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Solid-solution compounds where Cr, Re, and other metals are substituted for Hg in Hg-Ca-Ba-Cu-O super-
conductors have been reported to exhibit enhanced flux-pinning behavior. We have determined the structural
modifications resulting from the incorporation of Cr in Hg;_,Cr,Sr,CuQ,4, s (for x~0.4) using neutron
powder diffraction, electron diffraction, and lattice imaging. Cr substitutes at the Hg site, but is displaced to
allow tetrahedral coordination by oxygen atoms. Additional oxygen is incorporated to provide four oxygen
atom neighbors for each Cr atom. These CrO,4 units cluster to form a supercell of approximate dimensions
SaX5aX2c in which Cr-rich and Hg-rich regions alternate in all three crystallographic directions. Because the
Cu-O apical bond associated with the CrO, unit is lengthened to 3.13 A, the superconducting planes are best
viewed as consisting of CuO5 pyramids, oriented up or down as dictated by the supercell ordering, rather than
CuOg octahedra. Local structural constraints associated with individual Cr sites require that considerable
disorder is present, even in the supercell. Extended defects in this supercell (e.g., columns of CuOg octahedra
associated with Hg-rich regions) may contribute to the enhanced flux pinning.

INTRODUCTION

A remarkable enhancement of  flux-pinning
behavior achieved by chemical substitution in
HgBa,Ca,,_,Cu,0,, ;,. s compounds has recently been re-
ported by Shimoyama ef al.!'? In earlier experiments it had
been found that substitution of Cr (and later Re) on the Hg
site enabled the synthesis of (Hg,Cr)Sr,CuQy,, 5, where all of
the Ba had been replaced by the smaller Sr ion.> These new
Sr-substituted compounds were initially of interest because
of their improved chemical stability. It was later realized that
these new materials exhibited flux-pinning properties sub-
stantially better than the Ba-containing compounds.' This be-
havior was attributed to the decrease in the interlayer dis-
tance, i.e., the thickness of the blocking layer between CuO,
planes, resulting from the smaller Sr ions. Decreasing this
distance would be expected to increase flux pinning by in-
creasing the coupling between pancakelike vortices to form
vortex lines.*’

In later work, however, Shimoyama et al. used high-
pressure synthesis techniques to partially substitute Cr, Mo,
or Re on the Hg site without the replacement of Ba by Sr.?
These compounds also showed enhanced flux pinning, even
though the interlayer distance was not shortened (and, in
fact, was lengthened slightly in some cases). Thus it was
concluded that shortening of the interlayer distance could not
be solely responsible for the enhanced flux pinning.

Prior to these reports, such enhancements of flux-pinning
behavior were achieved only by methods such as radiation
damage.5~!! The ability to enhance flux pinning by chemical
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substitution provides opportunities for the study of the struc-
ture modifications that can give rise to such phenomena and,
more importantly, could lead to the development of process-
ing methods that will be applicable on an industrial scale and
will have substantial impact on the utilization of these mate-
rials.

In this paper we report the structure of the solid-solution
compound Hg, _,Cr,Sr,CuO,, s (for x~0.4) as determined
by neutron powder diffraction, electron diffraction, and lat-
tice imaging. The local structures around Cr and Hg atoms
are sufficiently different that a refinement of the average
structure projected into the fundamental tetragonal unit cell
provides a clear picture of the distortions resulting from the
incorporation of Cr. Electron diffraction and lattice imaging
show how Cr- and Hg-rich regions order in all three crystal-
lographic directions to form a supercell of approximate di-
mensions SaX5aX2c. Cr is incorporated in the form of
CrO, tetrahedra, resulting in a dramatic lengthening of the
corresponding Cu-O apical bond to 3.13 A. Thus the CuOQq
octahedra of the ideal HgBa,CuQ,, s structure are, in effect,
replaced by CuOs pyramids that point either up or down as
dictated by the supercell ordering. Because the dimensions of
the alternating Cr- and Hg-rich regions are smaller than typi-
cal magnetic vortex dimensions and they are ordered into a
regular lattice, the supercell structure is not likely to explain
the enhanced flux pinning. However, local constraints that
govern how individual CrO, tetrahedra can arrange them-
selves into clusters require that considerable disorder must
exist in the supercell. Evidence for this disorder is seen in the
electron-diffraction data. Extended defects in the supercell,
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FIG. 1. Resistivity and ac magnetic susceptibility measurements
for (Hg, - ,Cr,)Sr,CuOy,. s showing a sharp superconducting transi-
tion around 60 K.

for example, extended Hg-rich regions resulting in columns
of CuOg octahedra, could explain the enhanced flux pinning.

