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Evidence for local lattice fluctuations as a response function of the charge stripe order
in the La1.48Nd0.4Sr0.12CuO4 system
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We have used polarized CuK-edge extended x-ray absorption fine structure to investigate the local lattice
displacements in the charge-ordered La1.48Nd0.4Sr0.12CuO4 system. The temperature-dependent distance broad-
ening, given by the Debye-Waller factors of the Cu-O bonds measuring local lattice fluctuations, shows a clear
steplike increase below the charge stripe order temperature. The results construct a direct evidence for the local
lattice fluctuations as a response function of the charge stripe ordering in the cuprate superconductors.
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Advances in the materials science and developmen
different experimental tools have generated a wealth of
formation with a significant implication on the high-Tc su-
perconductivity. Indeed an approach based on charge d
bution in stripes is making its ground among conventio
theories to understand the physics of these superconduc
Several experiments probing different characteristics rela
with charge, spin, and lattice dynamics are found to be c
sistent with the striped phases in these materials.1–20 The
stripe phases are now widely observed in the closely rela
structures as the insulating nickelates21 and the manganites.22

In fact, the experiments have suggested that the inhom
neous electronic ground state with stripe-charge orde
should be one of the right keys to unlock the mystery
high-Tc superconductivity. Recently a systematic work h
revealed that the local elastic strain« ~Ref. 23! due to the
lattice mismatch between the bcc CuO2 and the fcc rock-salt
sub-lattices plays key role in the stripe formation and th
dynamics. The superconducting stripes~superstripes! appear
to form for the micro-strain larger than a critical value («c)
and the superconductivity shows up near this critical po
the so-called strain critical point.23

In this paper we provide a direct evidence for local latt
fluctuations being a response function of the charge st
ordering in the cuprates. We have exploited polarized
K-edge extended x-ray absorption fine structure~EXAFS! to
measure the temperature dependence of the Cu-O dist
broadening given by the correlated Debye-Waller factors
the Cu-O bonds. Here the well known charge stripe orde
phase, La1.48Nd0.4Sr0.12CuO4 system, having the microstrai
larger than the critical microstrain«c ~showing charge stripe
ordering temperatureTso;60 K!, has been chosen as a mod
compound for the study. Thanks to the availability of hi
quality single crystal samples, technically advanced be
lines equipped with high efficiency fluorescence detect
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of
-

ri-
l
rs.
d
-

d

e-
g
f
s

ir

t,

e
u

ce
f
d

l

-
n

assembly along with high brilliance and polarized x-ray sy
chrotron radiation sources has made the task easier to o
high k-resolution EXAFS data with high signal to noise rati
We find that Debye-Waller factor of the Cu-O, measuri
local lattice fluctuations, shows an order parameter l
change across the charge stripe order temperature. Th
sults provide a direct evidence for the local lattice fluctu
tions to be a response function of the charge stripe or
parameter in the cuprate superconductors.

A well-characterized crystal of La1.48Nd0.4Sr0.12CuO4
~LNSC!, grown by the traveling solvent floating zon
~TFSZ! method was used for the measurements. The t
perature dependent polarized CuK-edge absorption measure
ments were performed at the beamline BL13B of Pho
Factory at High Energy Accelerator Research Organiza
in Tsukuba. The synchrotron radiation emitted by a 27-p
wiggler source~maximum fieldB0 of 1.5 T! inserted in the
2.5 GeV storage ring with a maximum stored current
360–250 mA was monochromatized by a variable exit be
height double crystal Si~111! monochromator and sagittall
focused on the sample. Improved lattice of the storage r
and better monochromator cooling system allowed to ge
very stable beam on the sample. The spectra were reco
by detecting the fluorescence yield~FY! using a 19-elemen
Ge x-ray detector array, covering a large solid angle of
x-ray fluorescence emission. The emphasis was given
measure the spectra with a high signal to noise ratio up
high momentum transfer and for the purpose we have m
sured several scans, with each scan averaged over 19 c
nels. The oriented crystal was mounted on a Huber 420
niometer. The grazing incidence geometry was used for
measurements by keeping the electric vector of the sync
tron light parallel to the Cu-O-Cu bond direction selected
preedge peak intensity representing 1s→3d quadrupole
transition having minima when the polarization is falling fl
©2001 The American Physical Society10-1
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on the Cu-O bond~i.e., 3dx22y2 lobes!. The sample tempera
ture was controlled and monitored within an accuracy of61
K. A standard procedure was used to extract the EXA
signal from the absorption spectrum and corrected for
x-ray fluorescence self-absorption before the analysis.24

