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X-ray scattering from a tetragonal single crystal of YBa>(Cuo.sssAlo.4s)307 shows diffuse streaking in
[110] directions about the Bragg peaks. Through a quantitative calculation using a coupled concentra-
tion wave, static displacement wave approach, we show that this is essentially attributable to the shear
displacement field produced by a disordered oxygen array on the Cu(1)-O “chain” plane. We also ob-
serve pronounced short-range chain order (local orthorhombic fluctuations) whose correlation range is
considerably greater than the superconducting coherence length. This suggests that on a scale relevant
for superconductivity the (local) orthorhombicity remains important in this tetragonal structure.

PACS numbers: 61.10.—i, 61.70.Bv, 74.60.Mj

In the high-7,. superconductor YBa,Cu3O;—; there
are two distinct Cu-oxide layers—the Cu(1)-O chain
plane and the Cu(2)-O; plane. While the latter seems to
play an essential role, much discussion has also been de-
voted to the role of the oxygen chains in the Cu(1)-O
planes and to the role of orthorhombicity. In particular,
compounds of the form YBa(Cu,-,.M,)3:0; (M =Al,
Co, Ga, or Fe) have been intensively studied and show,
with increasing x, a decrease in the orthorhombic distor-
tion [1-8], leading to an orthorhombic-to-tetragonal
phase transition at x.=0.04 (M =Al). Above x., howev-
er, high-T, values persist in these compounds, disappear-
ing only for substantial x (> 0.10). It has been deter-
mined by a variety of experiments [6-13] that Al, Co,
and Fe substitute initially in the Cu(1) positions, thereby

disordering the chains to produce the phase transition.-

Below x. there are characteristic twin-spot splittings in
the electron-diffraction patterns which merge into diffuse
reflections as x. is approached. At x> x. electron dif-
fraction has shown crossed diffuse scattering patterns
around the tetragonal Bragg peaks [14-17] with streaks
in the (110) or (110) directions (the split-spot directions
below x.), and a domainlike “tweed” contrast in the
transmission-electron-microscope (TEM) images.

Currently, two microtwin models [8,17-21] have been
invoked to explain the above results for x > x. in which
the trivalent impurities may either act as the twin centers
[17,19,20] or cluster along the twin boundaries [8,21].
Both models consider each twin domain to possess an or-
thorhombic structure with Cu-O chains along either the
(010) or the (100) direction and with twin boundaries
along (110) and (110). Below x., such a domain descrip-
tion would seem to be appropriate. Above x., the mixed-
orientation array of microdomains must, however, lead to
a single coherent average tetragonal structure with sharp
(unsplit) Bragg spots.

The detailed atomic arrangements resulting from these
substitutional defects is still unknown because there has
been no quantitative analysis of the diffuse scattering pat-
terns. In this Letter we present such data along with a
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theoretical analysis using concentration and static dis-
placement wave methods [22]. A principal conclusion is
that the dominant contribution to the observed scattering,
aside from the thermal vibrations (which show no unusu-
al shear softness [23]), comes from the static displace-
ments arising from a disordered array of elastic (Cu-O-
Cu) dipoles. While microdomains are not required as a
descriptive aid and the TEM ‘“‘tweed” structures can be,
as in other examples of premonitory structural fluctua-
tions [24], attributed to these displacement fields, we
nonetheless observe appreciable orthorhombic fluctua-
tions above x. which are correlated over distances consid-
erably greater than the superconducting coherence length
[25].

Single crystals of YBa,(Cu;—,Al,);07; were prepared
by Zhu et al. [14]. By electron microprobe analysis we
determined the x value to range from 0.04 to 0.06 and we
chose a crystal with x =0.045 which is just beyond x..
The crystal plate was then trimmed to 0.6%0.18%0.056
mm? so that it could be bathed in the uniform area of an
x-ray beam. Using a conventional rotating-anode sup-
ply and four-circle diffractometer the tetragonal struc-
ture was confirmed, with a=b=3.8668(11) A and
¢=11.7060(35) A, and a full x-ray crystallographic
analysis was conducted [16] from which we determined
that there is no significant Al content at the Cu(2) sites
in agreement with other investigations [6-13]. The x-ray
diffuse scattering experiments were carried out on the
X14 beam line at the Brookhaven National Synchrotron
Light Source. The incident energy, E =16.8 keV, was
chosen to be —230 eV below the yttrium absorption edge
to avoid Y fluorescence. The sample was inside a He-
filled Be hemisphere to remove air scattering.

