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Evidence for local lattice fluctuations as a response function of the charge stripe order
in the Laj 4dN\dg 4Srp 1CuO, system

N. L. Saini
Unita INFM, Universitadi Roma “La Sapienza,” Piazzale Aldo Moro 2, 00185 Roma, ltaly

H. Oyanagi
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba 305-8568, Japan

A. Lanzara, D. Di Castro, S. Agrestini, and A. Bianconi
Unita INFM and Dipartimento di Fisica, Universitdi Roma “La Sapienza,” Piazzale Aldo Moro 2, 00185 Roma, Italy

F. Nakamura and T. Fujita
Department of Quantum Matter, ADSM, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
(Received 29 January 2001; revised manuscript received 31 May 2001; published 13 Septemper 2001

We have used polarized G{redge extended x-ray absorption fine structure to investigate the local lattice
displacements in the charge-ordered kdld, Sty 1CUQ, 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 development adssembly along with high brilliance and polarized x-ray syn-
different experimental tools have generated a wealth of inchrotron radiation sources has made the task easier to obtain
formation with a significant implication on the high:- su-  highk-resolution EXAFS data with high signal to noise ratio.
perconductivity. Indeed an approach based on charge distriAle find that Debye-Waller factor of the Cu-O, measuring
bution in stripes is making its ground among conventionalocal lattice fluctuations, shows an order parameter like
theories to understand the physics of these superconductohange across the charge stripe order temperature. The re-
Several experiments probing different characteristics relatedults provide a direct evidence for the local lattice fluctua-
with charge, spin, and lattice dynamics are found to be contions to be a response function of the charge stripe order
sistent with the striped phases in these mateti#&§The parameter in the cuprate superconductors.
stripe phases are now widely observed in the closely related A well-characterized crystal of LagNdg,Sr1CuO,
structures as the insulating nickel&tesnd the manganité$.  (LNSO), grown by the traveling solvent floating zone
In fact, the experiments have suggested that the inhomogé€TFS2) method was used for the measurements. The tem-
neous electronic ground state with stripe-charge orderingerature dependent polarized Btedge absorption measure-
should be one of the right keys to unlock the mystery ofments were performed at the beamline BL13B of Photon
high-T, superconductivity. Recently a systematic work hasFactory at High Energy Accelerator Research Organization
revealed that the local elastic strain(Ref. 23 due to the in Tsukuba. The synchrotron radiation emitted by a 27-pole
lattice mismatch between the bcc Cuéhd the fcc rock-salt  wiggler sourcelmaximum fieldB, of 1.5 T) inserted in the
sub-lattices plays key role in the stripe formation and their2.5 GeV storage ring with a maximum stored current of
dynamics. The superconducting strigesperstripesappear 360-250 mA was monochromatized by a variable exit beam
to form for the micro-strain larger than a critical value.Y  height double crystal §111) monochromator and sagittally
and the superconductivity shows up near this critical pointfocused on the sample. Improved lattice of the storage ring
the so-called strain critical poift. and better monochromator cooling system allowed to get a

