
3 , 1

3 , 5d one as depicted in Fig. 2(b)
These three distinct phases are denoted as phases I, II,
III with decreasingT order. Figure 2(c) shows theT de-
pendence of the pure spin contribution to thes 1

3 , 1
3 , 0d peak.

The contribution of the long tail of thes 1
3 , 1

3 , 1d charge peak
to the s 1

3 , 1
3 , 0d peak was assumed to be the same as t

at s 1
3 , 1

3 , 0.3d and subtracted. The nonzero intensity b
low ,190 K demonstrates that the spin ordering occurs
phases II and III, but not in phase Is190 , T , 239 Kd.

FIG. 2. Elastic neutron scattering intensities of several sup
lattice peaks and bulk susceptibility data. The energy re
lution for the neutron scattering measurements on SPINS w
0.28(2) meV with collimations of open-400-400-open. (a) Tem-
perature dependences of the superlattice peak intensitie
Q ­ s 1

3
, 1

3
, 1d, s 1

3
, 1

3
, 3d, ands 1

3
, 1

3
, 5d. The data are in arbitrary

units. (b) Ratio of thes 1

3
, 1

3
, 1d peak intensity tos 1

3
, 1

3
, 5d peak.

(c) Temperature dependence of the magnetic superlattice p
intensity. Units are the same as those in (a). (d)dsxTdydT in
enu/mole. The line is a guide to the eye.
2515
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Anomalies indsxT dydT , shown in Fig. 1(d), establish that
the charge-spin correlations in the three phases are stati
a time scale more than a few seconds. No thermal hyste
sis was observed in any of the measurements, sugges
the phase transitions are continuous.

Interesting aspects of the three phases were discove
in elasticQ scans along theshh0d and s00ld directions.
The shh0d scan investigateslongitudinal correlation of
translational ordering of stripes along the perpendicular
rection to the stripes in the NiO2 plane. Figure 3(a) shows
representative in-planeshh1d scans, which probe in-plane
structural correlations due to charge order. Note that t
peak is resolution limited in phases II and III but in phase
it is significantly broader than theq resolution. Thus,
the in-plane charge correlation is much shorter in phas
than in phases II and III where the correlation is quas
long-range. In contrast, the out-of-plane scans shown
Fig. 3(b) are much broader than theq resolution for all
phases. Quantitative values of those correlation leng
were obtained by fitting the data at eachT to a Lorentzian
convoluted with the instrumental resolution function. Th
fits are drawn as solid lines in Fig. 3, ande, in-plane charge
sjC

a d and spinsjS
a d correlation lengths, and out-of-plane

chargesjC
c d and spinsjS

c d correlation lengths are plot-
ted in Fig. 4. For allT , 239 K, jC

c andjS
c are shorter

than2.5c, indicating that the quasi-two-dimensionality o
both charge and spin correlations remains intact in all thr
phases. A dramatic difference between the low-T phases
(II and III) and the higher-T phase (I) is manifested in the
in-plane charge correlation. As illustrated in Fig. 4(b), th
in-plane charge correlation is quasi-long-range in phase
and III sjC

a , 350 Åd, which is consistent with the previ-
ous electron diffraction result [5]. However, in phase I,jC

a

FIG. 3. (a) Representative elasticshh1d scans for phase I
(220 K), phase II (60 K), and phase III (10 K). (b) Represen
tative elastics 1

3
, 1

3
, ld scans in each phase taken from Fig. 3

Solid lines in (a) and (b) are explained in the text.Q resolu-
tions are drawn as bars.
2516
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drastically shortens to,80 Å, which is about 5 times the
characteristic wavelength of charge modulation (16.23 Å
There seem to be only subtle differences between pha
II and III, both of which exhibit quasi-long-range in-plan
charge correlation. The transition is probably a sub
change of structural distortion associated with the hole l
tice. jC

a is about 3 times longer thanjS
a , indicating that

charge ordering is the driving force in this compound a
spin ordering is a parasitic effect. Phase I shows sho
range charge order in the absence of spin order, which
drastically different from the other two phases. This in
termediate glassy state with short-range charge stripe c
relation in between solid states (phases II and III) and
liquid state (a disordered high-T state) may be called a
“stripe glass.”

