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The high-temperature superconduct?or, HgBa,CuQO,,; (6 > 0),
is the first and arguably the most simple member of the homolog-
ous series of mercury-based cuprates, of general formula
HgBa,Ca,_,Cu,0,,.,.; (n = 1. .. 8). The presence of interstitial
oxygen in the HgO; rock salt layer is crucial in controlling the
electronic structure of HgBa,CuQy,. ;. Thus, by careful control of
the concentration () of interstitial oxygen, one may fine-tune the
electronic properties of this material from insulating, through
superconducting, to metallic behavior. The local structure adjusts
to the presence of interstitial oxygen by displacement of neigh-
boring atoms from their “ideal” positions. We present here
a combined powder X-ray and time-of-flight neutron diffraction
study of HgBa,CuOy,; (space group P4/mmm, lattice para-
meters a = 3.8757(1) A and ¢=9. 4998(1) A, 5=0. 07). From
this conjoint approach (powder X-ray and neutron diffraction) we
are able to identify the local structural perturbations and atom
displacements arising from the occupany (6 = 0.07) of the inter-
stitial oxygen site in HgBa,CuOy,,;. © 1999 Academic Press

Key Words: high-temperature superconductor; powder X-ray
diffraction; powder neutron diffraction; structure.

INTRODUCTION

The mercurocuprate superconductors of the homologous
series HgBa,Ca, - {Cu,0,,+ »+ 5 represent the current sum-
mit of achievement in the chemistry of high temperature
cuprate superconductors (1, 2). The crystal structures of this
family of superconductors are composed of rock-salt type
(BaO),(HgOy),(BaO). blocks and oxygen-deficient perov-
skite type (CuQ,),(Ca)(Cu0O,), layers, assembled in the
stacking sequence

..(Ba0)(HgO,),(BaO)(CuO,),[(Ca)(CuO2),1u-1 ..
"Present address: Argonne National Laboratory, 9700 South Cass
Avenue, Argonne, IL 60439.
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where the subscripts ¢ and o denote cations at the center and
origin of the structural units, respectively. To date, the
n =1...8 members of the HgBa,Ca, _ ;Cu,O,,+ > +s homo-
logous series, have been identified (1, 2).

The role of the interstitial oxygen site in the HgO; plane is
fundamental in controlling the electronic properties of these
materials. Controlling the occupancy (6) of this interstitial
oxygen site allows one to chemically “tune” the electronic
properties of the mercurocuprates from insulating, through
superconducting, to metallic behavior.

In the present work, we focus on the crystal structure and
chemistry of HgBa,CuO,.; (the n =1 member of the
HgBa,Ca,_Cu,O,, +,+s; homologous series) and examine
the relaxation of the local crystal structure around the
occupied interstitial oxygen site in the HgO; plane. A sche-
matic representation of the crystal structure of
HgBa,CuO,.; is shown in Fig. 1; the interstitial oxygen
site in this material is located at the O3 position with
coordinates (4,1, 0). In HgBa,CuO, . 5, the superconducting
transition temperature, T, is related to the occupancy of
the interstitial oxygen site by the generalized equation (2)

T.=97[1 — 190(5 — Jop)’], [1]
where d,,; (=0.086) is the occupancy of the interstitial
oxygen site which corresponds to the optimum T, =97 K
in HgBa,CuOy 5 (1-3).

A consensus has now emerged concerning the general
features of the crystal structure of HgBa,CuQy, . 5, shown in
Fig. 1. However, this consensus does not encompass the fine
details of the crystal structure, and a continuing discussion
centers upon three key issues: first, the possible substitution
of mercury by copper; second, the possible substitution of
mercury by carbon (in the form of the carbonate anion,
CO37); and third, the possibility of static displacements of
mercury, oxygen, and barium induced by the occupation of
the interstitial site in the HgO; plane. The experimental
evidence for these proposed substitutional defects may be
gleaned from an inspection of Table 1, which summarizes
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FIG. 1.

the crystallographic data for HgBa,CuQO, ;s derived from
both published powder neutron (PND) (4-6) and single-
crystal X-ray (SXRD) (7) diffraction studies. The high
isotropic thermal parameter (B;,,) associated with the Hg
atom (common to all these studies) has been attributed to
a deficiency of scattering at this site, due to the partial
substitution of mercury by the lighter elements copper or
carbon. Alternatively, the high isotropic thermal parameter
associated with the Hg atom may be symptomatic of static
displacement of the Hg atom from the ideal (0, 0, 0) position.
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O3 interstitial oxygen

Schematic representation of the structure of HgBa,CuQOy, 4 ;.