In this paper we provide a direct evidence for local latticevery stable beam on the sample. The spectra were recorded
fluctuations being a response function of the charge stripby detecting the fluorescence yidl@Y) using a 19-element
ordering in the cuprates. We have exploited polarized CuGe x-ray detector array, covering a large solid angle of the
K-edge extended x-ray absorption fine struct#¥AFS) to  x-ray fluorescence emission. The emphasis was given to
measure the temperature dependence of the Cu-O distanoeasure the spectra with a high signal to noise ratio up to a
broadening given by the correlated Debye-Waller factors ohigh momentum transfer and for the purpose we have mea-
the Cu-O bonds. Here the well known charge stripe orderedured several scans, with each scan averaged over 19 chan-
phase, Las,dNdy St 1Cu0, system, having the microstrain nels. The oriented crystal was mounted on a Huber 420 go-
larger than the critical microstrai#. (showing charge stripe niometer. The grazing incidence geometry was used for the
ordering temperatur€,~ 60 K), has been chosen as a model measurements by keeping the electric vector of the synchro-
compound for the study. Thanks to the availability of hightron light parallel to the Cu-O-Cu bond direction selected by
quality single crystal samples, technically advanced beampreedge peak intensity representing—3d quadrupole
lines equipped with high efficiency fluorescence detectiortransition having minima when the polarization is falling flat
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FIG. 1. Fourier transform of the EXAFS spectraultiplied by
k2) recorded on the LagNd, ,St 1,CUO, System at several tem- FIG. 2. Temperature depend_ence of the correlated Debye-Waller
peratures. The Fourier transforms have been performed beteenfactors(symbol3 of the Cu-O pairs ¢, The expected tempera-
=3-17A! using a Gaussian window and not corrected for theture dependence of the Debye-Waller factor for a fully correlated
phase shifts. The inset is a zoom over the main peaks representifigotion of Cu and O, calculated by Einstein model, is shown by
Cu-O, Cu-La(Nd, Sp, and Cu-O-Cu scatterings. lower dotted line. A constant value of 0.00145 is added to guide the
temperature dependence of the experimental Debye-Waller factor
on the Cu-O bondi.e., 3d,2_,2 lobes. The sample tempera- (upper dotted ling The dashed line across the charge stripe order
ture was controlled and monitored within an accuracy-df ~ temperatureTsJ is to guide the eyes.

K. A standard procedure was used to extract the EXAFS, . . .
signal from the absorption spectrum and corrected for th stripe ordering temperature. It is clear from the raw dig.

x-ray fluorescence self-absorption before the anaffsis. D) that the amplitude of the Cu-O peak at 20 K is almost

equal to the one at 300 K. This indicates anomalous local
The measurements at several temperatures were repeaﬁg%lce displacements at the low temperature
at the beamline BM29 of the European Synchrotron Radia- The signal of Cu-O bonds is ngl sepa;ated from the
tion FaC|I|'ty(ESRF), Grenoble. At the BM29 the sample was higher shells of other neighboring atoms and could be sepa-
mounted in a two-stage closed-cycle He cryostat for the mearhtely analyzed. Here the Cu-O EXAFS signal is due to
surements. A 13 Ge element solid state detector was used go .

measure the absorption signal in the normal incidence geom—Ingle scattering and probes the pair correlation function be-

etry. The results were found to be highly reproducible intween Cu and in—plane oxygen. The EXAFS spectra due to
spité of different experimental geometry at two different syn-the Cu-O were simulated by a standard least square approach
using curved wave theoR/. The starting parameters were
chrotron facilities. taken from the diffraction studies. The number of parameters
The Fourier transformé&T) of the EXAFS spectramul- '

. : . which may be determined by EXAFS is limited by the num-
tiplied by k?) recorded in the in-plane geometry of the LNSC.ber of indipendent data poi)r/1tsNind~(2AkA R)/Try where

at some representative temperatures, below the_cha_rge stnm&( andAR are respectively the rangeskrandR space over
ordering (T<Tsg) and above it {=Tsg are shownin Fig. 1.\ o ihe data are analyzed. In our case=14 A~! and

The FT represents the global atomic distribution of neares R=1A give N9 for the first shell EXAFS

neighbors around the absorbing Cu atom in the system. The K
FT represents raw experimental data and shows the standard Temperaiure dependence of the Debye-Waller factor of

peaks. The main peaks are shown enlarged as inset and 3(?9 Cu-O pairspt, that takes into account both static and
noted by Cu-O, Cu-L&d, Sp, and Cu-O-Cu representing ynamic distortions of the Cuplane has been determined

respectively the scattering of the ejected photoelectron at thgY, the analysis of the Cu-O EXAFS and shown in Fig. 2. The
Cu site with the in-plane oxygen atorat ~1.88 A), c.0 measures the correlated displacements between Cu and

