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X-ray diffraction study of lattice modulations in an underdoped YBa2Cu3O6¿x superconductor
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We report a temperature-dependent increase below;220 K of diffuse superlattice peaks corresponding to
q05(; 2

5 ,0,0) in an underdoped YBa2Cu3O61x superconductor (x'0.63). These peaks reveal strongc-axis
correlations involving the CuO2 bilayers, show a nonuniform increase below;220 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 the CuO2 planes which are
coupled to the oxygen-ordered superstructure.
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The evidence of a ‘‘pseudogap’’ phase in the normal st
of the cuprate superconductors has been found from op
and transport measurements of the underdoped compo
~see Ref. 1, and references therein!. There has been muc
speculation about the microscopic nature of this phas2,3

One possibility is that this phase is due to ordering of a k
~e.g., ‘‘spin/charge stripes’’! that competes with supercon
ductivity and has important implications for understandi
the overall phase diagrams of these cuprates. The first ex
mental observation of stripes was in the Nd-doped La2CuO4
family with neutron diffraction, where both antiphase an
ferromagnetic spin stripes and the corresponding cha
stripes~at twice the wavevector of the magnetic stripes! were
observed.4,5 It is important to note that the diffraction from
charge stripes~or charge-density waves! is primarily from
the atomic displacements or lattice distortions associa
with them. In the case of the Nd-doped compounds,
stripes are accepted to be static, stabilized by the l
temperature tetragonal structure~LTT phase! of this com-
pound. In underdoped YBa2Cu3O61x ~YBCO! compounds,
Mook et al.6 reported the existence of incommensurate s

excitations at wave vectors of (60.1,0,0)from the (1
2 , 1

2 ,0)
reciprocal-space point, which they associated with dyna
stripe fluctuations. No static spin- or charge-density wa
were found with neutrons, although Mook and Dogˇan7 re-
ported anomalies in phonons of wavevector (60.2,0,0) or
the expected wavevector for the corresponding dyna
charge stripes.

We have used high-energy synchrotron x rays to sea
for charge stripes in underdoped YBa2Cu3O6.63, since x-ray
scattering integrates over the energies of the fluctuation
the wave vectors looked at. We have observed strong la
modulations in the CuO2 planes with wave vectorq0
5(; 2

5 ,0,0) that become significantly enhanced upon en
into the pseudogap phase, while scattering at twice
wavevector of the incommensurate spin fluctuations m
tioned above@i.e., at (60.2,0,0)# is weak or nonexistent. We
propose that this low-temperature increase of the mod
tions is a manifestation of charge stripes which use an
derlying oxygen-ordered superstructure~see below! as a spa-
tial template, so that their wavevector is the same as tha
the ordering of the oxygen vacancies@i.e., q05(; 2

5 ,0,0)#.
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Superconductivity in orthorhombic (a,b,c) YBCO
arises from correlated ‘‘holes’’ in the CuO2 bilayers.8 The
hole density is controlled by tuning the oxyge
stoichiometry9 which changes the number of oxygen atom
or vacancies, in the CuOx-chain planes~or ab planes!. In the
underdoped regime~i.e., x<0.92) these vacancies form
superstructures10–15which have been calculated using an a
isotropic Ising model.16 These superstructures consist of d
ferent arrangements of filled and empty chains~or chain
fragments! with well-defined modulations along thea axis.
At x;0.63, the modulation vector isq05(; 2

5 ,0,0), relative
to the nearest Bragg point, resulting from a complex arran
ments of oxygen-full and oxygen-vacant CuOx chains~two
full, one empty, one full, one empty! which run parallel to
the b axis.14 Although observed transition temperatures
these superstructures are typically above 300 K,10,14,17Monte
Carlo simulations16 predict additional ‘‘branching phases’’ to
appear asT→0 if the sample is annealed at sufficiently lo
temperature.16 However, transformation between the
phases have been monitored with a variety of techniq
~i.e., diffusion, internal friction, resistivity, and superco
ducting Tc , Raman spectroscopy, Hall measurements,
photoconductivity!. Relaxation times resulting from a tem
perature change universally show an activated behavior, w
an activation energy of;1 eV and a prefactor in the rang
of (1 –5)310212 sec.18,19

