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Commensurability effects for nickelates have been studied, for the first time, by neutron scattering

on La3Sr 5NiO4. Upon cooling, this system undergoes three successive phase transitions associated
with quasi-two-dimensional (2D) commensurate charge and spin stripe ordering in thepMi@s.
The two lower temperature phases are stripe lattice states with quasi-long-range in-plane charge
correlation. When the lattice of 2D charge stripes melts, it goes through an intermediate glass state
before becoming a disordered liquid state. This glass state shows short-range charge order without
spin order, and may be called a “stripe glass” which resembles the hexatic/nematic state in 2D melting.
[S0031-9007(97)04172-0]

PACS numbers: 71.45.Lr, 64.70.Kb, 71.38.+i, 74.72.Dn

Charge and spin ordering in real space have attractegktract detailed information about the order parameter and
much attention due to their role in cuprate superconduceorrelation lengths for this important composition. Our
tivity [1,2]. Recent neutron scattering experiments haveesults “consistently” show charge order as the driving
shown that the real-space segregation of holes and spifigrce behind the phase transitions in this compound.
in a stripe form is associated with the anomalous suppres- We have, furthermore, discovered the intriguing 2D-
sion of superconductivity in the L&uUQ, family com-  melting-like transitions in this commensura%ecompo-
pounds With~% doping [3]. These findings lead to the sition. The lattice of the 3D Fé/Fe'* ordering in
speculation that the inelastic peaks explored earlier ifFe;O, melts at7 = 125 K in a first-order fashion, ac-
superconducting cuprates [4] are due to dynamic fluctueompanied by a hysteretic discontinuity in the resistiv-
ation of these stripes. Such charge and spin stripes weiy [11]. Recently, it has been found that there exists
first observed in the isostructural system LeSrNiO4+s  a strongly first order melting transition of the charge-
by electron diffraction [5] and by neutron scattering mea-ordered state of the 3D perovskite; B6r;,MnO; [12].
surements [6]. Mechanisms such as a Fermi-surfaci contrast with the first-order nature of 3D melting, tran-
nesting [1], frustrated phase separation [2], and polarositions in 2D melting can be continuous. An interesting
ordering [5] have been suggested as being responsible fagpect of 2D melting is the presence of a glass state (the
the formation of stripes. One of the issues is whetheko-called hexatic/nematic state) between the crystalline
such an order is charge and/or spin driven. Experimensolid and liquid phases [13]. We discovered that the
tal results reported so far are conflicting. The simul-melting of quasi-2D charge stripes in 481 /3NiO, re-

taneous incommensurate peaks due to charge and spiBmbles the solid-hexatic/nematic-liquid transition in 2D
orders were found in LNiO4 25 [6]. On the other melting.

hand, in La775Sh.2»sNiO4 the incommensurate charge A large boule of single crystalline kaSr ;NiO,
peaks occur at significantly higher temperature than the—7 mm in diameter and~80 mm long) was grown
spin peak, even though the in-plane charge order showgsing the floating zone method. The seed crystal and
a shorter correlation length than the spin order in thghe polycrystalline feed rod were rotated at30 rpm
compound [7]. o in opposite directions, and both with molten zone were
Commensurability has significant effects for charge andyoyed downward at the speed ofs mm/h. The top
spin ordering because of commensurate lock-in effecht he poule (8 mm long with a weight of 3.5 g) was cut
[8]. For example, suppression of superconductivity infor neutron scattering measurements. The sample mosaic
La,-,Ba,CuQ, is found when static charge and Spin spread was 07 The neutron scattering experiments were
ordering occurs fox = 5 [3]. La,-SiNiO4 compounds  performed on a thermal neutron triple axis spectrometer
exhibit distinct anomalies at = % and % [5,9,10]. BT2 and a cold neutron triple axis spectrometer SPINS
So far, structural correlations for ba.Sr,NiO4 with  at the NIST reactor. Fixed incident and final neutron
x =3 and 3 have been investigated only by electronenergies were selected to be 14.8 meV for measurements
diffraction on polycrystalline specimens. Such data areon BT2 and 5 meV on SPINS using pyrolytic graphite
difficult to analyze quantitatively and lack information (PG) for the monochromator and analyzer. We use the
on magnetic correlations. In this Letter, we report thetetragonal notation to index diffraction features throughout
first neutron scattering measurements on a single crystahis paper. All measurements were done in () zone
of La,—,Sr,NiO4 with x = % which have enabled us to of reciprocal space.
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For La,SrNiO41s5 with excess hole concentration especially the(%,%,s) reflection—at~240 K, shown in
e = x + 24, charge order and spin order are characterfig. 2(a), signals the development of the localization of
ized by wave vectore, €,1) and (5 + 3€,3 + 5€,0),  the holes on a time scale > 2/i/AE ~ 5 ps set by the
respectively [5,6]. The spin wave vectére from the €energy resolution of the instrument. Upon cooling, how-

antiferromagnetic reciprocal poil(lé, %,0)’ being half of €Vver, they develop not as an ordinary phase transition, but

e of charge modulation is the signature of charge stripe¥ith an unusually slow rate followed by a fast enhance-

as magnetic antiphase domain walls [5,6,14]. We consignent at~200 K. AsT decreases further down to 10 K, the