The measurements at several temperatures were rep
at the beamline BM29 of the European Synchrotron Rad
tion Facility ~ESRF!, Grenoble. At the BM29 the sample wa
mounted in a two-stage closed-cycle He cryostat for the m
surements. A 13 Ge element solid state detector was use
measure the absorption signal in the normal incidence ge
etry. The results were found to be highly reproducible
spite of different experimental geometry at two different sy
chrotron facilities.

The Fourier transforms~FT! of the EXAFS spectra~mul-
tiplied by k2! recorded in the in-plane geometry of the LNS
at some representative temperatures, below the charge s
ordering (T,Tso) and above it (T.Tso) are shown in Fig. 1.
The FT represents the global atomic distribution of nea
neighbors around the absorbing Cu atom in the system.
FT represents raw experimental data and shows the stan
peaks. The main peaks are shown enlarged as inset an
noted by Cu-O, Cu-La~Nd, Sr!, and Cu-O-Cu representin
respectively the scattering of the ejected photoelectron a
Cu site with the in-plane oxygen atoms~at ;1.88 Å!,
La~Nd, Sr! atoms~sitting at;3.2 Å and 45° from the direc-
tion of the photoelectron! and a direct multiple scatterin
with the next Cu atom~at ;3.8 Å!, across the in-plane oxy
gen. The peaks do not represent the real atomic distance
the position should be corrected for the photoelectron ba
scattering phase shifts to find the quantitative value to
atomic positions with respect to the central Cu.

The FT peaks show interesting temperature depende
As expected, FT amplitude of the Cu-La~Nd, Sr! and Cu-
O-Cu peaks increases with decreasing temperature. We c
also see some changes in the peaks above 4 Å however these
peaks contain contributions of complex multiple scattering
the photoelectron ejected at the Cu site and out of the pre
discussion. The Cu-O peak shows the expected increase
lowering the temperature with a decrease across the ch

FIG. 1. Fourier transform of the EXAFS spectra~multiplied by
k2! recorded on the La1.48Nd0.4Sr0.12CuO4 system at several tem
peratures. The Fourier transforms have been performed betwek
53 – 17 Å21 using a Gaussian window and not corrected for
phase shifts. The inset is a zoom over the main peaks represe
Cu-O, Cu-La~Nd, Sr!, and Cu-O-Cu scatterings.
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stripe ordering temperature. It is clear from the raw data~Fig.
1! that the amplitude of the Cu-O peak at 20 K is almo
equal to the one at 300 K. This indicates anomalous lo
lattice displacements at the low temperature.

The signal of Cu-O bonds is well separated from t
higher shells of other neighboring atoms and could be se
rately analyzed. Here the Cu-O EXAFS signal is due
single scattering and probes the pair correlation function
tween Cu and in-plane oxygen. The EXAFS spectra due
the Cu-O were simulated by a standard least square appr
using curved wave theory.24 The starting parameters wer
taken from the diffraction studies. The number of paramet
which may be determined by EXAFS is limited by the num
ber of independent data points:Nind;(2DkDR)/p, where
Dk andDR are respectively the ranges ink andR space over
which the data are analyzed. In our caseDk514 Å21 and
DR51 Å give Nind;9 for the first shell EXAFS.24

Temperature dependence of the Debye-Waller factor
the Cu-O pairs,sCuO

2 , that takes into account both static an
dynamic distortions of the CuO2 plane has been determine
by the analysis of the Cu-O EXAFS and shown in Fig. 2. T
sCuO

2 measures the correlated displacements between Cu
O and not the same as one observed in the diffraction exp
ments where the Debye-Waller factor accounts for the me
square deviation of a given atom from its average site in
crystal. ThesCuO

2 shows an anomalous upturn at;60 K
where the charge stripe ordering is known to occur as sho
by several experimental techniques.6,11,14 Indeed appearanc
of any charge density wave like instability gives an anom
lous change in the Debye-Waller factor, known from stud
of density wave systems.25 Therefore we conclude that th
anomalous upturn in the correlated Debye-Waller fac
sCuO

2 is due to a charge instability giving charge stripe ord
ing in this system.

