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X-ray diffraction study of lattice modulations in an underdoped YBa,Cu;0g.., superconductor
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We report a temperature-dependent increase bel@®0 K of diffuse superlattice peaks corresponding to
q0=(~§,0,0) in an underdoped YB&u;Og., , superconductorx~0.63). These peaks reveal strooigxis
correlations involving the Cupbilayers, show a nonuniform increase belew220 K with a plateau for
~100-160 K, and appear to saturate in the superconducting phase. We propose that this temperature depen-
dence of the superlattice peaks is a possible manifestation of charge stripes in thel@u€s which are
coupled to the oxygen-ordered superstructure.
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The evidence of a “pseudogap” phase in the normal state Superconductivity in orthorhombicakb<c) YBCO
of the cuprate superconductors has been found from opticarises from correlated “holes” in the CyChilayers® The
and transport measurements of the underdoped compountele density is controlled by tuning the oxygen
(see Ref. 1, and references thejeifihere has been much stoichiometry which changes the number of oxygen atoms,
speculation about the microscopic nature of this pRdse. or vacancies, in the Cu@hain planegor ab planes. In the
One possibility is that this phase is due to ordering of a kindunderdoped regimei.e., x<0.92) these vacancies form
(e.g., “spin/charge stripeg”that competes with supercon- superstructuré8='*which have been calculated using an an-
ductivity and has important implications for understandingisotropic Ising modet® These superstructures consist of dif-
the overall phase diagrams of these cuprates. The first expeferent arrangements of filled and empty chaies chain
mental observation of stripes was in the Nd-dopegdLe, fragment$ with well-defined modulations along thee axis.
family with neutron diffraction, where both antiphase anti- At x~0.63, the modulation vector &= (~$,0,0), relative
ferromagnetic spin stripes and the corresponding chargt the nearest Bragg point, resulting from a complex arrange-
stripes(at twice the wavevector of the magnetic stripegre ~ ments of oxygen-full and oxygen-vacant Gu€hains(two

observed® It is important to note that the diffraction from full, one empty, one full, one emptyvhich run parallel to

charge stripegor charge-density waviss primarily from the b axis!* Although observed transition temperatures of

H 14,17
the atomic displacements or lattice distortions associatel{!€S€ Superstructures are typically above 300°K; Monte
with them. In the case of the Nd-doped compounds, th arlo simulation¥ predict additional “branching phases” to

stripes are accepted to be static, stabilized by the low2PPEr ad .0 if the sample is annealed at sufficiently low

; temperaturé® However, transformation between these
temperature tetragonal structu(eTT phase of this com- . : . )
pound. In underdoped YBEWOg, , (YBCO) compounds, phases have been monitored with a variety of techniques

Mook et al® ted th st fi ¢ . (i.e., diffusion, internal friction, resistivity, and supercon-
ook etal.” reported the existence ot Incommensurate Splr‘bucting T., Raman spectroscopy, Hall measurements, and

excitations at wave vectors of0.1,0,0)from the ¢,3,0)  photoconductivity. Relaxation times resulting from a tem-
reciprocal-space point, which they associated with dynamigerature change universally show an activated behavior, with
stripe fluctuations. No static spin- or charge-density wavesan activation energy of-1 eV and a prefactor in the range
were found with neutrons, although Mook and agre-  of (1-5)x 10 12 sec!®1®

ported anomalies in phonons of wavevectar(.2,0,0) or In this paper, we report diffuse peaks due to lattice modu-
the expected wavevector for the corresponding dynamitations of an oxygen-ordered phase in underdoped YBCO
charge stripes. superconductor that become significantly more intense when

We have used high-energy synchrotron x rays to searcthe sample is cooled to cryogenic temperatures. It seems
for charge stripes in underdoped YJakOg 63, since x-ray  highly unlikely that this intensity change could result from
scattering integrates over the energies of the fluctuations atrdering associated with development of branching phases.
the wave vectors looked at. We have observed strong latticBubstantial intensity changes are observed as the temperature
modulations in the Cu® planes with wave vectomg is cooled below~220 K; at this temperature, the Arrhenius
=(~£,0,0) that become significantly enhanced upon entryplot would project that the relaxation time is more than 1000
into the pseudogap phase, while scattering at twice thgears(compared to-20 h at 300 K, and increases exponen-
wavevector of the incommensurate spin fluctuations mentally with further cooling. Unless the activated behavior be-
tioned abovdi.e., at (+0.2,0,0) is weak or nonexistent. We comes entirely different in the low-temperature regime, there
propose that this low-temperature increase of the modulas no possibility of observing low-temperature changes asso-
tions is a manifestation of charge stripes which use an uneiated with spontaneous oxygen ordering. In the present ex-
derlying oxygen-ordered superstructisee beloywas a spa- periments, we find that diffuse peaks characterizing the
tial template, so that their wavevector is the same as that afxygen-ordered phase become increasingly stronger when
the ordering of the oxygen vacancigs., go=(~ 2,0,0)]. cooled to~14 K (in <2 h).
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FIG. 1. Comparison of diffuse scattering at room temperature K (rl)

and 14.3 K, respectively, showing a clear enhancement at low tem-
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perature. Solid lines show a modeling of the backgro(see the - 15 _}
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X-ray scattering experiments were performed at the Ad- 05 E

vanced Photon Source, Argonne National Laboratory. A set L T § 0 ®
of well-annealed, self-flux-growii crystals was character- 10 08 0z 0z 08 10