. 11
tently founde = 0.333(2) for Las3Sr3NiO4, as shown Peaks continue to grow. Atlowerthan 40 K, thés, 5, 1)
in Figs. 1 and 4(a).e was not dependent on temperatureP€ak decreases. The existence of the tiireegions be-
(T) [see Fig. 4(a)]. This contrasts with the considerabldow 239 K is clearerllnlthe plot of the ratio of tltg, 5. 1)
temperature dependence efwhene < 1 [6,7] and in-  peak intensity to théz, 7, 5) one as depicted in Fig. 2(b).
dicates the stability of the = 1 modulation. Figure 1 These three distinct phases are denoted as phases |, Il, and

shows(é, % [) scans at various temperatures. Even inte-III with decreasingl’ order. Figure 2(c) shows tfié de-

K K . 1 1
ger weak! peaks are purely magnetic because they Wergendence of the pure spin contrlbutl(l)nlto thes, 0) peak.
not detected by electron diffraction [5]. For odd integer The contribution of the long tail of thg, 5, 1) charge peak
I, charge-order scattering is dominant [15]. The superto the(%, %,O) peak was assumed to be the same as that
lattice peaks have long tails alorgindicating the quasi- at (%,%,0,3) and subtracted. The nonzero intensity be-
two-dimensionality of structural and spin correlations.low ~190 K demonstrates that the spin ordering occurs in
Finite repulsive Coulomb interaction will favor a stack- phases Il and IlI, but not in phasg190 < T < 239 K).
ing of charge stripe layers in such a way as to minimize
the Coulomb interaction. Such a stripe pattern consistent
with the superlattice peaks is illustrated at the upper right

corner. Notice that all charge stripes in all layers are cen-
tered between Ni and O atoms [16]. o
In Fig. 1, the relative ratios of the peak intensities vary =
in differentT regimes. This led us into detailed measure- § I
ments of those superlattice peak intensities as a functionof & g
T. Figure 2 summarizes the results [in (a), (b), and (c)] . . A
along with a bulk susceptibility measuremet(ty T)/dT 28 f S
[in Fig. 2(d)]. The onset of the superlattice peaks— 156 ! !
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FIG. 1. Neutron diffraction data along, 1,1) at a series of FIG. 2. Elastic neutron scattering intensities of several super-

temperatures. Data were taken on BT2 with collimations ofltlice peaks and bulk susceptibility data. The energy reso-
60/-40'-40-80'. Energy resolution was 1.4(1) meV. Typical lution for the neutron scattering measurements on SPINS was

error was 5% of the intensity. Backgrounds were determined-28(2) meV with collimations of ope#®'-40"-open. (a) Tem-

by the measurement at 300 K and were subtracted. At th@erature dependences of the superlattice peak intensities at

11 11 1 1 . .
upper right corner is a stripe pattern fer= % drawn. Filled 2 =G5, (5,3.3) ancli(g, 3»5). The data are in arbitrary

and open circles indicate Ni sites in one Ni@lane and in units. (b) Ratio of the{%,g,l) peak intensity tc{%,%,S) peak.

an adjacent plane, respectively. Square lines, solid and dotte(;) Temperature dependence of the magnetic superlattice peak
are the square lattices of Ni atoms. Diagonal lines, solid andntensity. Units are the same as those in (a). dty7T)/dT in
dotted, indicate positions of charge stripes in each plane. enu/mole. The line is a guide to the eye.
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Anomalies ind(yT)/dT, shown in Fig. 1(d), establish that drastically shortens te-80 A, which is about 5 times the
the charge-spin correlations in the three phases are static characteristic wavelength of charge modulation (16.23 A).
a time scale more than a few seconds. No thermal hyster@here seem to be only subtle differences between phases
sis was observed in any of the measurements, suggestitigand Ill, both of which exhibit quasi-long-range in-plane
the phase transitions are continuous. charge correlation. The transition is probably a subtle
Interesting aspects of the three phases were discoveretiange of structural distortion associated with the hole lat-
in elasticQ scans along thé¢kk0) and (00/) directions. tice. &S is about 3 times longer thag’, indicating that
The (hh0) scan investigatesongitudinal correlation of charge ordering is the driving force in this compound and
translational ordering of stripes along the perpendicular dispin ordering is a parasitic effect. Phase | shows short-
rection to the stripes in the Niiplane. Figure 3(a) shows range charge order in the absence of spin order, which is
representative in-plangh1) scans, which probe in-plane drastically different from the other two phases. This in-
structural correlations due to charge order. Note that theermediate glassy state with short-range charge stripe cor-
peak is resolution limited in phases Il and Il but in phase Irelation in between solid states (phases Il and Ill) and a
it is significantly broader than the resolution. Thus, liquid state (a disordered high-state) may be called a
the in-plane charge correlation is much shorter in phase “istripe glass.”
than in phases Il and Il where the correlation is quasi- As in d(yT)/dT, specific hea{C) exhibits a distinct
long-range. In contrast, the out-of-plane scans shown ianomaly at the liquid-glass transition at 239 K and a
Fig. 3(b) are much broader than theresolution for all small kink at the glass-solid transition at 190 K [10],
phases. Quantitative values of those correlation lengthahich resembles that seen in a liquid crystal [17]. This
were obtained by fitting the data at edttio a Lorentzian indicates that the majority of excess holes localizes into
convoluted with the instrumental resolution function. Thedomain walls below 239 K even though the longitudinal
fits are drawn as solid lines in Fig. 3, aadn-plane charge correlation of the holes remains short range. As a result,
(£€) and spin(¢£3) correlation lengths, and out-of-plane the entropy removed through the glass-solid transition at
charge(£€) and spin(¢£3) correlation lengths are plot- 190 K is reduced, together with the anomaly. Preliminary
ted in Fig. 4. For alll < 239 K, ¢¢ andé? are shorter  inelastic neutron scattering measurements [18] show that
than2.5¢, indicating that the quasi-two-dimensionality of low energy charge-spin fluctuations below 3 meV are
both charge and spin correlations remains intact in all threstrongest at~200 K, at which the correlations become
phases. A dramatic difference between the [Bywhases quasi-long-range. Specific heat is sensitive to fluctua-
(Il and 111) and the higheff phase (1) is manifested in the tions with characteristic energy of ordes7. Hence, the
in-plane charge correlation. Asillustrated in Fig. 4(b), the
in-plane charge correlation is quasi-long-range in phases I