The anomalous upturn ofsCuO
2 is related to a particular

local structural distortion rather than a long-range structu
transition. This anomaly occurs when the distribution

n

ing

FIG. 2. Temperature dependence of the correlated Debye-W
factors~symbols! of the Cu-O pairs (sCuO

2 ). The expected tempera
ture dependence of the Debye-Waller factor for a fully correla
motion of Cu and O, calculated by Einstein model, is shown
lower dotted line. A constant value of 0.00145 is added to guide
temperature dependence of the experimental Debye-Waller fa
~upper dotted line!. The dashed line across the charge stripe or
temperature (Tso) is to guide the eyes.
0-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 132510
Cu-O bonds gets larger than thermal broadening as sh
earlier for the La1.85Sr0.15CuO4 ~LSCO! system.2 Indeed, the
change insCuO

2 is similar to the one observed at around 1
K in LSCO, and other related systems that do not have
long-range structural transition at the anomalous temp
ture. It has been found that the anomalous upturn insCuO

2 is
due to a particular local lattice distortion~the Q2 type of
rhombic distortion! in the CuO2 plane related with the charg
stripe ordering.2,26 Therefore the present results, obtained
a model system, provide a clear indication of local latt
distortions in the CuO2 plane that could be considered a r
sponse function of the charge stripe order parameter in
cuprates. Very recently similar conclusions have been dra
by pair distribution function analysis of neutron diffractio
showing increased Cu-O bond distribution, measured by
mean-square displacements, across the charge stripe ord
temperature in the La22x~Ba, Sr!CuO4.

5

The jump across theTso is found to be smaller than tha
for the LSCO system, however, the value ofsCuO

2 above the
Tso is much larger than for the LSCO system.26 In the LSCO
system thesCuO

2 above theTso remains nearly the same a
the one expected from the Einstein model~dotted line! while
for the present case thesCuO

2 is larger~by ;0.00145! even if
it follows the expected temperature dependence at hig
temperature~Fig. 2!. The higher value ofsCuO

2 appears to be
due to the temperature independent disorder in the C2
plane, introduced by the presence of the Nd. In fact,
presence of Nd is believed to be a reason for more st
character of the charge stripes in the LNSC system6,11,14and
hence observable by slower techniques. Here we should
call that EXAFS measures instantaneous displacements
a characteristic time scale;10215s and the charge strip
ordering temperature measured by this technique may d
from the one measured by slower techniques~e.g., Ref. 6! for
the systems where the charge stripe ordering has more
namic character.

To get further insight into the local lattice fluctuations w
have determined the pair distribution function~PDF! of local
Cu-O bond lengths. A standard procedure was used to d
PDF from analysis of the EXAFS oscillations only due to t
Cu-O distances. In this procedure the Cu-O EXAFS is sim
lated by the least squares fit with an input containing a d
tribution of several distances~where theNtot is fixed to the
nominal value andsCuO

2 for each distance is given by th
Einstein model for a correlated Cu-O distribution!. The only
variable parameter is the relative probability of different d
tances with a constraint ofNtot to be fixed. Within experi-
mental uncertainties the results remain the same while
distances model~with variable parameters to be the relati
probabilities, the two distances and the twosCuO

2 ! was con-
sidered. The feasibility of the methods has been shown
lier for the case of cuprates2,26 manganites27 and other com-
plex systems.28,29

