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Optical spectra of a single crystal of La1.67Sr0.33NiO4, which undergoes a charge-ordering transition at
TCO;240 K, have been investigated for wide ranges of photon energy~0.008–3 eV! and temperature~10–480
K!. The opening of a charge gap as well as change of the gap magnitude (2D) with temperature is clearly
observed belowTCO, with an anomalously large ratio of 2D(T50)/kBTCO (;13). Conspicuous spectral
change with temperature is also observed aboveTCO over the energy region up to 2 eV, which suggests
persistent fluctuation of the charge ordering or formation of small polarons aboveTCO.
@S0163-1829~96!51244-0#

Physical properties of two-dimensional~2D! doped Mott
insulators have been a subject of various theoretical and ex-
perimental studies because of their relevance to the high-Tc
cuprate superconductors. Some of the theoretical studies
based on the 2D single-band1 or two-band Hubbard
Hamiltonian2 indicate that doped holes tend to order in a
stripe, which acts as a domain wall of antiferromagnetic do-
mains. This is a new type of charge and spin ordering driven
by the electron-electron interaction, and has experimentally
been observed in Ni oxides with the K2NiF4 structure. For
example, the neutron scattering measurement of
La2NiO4.125,

3 in which the number of holes per Ni site
(nh) is 1/4, has revealed that holes and spins simultaneously
order below 110 K in a pattern consistent with the theories.
For La22xSrxNiO4 with x51/3 (nh51/3), on the other
hand, ordering of the doped holes has been observed by elec-
tron diffraction measurement,4 and anomalies associated
with the charge-ordering transition at;240 K are observed
in resistivity, magnetic susceptibility, sound velocity, and
specific heat.5 In this paper, we clarify the conspicuous
change of the electronic structure over a wide energy region
in the course of the charge-ordering phase transition in this
Ni-oxide system.

Measurement of optical spectra is useful for the investi-
gation of the electronic structures of the compounds with
strong electron correlation and their change upon an elec-
tronic phase transition, such as a Mott transition,6 an antifer-
romagnetic transition,7 or a double-exchange ferromagnetic
transition.8 We have spectroscopically investigated the
charge-ordering transition with use of a single crystal of
La1.67Sr0.33NiO4. The spectra below the transition tempera-
ture (TCO) clearly show a temperature-dependent evolution
of the charge gap, and even those aboveTCO show an
anomalous change with temperature.

For the optical measurement, we have grown a single
crystal of La1.67Sr0.33NiO4 by the floating zone method.9

The ab plane andac plane were cut from the crystal ingot,
and was polished to the optical flatness with alumina pow-
der. Reflectivity measurements were carried out between
0.008 eV and 40 eV, using a Fourier-transform interferom-
eter ~0.008–0.8 eV! and grating spectrometers~0.6–40 eV!.
Synchrotron radiation at INS-SOR, University of Tokyo, was
utilized for the measurements between 6 and 36 eV. Mea-

surements with changing temperature (T) were carried
out using a temperature-variable cryostat between
0.008–3 eV. Optical conductivity spectra@s(v)# were ob-
tained by Kramers-Kronig analysis of the reflectivity data at
respective temperatures that were extrapolated with the
room-temperature data for the higher-energy region (>3
eV!. We also measured the anisotropic dc resistivity of the
same sample by the conventional four-probe technique.

Figure 1 shows theT dependence of resistivity in the
ab plane (E'c) and along thec axis (Eic). Both theab
plane andc axis resistivity show rather sharp increase at 240
K, as indicated by arrows in Fig. 1. We have also found that
the magnetic susceptibility slightly drops at the correspond-
ing temperature. According to the studies on the relating
polycrystalline samples,4,5 these anomalies are due to the
charge-ordering transition, where the doped holes order in
stripes along the diagonal direction of the Ni square lattice.

FIG. 1. Temperature dependence of resistivity for a single crys-
tal of La1.67Sr0.33NiO4 within the ab plane (E'c) and along the
c axis (Eic). Arrows show the transition temperature for charge
ordering (TCO) at which resistivity sharply increases and the mag-
netic susceptibility decreases. The inset shows the inverse of the
same data~i.e., conductivity! drawn on a linear scale.
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The present resistivity measurement with use of a single
crystal has shown that the ratio of theab plane andc axis
resistivity (rc /rab) is ;500 at room temperature, which is
comparable in size to the value of La22xSrxCuO4.

