VOLUME 80, NUMBER 3 PHYSICAL REVIEW LETTERS 19 ANUARY 1998

Charge and Spin Dynamics of an Ordered Stripe Phase if.a;2Sr:NiO4
Investigated by Raman Spectroscopy v

G. Blumberg)->* M. V. Klein,! and S-W. Cheony
'NSF Science and Technology Center for Superconductivity and Department of Physics,
University of lllinois at Urbana-Champaign, Urbana, lllinois 61801-3080
ZInstitute of Chemical Physics and Biophysics, Ravala 10, Tallinn EE0001, Estonia
3Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974,
and Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855
(Received 8 July 1997

For La:2SriNiO4, a commensurately doped Mott-Hubbard system, charge and spin ordering in
a stripe p%aée has been investigated by phonon and magnetic Raman scattering. Formation of a
superlattice and an opening of a pseudogap in the electron-hole excitation spectra as well as two
types of double-spin excitations—within the antiferromagnetic domain and across the domain wall—
are observed below the charge ordering transition. The temperature dependence suggests that the spin
ordering is driven by charge ordering and that fluctuating stripes persist above the ordering transition.
[S0031-9007(97)05030-8]

PACS numbers: 71.45.Lr, 74.72.Dn, 75.30.Fv, 78.30.Er

The problem of doped Mott-Hubbard insulators has atin-plane charge correlation (see Fig. 1). Previously for
tracted much attention because of its relevance to ththe system with the sam¢g3 doping anomalies associated
cuprate high temperature superconductors. Recent ewith the charge ordering transition &, = 240 K have
periments on the doped lanthanum nickelate [1—3] andbeen observed by electronic diffraction measurement [1]
lanthanum cuprate [4—6] families of materials have estabas well as in resistivity, magnetic susceptibility, sound ve-
lished a new type of real space charge and spin ordetecity, and specific heat [14,15]. In a recent optical study,
ing in topological phases. In the low-temperature stripeKatsufuji et al. [16] observed that when temperature is
phase, the doped holes are concentrated in periodic adecreased down t@,, the low-energy spectral weight
tiphase domain walls for the intervening antiferromagnetidelow ~0.4 eV becomes suppressed and is transferred to
regions—see Fig. 1. These results appear to be consikigher energy up te-2 eV. ForT < T, spectral weight
tent with the ideas of frustrated phase separations drivebelow ~0.26 eV becomes strongly reduced [a charge gap
by the electron-electron interaction [7]. 2A(T) opens up],and the missing spectral weight is also

The stripe phase was first observed by electron diffracdistributed over the higher energy region up+Q eV.
tion [1] and by neutron scattering measurements [2] irin this paper we study both charge and spin ordering by
the La_,Sr.NiO4+5 system. Undoped L&liO4 isanan- Raman spectroscopy. The data were taken on a
tiferromagnetic charge-transfer insulator with a2@ — La;:SriNiO4 single crystal grown as described in
Ni-3d gap of about 3.5 eV [8,9], twice as large as thatRef. [13].
in the isostructural LeCuQ,. The ground state has spin  The Raman spectra were excited with linearly polar-
S = 1 with holes localized on Ni* (x> — y%,3z — 1) jzed 6471 A photons by focusing about 5 mW of laser
sites. Introduction of holes into the Ni(plane induces power onto &0 um diameter spot on theb plane of the
broad optical absorption in the infrared region below theas grown mirrorlike crystal surface. The incident pho-
charge-transfer gap, similar to the case of L&r,CuQy,  tons were polarized along the directiéf® from the Ni-O
but unlike the cuprates the lanthanum nickelate remaingond. Scattered photons polarized either parallel or
insulating up to high doping levels and a Drude-type abperpendicular to the incident photons'x’ or x’y’ ge-
sorption band does not appear [8,10]. It has been sugmetries) were collected and analyzed. With assumed
gested that the difference from the cuprates is the largefpproximateDs, symmetry, these two geometries corre-
effect of the electron-phonon coupling [9,11] and strongespond to spectra ofi, + By, andBi, + A, Symmetry,
magnetic localization (less important spin fluctuations forrespectively. TheB,, andA,, components of the spectra
a spin-one system) [12]. (xy geometry) are found to be quite weak.