Figure 3 shows the Cu-O PDF at two temperatures al
with the difference between the two across t
Tso•Cu-O PDF for the LSCO at a temperatureT,Tso ~Ref.
26! is also shown for a comparison. The Cu-O distribution
the title compound displays an asymmetric peak, either
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temperature lower than the charge stripe order,Tso or above
it. There is a small redistribution of Cu-O bonds across
Tso that could be seen in the difference. In the charge str
ordered state (T,Tso) there is an elongation of a part of th
Cu-O bonds. This elongation of the Cu-O bonds is similar
the one observed in the LSCO system and associated
appearance of the rhombic distortion of the CuO2 plane re-
sulting longer Cu-O bonds. Here the amplitude of the lo
distortion, defined by the separation between the long
short Cu-O bonds, remains the same~Fig. 3! in the two sys-
tems indicating intrinsic similarity of the local lattice dis
placements across theTso in these materials. However, whil
the bond distribution gets two-peak function at low tempe
ture, from a single peak function above theTso in the LSCO
system,26 it remains asymmetric in the LNSC, with a prob
ability weight transfer across theTso. This further indicates
that charge stripe ordering in the cuprates is associated
dynamic local lattice fluctuations rather than static disord
The superconductivity survives with charge stripe order
associated to a large contribution of dynamic local latt
displacements as the case of LSCO, while it gets ano
lously suppressed with charge stripe ordering associated
less dynamic character of local lattice displacements.

It has been reported that magnetic order plays impor
role in the superconductivity of the cuprates while the cha
stripe ordering could coexist with the superconductivity14

Indeed the superconductivity is found to be suppressed w
the magnetic order appears.14 Our finding suggests that th
superconductivity disappears when the local lattice fluct

FIG. 3. Pair distribution function~PDF! of the Cu-O bonds de-
termined by the polarized Cu-O EXAFS for th
La1.48Nd0.4Sr0.12CuO4 system below (T,Tso) and above (T.Tso)
the charge stripe order temperature. The difference across theTso is
also shown. Cu-O PDF for the La1.85Sr0.15CuO4 at T,Tso is shown
~Ref. 26!.
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BRIEF REPORTS PHYSICAL REVIEW B 64 132510
tions, associated with the charge stripe ordering, get less
namic. Comparing the present results with the earlier res
on the magnetic order it appears that the local lattice fluc
tions are less dynamic in presence of magnetic order
Therefore the two results compliments each other. Thus
local lattice fluctuations are more static in the absence
superconductivity, while magnetic ordering is present~as
shown by other experiments14!; on the other hand the dy
namic contribution to the local lattice fluctuations increas
while the system is superconducting with suppressed m
netic order.

In summary, we have used polarized CuK-edge EXAFS
spectroscopy to explore local lattice fluctuations associa
charge stripe ordering in the cuprates w
La1.48Nd0.4Sr0.12CuO4 ~LNSC! as a model system. We find a
order parameter like change in the instantaneous local la
fluctuations across the charge stripe ordering tempera
revealed by an anomalous increase in the correlated De
Waller factor of the Cu-O pairs. We have argued that
anomalous change, associated with appearance of a dyn
rhombic distortion of the CuO2 plane, could be considered a
a response function of the charge stripe ordering in th
materials. From the temperature dependent Cu-O bond
tribution we find that amplitude of the dynamic rhombic d
tortion of the CuO2 plane in the LNSC remains similar to th
,

.
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one found in the superconducting LSCO system, howe
contribution ~probability! of this distortion to the charge
stripe ordering in LNSC is smaller. This appears to indic
that the contribution of dynamic local lattice displaceme
to the charge stripe ordering is vital for the system to
superconducting. In conclusion, the results suggest th
particular local lattice distortion could be a response funct
of the charge stripe order in the cuprates. A large isoto
effect on the charge stripe ordering30 and pseudogap
temperature31 further suggests that electron-lattice intera
tions are important ingredients for the high-Tc in the doped
cuprates and there appears an intimate relationship betw
the charge stripe ordering, local lattice fluctuations and hi
Tc superconductivity. Here, the local strain in the electro
cally active CuO2 plane«, that controls the local lattice fluc
tuations, seems to be a key parameter to resolve myster
the high-Tc superconductivity.23
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