La(Nd, S atoms(sitting at~3.2 A and 45° from the direc- O and not the same as one observed in the diffraction experi-
tion of the photoelectronand a direct multiple scattering Ments where the Debye-Waller factor accounts for the mean-
with the next Cu atontat ~3.8 A), across the in-plane oxy- Sduare deviation of a given atom from its average site in the
gen. The peaks do not represent the real atomic distances afyStal. Theo?,; shows an anomalous upturmn at60 K
the position should be corrected for the photoelectron back&here the charge stripe ordering is known to occur as shown
scattering phase shifts to find the quantitative value to th®y several experimental techniqes:**Indeed appearance
atomic positions with respect to the central Cu. of any charge density wave like instability gives an anoma-
The FT peaks show interesting temperature dependenctus change in the Debye-Waller factor, known from studies
As expected, FT amplitude of the Cu{ld, Sp and Cu- of density wave systenfs.Therefore we conclude that the
O-Cu peaks increases with decreasing temperature. We coukiomalous upturn in the correlated Debye-Waller factor,
also see some changes in the peaks aldofk however these ¢ is due to a charge instability giving charge stripe order-
peaks contain contributions of complex multiple scattering ofing in this system.
the photoelectron ejected at the Cu site and out of the present The anomalous upturn aF2, o is related to a particular
discussion. The Cu-O peak shows the expected increase witbcal structural distortion rather than a long-range structural
lowering the temperature with a decrease across the chardgeansition. This anomaly occurs when the distribution of
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Cu-O bonds gets larger than thermal broadening as shown AR AR R R AR R
earlier for the LagsSry 1:Cu0, (LSCO) systen? Indeed, the _ LSCO
change ino?2, is similar to the one observed at around 100 T<T
K in LSCO, and other related systems that do not have any *
long-range structural transition at the anomalous tempera-
ture. It has been found that the anomalous upturadg, is
due to a particular local lattice distortiothe Q, type of
rhombic distortion in the CuQ plane related with the charge
stripe ordering"?® Therefore the present results, obtained on
a model system, provide a clear indication of local lattice
distortions in the Cu@plane that could be considered a re-
sponse function of the charge stripe order parameter in the
cuprates. Very recently similar conclusions have been drawn
by pair distribution function analysis of neutron diffraction,
showing increased Cu-O bond distribution, measured by the
mean-square displacements, across the charge stripe ordering
temperature in the La ,(Ba, S)CuQ,.°

The jump across thé&, is found to be smaller than that
for the LSCO system, however, the valuedaff, , above the
T, is much larger than for the LSCO systéfrin the LSCO R
system theo?,,, above theT,, remains nearly the same as L7 18 19 2 21
the one expected from the Einstein mo¢tidtted ling while r(A)

for the present case thféuo is larger(by ~0.00143 even If. FIG. 3. Pair distribution functiotPDF) of the Cu-O bonds de-
it follows the expected temperature dependence at h'gh%rmined by the polarized Cu-O EXAFS for the

temperaturdFig. 2). The higher value obg,, appears to be Lay 4eNGo <t 1,CUO, system below T<T.) and above T>T)

due to the temperature independent disorder in the ;CUQpe charge stripe order temperature. The difference acros& ffie

plane, introduced by the presence of the Nd. In fact, theyso shown. Cu-O PDF for the LaSr 15CuO, at T<T,is shown
presence of Nd is believed to be a reason for more statigref, 2.

character of the charge stripes in the LNSC syStent'and

hence observable by slower techniques. Here we should rgemperature lower than the charge stripe ordigs,or above

call that EXAFS measures instantaneous displacements wif There is a small redistribution of Cu-O bonds across the
a characteristic time scale 10" *°s and the charge stripe T that could be seen in the difference. In the charge stripe
ordering temperature measured by this technique may diffegrdered state < T, there is an elongation of a part of the
from the one measured by slower technigleeg., Ref. 6for  Cu-O bonds. This elongation of the Cu-O bonds is similar to
the systems where the charge stripe ordering has more dyhe one observed in the LSCO system and associated with
namic character. appearance of the rhombic distortion of the Guyibane re-