As in dsxTdydT , specific heatsCd exhibits a distinct
anomaly at the liquid-glass transition at 239 K and
small kink at the glass-solid transition at 190 K [10
which resembles that seen in a liquid crystal [17]. Th
indicates that the majority of excess holes localizes in
domain walls below 239 K even though the longitudin
correlation of the holes remains short range. As a res
the entropy removed through the glass-solid transition
190 K is reduced, together with the anomaly. Prelimina
inelastic neutron scattering measurements [18] show t
low energy charge-spin fluctuations below 3 meV a
strongest at,200 K, at which the correlations become
quasi-long-range. Specific heat is sensitive to fluctu
tions with characteristic energy of orderkBT . Hence, the

FIG. 4. e and correlation lengths versus temperature.T
dependence of (a)e obtained from optimal peak positions o
s 1

3
, 1

3
, 1d peaks, (b) in-plane correlation lengths,jC

a (charge)

and jS
a (spin), obtained by fittings 1

3
1 h, 1

3
1 h, 1d, and

s 1

3
1 h, 1

3
1 h, 0d scans, respectively, and (c) out-of-plan

correlation lengths,jC
c (charge) andjS

c (spin), obtained by
fitting s 1

3
, 1

3
, 1 1 ld ands 1

3
, 1

3
, 2 1 ld scans.
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distinct specific heat anomaly and the weakness of neutr
scattering cross section below 3 meV at 239 Ks,20 meVd
imply that the characteristic energy of charge fluctuation
in the stripe glass state is much higher than 3 meV.

The short-range translational ordering and the speci
heat behavior are reminiscent of the 2D glass in 2D me
ing. Missing in this connection is the orientational orde
parameter. The 2D glass in 2D melting is characterize
by short-range positional order and quasi-long-range o
entational order, and has been tested for various real s
tems such as liquid crystals [19], vortex states of layere
cuprate superconductors [20], and doped charge-dens
wave compounds [21]. The nematic phase in the liqu
crystal has the strongest similarity with the stripe glass
the sense that both of them have twofold symmetry [22
The orientational order parameter in such systems is
average orientation of stripes and molecules. The diffe
ence is, however, that the stripes can have various lengt
whereas molecules in nematic phase have the same len
One might think that the orientational order parameter fo
the stripes can be measured bytransversescans. How-
ever, when the stripes are of various lengths even thou
they are aligned along a common axis, the broadening
transverse scan peaks due to short stripes overshad
the characteristic width due to the orientational order an
makes it nearly impossible to extract orientational orde
parameter from the scans. Nonetheless, the 2D nature
charge order in La5y3Sr1y3NiO4 and the presence of an in-
termediate state with short-range ordering show the stro
similarity of the stripe glass with the 2D glass state. It re
mains in question as to whether or not such an interme
ate glass state in a La22xSrxNiO4 system exists only when
x ­

1
3 . More experimental studies onx .

1
3 compounds,

especially forx ­
1
2 where bulk measurements show dis

tinct anomalies, as well as theoretical studies, are need
to understand the commensurability effect in the system

The impurity potential of Sr ions may play an impor-
tant role in the melting transition of the charge stripes
Sr ions are distributed randomly on the La sites in th
La-O layers and can provide pinning potentials for th
charge ordering with stripe modulation. These poin
defect-like Sr ions can be pinning centers for the tran
lational ordering of the charge stripes, but are natural
inefficient in pinning the orientational ordering of charge
stripes. This pinning effect of Sr dopants may be re
sponsible for a stripe glass at intermediate temperatu
190 , T , 239 K, where the mechanism for producing
stripe phase does not dominate the impurity potential a
thermal fluctuations. In that phase, most of the holes l
calize to form strings (possibly maintaining orientationa
ordering), but the lengths of the strings are short. Upo
further cooling, these short strings of holes line up straig
to form ordered stripes. Because of the frozen defec
there would be defect regions where two stripes merge in
one stripe to form a “double-fork” stripe defect. Such de
fects would create topological spin frustration, while onl
producing a small local perturbation of the charge strip
on
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order. This type of stripe defect may be responsible fo
the shorter correlation of spin than that of charge in phase
II and III.

In summary, La22xSrxNiO4 exhibits, atx ­
1
3 , unique

behaviors which are typical for melting in two dimen-
sions. Among three successive transitions upon cooling
the first two transitions are the continuous transitions o
the liquid-glass-solid states of quasi-2D hole ordering
We also presented “consistent” evidences, namely orde
parameter and correlation length measurements, showin
that charge ordering is the driving force in this material.
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Anderson, C. L. Broholm, C. H. Chen, B. I. Halperin,
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