Figure 1 illustrates the Q2 dependence (Q =4xsin6/A)
of the normalized diffuse intensity measured at an identi-
cal small deviation q from the Bragg points (040), (060),
(080), and (0100). Each intensity value is normalized
by dividing by |Foxol?, the square of the structure factor
determined earlier [16]. In Figs. 2(a)-2(c) are contour
plots of the measured diffuse scattering around the (040),
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FIG. 1. Measured x-ray intensity divided by | F(Q)|? at posi-
tions (0.06,k +0.06,0) in the vicinity of the (0k0) Bragg peaks
(040), (060), (080), and (0100). The solid curve shows the Q2
dependence required by scattering off atomic displacements.

(240), and (220) reciprocal-lattice points divided by
[F(Q)|% Around (0k0) the diffuse patterns are streaked
along the two equivalent [110] directions and the two
streaks make equal contributions. Around (hk0), h=k
=0, the (110) diffuse streaks, which make an angle with
Q of less than 45°, diminish and at (2kh0) these (110)
contributions are radial (parallel to Q) and vanish.
These features, characteristic of essentially (110):(110)
shear displacements, differ from the electron diffraction
patterns because of multiple scattering [26].

Given the Q2 dependence of the diffuse intensities in
Fig. 1, the experimental results cannot be explained by ei-
ther pure substitutional disorder or by a microdomain
size broadening as in neither case does the normalized
diffuse intensity depend on Q. The Q2 dependence leads
us naturally to conclude that our observed scattering re-
sults from atomic displacements [22] of a dynamic
(thermal) or static origin. The latter could arise from ei-
ther aluminum substitutions at the Cu(1) sites or a disor-
dered distribution of oxygen in the Cu(1)-O planes.
Above x., however, increasing the Al concentration has
very little effect on the tetragonal lattice parameters [7]
and we thus focus our attention on the static displace-
ments attributable to a disordered array of oxygens.

In a disordered lattice (here we have oxygens and va-
cancies) the displacements AR; of all of the lattice sites
in the long-wave approximation can be written to first or-
der as follows [22]:

AR, =Y Agcqe VR, )

q
where s denotes the sth lattice site. ¢, is the amplitude of
the (planar) oxygen concentration wave with wave vector
q. Ag, which is the Fourier transform of the displace-

ment field due to a single defect, is determined by three
inhomogeneous linear equations:

qrijimniniAgm =XijimniLim , 2)
where summation is made over twice-repeated indices;
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Aijim are the tensor components of the elastic moduli, »;
are the components of the unit vector n=q/q, and L,
=68uim/8co with uy, the components of the strain tensor
and co the concentration of oxygen atoms in the chain
plane, which is 0.5 at §=0 in YBa,Cu3;07—;. For tetrag-
onal crystals, the tensor components L;,, are given by
1 9d,

le dl aC 6 ) (3)
where d is a lattice parameter.

In the present case of YBay(Cu, -,Al,);07 the oxygen
atoms in the Cu(1)-O planes may be considered as inter-
stitials in a square Cu lattice where the two equivalent
interstices, 7, are at the midpoints of the edges (x and y)
of the unit cell. The intensity of the diffuse scattering,
when the atomic displacements are small, may then be
shown to take approximately the form [22]

HQ) =X N¥X|cg| HF(Q)xQ- Al — f5(Q)]% y=x.y,
Y

4)
where F(Q) is the full unit-cell structure factor noted
earlier, f$(Q) is the structure factor for the oxygen-
vacancy lattice, and N is the number of unit cells. For
Miller indices # +k even [large F(Q)] and small q (large
A, F(Q)xQ-A{> f5(Q), and we can use the follow-
ing approximation, assuming for the moment a random
distribution of oxygens over the Cu(1)-O plane:

IHz(vQ)"=f°“ —co)|FIQ)2L(Q- AP+ (Q-AP?3]. (5)

For small values of q (associated with the asymptotic dis-
placements at large R), in the vicinity of the Bragg peaks,
14(Q) is called Huang diffuse scattering (HDS) and it
will decrease with g as 1/g2 [22].