The neutron scattering measurement on:6a NiO,, Figure 2 shows the Raman spectra for two polarizations
in which the number of doped holes per Ni siteas a function of temperature.
is 1/3, has revealed that the system undergoes three suc-Continuum-—At high temperatures spectra in both
cessive transitions associated with quasi-two-dimension@eometries show strong continuum intensity. In metals
commensurate charge and spin stripe ordering in the NiOelectronic Raman scattering by charge fluctuations arises
planes [13]. The low-temperature phases are suggestém electron-hole excitations near the Fermi energy.
to be static stripe lattice states with quasi-long-rangd-or a normal metal within the Fermi liquid model the
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FIG. 1. The low-temperature stripe phase fof31doping.
Arrows indicate uncompensated spins on Ni sites; circles
indicate oxygen sites; shaded circles indicate locations of doped
holes on oxygen and Ni sites (the orientation of remaining spin
on the Ni site is frustrated). Dashed lines trace the bonding
paths of the square lattice (the unit cell of the tetragonal
high-temperature phase). Double lines indicate position of
the domain walls. The low-temperature charge unit cell is
shown by shaded area while double broken lines outline a
magnetic unit cell. The lower panel illustrates two types of
double-spin excitations: The double-spin excitation within an
antiferromagnetic domain breaks three magnetic bonds (broken
bonds are shown a%), while the excitation across the domain
wall breaks four bonds [26].

electronic Raman scattering has finite intensity only at ;
very low frequencies. For strongly correlated systems, 0 200 400 600 800 1000 1200 1400
incoherent quasiparticle scattering leads to finite Raman Raman Shift (cm™
intensity over a broad region of frequency [17,18], and
the Raman intensity can be used as a measure of tdG. 2. Temperature dependent Raman scattering spectra for
incoherent quasipartice sctterng. At high temperaturet £ 2 <1 Foaraanor, Bessines e ShASt b e i,
the S“O’?Q chti_nugm scattering starts from very |_0W474 and515 cm™! pk?onons V\yhich ICziue assigngd to Ni-O(2)
frequencies, indicating gapless electron-hole excitationgiretching modes on undoped and doped sites.
of the doped Lg Sr:NiO,.
The Iow—freqflen3cy portion of the continuum intensity
reduces with temperature reduction to 150 K indicating, inmodes; Ni-O(2) and O(2)-La stretching alongaxis
agreement with resistivity and optical conductivity studiesmodes with theA;, symmetry and theE, symmetry
[16], that a pseudogap opens up in the low-frequencyd(2) and La vibrations along the or b axis [20—23].
electronic excitation spectra. For the A;, symmetry the most intense peak at around
Phonons—Temperature dependence of optical-phonorso0 cm~! has been assigned to the oxygen stretching
structures provides evidence for the charge orderingnode. We attribute the peaks arounth cm! to the La
transition at~240 K. stretching mode. Above the charge ordering temperature
At room temperature LaSr:NiO, has the tetragonal all the observed modes are weak; the 140 and especially
K,NiF, structure with the space groupt/mmm [19], 500 cm~!' modes are broad, indicating strong polaronic
in which there should be four Raman-active phononreffects [9] and inhomogeneous charge distribution.
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Conspicuous changes in phononic spectra are olgous temperature dependence has been observed for
served belowT.,. The charge ordering gives rise to other phononic modes. The intensity shows strong en-
formation of a superlattice, triples the unit cell size, andhancement belowW,,, and its temperature dependence is
lowers the crystal symmetry (see Fig. 1). It leads tosimilar to the temperature dependence of the gap mag-
folding of phonon-dispersion branches and the appearanegtude 2A(7) from optical measurements [16] that has
of new I'-point Raman-active modes. In agreementbeen suggested to be a relevant order parameter for the
with this picture, spectra exhibit a number of new sharpcharge ordered phase. The presented Raman spectra are
phononic modes al' < T, [24]. The A;, modes ob- excited with 1.9 eV photons, energy in the region where
served abové&,, show significant sharpening and intensity the spectral weight is transferred when the charge gap
enhancement at low temperatures. The Ni-O(2) stretchingpens up below, [16]. Hence, the intermediate state of
mode splits belowr,, into two narrow peaks at 474 and the scattering process is in resonance with states that are
515 cm™! (see Fig. 2 inset) indicating that there are twosensitive to the charge ordering transition. The oxygen
nonequivalent Ni-O(2) bonds below the charge orderingand La phonon modes, on the other hand, modulate the
temperature. The first might be assigned to the undopeatomic displacement to produce the commensurate charge
Ni atoms between the domain walls, and the second tordered state. Therefore, the resonant Raman intensity of
the Ni atoms on the walls where doped holes are tightlythe phononic modes that participate in the charge ordering
localized (see Fig. 1). Katsufugit al. observed splitting transition is coupledia the intermediate state to the order
below T, of the IR-active E, symmetry 355 cm™! parametelA.
in-plane Ni-O(1) bending mode [16] that also can be Spin excitations—Short wavelength antiferromagnetic
understood in terms of two types of Ni-O(1) bonds in thefluctuations, which may exist without long-range antifer-
charge ordered phase. romagnetic order, can be probed by Raman scattering.