Notably, the large thermal parameter of the O2 apical
oxygen (relative to that of the O1 in-plane oxygen), is also
common to all the studies referenced in Table 1, suggesting
some static displacement of this oxygen atom, perhaps in
association with the proposed displacement of the Hg ca-
tion (shown schematically in Fig. 2a). The possible displace-
ment of the O2 oxygen may be coupled with the partial
substitution of mercury by copper (shown schematically in
Fig. 2b) or carbonate (shown schematically in Fig. 2¢). In
the case of such a substitutional defect, one would expect

TABLE 1
Survey of Crystallographic Data for HgBa,CuQ,.; (from Various Sources)

Ref. 4 Ref. 5 Ref. 6 Ref. 7
Technique PND PND PND SXRD*
Lattice parameters a(A) 3.8829(6) 3.88051(7) 3.8731(1) 3.874(1)
¢ A) 9.5129(14) 9.5288(3) 9.4829(5) 9.504(9)
Hg la (0,0,0) n 1 1 1 1
B, (A?) 1.3(2) 1.37(5) 1.37(7) 1.37
Ba 2h &.312) z 0.2988(6) 0.2981(3) 0.2939(4) 0.2991(1)
n 1 1 1 1
Bis (A?) 0.2(1) 0.80(5) 0.70(8) 0.89
Cu 1b (0,0,%) n 1 1 1 1
Bi, (A?) 0.2(2) 0.59(5) 0.48(8) 0.72
o1 2e 0,4,% n 1 1 1 1
Bi, (A2) 0.4(1) 0.82(5) 0.64(8) 1.02
02 2¢g (0,0,z2) z 0.2073(1) 0.2076(3) 0.2100(4) 0.2092(6)
n 1 1 1 1
Bi., (A?) 1.0(1) 1.42(5) 1.28(8) 1.72
03 lc 4,3,0) n 0.063(14) 0.18(1) 0.23(3) 0.06(6)
Bi, (A?) 1.2 1.6 2.79(9) 1.84

“No standard deviations are given for isotropic thermal parameters.
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a split apical O2 position to satisfy the respective bonding
requirements of both the mercury atom and the copper, or
carbonate, substituent. In addition, in the case of partial
carbonate substitution, significant displacement of the O2
oxygen away from the (0,0,z) position to a new (x,Xx,z)
position to accommodate the trigonal coordination of car-
bon as the CO3~ carbonate unit, would be anticipated (see
Fig. 2¢). In either case, inappropriate modeling of such
displacements will be manifest in high isotropic thermal
parameters for O2 oxygen.

Of these crystal defects, only the partial substitution of
mercury by copper has been unambiguously determined
and has been the subject of a number of studies (3, §, 9). In
these investigations, there is evidence for an additional oxy-
gen site, associated with the copper substituent, located near
the (0,3,0) position (designated the interstitial O4 oxygen
site), as shown in Fig. 2b. However, although the precise
nature of the coupled Cu-0O4 defect is uncertain, there is
general agreement on the basis of previous single-crystal
X-ray diffraction (9) and powder neutron diffraction studies
(3, 8), that the partial substitution of Hg by Cu appears
coincident with the partial occupation of the O4 site.

The case of partial carbonate substitution for Hg is per-
haps less well established, however. It is noteworthy that
powder neutron diffraction studies which have pointed to
such a defect have generally been carried out using samples

Copper defect ..-’ prepared by high-pressure methods (5, 10). This suggests

04 - interstitial oxygen =~ ——C I that the high-pressure synthesis route may be effective in

. o . I . o .

Displaced O2 apical oxygen ~—— ( stabilizing the partial substitution of linear HgO3 ™ units by

\ CO3~ species, a process that may not be thermodyn-

amically favored at room pressure. Indeed, it is pertinent to

note that high-pressure methods are deemed essential for

the synthesis of complex copper oxycarbonate supercon-

ductors (containing discrete CO3 ™ layers). Since the sample

described in this study was prepared by a room pressure

solid state reaction, we will make no further mention of

carbonate substitution for Hg in connection with the pres-

ent study. We will return to consider the issue of partial
substitution of Hg by Cu.