For our preliminary calculation we chose co=0.5, L,
= —L,,=0.011, and L33=0.010 (these numbers from
Ref. [27] were slightly adjusted to give an averaged value
of Ly =—L;, at the O; concentration for x =0 where
the lattice is, of course, orthorhombic; the exact values,
however, are not crucial at this point). A, are usually
written as Cjj, the elastic constants, which are given by
Reichardt et al. [23] for the parent compound (x=0).
Figures 2(d)-2(f) show the results of the calculation of
I4(Q)/N|F(Q)|? in Eq. (5). The plots cover the same
regions of reciprocal space as the data in Figs. 2(a)-2(c)
and are plotted in roughly logarithmic intervals. It is
clear that, while major features of the data are repro-
duced, the agreement is particularly unsatisfactory for
selected directions about each Bragg point. Nonetheless
the essential {110):{110) shear character of the displace-
ment field is revealed in Figs. 2(d)-2(f).

The thermal diffuse scattering (TDS), however, is not
negligible at room temperature. In the one-phonon ap-
proximation, TDS per unit cell takes the form [28]
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FIG. 2. Contour plots in roughly logarithmic intervals of (a)-(c) the measured x-ray intensity, divided by |F(Q)|?, around (040),
(240), and (220) reciprocal-lattice points; (d)-(f) the Huang diffuse scattering (HDS) calculated using Eq. (5); (g)-(i), the com-
bined HDS and TDS [thermal diffuse scattering, Eq. (6)]. The data and calculations are placed on the same basis using a single pro-

portionality constant.

where v, is the volume of the unit cell, and the g; are
components of the unit vector g=Q/Q. p is the density
of the crystal and ¢; ; are the components of the polariza-
tion vectors associated with a phonon velocity V; which
may be calculated for a general crystal direction [28].
Again, we must note that the elastic constants, and thus
the TDS, demonstrate no particular (110):(110) shear
softness, even at x =0, for either the O¢ or O; concentra-

tion [23].

Taken together, Egs. (5) and (6) give the total diffuse
intensity per unit cell, 7(Q) =[I4(Q) +17(Q)1/N, which
is shown in Figs. 2(g)-2(i) using a single proportionality
constant to put data and calculation on the same basis.
The agreement with the x-ray diffuse scattering is now
quite good, especially in retrieving the radial scattering
around (220) and the transverse (Q.Lq) scattering at
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FIG. 3. Measured x-ray intensity vs reduced wave vector
E=qa/2~/2x in the (T10) direction at the (660) point. The de-
viation from the expected ¢ ~2 dependence is attributed to non-
random short-range oxygen chain ordering (see Ref. [29])
which modifies the HDS but not the TDS. At very small &
(< 0.03), resolution corrections become important.

(040). However, Fig. 3 shows clearly that the observed
diffuse intensity deviates at larger ¢ from the 1/¢ % behav-
ior [22] associated with both 74(Q) and I7(Q). [From
the dispersion curves of Reichardt et al. [23] we estimate
that the 1/¢2 regime extends to at least £=0.25 for the
relevant shear modes.] This indicates that (|cq|2) is not
constant but falls off as g increases [29], and work on the
detailed evaluation of (|cq|2> is currently in progress. A
rough estimate from Fig. 3 of the correlation range for
this local chain order is ~40 A which is considerably
greater than the planar coherence length of ~15 A for
superconductivity in this material [25]. In other words,
as far as the paired carriers are concerned, the structure
is (locally) orthorhombic. In this connection we note also
recent work on the importance of ordered oxygen chains
for high T, in YBa,Cu307-, [30,31].
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