In this paper, we report diffuse peaks due to lattice mo
lations of an oxygen-ordered phase in underdoped YB
superconductor that become significantly more intense w
the sample is cooled to cryogenic temperatures. It se
highly unlikely that this intensity change could result fro
ordering associated with development of branching pha
Substantial intensity changes are observed as the temper
is cooled below;220 K; at this temperature, the Arrheniu
plot would project that the relaxation time is more than 10
years~compared to;20 h at 300 K!, and increases exponen
tially with further cooling. Unless the activated behavior b
comes entirely different in the low-temperature regime, th
is no possibility of observing low-temperature changes as
ciated with spontaneous oxygen ordering. In the present
periments, we find that diffuse peaks characterizing
oxygen-ordered phase become increasingly stronger w
cooled to;14 K ~in ,2 h).
©2002 The American Physical Society01-1
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X-ray scattering experiments were performed at the A
vanced Photon Source, Argonne National Laboratory. A
of well-annealed, self-flux-grown19 crystals was character
ized on the SRI CAT 1-ID beamline using a Weissenb
camera with 65-keV x rays. A rectangular, twinned crys
(;10003300370 mm3) that showed no obvious signs o
diffraction peaks from extraneous phases was chosen f
the set. The magnetization measurements of this sample~an-
nealed at;300 K for several weeks! revealedTc to be 60 K
with a transition width of;0.5 K, suggesting a high degre
of compositional homogeneity in the bulk of the samp
Most of the present work was carried out on the SRI C
4-ID beamline using 36-keV x rays. A Si-~1, 1, 1! reflection
was used as a monochromator with the undulator fifth h
monic tuned to provide maximum flux at this energy. T
sample was cooled in a closed-cycle He refrigerator. T
temperature-dependent measurements were carried ou
warming from low temperature. Y fluorescence was carefu
monitored to normalize to the same diffracting volume
every temperature.

The primary direction of interest in the reciprocal space
a* ~i.e., the direction along the shorter Cu-O-Cu links in t
CuO2 planes and perpendicular to the CuOx chains8! along
which oxygen-ordering superlattice peaks appear and p
non line-broadening peaks have been reported.7 Figure 1
shows reciprocal-lattice scans~i.e., @H, 0, 0# scans! between
~4, 0, 0! and ~5, 0, 0! Bragg peaks, respectively, at two di
ferent temperatures. Two broad superlattice peaks assoc
with a modulation vector ofq05(; 2

5 ,0,0) are clearly ob-
served at both temperatures. We note that there appears
no significant scattering above the diffuse tails near the
pected incommensurate charge-fluctuation peaks
(;4.2,0,0) and (;4.8,0,0), respectively.7 Furthermore, at
the lower temperature, a series of systematic scans alona*
with different values ofK revealed diffuse peaks correspon
ing to q0, with no signs of peaks related to (;0.2,0,0). In
addition, considering the possibility of staggering of t
charge fluctuations between the CuO2 planes within a bi-
layer, we have collected scans alonga* , with L values rang-
ing from 22 to 0 in increments of 0.2. No clear signs
peaks atH'4.2 or atH'4.8, respectively, were found in
these scans either.

The intensities~corrected for background! of theq0 peaks
are of the order of;500–3500 counts/sec at 14.3 K, som
;106–107 orders of magnitude weaker than those of t

FIG. 1. Comparison of diffuse scattering at room temperat
and 14.3 K, respectively, showing a clear enhancement at low
perature. Solid lines show a modeling of the background~see the
text!.
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Bragg peaks. They are due to local lattice distortions,20,13

which at high temperatures have been associated
oxygen-vacancy ordering as the lattice relaxes around
vacancies. The contribution of an atomic displacementdu to
the diffuse scattering amplitude at a momentum transfeQ
varies asQ•du. A series of@H,0,L# scans, withH ranging
from 0.1 to 0.9 collected for a givenL value of 6, 7, or 8,
respectively, did not show any significant scattering arou
(; 2

5 ,0,L), implying thatduic is small. Further, the absenc
of any significant scattering around (0,8,0)1q0 suggested
du'b. Indeed, a series of@H,0,0# scans revealed that

I ~G1q0!