Both powder neutron diffraction (6) and single-crystal
X-ray diffraction studies (7, 11) have indicated the possibili-
ty of static displacements of Hg, Ba, and the O2 oxygen
induced by occupation of the O3 position in the HgO,
plane. On the basis of electrostatic arguments, one might
expect the neighboring Hg and Ba atoms to be displaced
toward the O3 interstitial, as illustrated schematically in
Fig. 2a. Such a model effectively results in three coordinate

Displaced O2 apical oxygen

Displaced mercury

Displaced O2 apical oxygen

Displaced O2 apical oxygen
Carbon defect

Displaced O2 apical oxygen

FIG. 2. (a) Schematic representation of possible static atomic displace-
ments (indicated by broken arrows) in HgBa,CuO,.;. (b) Schematic
representation of partial Cu substitution for Hg, coupled with occupation
of the interstitial O4 oxygen position, in HgBa,CuOy, ;. (¢c) Schematic
representation of partial substitution of Hg by carbonate species in
HgBa,CuOy, ;.
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Hg and nine coordinate Ba in the defect unit cell (in which
the O3 position is occupied) with respect to eight coordinate
Ba in the conventional unit cell (in which the O3 position is
vacant). Furthermore, one should also expect the displace-
ment of the O2 oxygens away from the Hg and Ba atoms, in
order to satisfy the local chemical bonding requirements for
these species, as shown in Fig. 2a.

We have undertaken a comprehensive study of the crystal
structure of HgBa,CuQO, . ; in order to resolve the issue of
partial substitution of mercury by copper, and to examine
the possibility of static atom displacements induced by the
occupation of the interstitial O3 site. We present here the
results of conjoint powder neutron and X-ray diffraction
studies of HgBa,CuQO, ., ; which provide evidence for static
displacements of the Hg cation and O2 oxygen away from
their ideal positions, induced by the occupation of the inter-
stitial O3 site.

EXPERIMENTAL
Synthesis of HgBa,CuOy 45

Polycrystalline samples of HgBa,CuO, ; ; were prepared
by a room pressure solid state reaction from stoichiometric
quantities of HgO and Ba,CuO;.; The synthesis of
Ba,CuOj;, s was achieved from stoichiometric quantities of
BaO, and CuO. An intimate mixture of these reagents was
heated at 930°C, under flowing oxygen for 48 h and slow-
cooled to room temperature at a rate of 30°C/h, with one
intermittent grinding. Since Ba,CuQO;,; undergoes facile
degradation in the presence of atmospheric CO, and moist-
ure, this pecursor was immediately transferred to an argon-
filled glove box, where it was combined with a stoichio-
metric amount of HgO. This mixture was pelletized, the
pellets wrapped in silver foil, and subsequently sealed
in a quartz ampoule containing air at 1 bar pressure.
The quartz ampoule contained in a steel reaction-bomb,
was heated to 750°C in 4 h, held at this reaction temperature
for 8 h, and subsequently quenched in air to room temper-
ature.

Superconducting Properties

The superconducting properties of the as-prepared
sample of HgBa,CuO, ; s were analyzed using a Cryogenics
S100 d.c.-SQUID susceptometer. The sample was measured
under zero field and field cooled conditions, using an ap-
plied magnetic field of 2 G.

Powder X-Ray Diffraction Studies

Powder X-ray diffraction data were collected on a Sie-
mens D5000 diffractometer, using CuKo; radiation (se-
lected by a primary beam Ge monochromator). This
instrument operates in para-focussing geometry and is fitted
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with a Position Sensitive Detector. For Rietveld profile
analysis, diffraction data were acquired over the angular
range 5 < 20 < 100°, using a step size of 0.02°. The raw
diffraction data were corrected for sample absorption, due
to the relatively high mass absorption coefficients of Ba and
Hg (325cm?g~! and 188 cm? g~ !, respectively, for CuKuo
radiation (12)).

Time-of-Flight Powder Neutron Diffraction Studies

Time-of-flight powder neutron diffraction studies on
HgBa,CuO, ;s were performed using the high intensity,
medium resolution, POLARIS diffractometer at the ISIS
facility at the Rutherford Appleton Laboratory, with the
sample contained in cylindrical vanadium can. For the
purpose of Rietveld profile analysis, data from the high-
resolution c-bank detectors (135° < 20 < 160°) were ana-
lyzed. The raw data were corrected for sample attenuation,
due to the high neutron absorption coefficient of Hg
(o, = 372.3 barns) (13).