10 In spite
of such a large anisotropy, similar anomalies are observed in
both theab plane andc axis resistivity atTCO, which is
consistent with the observation of the charge-ordering corre-
lation along thec axis as well as in theab plane.4 The T
dependence of the resistivity for the both directions below
TCO is not of the thermal activation type, but follows
the variable-range-hopping ~VRH! relation, r(T)
5r0exp(T0 /T)

1/4, below 150 K.11

To see the anisotropic transport property aboveTCO in
more detail, we plot in the inset of Fig. 1 theT dependence
of the conductivity~i.e. inversed resistivity! on a linear scale.
Theab-plane conductivity (E'c) goes through a maximum
at Tmax;500 K, and belowTmax it decreases with decrease
of T even aboveTCO;240 K. The semiconductinig behavior
aboveTCO is accompanied by a gradual change of the elec-
tronic structure over a large energy scale, as shown in the
following. On the other hand, thec-axis conductivity
(Eic) keeps on decreasing with decrease ofT at least below
800 K.

The charge-ordering transition at;240 K is also evi-
denced by theT dependence of optical-phonon structures in
the s(v) spectra as shown in Fig. 2. La1.67Sr0.33NiO4 has
the tetragonal K2NiF4 structure with the space group
I4/mmm at room temperature,11 in which there should be
seven optical-allowed phonon modes; four are the in-plane
(Eu) modes, and three the out-of-plane (A2u) ones. In the
s(v) spectrum forE'c at room temperature, four peaks
arising from the fourEu modes can be observed at 0.018 eV,
0.028 eV, 0.044 eV, and 0.083 eV as shown in the inset of
Fig. 2. Among them, the 0.044 eV phonon, which is a Ni-O
bending mode by the analogy with the phonon assignment of
La2CuO4,

12 appears to split into four peaks below 240 K.
The charge ordering gives rise to the formation of a super-

lattice and lowers the crystal symmetry. The former effect
would lead to folding of phonon-dispersion branches and the
appearance of newG-point modes as in the case of the CDW
transition, whereas the latter to lifting of the doubly degen-
eratedEu phonon modes. The experimentally observed mul-
tiplet structure of the optical phonon at low temperature
seems consistent with this picture, though the detailed as-
signment of the split phonon modes is yet to be made.

Figure 3 shows thes(v) spectra forE'c (ab-plane
spectra! below 2.5 eV at several temperatures. The
ab-plane spectrum at 290 K is nearly identical to the one
previously reported for thex50.30 crystal by Idoet al.9 Ac-
cording to Ref. 9, there is little spectral weight below 3 eV in
the ab-plane spectrum forx50 ~La2NiO4), which is a
3d8 Mott insulator, whereas the spectral weight is induced in
the inner-gap region by hole doping (x). We also plot the
s(v) spectrum forEic ~thec-axis spectrum! at 290 K by a
dashed line. There is much less spectral weight in the
c-axis spectrum than in theab-plane specrum below 2.5
eV,9,13 indicating that the anisotropic electronic structure be-
low 2.5 eV is responsible for the anisotropic charge dynam-
ics of this compound as shown in Fig. 1.

Theab-plane spectrum shows a conspicuous change with
T as shown in Fig. 3. At 480 K, which approximately corre-
sponds to the temperature for the maximum conductivity, a
broad peak at;0.5 eV is observed together with finite
v→0 conductivity (;300V21cm21), which nearly agrees
with the value of dc conductivity at this temperature. How-
ever, a Drude-like feature of a metallic state, namely sharp
increase of conductivity with decrease of\v, is not discern-
ible. WhenT is decreased down to 240 K, which is imme-
diately aboveTCO, the low-energy spectral weight below 0.4
eV is suppressed and tranferred to the higher energy up to 2
eV. In the charge-ordered phase at 10 K, there is little spec-
tral weight below 0.2 eV, indicating that the ground state of
this compound is insulating with a finite energy gap, and the
missing spectral weight is also distributed over the higher
energy region up to;2 eV.

At first, let us focus on the behavior belowTCO;240 K.
The magnifieds(v) spectra below 0.6 eV are shown in Fig.

FIG. 2. Temperature dependence of a phonon spectrum around
0.044 eV in theab planes(v) spectra. The inset shows the overall
feature of the phonon spectrum in theab-planes(v) spectrum at
290 K.

FIG. 3. Thes(v) spectra of La1.67Sr0.33NiO4 below 2.5 eV for
E'c at 480 K, 290 K, 240 K, 200 K, and 10 K, and forEic at 290
K. The inset shows the fitting result of the 480-K and 240-K spectra
for E'c by a small polaron model~see text!.
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4 at various temperatures. Thes(v) spectrum at 10 K shows
an onset of increase at 0.2–0.3 eV. We have estimated the
magnitude of the charge gap (2D) by extrapolating the in-
creasing part linearly to the base line ofs(v)50, as shown
by the dashed line for the 10 K spectrum, and have found
that 2D;0.26 eV at 10 K. Slight residual conductivity inside
the energy gap is observable even in the 10 K spectrum. This
may arise from remnant charge carriers showing incoherent
motion, which are perhaps responsible for the VRH-type be-
havior of the dc resistivity.