I ~G2q0!
}

uG1q0u2

uG2q0u2
,

whereI is the intensity at aQ5G6q0 andG is a reciprocal-
lattice vector, confirming that the lattice distortions are p
dominantly longitudinal (duia).

Figure 2~top-right panel! shows a two-dimensional mes
revealing the extent of the diffuse scattering in the@H,K,0#
zone. The profile is elongated alonga* with two concen-
trated summits at~4.4, 0, 0! and~4.6, 0, 0!, respectively. The
width of the peaks alongb* is much sharper (;0.05 r.l.u.)
than that alonga* (;0.20 r.l.u.), suggesting a slightly
longer-range correlation (;30 Å) along the CuOx chains
than the correlation (;7 Å) alonga. Such an anisotropy o
the correlation lengths within theab plane is consistent with
the quasi-one-dimensional nature of the underlying dis
tions. We note that we have eliminated the ambiguity b

tween (25 ,0,0) and (0,25 ,0), respectively, due to twinning
~also see Refs. 12 and 13!. All the diffuse peaks are equidis
tant from the nearest (H,0,0) Bragg peak, and the splitting
of the (H,0,0) peaks and the corresponding (0,H,0) peaks
from the twin were well resolved in our current setup.

e
-

FIG. 2. Top right: Two-dimensional scan showing the extent
diffuse scattering in the@H,K,0# zone. Left: The modulation of
@-4.4, 0, 0# diffuse peak alongc* . Lower right: The Fourier trans-
form showing distances between planes that are correlated. Al
data were collected at 14.3 K.
1-2
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FIG. 3. ~Color! ~a! Diffuse scattering at vari-
ous temperatures. The background including t
TDS has been removed from the data.~b! L
modulations of the~24.4, 0, 0! diffuse peak at
selected temperatures. The intensity modulatio
are clearly enhanced asT is lowered.
tin

in
ng
in

o

te
e

3
he
th

67
re
ra
-

y

tio

in
ga

s the

h
of

t
ore

(

e
u-

,
y.

eas
rre-
The measurements of the diffuse peaks after subtrac
background at various temperatures are shown in Fig. 3~a!.
The background, of which the thermal diffuse scatter
~TDS! is the principal component, was modeled usi
Lorentzian tails emanating from the nearest Bragg po
~which reproduce the expected asymptotic 1/q2 behavior of
the TDS scattering in the vicinity of the observed peaks! and
a linear term to take into account other weaklyQ-dependent
background contributions, respectively~see Fig. 1!. The dif-
fuse scattering shows a clear indication of increase at lowT.
Interestingly, Fig. 3~a! also indicates the presence of tw
temperature regions,;100–160 and;220–260 K, respec-
tively, where there are no significant differences in the in
grated intensity~proportional to the area under the curv!
with temperature.

Figure 4~a! summarizes the temperature dependence
the diffuse scattering. We have included the data above
K from Ref. 14 to illustrate the expected behavior in t
higher-T region, inaccessible in our measurements. Since
data from Ref. 14 were for oxygen stoichiometry of 6.
with an orderingT of 323 K, we have shifted the temperatu
down by 10 K to be consistent with the transition tempe
ture,Too;313 K, for our composition. As shown, the inten
sity gradually increases on loweringT and becomes nearl
constant in the;220–260-K range. BelowT1;220 K,
however, the intensity starts to rise beyond the extrapola
~tildes! of the 220–260-K intensity, untilT2;160 K below
which it seems to level off. Then, as the superconduct
state is approached, the intensity gradually starts to rise a
09250
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and appears to saturate in that phase. The inset show
intensity after subtracting the 220–260-K value.