SYNTHESIS AND CHARACTERIZATION

For the study of the solid-solution structure, we synthe-
sized a sample with a large Cr concentration. HgO, Cr,0;,
Sr(NOj3),, and CuO powders were mixed to provide an over-
all composition of Hgg ;Crj 3Sr,CuQy, s . First, a Cr,Sr,CuO,
precursor was prepared by reacting the mixed powder at
700 °C for 3 h and then at 900 °C for 18 h in flowing oxygen
gas. Then HgO was added to the precursor and the sample
was pelletized and sealed in an evacuated quartz tube which
was heated at a rate of 3.5 °C/min to 870 °C. The sample was
maintained at this temperature for 6 h before cooling at a rate
of 3.5 °C/min to room temperature. The resulting sample
showed (Hg,Cr)Sr,CuO,, 5 as the major phase and SrCuO,
and SrHgO, as impurity phases, resulting in a Cr concentra-
tion higher than that of the starting composition. The super-
conducting properties were studied by ac magnetic suscepti-
bility and resistivity measurements, as shown in Fig. 1. The
superconducting transition temperature was about 60 K.

NEUTRON POWDER DIFFRACTION

Neutron-powder-diffraction measurements were per-
formed on the Special Environment Powder Diffractometer
at Argonne’s Intense Pulsed Neutron Source.!? Data were
analyzed by the Rietveld technique, using the GSAS code,
over the d-spacing range 0.5-4 A, which included 1289
Bragg peaks. Since no supercell reflections were visible in
the neutron-diffraction data, the average structure (i.e., super-
position of cells containing either Cr or Hg) was refined,
with partial occupancies for the sites associated with Cr and
Hg local environments. This technique provides useful infor-
mation in the present case because the local structures in the
vicinity of Cr and Hg are sufficiently different to be resolved
using the neutron-powder-diffraction data. SrCuO, and
SrHgO,, which appear in small concentrations, were in-
cluded as impurity phases in the Rietveld refinement. Figure
2 shows the raw diffraction data and best-fit Rietveld profile.
Refined values of the widths of diffraction lines were com-
parable to the instrument resolution, suggesting no signifi-
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FIG. 2. Best-fit Rietveld refinement profile showing observed
(+) and calculated (line) data. The markers below the profile cor-
respond to Bragg peak positions for (top to bottom)
(Hg, - ,Cr,)Sr,Cu0y, 5, StHgO,, and SrCuO,. The difference be-
tween observed and calculated values is shown at the bottom. The
refined background has been subtracted.

cant strain or particle size broadening.

It was found that Cr substitutes for Hg (as expected), but
the Cr atoms are displaced from the ideal (0,0,0) site along
the (100) direction. This displacement allows the Cr atom to
achieve a tetrahedral coordination to four oxygen-atom
neighbors. Two of these neighbors are the original apical
oxygen atoms [O(2)] which are displaced to a new (x,0,z)
site, O(2)’, to form the appropriate bonds to Cr. Interstitial
oxygen [O(3)] provides the other two oxygen atoms for the

(a) (b)
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FIG. 3. (a) Proposed local structure for Hg; _,Cr,Sr,CuQOy, 5
based on refinement of an average structure model of the fundamen-
tal cell dimensions using neutron-powder-diffraction data. Cr atoms
achieve tetrahedral coordination by displacing the apical oxygen
atoms to a new site [O(2)'] and incorporating two additional oxy-
gen atoms per Cr atom at the in-plane site O(3). The coordinated
tilting of CuOg octahedra and spatial constraints on the placement
of O(3) atoms tends to produce the local Cr ordering shown. Bond
lengths are in A units. (b) The ideal structure of HgBa,CuOg, s
(Ref. 14) is shown, for comparison.
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FIG. 4. Bond lengths and angles between Cr and its surrounding
oxygen atoms. A near perfect tetrahedron is formed.