Rietveld Profile Analysis

Rietveld profile analysis was performed using the GSAS
suite of programs (14). For powder X-ray diffraction data,
the reflection profiles were modeled using a pseudo-Voigt
function and the background was modeled using a linear
interpolation function. For time-of-flight powder neutron
diffraction data, the reflection profiles were modeled using
a convolution of back-to-back exponentials and a pseudo-
Voigt function (of the Ikeda-Carpenter type), with the back-
ground modeled using a linear interpolation function.
A small region (13.0-13.4 ps) of the time-of-flight powder
neutron diffraction data was excluded from the Rietveld
profile analysis, due to the presence of a small Bragg reflec-
tion originating from the vanadium can used to contain the
sample.

RESULTS AND DISCUSSION

For the purpose of our combined powder neutron and
X-ray diffraction study, a single-phase sample of mass ~2 g
was prepared. The X-ray powder diffraction pattern, shown
in Fig. 3, confirms the single-phase nature of this sample.
The lattice parameters of this sample were determined as
a=3.8779(5) A and ¢ = 9.5048(11) A. These lattice para-
meters are in excellent agreement with those initially re-
ported by Putilin et al. (1), and those reported by other
groups in Table 1.

The temperature dependence of the magnetic susceptibil-
ity of the ~2g sample (under field cooled conditions), is
given in Fig. 4. This shows a sharp superconducting
transition at T, = 96 K, characterized by the onset of dia-
magnetism. This is very close to the optimum T, =97 K
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FIG. 3. Powder X-ray diffraction pattern of HgBa,CuO, ;.

(1-3) reported for HgBa,CuO, 5. The Meissner fraction at
10 K is estimated to be ~75%, without correction for
demagnetization effects.

Rietveld profile analysis of the time-of-flight powder neu-
tron diffraction data was undertaken assuming the space
group P4/mmm, and incorporating the lattice parameters
determined from powder X-ray diffraction data (detailed
above); the initial atom coordinates were those reported by
Putilin et al. (1). The first stage of the refinement process did
not include the interstitial O3 (3,4,0) or O4 (0,3,0) oxygen
sites. The scale factor, background, reflection profiles, lattice
parameters, atom positions, and individual thermal para-
meters were refined. The refinement converged to give a sat-
isfactory fit to the data, with R, = 3.79%, R, = 2.02%,
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FIG.4. Temperature dependence of magnetic susceptibility of

HgBa,CuO,;;, showing an onset T, = 96 K.
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FIG. 5. Difference Fourier map (F,ps — F.a1c) generated for the (x, y, 0)
section of HgBa,CuOy, .. The O3 oxygen was excluded from the calcu-
lation of F.,.; contours are drawn at intervals of 0.314 fmA 3.

and y* = 2.37%. In order to identify the interstitial oxygen
sites in the HgO; plane, a difference Fourier map was
generated for the (x, y, 0) section. This section, shown in
Fig. 5, indicates a prominent maximum in nuclear density
centered at the (3,3,0) position, corresponding to the O3
interstitial oxygen site. The difference Fourier map did not
reveal the presence of any significant nuclear density near
the (0,3, 0) position, corresponding to the O4 oxygen site,
suggesting that the occupancy of this position is negligible
in the sample studied here.

The O3 site was subsequently included in the structural
model and the fractional occupancy and isotropic thermal
parameter of this interstitial oxygen allowed to refine. The
refinement converged smoothly, leading to an improved fit
with R, = 3.60%, R, = 1.93%, and 7> = 2.15%. The final
positional and thermal parameters are summarized in
Table 2.

The data summarized in Table 2 are in good agreement
with those reported from other powder neutron diffraction
studies (assembled in Table 1). The partial occupancy of the
O3 interstitial position was determined to be 0.09(1), consis-
tent with previous studies (c.f. Table 1). From Eq. [1], using
the value of 0 = 0.09 determined from the powder neutron
diffraction study, we calculate an expected T, = 97 K, very
close to that determined from SQUID susceptometry.

Interestingly, in accordance with the data presented in
Table 1, large isotropic thermal parameters associated with
the Hg and O2 atoms are observed in the present study.
This may be symptomatic of partial substitution of Hg by
Cu, or alternatively static displacement of the Hg and O2
atoms away from their ideal positions. The absence of



124

TABLE 2
Structural Parameters for HgBa,CuO,.;, Derived from
Powder Neutron Diffraction Data

HYATT ET AL.