Distance (units of c)

ized on the SRI CAT 1-ID beamline using a Weissenberg

camera with 65-keV ;( rays. A rectangular, t\,N'nnec_j crystal FIG. 2. Top right: Two-dimensional scan showing the extent of
(~1000x300x 70 um) that showed no obvious signs of giffyse scattering in th§H,K,0] zone. Left: The modulation of
diffraction peaks from extraneous phases was chosen frofi 4, o, q diffuse peak along*. Lower right: The Fourier trans-
the set. The magnetization measurements of this saf@pte  form showing distances between planes that are correlated. All the
nealed at-300 K for several weekgevealedT . to be 60 K data were collected at 14.3 K.

with a transition width of~0.5 K, suggesting a high degree

of compositional homogeneity in the bulk of the sample.Bragg peaks. They are due to local lattice distortitfh's,
Most of the present work was carried out on the SRI CATwhich at high temperatures have been associated with
4-1D beamline using 36-keV x rays. A §l; 1, 1 reflection  oxygen-vacancy ordering as the lattice relaxes around the
was used as a monochromator with the undulator fifth harygcancies. The contribution of an atomic displacem&nto
monic tuned to provide maximum flux at this energy. Thethe diffuse scattering amplitude at a momentum tranfer
sample was cooled in a closed-cycle He refrigerator. The/aries asQ- su. A series of{H,0,L] scans, withH ranging
temperature-dependent measurements were carried out §dm 0.1 to 0.9 collected for a giveh value of 6, 7, or 8,
warming from low temperature. Y fluorescence was carefullyrespectively, did not show any significant scattering around
monitored to normalize to the same diffracting volume at(—2 o1 ), implying thatsulc is small. Further, the absence

every temperature. ) _ ) _of any significant scattering around (0,869, suggested
The primary direction of interest in the reciprocal space issy b. Indeed, a series ¢H,0,0] scans revealed that
a* (i.e., the direction along the shorter Cu-O-Cu links in the

CuO, planes and perpendicular to the Guéhainé) along
which oxygen-ordering superlattice peaks appear and pho-
non line-broadening peaks have been repoft&igure 1
shows reciprocal-lattice scaffise.,[H, 0, 0] scan$ between _ ] ) _ _
(4,0, 0 and (5, 0, 0 Bragg peaks, respectively, at two dif- whgrel is the mten_sny at=G=*qq a_ndG isa r_emprocal—
ferent temperatures. Two broad superlattice peaks associatiitice vector, confirming that the lattice distortions are pre-
with a modulation vector ofj,=(~2,0,0) are clearly ob- dominantly longitudinal §ula). _ _
served at both temperatures. We note that there appears to beFigure 2(top-right panel shows a two-dimensional mesh
no significant scattering above the diffuse tails near the exfévealing the extent of the diffuse scattering in fhg K, 0]
pected incommensurate charge-fluctuation peaks @&One. The profile is elongated alorg with two concen-
(~4.2,0,0) and {4.8,0,0), respectivel{.Furthermore, at trated summits at.4, 0, Q and(4.6, 0, 0, respectively. The
the lower temperature, a series of systematic scans aong Width of the peaks along* is much sharper+0.05 r..u.)
with different values oK revealed diffuse peaks correspond- than that alonga* (~0.20 r.lu.), suggesting a slightly
ing to go, With no signs of peaks related to-0.2,0,0). In longer-range correlation~30 A) along the Cu® chains
addition, considering the possibility of staggering of thethan the correlation{7 A) alonga. Such an anisotropy of
charge fluctuations between the Gu@lanes within a bi- the corre[atlon Iengths. within theb plane is consistent W|.th
layer, we have collected scans alaafg with L values rang- the quasi-one-dimensional nature of the underlying distor-
ing from —2 to 0 in increments of 0.2. No clear signs of tions. We note that we have eliminated the ambiguity be-
peaks atH~4.2 or atH~4.8, respectively, were found in tween ¢,0,0) and (C§,0), respectively, due to twinning
these scans either. (also see Refs. 12 and L&ll the diffuse peaks are equidis-
The intensitiegcorrected for backgrounaf theqg, peaks  tant from the nearest{,0,0) Bragg peak, and the splittings
are of the order of~500—-3500 counts/sec at 14.3 K, someof the (H,0,0) peaks and the correspondingH®) peaks
~10°-10 orders of magnitude weaker than those of thefrom the twin were well resolved in our current setup.