tetrahedron around Cr. These O(3) oxygen atoms are also
displaced from the ideal interstitial (1/2,1/2,0) site, along the
(110) direction to an (x,x,0) site (with x~0.372) to achieve
appropriate bond lengths to Cr. Each Cr atom pulls enough
interstitial oxygen [O(3)] into the structure to achieve tetra-
hedral coordination to oxygen. The fraction of displaced api-
cal oxygen atoms, n[O(2)'], is nominally equal to the num-
ber of interstitial oxygen atoms, n[O(3)]. One might expect
n[O(3)]>n[0(2)'] since additional interstitial oxygen may
be required to create carriers in the CuO, planes. Such a
difference is observed, but our error bars are not small
enough to assign any physical significance to this observa-
tion. The local structure around the Cr site is illustrated in
Fig. 3.

In modeling a structure such as this, in which atoms are
displaced from their ideal (high-symmetry) sites, multiple
new sites are produced. In the actual structure, only one of
these sites can be occupied, since the multiple sites are typi-
cally too close together to allow simultaneous occupation.
Thus the actual local structure violates the symmetry of the
average structure being used as a refinement model. We have
selected a combination of Cr, O(2)’, and O(3) sites that de-
fines a nearly perfect CrO, tetrahedron, as shown in Fig. 4.
This configuration together with the short Cr-O bond lengths
suggests that Cr is in the +6 state.

In addition to the displacements of near-neighbor oxygen
atoms around the Cr site, we observe a significant displace-
ment along the c-axis of part of the oxygen atoms in the

CuO, plane. In the final refinements, part of the planar oxy-
gen was placed at the ideal (1/2,0,1/2) site, O(1), and part
was placed at a (1/2,0,z) site, O(1)’. The Cu atoms were also
found to be displaced out of the plane. The best refinement
model was found to be one in which all Cu atoms were
displaced along z by a small amount. These displacements in
the CuO, plane can be readily understood in terms of the
asymmetry of the environment above and below the CuO,
plane. We learned from electron diffraction (discussed later)
that the Cr atoms order such that Cr and Hg atoms alternate
along the ¢ axis. Thus, for Cr concentrations approaching
50%, each Cu atom has a Cr atom below and an Hg atom
above, as illustrated in Fig. 3, or vice versa. Some planar
oxygen atoms have a similar asymmetric environment, with
two Cr atoms above and two Hg atoms below (or vice versa),
while other planar oxygen atoms have one Cr and one Hg,
both above and below, yielding no asymmetry along z. Thus,
assuming a Cr concentration near 50%, we have displaced all
of the Cu sites, but only part of the planar oxygen sites. The
choice of this model was also supported by R-value-ratio
tests. These displacements of Cu and planar oxygen atoms
are consistent with our proposal for the ordering that gives
rise to the supercell structure, which will be discussed later.
The final structural model and the refined parameters are
given in Table I.

In order to test the uniqueness of the refinement model,
alternate models that allow atom displacements along differ-
ent directions were compared. For the analysis of these data,
a number of alternate models were evaluated. It was found,
for example, that displacements of Cr along the (100) direc-
tion gave better fits than displacements along the (110) di-
rection. Likewise, displacements of the apical oxygen atom
[ideal site O(2)] to an (x,0,z) position gave better fits than to
an (x,x,z) position. Split or displaced sites for Cu and O(1)
were found to give significantly better fits than allowing an-
isotropic temperature factors for these atoms. Larger than
normal temperature factors for the Hg, O(2), and Sr atoms
indicate that these atoms are also displaced from their ideal
sites. These displacements are to be expected. However, the
magnitudes are within the resolution of our data (typically

TABLE 1. Refined structural parameters for (Hg; _,Cr,)Sr,CuQOy. 5. Tetragonal structure of space group
P4/mmm and lattice parameters a=3.85000(7) A, and ¢=8.6961(2) A, R,=3.05%, R,,,=4.67%,
x*=1.758. Constraints: n(Hg)+n(Cr)=1; n[0(1)]+n[0(1)']=2; n[O(2)]+r[0(2)']=2; U[O(1)]=U[O(1)].