TABLE 3
Structural Parameters for HgBa,CuO,, ; Derived from
Powder X-Ray Diffraction Data

Space group: P4/mmm
Lattice parameters: a = 3.8755(1) A ¢ =9.4994(1) A

Space group: P4 /mmm

Lattice parameters: a = 3.8777(1) A ¢ = 9.5054(1) A

Powder statistics: R, = 3.60%" R, =193%" ;2 =215%° Powder statistics: R, = 2.86% Ry =3.79% 1 =492%
Atom Site x y z n By, (A2 Atom Site x y z n Bi, (A2
Hg 1(a) 0 0 0 1 1.0(1) Hg 1(a) 0 0 0 1 22(1)
Ba 2Ah) 1 1 0.2980(1) 1 04(1) Ba 2Ah) 1 1 0.2984(1) 1 1.6(1)
Cu 1(b) 0 0 1 1 0.1(1) Cu 1(h) 0 0 1 1 1.3(1)
o1 2e) 1 0.0 1 1 03(1) Ol 2e) 3 0.0 3 1 0.8(1)
02 2g) 0 0 0.2083(1) 1 1Lo(1) 02 2g) 0 0 0.2100(5) 1 2.1(1)
03 1(¢) 1 3 0 009(1) 11(1) O3 1(¢) 3 3 0 009 11

o _ ZI(Yiloby) = (1/) Yicalo))

° > Yi(obs)

R [Zl(wi(Yi(obs) —(1/c) Yi(calc)))2|:|“2.
wiy Yi(obs)?

significant nuclear density at the O4 position, as revealed by
difference Fourier methods, suggests that the partial substi-
tution of Hg by Cu in the present sample is unlikely, since
the proposed substitutional defect is generally considered to
be coupled with the occupation of the O4 site (3, 8,9). In
order to resolve the question of Cu substitution for Hg at
the (0,0,0) position, a powder X-ray diffraction study was
performed on this sample. The large difference in scattering
power of Hg and Cu, with respect to X-rays, enables one to
reliably assess the possibility of partial substitution of Hg by
Cu via this diffraction technique.

The initial crystallographic parameters for the powder
X-ray diffraction study were those resulting from the time-
of-flight powder neutron diffraction study and are sum-
marized in Table 2. Initially, no substitution of Cu for Hg
was assumed; the scale factor, background, reflection pro-
files, lattice parameters, atom positions, and individual ther-
mal parameters were refined. However, the occupancy of the
O3 position was maintained at n = 0.09 and the corre-
sponding thermal parameter was fixed at B;,, = 1.1 A2, as
determined from the powder neutron diffraction study. We
consider this appropriate, given the superior precision of
powder neutron diffraction over powder X-ray diffraction in
the determination of the partial occupancy of the O3 posi-
tion. The refinement converged, giving a satisfactory fit to
the powder X-ray diffraction data, with R, = 2.86%, R,,, =
3.79%, and y* = 4.92%, the final positional and thermal
parameters are summarized in Table 3 and the final profile
fit is shown in Fig. 6.

The possibility of partial substitution of Cu for Hg was
then examined by allowing for a mixed Hg/Cu site at the
(0,0,0) position. The fraction of Hg and Cu atoms at that
position was constrained to sum to unity, and the thermal
parameters of the Hg and Cu atoms were constrained to be
equal. Subject to these constraints, a refined occupancy of
0.003(5) was determined for Cu, with the remaining struc-
tural parameters essentially unchanged from those reported
in Table 3. Since the refined occupancy of Cu is within the
estimated standard deviation, we conclude that the (0,0, 0)
position is occupied exclusively by Hg in the current sample.
This is in accord with the absence of significant nuclear
density at the O4 position, revealed by difference Fourier
methods. Partial occupancy of the O4 position would be
expected in the case of partial substitution of Cu at the Hg
site, given the general consensus on the coupled nature of
the Cu-04 defect (3, 8, 9).
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FIG. 6. Final profile fit (solid line) to powder X-ray diffraction data (+)
for HgBa,CuO, ., the difference/esd profile is shown below. The tick
marks show the positions of the Bragg reflections.
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Since we have effectively excluded the possibility of par-
tial substitution of Hg by Cu in the present sample, we now
turn to consider the possibility that the large thermal para-
meters characteristic of the Hg and O2 atoms may be
symptomatic of static displacements of these atoms away
from their ideal positions. As discussed in the Introduction,
occupation of the O3 position would be expected to attract
the neighboring Hg and Ba atoms, with a concomitant
displacement of the neighboring O2 oxygens, in order to
maintain the appropriate chemical bonding requirements of
Hg and Ba. To examine the possibility of such static dis-
placements, further analysis of the time-of-flight powder
neutron diffraction data was undertaken. Refinement of
anisotropic thermal parameters for the Hg, Ba, and O2
atoms, yielded distorted thermal ellipsoids, in accordance
with the previous hypothesis: for Hg, Bi; = 1.1(1) A2,
By; =0.7(1) A% for Ba, B;; =02(1)A2 and B,; =
0.9(1) A% and for 02, B,; = 1.2(1) A2, B35 = 0.7(1) A2 The
anisotropic thermal parameters are relatively large, in com-
parison with the isotropic thermal parameters, given in
Table 2, suggesting some static displacement of the Hg and
02 atoms in the x, y-plane, and of Ba along the z direction,
in accordance with the previous hypothesis on the basis of
simple electrostatic arguments.