and 111 (¢S ~ 350 A), which is consistent with the previ- 0.34 Y ! . v e e . i{n'.;i P
ous electron diffraction result [5]. However, in phas&y, w 0331 ° | U (a) ]
0.32 l L .
Y 1T T
(h,h,1) 40003741 ¢ A = -
0.30 0.32 0.34 0.36 300} X X . 2 |
T g T T T T T T v —~ o | | A
1.0[ o églé - < 2001 | I mi'}'I o—e ] |
0.8 ° — o r : | : 7

o6k N E “100f= @t T T T g

S 0.4:— (a) / —: 0 L L. ]
0.0- G go-4a-a-= == = 3= ‘:: 30 : % : : |

) L L - II - . " - -' lI . s : 4' ,‘ @ 20 j_% %: % % : : —_

1.0F 3 = ¥ %4 {'i ]

, 08 E 0. (@ ]
£ 06F E orete . n ¥
N 0.4 .

o2k 3 0 100 200 300
0.0 - T (K)
0.0 0.5 1.0 15 20 FIG. 4. ¢ and correlation lengths versus temperaturé.
(1,40 dependence of (a¢ obtained from optimal peak positions of

(%,%,1) peaks, (b) in-plane correlation lengths{ (charge)
FIG. 3. (a) Representative elastiéhl) scans for phase | _ 7 ;s : . ST | 1
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tative elastic(é, 3»1) scans in each phase taken from Fig. 3.+ h’.f + h,0) scans, respectively, anq (c) oqt-of-plane
Solid lines in (a) and (b) are explained in the tex® resolu- correlat1|or11 lengths £¢ gcfllarge) and¢? (spin), obtained by
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distinct specific heat anomaly and the weakness of neutroorder. This type of stripe defect may be responsible for

scattering cross section below 3 meV at 239-K0 meV)  the shorter correlation of spin than that of charge in phases

imply that the characteristic energy of charge fluctuationsl and lll.

in the stripe glass state is much higher than 3 meV. In summary, La—,Sr,NiO4 exhibits, atx = % unigue
The short-range translational ordering and the specifibehaviors which are typical for melting in two dimen-

heat behavior are reminiscent of the 2D glass in 2D meltsions. Among three successive transitions upon cooling,

ing. Missing in this connection is the orientational orderthe first two transitions are the continuous transitions of

parameter. The 2D glass in 2D melting is characterizedhe liquid-glass-solid states of quasi-2D hole ordering.

by short-range positional order and quasi-long-range oriwe also presented “consistent” evidences, namely order

entational order, and has been tested for various real syparameter and correlation length measurements, showing

tems such as liquid crystals [19], vortex states of layeredhat charge ordering is the driving force in this material.

cuprate superconductors [20], and doped charge-density- We have benefited greatly from discussions with P. A.

wave compounds [21]. The nematic phase in the liquidAnderson, C.L. Broholm, C.H. Chen, B.l. Halperin,

crystal has the strongest similarity with the stripe glass iry. ljiri, P. Littlewood, and O. Zachar. Work at SPINS

the sense that both of them have twofold symmetry [22]is based upon activities supported by the National Science

The orientational order parameter in such systems is aRoundation under Agreement No. DMR-9423101.

average orientation of stripes and molecules. The differ-

ence is, however, that the stripes can have various lengths,

whereas molecules in nematic phase have the same length.
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