Atom

Position

U (A%

x y z n
Hg la 0 0 0 U,: 0.02903) 0.50(1)
Uy 0.029(3)
Us;: 0.009(2)
Cr 41 0.119(7) 0 0 0.002(5) 0.50(1)
Sr 2h 12 12 0.3017(2) 0.0168(6) 2
Cu 2g 0 0 0.5172(5) 0.0020(7) 1
o(1) 2e 12 0 12 0.0020(6) 1.26(6)
o(1)’ 4i 12 0 0.5408(2) 0.0020(6) 0.74(6)
0(2) 2g 0 0 0.2237(12) Upy: 0.029(2) 1.33(6)
Uyt 0.029(2)
Usy: 0.016(4)
02)’ 8s 0.113(4) 0 0.160(3) 0.010(4) 0.67(6)
0(3) 4j 0.628(1) 0.628(1) 0 0.026(3) 0.88(3)
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TABLE II Selected bond lengths (A) for Hg; _,Cr,Sr,Cu0O,., s compared to those of HgBa,CuOy, 5.

HgBa,CuOy 4 5
(Ref. 14) Hg, _,Cr,Sr,Cu0y, 5

Cu-0O(1) 1.9375(1) 1.9308(3)

Cu-0(2) 2.780(1) 2.252(11)

Cu-0(1)’ 1.990(5)

Cu-0(2)’ 3.134(25)
Ba(Sr)-O(1) 2.7284(9) 2.584(1)
Ba(Sr)-0(2) 2.8716(5) 2.805(2)
Ba(Sr)-0(3) 2.836(1) 2.715(2)

Sr-O(1)’ 2.834(14)/2.362(11)

Sr-0(2)’ 2.726(8)/3.28(2)

Hg-0(2) 1.977(1) 1.946(10)

Hg-O(3) 2.7401(1) 2.810(1)

Cr-0(2)’ 1.656(22)

Cr-O(3) 1.732(16)
CrQO, tetrahedron angles
0(2)'-Cr-0(3) 107.7(2)°
0(2)'-Cr-0(2)’ 114(2)°
0(3)-Cr-0(3) 112(2)°

less than 0.2 A). For this reason, we chose not to assign
displaced sites to these atoms. For Hg and O(2), the refined
anisotropic temperature factors indicate that the maximum
displacements are in the plane, as expected.

Bond lengths and angles for the Hg;_,Cr, Sr,CuO,, s
structure are compared to those for the ideal HgBa,CuO,., s
structure'* in Table II (see also Fig. 3). The ¢ axis (which, for
a single-Cu-layer compound, is the “blocking layer” dis-
tance) is shortened by 8.6%, from 9.5132 to 8.6961 A. This
results from the substitution of the smaller Sr ion at the Ba
site and the smaller dimensions of the CrO, unit along the ¢
axis. One apical oxygen atom, O(2)’, is strongly bonded into
the CrO, unit, resulting in a very long Cu-O(2)’ apical bond,
3.13 A. As a result of this and in response to the overall
shortening along the ¢ axis, the other apical bond, Cu-O(2),
is shortened substantially to 2.25 A. Cu-O apical bonds this
short (2.29 A) are present in YBa,Cu;0,_,'> but are quite
unusual for copper-oxide superconductors. However, a very
similar arrangement occurs in (Cu,C)Ba,Ca;Cu,0;;, s where
the blocking layer consists of a random arrangement of
copper-oxygen chains and COj; units.'® The apical oxygen
atoms associated with the COj; units are bonded to the Cu
atoms at a distance of 3.18 A, while those associated with the
copper-oxygen chains are bonded at a distance of 2.39 A.
The asymmetry around the Cu site, with a Hg atom above
and a Cr atom below (or vice versa), results in the displace-
ment of the Cu atom off its ideal site towards Hg. The re-
sulting CuOg¢ octahedron is so asymmetric that it is probably
better viewed as a pyramid rather than an octahedron, since
the O(2)’ is so far away from Cu. Even though the a-axis
length is slightly shorter (3.850 vs 3.875 A), one of the in-
plane copper-oxygen bond lengths [Cu-O(1)'] is longer than
in the ideal structure, as a result of the significant buckling of
the plane. Bond lengths involving Hg, O(2), or Sr atoms are
subject to some additional uncertainty since small displace-

ments of these atoms are indicated by their larger than nor-
mal temperature factors.