In order to investigate the proposed static displacements
using the powder neutron diffraction data, a modified struc-
tural model was devised in which the fraction of displaced
atoms was coupled with the fractional occupancy of the O3
position. For a fraction n of occupied O3 positions, one
expects the displacement of 4n Hg atoms, 2n Ba atoms, and
8n O2 atoms. Thus, the modified structural model is a con-
volution of 1 — n conventional cells, in which the O3 site is
vacant and there are no static displacements of the Hg, Ba,
and O2 atoms, and n defect cells, in which the O3 position is
occupied and the proposed displacements occur exclusively.

Initially, the displacement of only the Hg and O2 atoms
was considered. The Hg and O2 positions were thus split to
yield displaced atoms, at Hg' (x, x, 0) and O2' (x, x, z) having
initial occupancies of 4n and 8n, respectively, with n = 0.09
as determined previously (see Table 2). The occupancies of
the Hg' and O2' sites were constrained to be equal to 4n and
8n, respectively, with the sum of the occupancies of the Hg
and Hg', and O2 and O2’ atoms constrained to unity. In
addition, the z coordinates of the O2 and O2" atoms were
constrained to be identical. The isotropic thermal para-
meters of the Hg and Hg' and O2 and O2' atoms were
constrained to be equal.

On the basis of the modified structural model, and subject
to the constraints described above, the refinement con-
verged to yield a significantly improved fit to the powder
neutron diffraction data, with R, = 3.57%, R, = 1.78%,
and y* = 1.85%. The structural model was then adjusted to
allow, first, for the displacement of the Ba atom toward the
O3 interstitial, and second for independent z coordinates for
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TABLE 4
Structural Parameters for HgBa,CuO,,; Allowing for Dis-
placement of Hg and O2 Atoms; Derived from Powder Neutron
Diffraction Data

Space group: P4 /mmm

Lattice parameters: a = 3.8757(1) A c= 9.4998(1) A

Powder statistics: R, = 3.57% Ryp = 1.78% 1 =1.85%
Atom Site X y z n B, (A )
Hg (a9 O 0 0 0.72(1) 0.7(1)
Hg' 4(5) 0.031(2) 0.031(2) 0 0.07(1) 0.7(1)
Ba 2(h) 05 0.5 0.2980(1) 1 0.4(1)
Cu 1) 0 0 0.5 1 0.1(1)
0O1 2(e) 0.5 0.0 0.5 1 0.3(1)
02 2(¢g) O 0 0.2085(1)  0.72(1) 0.6(1)
02 8(r)  0.045(2) 0.045(2) 0.2085(1)  0.07(1) 0.6(1)
03 1c) 05 0.5 0 0.07(1) 0.6(1)

Note. Constraints: n(Hg') = 4n(03); n(O2') = 8n(0O3); n(Hg) + n(Hg')
= 1; n(02) + n(02) = 1; 2(02) = z(02); Bis,(Hg) = Bio(Hg); Biso(02) =
Biso(oz)'

the O2 and O2' atoms, in order to reflect the different
z coordinates of the Ba and Ba’ atoms. However, no signifi-
cant displacement of these atoms from their “parent” posi-
tions, could be ascertained. The final structural model,
therefore, incorporated only split Hg and O2 positions, with
the split oxygen atoms constrained to have the same z coor-
dinate. The final positional and thermal parameters are
summarized in Table 4 and the final profile fit is shown in
Fig. 7.