|(G+QO)M|G+QO|2
(G—do) |G—qp|?’
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FIG. 3. (Color) (a) Diffuse scattering at vari-
ous temperatures. The background including the
TDS has been removed from the dath) L
modulations of the—4.4, 0, O diffuse peak at
selected temperatures. The intensity modulations
are clearly enhanced dsis lowered.
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The measurements of the diffuse peaks after subtractingnd appears to saturate in that phase. The inset shows the
background at various temperatures are shown in Ra. 3 intensity after subtracting the 220—-260-K value.
The background, of which the thermal diffuse scattering By scanning along the* axis in reciprocal space through
(TDS) is the principal component, was modeled usingthe peaks afj,, we see strong modulations as a function of
Lorentzian tails emanating from the nearest Bragg point§2. (see Fig. 2, the significance of which was not fully
(which reproduce the expected asymptotig?lbehavior of appreciatetf?! until now. This intensity modulation is not
the TDS scattering in the vicinity of the observed peaied  Purely sinusoidal suggesting that the displacements on more
a linear term to take into account other weakiydependent than two scattering planes are correlated alongethgis. If
background contributions, respectivébee Fig. 1 The dif-  We describe the scattering due to atomic displaceméajs (

fuse scattering shows a clear indication of increase atfiow N @ given layem(Lc) by a complex structure factdf,
Interestingly, Fig. &) also indicates the presence of two then the intensity modulation alore of the diffuse peak at
temperature regions; 100—160 and~220—260 K, respec- <~ (Qx:0Q2) is given by
tively, where there are no significant differences in the inte- ) o
grated intensity(proportional to the area under the curve 1(Q)=CQE| X (FnFr)e Q=) |,
with temperature. n.n’

Figure 4a) summarizes the temperature dependence ofvherez, is the height along the axis of layern. So, the
the diffuse scattering. We have included the data above 30€eparations along the axis of the correlated planes can be
K from Ref. 14 to illustrate the expected behavior in theobtained by a direct Fourier transform of the intensity modu-
higherT region, inaccessible in our measurements. Since th&tion. As shown in Fig. 2(bottom panel there are two
data from Ref. 14 were for oxygen stoichiometry of 6.67planar distances, z;=0.362-0.008c and z,=0.187
with an orderingT of 323 K, we have shifted the temperature = 0.008c, respectively, that are correlated.corresponds to
down by 10 K to be consistent with the transition temperathe distance between the Cu@nd CuQ chain planes,
ture, To,~313 K, for our composition. As shown, the inten- whereas, is consistent with both the Cy@D,ica (Oapical IS
sity gradually increases on loweringand becomes nearly the oxygen in between Ci) and Cy2) atoms, respectively,
constant in the~220-260-K range. Belowl;~220 K, along thec axis) and the chain-Ba distances, respectively.
however, the intensity starts to rise beyond the extrapolatioiNote that the correlation between the Gu@ane and CuQ
(tildes) of the 220—260-K intensity, until,~160 K below chain (z;) is clearly much stronger. Figurg(l§ shows the
which it seems to level off. Then, as the superconductindehavior of the modulations at various temperature whereas
state is approached, the intensity gradually starts to rise agakig. 4(b) displays the temperature dependence of the corre-
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FIG. 4. (a) T dependence of the diffuse scattering4d, 0, Q.
(O) are data from Andersent al. (see the tejtnormalized to
overlap with our data for 300—328 K~) depict low-T extrapola-
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In summary, our experiments showed that the diffuse
peaks corresponding ig,=(~ £,0,0) originate from mutu-
ally coupled, primarily longitudinal atomic displacements
(6ul|a) of the CuQ,CuQ, chain, and Q. and/or Ba, re-
spectively. The primary result of our study is the unconven-
tional T dependence of this diffuse scattering below
~220 K, which roughly corresponds to the temperature of
entry into the “pseudogap” phase in this material. In addi-
tion, there appears to be a plateau Tat Recent ion-
chaneling measurements observed similar characteristic tem-
peratures in the T-dependence of incoherent atomic
displacements in underdoped YBG®Interestingly, uSR
and neutron-diffraction studi&&** on underdoped YBCO
suggested the onset ofdadensity-wave ordér below T,.
Another possibility is that belowl;,T,, and T, different
branching phasé$become stable, which does not seem very
likely although we can not completely rule that out, as dis-
cussed above.

In conclusion, we propose that the lattice modulations ob-
served in underdoped YBCO become strongly correlated
with instabilities (i.e., charge fluctuationsin the CuQ
planes that grow into the pseudogap phase. The charge fluc-
tuations or stripes use oxygen-ordered superstructure as a
spatial template. Figure 4 shows how the “order parameter”
of such a stripe phase may evolve as the pseudogap phase
and the superconducting state, respectively, are entered. In
this connection we note that recent elastic neutron-diffraction
work on a single, crystal YBCO sampfeshowed a peak at
Ospin=(~0.2,0,0). The absence of this peak in the x-ray
scattering leads us to speculate that this peak is in fact due to

tion of the intensity betweern-220-260 K. Hatched areas identify ne magnetic stripe corresponding to our observed scattering

T regions where breaks in the intensity are observed. Inset: “Ordeét twice this wave vector, i.eqy=

2(spin, and is also com-

parameter” of the charge stripe®) T dependence of the correla- ,ansurate with the oxygen ordering in the chain planes.

tions.

lations. As shown, the Fourier amplitudes »f and z,
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