ELECTRON DIFFRACTION AND MICROSCOPY

Although the neutron-powder-diffraction data are ana-
lyzed in terms of the basic HgBa,CuO,, s tetragonal unit
cell, electron-diffraction measurements done on the same
samples show that the actual structure is a supercell of ap-
proximate dimensions S5aX5aX2c. The supercell reflec-
tions are clearly defined in the electron-diffraction data and
were always found in the diffraction patterns along the right
zones (for instance, (110), (111), etc). Hundreds of grains
have been checked. No other superlattices were found. Even
though these superlattice spots are not visible in the neutron-
powder-diffraction data (much lower sensitivity compared to
that of the electron beam), a fairly detailed picture of the
actual structure emerges by combining the electron-
diffraction results with what is learned about the local struc-
ture from neutron diffraction.

Transmission electron microscope (TEM) samples were
prepared by crushing powder from the neutron-diffraction
sample in two drops of anhydrous methanol and dispersing it
onto clean 1000-mesh TEM grids. These grids were imme-
diately inserted into the microscope to limit contamination.
High-resolution electron microscope (HREM) images and
electron-diffraction patterns were taken using a Hitachi
H9000 and a Philips CM30 operated at 100 and 300 kV.
Negatives were digitized to 8 bits using an Optronics P1000
densitometer and analyzed with Semper 6 software. North-
western University multislice imaging software (NUMIS) was
used to simulate electron-diffraction patterns and HREM im-
ages.

Electron-diffraction patterns for the major zone axes
{001), (100), and (110) are shown in Figs. 5(a)-5(c). All
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FIG. 5. Experimental electron diffraction patterns for the (001),
(100), and (110) zone axes (a)—(c). Corresponding multislice simu-
lations of the model in Fig. 6. Reflections due to the modulation are
evident in the (110) zone axis (c) and (f) and are forbidden in the
(001) and <100) (a), (b), (d), (e).

diffraction patterns were indexed based on the HgBa,CuQ,, 5
tetragonal unit cell. Sharp modulated reflections exist along
151512 and g5 _ys51, for all of the (110) patterns ob-
served. The modulation was only found close to g/s 15 /2 Or
215 1512 and was also observed in the (301), (112), and
(111) zone axes, but not on the (100) and (001) zone axes.
The modulation is actually incommensurate with the reflec-
tions lying along gy/4.9 1/4.9 125 for simplicity, gy/s 1/5 1 Will be
used to approximate it. The presence of reflections along
both g/5 /51,2 and g5 —15 1,2, combined with the lack of a
twin structure in (110) HREM images, requires the modula-
tion to be in both directions. The modulation was identical
under 100 and 300 kV electron imaging conditions, thus rul-
ing out electron radiation damage.

A chemical ordering, based on a Cr content near 50%,
was assumed in modeling the modulation. A SaX5aX2c¢
supercell was used to approximate the incommensurate
modulation with a cosine-squared wave to model the Cr oc-
cupancy, with

a{cos?’[ m(x+y)]+cos’[m(x—y)]}, (1)

defining the Cr occupancy in the first layer, and
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FIG. 6. Average occupancy of Cr atoms at Hg sites for two
alternating Hg-O planes along the (001) axis. The occupancies in
(a) and (b) are determined by Egs. (1) and (2), respectively. Large
open circles represent O atoms; solid circles of varying size repre-
sent Cr atoms. The sizes of the solid circles are proportional to the
Cr fractional occupancies. The Hg occupancy is one minus the Cr
occupancy.

1—afcos’[m(x+y)]+cos][m(x—y)]}, (2)

defining the Cr occupancy in the second layer along the ¢
axis, where x and y are along [100] and [010], respectively,
and a=1 for 50% Cr concentration. Because the (001) zone
axis diffraction pattern does not show a modulation, the Cr
and Hg composition must be homogeneous over the (001)
projection. A cosine-squared wave is justified by the rapid
damping of the higher-order modulated reflections in the dif-
fraction patterns, e.g., Fig. 5(c). The Cr and Hg compositions
for the two different layers are illustrated in Figs. 6(a) and
6(b), where the Hg occupancy is one minus the Cr occu-
pancy on any given site. While the neutron data provide
detail regarding the oxygen ordering, no modeling of oxygen
site  occupancies was attempted as the small electron-
scattering factor of oxygen makes it difficult to detect. The
displacement of the Cr atoms, deduced from the neutron-
diffraction data, was also not modeled; instead, a random Cr
displacement in (100) directions was approximated by a rela-
tively large Debye-Waller term. Simulated diffraction pat-
terns are shown in Figs. 5(d)—5(f) for each of the experimen-
tal zone axes presented in Figs. 5(a)-5(c), a good match was
obtained for each.