Thus, allowing for static displacements of the Hg and O2
atoms away from their “ideal” positions, leads to an im-
proved fit to the powder neutron diffraction data. The
occupancy of the interstitial oxygen position at (3, 3,0) was

30
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FIG. 7. Final profile fit (solid line) to time-of-flight powder neutron
diffraction data (+) for HgBa,CuOy, ., the difference/esd profile is shown
below. The tick marks show the positions of the Bragg reflections.
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TABLE 5
Selected Bond Lengths and Bond Angles for the Conventional
and Defect Unit Cells in HgBa,CuO,, ; Determined from Time-
of-Flight Neutron Diffraction Data

Conventional cell Defect cell

Hg-02 1.981(1) A Hg'-02 2.023(3) A
Hg-03 2.573(1) A
Ba-O1 2727(1) A Ba-O1 2.727(1) A
Ba-02 2.869(1) A Ba-02' 3.103(11) A
Ba-03 2.830(1) A
Cu-0O1 1.938(1) A Cu-0O1 1.938(1) A
Cu-02 2.769(1) A Cu-02' 2.7792) A
02-Hg-02 180° 02-Hg'-02' 170.5(5)°
01-Cu-02 90° 01-Cu-02 82.9(5)°

found to be 0.07(1), corresponding to a nominal copper
valence of Cu®!*#*, On the basis of our Rietveld profile
analysis, we observe the displacement of Hg and O2 atoms
by 0.16 and 0.25 A, respectively, in the (110) direction, away
from their ideal positions. Table 5 compares selected bond
lengths and bond angles for the conventional and defect unit
cells based on the crystallographic data summarized in
Table 4.

If we allow for the displacement of Hg and O2 atoms
away from their ideal positions, the Hg-O2 bond length
increases from 1.981 to 2.023 f‘,, with a concomitant reduc-
tion in the O2-Hg-02 bond angle from 180° to 170.5°.
Notably, the Hg'-O3 bond length of 2.573 A, is much longer
than the Hg'-O2' bond length in the defect cell, suggesting
that the Hg'-O3 bonds is of a very different nature in
comparison with the Hg'-O2" bond. It is interesting to
compare these bond lengths with those observed in HgO
(15). In this binary oxide one observes infinite chains com-
posed of HgO, “dumb-bells’ akin to those observed in the
mercurocuprates, as shown in Fig. 8. Strong intrachain
bonding is observed, with an intrachain Hg—O bond length
of 2.03 /O\; interchain bonding is weaker, with an interchain
Hg-O bond length of 2.80 A. In Fig. 8§ we show the struc-
ture of HgO highlighting the shorter intrachain Hg-O
bonds, the longer interchain bonds (omitted for clarity)
cross-link the infinite Hg—-O chains. In the defect cell of
HgBa,CuO, s, the Hg-O2" bond length (2.023 A) is very
close to the intrachain Hg-O bond length in HgO, whereas
the longer Hg-O3 bond length (2.573 Z\) is somewhat shor-
ter than the interchain bond length. This suggests the nature
of the Hg—O2 bond in the mercurocuprates is analogous to
the strong intrachain bond in HgO, whereas the nature of
the Hg-O3 bond is more akin to the weaker interchain
bond found in HgO.

Within HgBa,CuO, . 5 the displacement of the O2 atoms
occurs in the opposite direction to that of the Hg atoms,
along the (110) vector. This displacement occurs to allow for
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FIG.8. The structure of HgO illustrating the linking of HgO, dumbells
to form infinite chains.

the increase in coordination number of Hg and Ba in the
defect unit cell, relative to the conventional cell in which the
O3 site is vacant. This is inferred from bond valence sums
calculated (according to the scheme of Brown and Altermatt
(16, 17)) for the Hg, Ba, and Cu atoms in the conventional
and defect unit cells summarized in Table 6, based on the
data in Tables 4 and 5. The displacement of the O2 atoms
allows the Hg atom to maintain a bond valence sum of
~1.95+ in the defect cell, although the coordination num-
ber of this atom has effectively increased from two to three,
relative to the conventional cell. The bond valence sum of
the Ba atom is calculated to be 2.03 + in the conventional
cell, whereas the bond valence sum for the Ba’ atom in the
defect cell is 1.90 + . This indicates that the displacement of
the O2 atoms in the (110) direction in the defect cell occurs
to allow for an increase in the coordination number of
the Ba atom, from eight in the conventional cell to nine in
the defect cell, due to the additional oxygen at the O3 site
in the latter. The calculated bond valence for the Ba atom in
the defect cell is somewhat lower than expected, which may

TABLE 6
Bond Valence Sums Calculated for the Conventional and
Defect Unit Cells in HgBa,CuO,, 5

Ton Conventional cell Defect cell
Hg 1.95+ 1.94+
Ba 2.03+ 1.90+
Cu 2.10+ 2.10+
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a O1 in-plane oxygen

02 apical oxygen —p

127

Copper

Vacant O3 - site

Displaced O2 apical oxygen —p

Displaced mercury ———yp-

Barium

Occupied O3 - site

FIG. 9.