To get further insight into the local lattice fluctuations we sulting longer Cu-O bonds. Here the amplitude of the local
have determined the pair distribution functi®#DP) of local  distortion, defined by the separation between the long and
Cu-O bond lengths. A standard procedure was used to draghort Cu-O bonds, remains the saffiig. 3) in the two sys-
PDF from analysis of the EXAFS oscillations only due to thetems indicating intrinsic similarity of the local lattice dis-
Cu-O distances. In this procedure the Cu-O EXAFS is simuplacements across tfie, in these materials. However, while
lated by the least squares fit with an input containing a disthe bond distribution gets two-peak function at low tempera-
tribution of several distancesvhere theNy is fixed to the  tyre, from a single peak function above fhig, in the LSCO
nominal value ando?,q, for each distance is given by the systen?® it remains asymmetric in the LNSC, with a prob-
Einstein model for a correlated Cu-O distributioiihe only  ability weight transfer across thE,,. This further indicates
variable parameter is the relative probability of different dis-that charge stripe ordering in the cuprates is associated with
tances with a constraint dfi,; to be fixed. Within experi- dynamic local lattice fluctuations rather than static disorder.
mental uncertainties the results remain the same while twqhe superconductivity survives with charge stripe ordering
distances modelwith variable parameters to be the relative associated to a large contribution of dynamic local lattice
probabilities, the two distances and the tef o) was con-  displacements as the case of LSCO, while it gets anoma-
sidered. The feasibility of the methods has been shown eateusly suppressed with charge stripe ordering associated with
lier for the case of cupraté$® manganite€ and other com- less dynamic character of local lattice displacements.
plex systemg®2° It has been reported that magnetic order plays important

Figure 3 shows the Cu-O PDF at two temperatures alongole in the superconductivity of the cuprates while the charge
with the difference between the two across thestripe ordering could coexist with the superconductiVity.
Tsor Cu-O PDF for the LSCO at a temperatuiecTg, (Ref.  Indeed the superconductivity is found to be suppressed when
26) is also shown for a comparison. The Cu-O distribution inthe magnetic order appedfsOur finding suggests that the
the title compound displays an asymmetric peak, either at auperconductivity disappears when the local lattice fluctua-
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tions, associated with the charge stripe ordering, get less dyne found in the superconducting LSCO system, however,
namic. Comparing the present results with the earlier resultsontribution (probability) of this distortion to the charge
on the magnetic order it appears that the local lattice fluctuastripe ordering in LNSC is smaller. This appears to indicate
tions are less dynamic in presence of magnetic orderinghat the contribution of dynamic local lattice displacements
Therefore the two results compliments each other. Thus thg the charge stripe ordering is vital for the system to be
local lattice fluctuations are more static in the absence Oguperconducting_ In Conclusion, the results Suggest that a
superconductivity, while magnetic ordering is preséa$  particular local lattice distortion could be a response function
shown by other experimertfs; on the other hand the dy- of the charge stripe order in the cuprates. A large isotope
namic contribution to the local lattice fluctuations increasedagtact on the charge stripe orderfigand pseudogap
;’:’:g{? (’;?deefystem is superconducting with suppressed Magamneraturd further suggests that electron-lattice interac-
) . tions are important ingredients for the high-in the doped

In summary, we have used pol_anzed Khque EXAFS. uprates and there appears an intimate relationship between

spectroscopy to explore local lattice fluctuations assomateﬁle charge stripe ordering, local lattice fluctuations and high-

charge stripe ordering in the cuprates with . C .
Lay 4dNdo 1St 1.CUO, (LNSC) as a model system. We find an Te superconductlwty. Here, the local strain in the .electronl—
order parameter like change in the instantaneous local latticg2!ly active Cu@ planee, that controls the local lattice fluc-

fluctuations across the charge stripe ordering temperatur&/ations, seems to be a key garameter to resolve mystery of
revealed by an anomalous increase in the correlated DebyB€ highT. superconductivity:

Waller factor of the Cu-O pairs. We have argued that the The authors thank the PF and ESRF staff for their coop-

anomalous change, associated with appearance of a dyna”éigation during the experiments. This work was supported b
rhombic distortion of the Cu©plane, could be considered as 9 P j PP y

a response function of the charge stripe ordering in thes € “lIstituto Nazionale d',,F'S'.Ca gella MaterlaglNFM) n 0
materials. From the temperature dependent Cu-O bond didne frame of the progetto *Stripes” and by the *Progetto 5%

tribution we find that amplitude of the dynamic rhombic dis-
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tortion of the CuQ@ plane in the LNSC remains similar to the (CNR).
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