Because there is little phase information in a diffraction
pattern, any model constructed from diffraction patterns must
be verified with HREM. Figure 7 shows a (110) HREM im-
age with a multislice simulation based on the model in Fig.
6. The simulation provides a good visual fit with the experi-



52 CHROMIUM CLUSTERING AND ORDERING IN Hg, _ ,Cr,Sr,CuO,. s

FIG. 7. Multislice image simulation of the model presented in
Fig. 6 pasted into an experimental HREM image. The mean level of
the simulation is the same as the local area into which it is pasted.
Therefore, contrast variations may be directly compared. The
modulation is evidenced by the broad fringes on the (225) and (225)
planes. The parameters used in the simulation are spherical
aberration=0.9 mm, defocus=—150 nm, and thickness=8.1 nm.

mental image. It should be noted that the HREM simulation
matches the experimental images on the large scale just as
well as on the small scale. A small part was cut (about a
supercell size which should present the whole structure) from
a large picture of the simulated image to paste directly into
the experimental image so that a more quantitative compari-
son could be made; i.e., the experimental mean level and the
range of the intensity match the simulation as well. Such a fit
should generally be considered insufficient without strong
supporting data, e.g., the electron- and neutron-diffraction
analyses. Simpler structures may be quantitatively refined to
obtain the atomic positions;17 however, the modulation pre-
sented here is too large and complicated for this method. The
modulation is evident by the broad fringes in the (225) and
(225) planes. HREM of the (100) and (001) axes show the
basic undoped structure as a result of the homogenous Cr
concentration along these projections.

Evidence for chemical disorder can be seen in the c-axis
diffraction pattern, shown in Fig. 8. The modulated reflec-
tions are forbidden in the zero-order Laue zone of the (001)
zone axis: however, weak diffuse reflections are present at
the Bragg locations for the modulation. The modulation has
allowed Bragg reflections in the first-order Laue zone
(FOLZ) and strong sharp reflections are evident. Our calcu-
lations show the FOLZ to be 17.5 A~! along c¢*, which
clearly shows the doubling of the ¢ axis. Several other zone
axes, e.g., {100, in which the modulated reflections are for-
bidden also show diffuse intensity resulting from the chemi-
cal disorder.

Quantitative x-ray microanalysis in an analytical electron
microscope (Hitachi HF-2000) was utilized in conjunction
with standards for composition determination. Sensitivity
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FIG. 8. A much longer exposure of the (001) pattern in Fig. 5(a)
shows diffuse intensity and the first-order Laue zone. Chemical dis-
order is indicated by the presence of diffuse intensity at the forbid-
den Bragg locations for the modulation in the zero-order Laue zone
[see inset (a)]. The Bragg reflections for the modulation are allowed
in the first-order Laue zone and are easily seen as sharp spots [inset

®)].

factors (k factors) were obtained from SrHgO,, SrCuO,, and
SrCrO, compounds. The overall cation composition is indi-
cated in Table III. These measurements indicate a Cr concen-
tration of 0.38(3) atoms per formula unit. This is consistent
with the observation of SrCuQO, and SrHgO, as minor impu-
rity phases, suggesting a Cr concentration higher than the
starting composition (0.3). Site occupancies obtained from
the Rietveld refinement of neutron-diffraction data (Table 1)
can also be used to estimate the Cr content, but these can be
subject to systematic errors when nonharmonic static dis-
placements are present in the structure [as is certainly true
for the Hg and O(2) atoms]. The average of Cr, O(2)’, and
O(3) occupancies from the refinement suggests a Cr content
of about 0.42, in reasonable agreement with the x-ray mi-
croanalysis. We conclude that the Cr content is near 0.4.
Unsuccessful attempts to form other compositions with dif-
ferent Cr concentrations suggest that Cr may not form a con-
tinuous solid solution in this compound.
Electron-energy-loss spectroscopy (EELS) was employed
to determine the valence state (and coordination) for Cr ions

TABLE III. Quantitative x-ray microanalysis. The numbers are
normalized to two strontium atoms per unit cell.