(a) The crystal structure of the “conventional cell” in HgBa,CuO, . 5, determined from analysis of time-of-flight powder neutron diffraction

data. Note the vacant O3 site in this unit cell. (b) The crystal structure of the “defect cell” in HgBa,CuOy, , 5, determined from analysis of time-of-flight
powder neutron diffraction data. Note the static atomic displacements induced by occupation of the O3 site in this unit cell.

be due to the fact that we could not account for the pro-
posed static displacement of the Ba atom toward the O3
interstitial in the defect cell. Such a displacement would be
expected to lead to an increase the bond valence sum of the
Ba’ atom. Since we have been unable to resolve the displace-
ment of the Ba cation in the defect cell in the current
experiment, we conclude that the magnitude of this static
displacement must be small. Finally, it should be noted that
the displacement of the O2 atoms in the (110) direction leads

to an increased Cu-0O2 bond length in the defect cell, and
a reduction in the O1-Cu-0O2 bond angle, relative to the
conventional cell, while maintaining a sensible bond valence
sum of 2.10 + for copper.

In general terms, the crystal structures of the conven-
tional and defect unit cells are very similar. The full magni-
tude of the crystallographic displacements in the defect cell
is clearly apparent, when compared with the undistorted
conventional cell, as shown in Figs. 9a and 9b. The defect
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cell appears considerably warped, in comparison with the
conventional cell, due to the displacement of the O2 atoms
to allow for the increase in coordination number for Hg
and Ba.

The static displacement of Hg and O2 atoms in
HgBa,CuO, ;s reported here has also been proposed on the
basis of computational methods, in the higher homologues
HgBa,CaCu,04,; and HgBa,Ca,Cus;0g,s. Zhang et al.
(18), have reported that the Hg and Ba atoms are displaced
by 0.12 and 0.17 A in the (110) and z directions, respectively,
toward the interstitial oxygen position in the HgO; plane, in
HgBa,CaCu,0¢ 1. The O2 atoms are calculated to move
0.22 A in the opposite direction to the Hg atoms, along the
(110) vector. In the case of HgBa,Ca,Cu;Oyg s, Islam and
Winch (19) have reported the displacement of the Hg and Ba
atoms by 0.6 and 0.1 A in the (110) and z directions, respec-
tively, toward the interstitial oxygen. The displacements of
the Hg and O2 atoms observed in the present study are in
remarkably good agreement with those calculated by atom-
istic computer simulation techniques for HgBa,CaCu,0O¢ 5
(18), although we have not been able to discern any signifi-
cant displacement of the Ba atom from its ideal position.

Recently, a high-pressure powder synchrotron X-ray dif-
fraction study of HgBa,CaCu,0O¢.s; and HgBa,Ca,Cu;
Os. 5 has proposed a reversible phase transition in these
materials, at ~24 and 15 GPa, respectively, due to pressure
induced ordering of the interstitial oxygen atoms (20). Given
the significant magnitude of the crystallographic relaxation
around the interstitial oxygen defect in the HgO; plane of
the mercurocuprates (reported both here and in the
aforementioned computational studies) it is highly likely
that the observed ordering of the interstitial oxygen under
conditions of high pressure may indeed occur to minimise
the free energy associated with such crystallographic distor-
tions.

CONCLUSIONS

We have demonstrated, on the basis of time-of-flight
powder neutron diffraction data, that significant static
displacements of the Hg and O2 atoms occur in
HgBa,CuQOy,,;, induced by the presence of interstitial oxy-
gen atoms in the HgO; plane. The substitution of Hg by Cu,
and the presence of a coupled Cu-04 defect in the sample
studied here has been ruled out by a powder X-ray diffrac-
tion study, and the absence of any significant nuclear den-
sity near the (0,3,0) position in difference Fourier maps
calculated on the basis of powder neutron diffraction data.

HYATT ET AL.

The role of the interstitial oxygen in determining the super-
conducting properties of the mercury-based superconduc-
tors has been well documented. However, as we have
illustrated here, the effect of the interstitial oxygen on the
local crystallographic environment in these materials, is
equally profound.
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