Thes(v) curves show a nearly parallel shift under varia-
tion of T below TCO;240 K, as seen in Fig. 4. TheT de-
pendence of the estimated gap magnitude@2D(T)# is plotted
in the inset of Fig. 4 by closed circles. The energy gap is
approximately zero atTCO;240 K, then gradually increases
with decrease ofT, and is saturated at 0.26 eV. Such aT
dependence of 2D suggests that the energy gap 2D is a rel-
evant order parameter for the charge-ordered phase. One
such example is the charge-density-wave~CDW! or spin-
density-wave~SDW! transition,14 where both the amplitude
of CDW/SDW and the energy gap shows BCS-likeT depen-
dence. TheT dependence of the energy gap of the present
compound also appears to be in good agreement with the
BCS function as shown by the solid line in the inset of Fig.
4. However, the ratio of the energy gap atT50 K
@2D(0)# to the transition temperature (kBTCO) is;13 in this
compound, which is significantly larger than the theoretical
value for the conventional CDW/SDW transition,14

2D(0)/kBTc;3.5. Such a large value of 2D(0)/kBTCO im-
plies that the charge gap in the charge-ordered phase is af-
fected by electron-correlation effect, or otherwise that the
TCO is suppressed due to the fluctuation arising from the low
dimensionality.

Thes(v) spectra show considerableT dependence even
aboveTCO, as can be seen in Figs. 3 and 4: The spectral
weight below 0.4 eV is transferred to the higher-energy re-
gion with decrease ofT, forming an isosbetic point at
;0.4 eV. This is in contrast to a nearly rigid shift ofs(v) as

observed belowTCO. The spectral weight transfer with
change ofT aboveTCO is extended up to 2 eV, which is
about two orders of magnitude larger than the corresponding
energy scale of temperature. In the following, we argue two
possible explanations for the temperature dependence of the
s(v) spectra aboveTCO. One is that the doped holes form
small polarons aboveTCO. A previous optical study15,16 of
La22xSrxNiO4 indicates that thes(v) spectra can be fitted
with the following functional form for the small polaron,17

s~v,T!5
A

kT~2EbkT!1/2
exp~2Eb/2kT!

sinh~\v/2kT!

\v/2kT

3exp@2~\v!2/8EbkT#, ~1!

whereEb corresponds to the polaron binding energy. Note
that this functional form is only valid at high temperature
(kBT> 1

2\v0; v0 is the phonon frequency!. We have at-
tempted the fitting of the present spectra with Eq.~1!, where
we choose common values of two fitting parameters in Eq.
~1!, the binding energyEb (50.2 eV! and the coefficient
A, for all the spectra. The results for the 480-K and 240-K
spectra are shown in the inset of Fig. 3. The agreement be-
tween the experimental and calculated curve is satisfactory
below 0.2 eV. However, the calculated curve cannot repro-
duce the observed spectral change extending up to 2 eV. This
disagreement in the high-energy region suggests that
electron-electron interaction would play an important role for
the formation of small polarons,18 which is not taken into
account in Eq.~1!.

Another explanation of the high-temperature behavior is
to consider the fluctuation of the charge ordering above
TCO. In the case of the quasi-one-dimensinal CDW
transition,19 for example, the real transition temperature be-
comes much lower than the mean-field transition temperature
due to the strong fluctuation arising from the low dimension-
ality. In such a case, the ordering with finite correlation
length persists well above the transition temperature, which
gives rise to a pseudogap in the density of states. If this is the
case for the present compound that is electronically two-
dimensional, then we have to considerfluctuating charged
stripes in the NiO2 plane. Accordingly, the opening of a
pseudogap would be expected aboveTCO, which would de-
crease the low-energy conductivity as observed in the present
experiment.

In summary, optical conductivity spectra are investigated
for a single crystal of La1.67Sr0.33NiO4, which undergoes the
charge-ordering transition at 240 K. Splitting of the optical
phonon structures is observed below 240 K due to a lattice-
structural change upon the charge-ordering transition. Below
TCO, opening of a charge gap is observed in thes(v) spec-
trum. The magnitude of a charge gap (2D) changes withT
following the BCS function, but theT→0 K value is signifi-
cantly large as compared tokBTCO @2D(0)/kBTCO;13#.
Spectral changes withT extending up to 2 eV are observed
even aboveTCO, which suggest fluctuating charged stripes
or formation of small polarons.

This work was supported by a Grant-In-Aid for Scientific
Research from Ministry of Education, Science, and Culture,
Japan, and by NEDO.

FIG. 4. Thes(v) spectra of La1.67Sr0.33NiO4 for E'c below
0.6 eV at various temperatures. The inset shows the temperature
dependence of the magnitude of the energy gap estimated from the
spectra. The solid line represents the BCS function.
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