Element Nominal composition Chemical analysis
Hg 0.7 0.73(3)

Cr 0.3 0.38(3)

Sr 2 2

Cu 1 1.04(8)
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FIG. 9. Cry,3 EELS spectra from Hg, _,Cr,Sr,CuO,, 5 (data)
are compared with those from CrO; and Cr,O;3 (narrow and bold
solid lines, respectively). The absorption energy onset, near-edge
structure, and L2/L3 ratios provide a consistent picture that Cr is in
a 6+ valence state (as for Cr®" in CrO,).

in the structure.'® Cr;,; absorption edge fine structure for
Hg,_,Cr,Sr,CuO,, s was compared with that for CrO; and
Cr,03, as shown in Fig. 9. It is notable that the absorption
energy onset for the Cr;,3 edge in Hg; _,Cr,Sr,CuQy,, s is
significantly higher [by 3.4(*0.4) eV] than that from Cr,03,
indicating a higher oxidation state for chromium. The ab-
sorption energy onset, the energy loss near edge structure,
and the L2/L3 intensity ratio are consistent with a Cr va-
lence of 6+, as was also concluded from its tetrahedral co-
ordination in the structure and from the short Cr-O bond
lengths.

For simple chromate compounds, a tetrahedral environ-
ment is typically found for both Cr’* and Cr®* [r(Cr’") is
slightly larger than »(Cr®")] in which Cr-O bond lengths are
approximately 1.66 A (for example, ammonium salts). In
more complicated structures where a network of Cr tetrahe-
dra exists, Cr-O bond lengths of 1.75 A are found.! These
values are in good agreement with those found in
Hg; _,Cr,Sr,CuOy, 5; two Cr-O bond lengths are 1.656 and
1.732 A. Also, the tetrahedral angles of 107.7°, 114°, and
112° are in reasonable agreement with structural data of
other chromates. For example, in CrO,Cl, the tetrahedral
angles are 105°, 113°, and 109.5°." The similarity between
the crystal chemistry of Cr>* and Cr%* does suggest that in
Hg, _,Cr,Sr,CuO,, 5, Cr may assume either charge state or
both. However, as shown above, the results from EELS con-
clusively demonstrate that Cr is in the 6+ state.

DISCUSSION AND CONCLUSIONS

A simplified picture of the supercell structure is that Cr-
rich regions of dimensions 2.5aX2.5aXc¢ (9.6X9.6X8.7
A®) alternate in all three dimensions with Hg-rich regions
(which have a nearly normal HgBa,CuQ, s structure except
for the shortened apical bond length). Perpendicular to the
(001) axis, distorted CuO, planes mark the boundaries be-
tween these regions. Because the apical Cu-O bond in the
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FIG. 10. Representation of one layer of the a-b plane of
Hg; _ Cr,Sr,CuOy s showing a possible arrangement of CrO, units
on the available sites to form a cluster that agrees with the prob-
ability illustrated in Fig. 6(b). Frustration of the orientation of CrO,
units requires disorder in the cluster and limits cluster size.

direction of Cr is elongated to 3.13 A while that in the di-
rection of Hg is shortened to 2.25 A, the conduction plane is
best viewed as consisting of CuOs pyramids (pointing to-
wards Hg) rather than CuOg octahedra. These pyramids point
up or down in accordance with the supercell.