In Fig. 3 we show the temperature dependence of théhe Raman process takes place from antiferromagnetic
Ni-O(2) stretching mode Raman intensity integrated be{S = 1,5. = *=1) ground statevia a photon-stimulated
tween 400 and40 cm~! above the continuum. Analo- virtual charge-transfer excitation that exchanges two spins
on nearest neighbor Ni sites in an intermediate two sin-
glets § = 0, S, = 0) state (each of two exchanged spins
compensates with the remaining spins on the same sites)

! Charge gap in c(®),

~7J energy due to increase of the Heisenberg interaction
J2unSi S — %) (J is spin superexchange constant,

B 18 ™ ®~ aKatsufuji et. al. [18], and then to a final triple§(= 1, S, = 0) state. This

5 [:7-1—" 02, process may also be described as creation of two interact-
s ﬁit;ggt)yphononic I"‘.‘ ;: ing:_]r ir1nagno(rjls. 4 Laio i e insulat

= U e undope i04 antiferromagnetic insulator

2 (Ch"arge ordering) : \". 013 has been studied by Sugei al. [25]. The B, spectra

§ ol [ + e exhibits a band peaked at abolf40 cm~!. This band
S1b | Two-magnon intensity 0 has been assigned to scattering by two magnons. For
2 '*,L (TPin l{)rdering) S =1 system two-magnon excitation requires about
=

|
: S; is the spin on sitei, and the summation is over
. near-neighbor Ni pairs). Thus for the antiferromagnetic
] e insulators the two-magnon peak position yields an esti-
\ b mate of/ =~ 240 cm™!.

: /: For doped La;Sr%NiOA; we have not observed a band

| |

| |

|

N o

near 1640 cm~! at any temperature. Instead, at low
temperature the spectra iy’ polarization exhibit two
| bands peaked at720 and ~1110 cm™!'. We interpret

| cho these two bands as double-spin excitations with reduced
100 200 300 energy due to reduction in the number of magnetic nearest
Temperature (K) neighbors (broken magnetic bonds) in the vicinity of
charge domain walls [26]. The first band is double-

modes intensity (see Fig. 2 inset) integrated between 40%pin excitation within the antiferromagnetic domain with

and 640 cm™! above the continuum (circles) shown together Heisenberg magnetic energy price of3J, and the
with the charge gap in optical conductivity from Ref. [16] second one across the domain wall withdJ energy,
(squares); the magnetic scattering intensity in both 720 angespectively (see Fig. 1). The observed reduction of

1110 cm™! bands (see Fig. 2) integrated above the continuu } ; ;
up to 1400 cm™! (diamonds) and the intensity portion underm[he two-magnon energy relative to the energy in the

d(x*T)/dT (10 emu)
-

(=]

o

FIG. 3. Temperature dependence of the Ni-O(2) stretchin

the 1110 cm™! peak integrated between 875 amd00 cm' undoped antiferromagnetic insulators is consistent with
(triangles): also anomalies {y (T) - T1/d T [13] are shown the neutron scattering study of 1MiO4. 5 by Tranquada
for comparison. et al. [27] where it was found that the spin-wave velocity
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