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Mercury cuprates Hg(Ba,_,5r,)CuO,, 5 (x = 0.0-0.7) were syn-
thesized, and their structure and superconductivity were character-
ized. Single phases of Hg(Ba,_,Sr,)CuO,,; can be obtained for
x = 0.0-0.7; they crystallize in a tetragonal structure, and their
@- and c-parameters decrease smoothly with increasing x. The
superconducting transition temperature of Hg(Ba;_,Sr,)Cu0,. 5
decreases with increasing x, and superconductivity vanishes for
x = 0.5. These observations and tight-binding electronic band
structure calculations suggest that the hole source of Hg(Ba,.., St,)
CuQ,, ; is not the Hg 65 band but the interstitial oxygen atoms in
the Hg05 sheet. © 1994 Academlc Press, Inc.

The supcrconductivity of the p-type cuprale supercon-
ductors requires the presence of holes in their CuQ; layers
(1-5). Holes may be generated by oxygen excess, cation
vacancy, or substitution of cations with different valences
{e.g., Sr?* for La**), all of which are based on nonstoichi-
ometry of the chemical compositions. Another mecha-
nism of hole crcation is lTowering the bottom of the rock-
salt layer 65 band below the Fermi level of the CuO, layer
x% = y*band, as found for the 22(;x ~ )i phases of thallium
cuprates containing double rock-salt T1-O layers (5-8).
In the 12(n — 1)n phases of thallium cuprates containing
single rock-salt TI-O layers, however, the Tl 6s bands
lie above the Fermi level so that holes are not generated
by the band-overlap mechanism (6). The 22(z — 1)n and
the 12(n — L)n thallium cuprates behave differently, be-
cause the Tl 65 bands of the single rock-salt TI-0O layers
lie higher in energy than those of the double rock-salt
TI-0 layers, while the CuO, layer x* — y? bands of the
two phases are nearly of the same energy (6). The x? -
y* bands of the CuO, layers are antibonding between the
copper and oxygen atoms in the in-plane Cu-0 bonds (5,

9. 10), so that shortening of the in-plane Cu-O bonds

raises the x2 — y? bands (11). Thus, when the in-plane
Cu-0 bonds of the 12(n — 1)n phases are strongly short-
ened, the x? — y? bands are raised high enough to make
the Fermi level rise above the bottom of the TI 65 bands,
thereby creating holes in the Cu0, layers. For example,
the copper atoms of TI(SrR)CuOs (R = La, Nd) (12, 13)
are in the oxidation state of +2, thereby implying that
there are no holes in the Cu(Q, layers. However,
THSrR)CuQ4 (R = La, Nd) is a superconductor because
the very short in-plane Cu-Q bonds significantly raise the
x? — y? bands (11). The isostructural analogue THBaR)-
CuO, (R = La, Nd) (7, 8, 14) is not a superconductor,
probably because the in-plane Cu-O bonds are not short
enough (11). Since Ba?* is larger than Sr**, the q-parame-
ter and, hence, the in-plane Cu-O bond length of THSr,_,
Ba_R)CuQ; (x = 0.0-1.0} increase gradually with increas-
ing x. Therefore, the x2 — y? bands are gradually lowered in
energy as x increases, and TI(Sr,_,Ba, R)CuQ; eventually
loses superconductivity for x > 0.3 (15).

Intercst in high-tcmpcrature cuprate superconductors
has been rekindled by the recent discoveries of supercon-
ductivity at 94 K in the singlc-copper-layer mercury cu-
prate HgBa,CuQ,,; (16}, and at 133 K in the two- and
three-copper-layer analogues (17). The neutron powder
diffraction study of HgBa,CuOy,, ; (18} shows that the api-
cal oxygen atoms of CuOg octahedra form linear O-Hg-O
units; the oxygen in excess of the O, stoichiometry resides
in the interstitial positions on the Hg sheet (i.e., at the
center of every Hg, square), and & = 0.063. The hole
density of the copper atoms in HgBa,CuO,, 4 is about 0.12
(i.e., 28), a typical value close to which most cuprate
superconductors exhibit their maximum superconducting
transition temperatures T.. To examine whether or not
the 65 band of the HgO,,; layer dips below the Fermi
level of the CuO, layer x* — ¥* band, we carried out
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FIG. 1. Variation of the lattice a- and ¢-parameters of Hg(Ba,_,Sr,)

Cu0y.4 as a function of r.