The local structure, learned from neutron powder diffrac-
tion, provides important insight concerning why the super-
structure forms. The cell doubling along the ¢ axis occurs
because of the tendency for Hg and Cr to alternate along this
direction. A local structure in which Cr is present both above
and below the same Cu atom is energetically unfavorable
because it requires the Cu atom to be in square planar coor-
dination (nominally Cu®") rather than pyramidal or octahe-
dral coordination. The size of Cr clusters in the a-b plane is
limited by frustration effects involving the O(3) oxygen at-
oms, as illustrated in Fig. 10. Each Cr atom is bonded to two
O(3) atoms in the plane. This places constraints on the ori-
entation of CrO, units as the size of the cluster grows. At a
cluster size of two to three fundamental unit cell dimensions,
it is no longer possible to add additional CrO, units. Figure
10 shows only one layer, but the problem becomes even
more constrained when the next layer along the ¢ axis is
considered, where, for 50% Cr content, CrO, units are lo-
cated above Hg atoms in the first layer. From these consid-
erations we can see that frustration in the orientation of CrO,
units limits the cluster size to about 2.5 cell dimensions, in
agreement with the supercell observed by electron diffrac-
tion. Additionally, we can conclude that the solubility for Cr
is likely to be less than 50%. We also see that considerable
disorder, resulting from different ways to orient individual
CrO, units, will be present in the supercell.

From the structural features determined in this study, it is
not clear why this solid-solution compound should exhibit
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enhanced flux pinning. The Cr- and Hg-rich regions are
smaller than typical magnetic vortex dimensions and are
regularly arranged in the crystal. Thus the average super-
structure does not define any preferred location for a vortex.
If extended defect formation contributes to flux pinning, it
must involve defects in the superstructure. Since the super-
cell is necessarily disordered, extended defect formation is
likely. However, such defects are beyond the length scale
investigated in this work. We can speculate on two possibili-
ties. For Cr contents near, but less than, 50%, the Hg-rich
regions may form extended defects. A likely arrangement
would involve columns of Hg-containing cells extending
along the ¢ axis. From the point of view of the CuO, planes,
these would be columns of CuOg octahedra embedded in the
supercell, which consists of CuOs pyramids. Such extended
defects could act somewhat like columnar defects produced
by radiation damage, which are known to be effective flux
pinners.5!! A second possible defect, which would be most
likely in dilute Cr concentrations, would involve diagonal
chains of Cr in (101) directions (based on the fundamental
cell). Clearly, if such defects play an important role in flux
pinning, the effects would depend on Cr concentration. Ex-
periments as a function of concentration have not been done
and may prove to be difficult based on the limited solubility
range suggested by our work.

The ability to enhance flux pinning by chemical substitu-
tion could have important consequences for the application
of copper-oxide superconductors. The results of this study
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suggest that structural modifications in which clustering and
extended defect ordering occur should be investigated. A
troublesome side effect is that such defects can significantly
distort the CuO, plane and may substantially lower T, . The
highest T',’s are thought to be achieved for flat CuO, planes
and long Cu-O apical bonds, as are present in the
HgBa,Ca,_,Cu,0,,,,+s compounds.'*?*?! The effect of
distortions of the CuO, plane have been studied in
La,_ M, ,CuO, (M=Sr, etc.) compounds, where 7T, de-
creases systematically as the tilt angle of the CuOg4 octahedra
increases.”>”2* One would like to enhance flux pinning as
much as possible while minimizing the decrease in T, caused
by the chemical substitution. Thus, in future work, it will be
important to investigate the structural effects of different
chemical substitutions and the effects of varying the defect
concentration, especially in the dilute limit.
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FIG. 5. Experimental electron diffraction patterns for the (001),
(100), and (110) zone axes (a)-(c). Corresponding multislice simu-
lations of the model in Fig. 6. Reflections due to the modulation are
evident in the (110) zone axis (c) and (f) and are forbidden in the
(001) and (100) (a), (b). (d), (e).
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FIG. 7. Multislice image simulation of the model presented in
Fig. 6 pasted into an experimental HREM image. The mean level of
the simulation is the same as the local area into which it is pasted.
Therefore, contrast variations may be directly compared. The
modulation is evidenced by the broad fringes on the (225) and (225)
planes. The parameters used in the simulation are spherical
aberration=0.9 mm, defocus=—150 nm, and thickness=8.1 nm.



FIG. 8. A much longer exposure of the (001) pattern in Fig. 5(a)
shows diffuse intensity and the first-order Laue zone. Chemical dis-
order is indicated by the presence of diffuse intensity at the forbid-
den Bragg locations for the modulation in the zero-order Laue zone
[see inset (a)]. The Bragg reflections for the modulation are allowed
in the first-order Laue zone and are easily seen as sharp spots [inset

(b)].