By scanning along thec* axis in reciprocal space throug
the peaks atq0, we see strong modulations as a function
Qz ~see Fig. 2!, the significance of which was not fully
appreciated13,21 until now. This intensity modulation is no
purely sinusoidal suggesting that the displacements on m
than two scattering planes are correlated along thec axis. If
we describe the scattering due to atomic displacementsia)
in a given layern('c) by a complex structure factorFn ,
then the intensity modulation alongc* of the diffuse peak at
Q5(Qx ,0,Qz) is given by

I ~Qz!5CQx
2S (

n,n8
^FnFn8

* &e2 iQz(zn2zn8)D ,

wherezn is the height along thec axis of layern. So, the
separations along thec axis of the correlated planes can b
obtained by a direct Fourier transform of the intensity mod
lation. As shown in Fig. 2~bottom panel!, there are two
planar distances, z150.36260.008c and z250.187
60.008c, respectively, that are correlated.z1 corresponds to
the distance between the CuO2 and CuOx chain planes,
whereasz2 is consistent with both the CuO2-Oapical (Oapical is
the oxygen in between Cu~1! and Cu~2! atoms, respectively
along thec axis! and the chain-Ba distances, respectivel8

Note that the correlation between the CuO2 plane and CuOx
chain (z1) is clearly much stronger. Figure 3~b! shows the
behavior of the modulations at various temperature wher
Fig. 4~b! displays the temperature dependence of the co
1-3
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BRIEF REPORTS PHYSICAL REVIEW B66, 092501 ~2002!
lations. As shown, the Fourier amplitudes ofz1 and z2
clearly grow at lowT and appear to saturate in the superco
ducting state. Within our experimental uncertainties, we d
not observe any changes inz1 or z2.

FIG. 4. ~a! T dependence of the diffuse scattering at~4.4, 0, 0!.
(s) are data from Andersenet al. ~see the text! normalized to
overlap with our data for 300–328 K. (;) depict low-T extrapola-
tion of the intensity between;220–260 K. Hatched areas identif
T regions where breaks in the intensity are observed. Inset: ‘‘Or
parameter’’ of the charge stripes.~b! T dependence of the correla
tions.
09250
-
d

In summary, our experiments showed that the diffu
peaks corresponding toq05(; 2

5 ,0,0) originate from mutu-
ally coupled, primarily longitudinal atomic displacemen
(duia) of the CuO2,CuOx chain, and Oapical and/or Ba, re-
spectively. The primary result of our study is the unconv
tional T dependence of this diffuse scattering bel
;220 K, which roughly corresponds to the temperature
entry into the ‘‘pseudogap’’ phase in this material. In ad
tion, there appears to be a plateau atT2. Recent ion-
chaneling measurements observed similar characteristic
peratures in the T-dependence of incoherent atom
displacements in underdoped YBCO.22 Interestingly, mSR
and neutron-diffraction studies23,24 on underdoped YBCO
suggested the onset of ad-density-wave order25 below T2.
Another possibility is that belowT1 ,T2, and Tc different
branching phases16 become stable, which does not seem v
likely although we can not completely rule that out, as d
cussed above.

In conclusion, we propose that the lattice modulations
served in underdoped YBCO become strongly correla
with instabilities ~i.e., charge fluctuations! in the CuO2
planes that grow into the pseudogap phase. The charge
tuations or stripes use oxygen-ordered superstructure
spatial template. Figure 4 shows how the ‘‘order parame
of such a stripe phase may evolve as the pseudogap p
and the superconducting state, respectively, are entere
this connection we note that recent elastic neutron-diffrac
work on a single, crystal YBCO sample26 showed a peak a
qspin5(;0.2,0,0). The absence of this peak in the x-
scattering leads us to speculate that this peak is in fact du
the magnetic stripe corresponding to our observed scatte
at twice this wave vector, i.e.,q052qspin, and is also com-
mensurate with the oxygen ordering in the chain planes.
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