extended Hiickel tight-binding (EHTB) electronic band
structure calculations (6, 9) for the stoichiometric compo-
sition HgBa,CuO, . These calculations reveal that, for any
reasonable valence ionization potential of the Hg 65 or-
bital, the bottom of the HgO, layer 65 band lies well above
the Fermi level of the CuQ, layer x> — y* band. Thus, the
band-overlap mechanism of hole creation is not relevant
for HgBa,CuO,, ;. To further probe the role of the intersti-
tial oxygen in HgBa,CuO,,; as a hole source, it is im-
portant to investigate its isostructural analogue Hg(Ba,_,
Sr.)CuO, ;. As the extent of the Srsubstitution increases,
the hole concentration in Hg(Ba,_ Sr )CuO,,, should be
affected by electronic and steric factors. Since Sr** is
smaller than Ba?*, the a-parameter and the in-plane Cu-0
bond should decrease with increasing x, which raises the
CuO, layer x* — y? band. If the band raising is large enough
bevond a certain value of x, one may expect hole creation
by the band-overlap mechanism. Cn the other hand, the
a-parameter decrease should reduce the size of the inter-
stitial sites and hence make their occupation by oxygen
energetically unfavorable, thereby reducing the hole den-
sity. To determine which of these two factors operate,
we synthesized the Hg(Ba,_,Sr,)CuQ,, ; phases and char-
acterized their structures and superconducting properties
as a function of x, as described in the following.
Hg(Ba,_ Sr,)Cu0,., samples were prepared by high-
pressure and high-temperature reactions in sealed gold
tubes. Appropriate quantities of high purity reactants
(HgO, Ba0,/Ba0, SrO, and CuQ) were intimately mixed
together in an agate mortar. The total oxygen content in
the initial mixture was maintained close to 4.5 per Cu
{i.e., 8 = 0.5). The mixtures in the form of pellets were
loaded into gold tubes (} in diameter and 3" in length)
and sealed. All manipulations, such as weighing, grinding,
pelletizing, and loading the tubes, were carried out in a
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nitrogen-filled dry box. The tubes were heated at 750°C
for 6 hr under an external pressure of | kbar, The black
products were removed, ground inside the dry box, and
annealed in dry oxygen at 350°C for 4 hr. Powder X-ray
diffraction data were refined by least squares. The test for
superconductivity was made by the ac mutual inductance
technique. Electrical resistivity measurements were made
by the standard four-probe technique.

Single phase samples of Hg(Ba,_, Sr,)CuO,,,; could be
obtained up to x = 0.7, and the X-ray powder diffraction
patterns could be indexed on a primitive tetragonal lattice
(space group P4/mmim) as for the parent HgBa,CuO,_
{16). lmpurity lines start to appear at x = 0.7, and their
intensity increases with a further increase in x, The lattice
a- and c-parameters of the oxygen-annealed samples were
plotted as a function of x in Fig. 1, which shows that these
parameters decrease smoothly with increasing x. This is
easily explained, since Sr** is much smaller in size than
Ba®*. Table i shows the change in the superconducting
transition temperature (7,) as a function of x for sampies
before and after annealing in oxygen. Samples of
Hg(Ba,_, Sr,)CuO,,; as synthesized show a T, of 95 K,
and their 7. does not change after further annealing in
oxygen. With increasing x, the T, of Hg(Ba, . Sr JCuO,.;
slowly decreases until x = 0.3, beyond which the T, drops
sharply. For x = 0.5 the samples are not superconducting
down to 4.2 K, and their resistance increases with de-
creasing temperature, thereby indicating semiconducting
behavior. A similar situation is found for Y(Ba,_ Sr)
Cu,0, (19), but the T, drop is more drastic in Hg(Ba,_,
S5r.)Cu0y,;5-

So far, our attempts to prepare *‘HgSr,CuO,,;" (.e.,
x = 2) by various synthetic routes were not successful,
However, the corresponding T! compound, TISr,CuOs, is
stabilized under normal conditions. This phase is slightly
oxygen deficient, is metallic, and has the 1201-type struc-
ture with orthorhombic distortion (20, 21). The instability

TABLE 1
Superconducting Transition Temperatures T, of
Hg(Ba,_,Sr,)Cu0,, ; Phases”

X Before O, annealing After O, annealing®
0.0 95 94

0.1 79 87

0.2 66 70

0.3 57 59

0.4 39 42

0.5 2] 25

0.6 Semiconducting Semiconducting
07 Semiconducting Semiconducting

e T, values were measured from the ac mutual inductance data
with the precision of =1 K.

b Annealed under identical conditions Tor all samples: 350°C
for 4 hr and then cooled in oxygen.
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of “HgSr,CuQ,,,”’ is probably related to the large ionic
radius of Hg?* (1.02 A in octahedral coordination, while
the corresponding value of TP+ is 0.88 A) (22), which will
cause a large lattice mismatch between the CuQ, and the
HgO; layer portions of the crystal structure.

To summarize, our work shows that the Sr-substituted
isostructural analogues of HgBa,CuQ,,;, i.e., Hg(Ba,_,
Sr, )CuQ,,;, can be synthesized up to x = 0.7. The T, of
Hg(Ba,_,Sr,)Cu0Q,, ; decreases gradually with increasing
x, and superconductivity vanishes for x = 0.5. These
results and our EHTB band electronic structure calcula-
tions for HgBa,CuQ, strongly suggest that the hole source
of Hg(Ba,_ Sr )CuQy,; is not the Hg 65 band but the
interstitial oxygen atoms in the HgO; sheet. As x in-
creases, the g- and c-parameters decrease and the intersti-
tial sites become smaller in size; therefore, it is energeti-
cally more difficult for the oxygen to occupy these
interstitial sites, thereby reducing the hole density.
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