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Neutron-diffraction study of Tl,Ba,CuQOg 5 with various 7.’s from 0 to 73 K
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We refined the crystal structures of four pseudotetragonal samples of T1,Ba,CuOg s with T,’s of
0 (metallic), 48, 58, and 73 K by Rietveld analysis of time-of-flight neutron-powder-diffraction data.
The presence of excess oxygen atoms located at an interstitial site between double TIO layers was
confirmed. The change in oxygen content and the corresponding one in hole carrier concentration
in this compound are caused by incorporation and release of the excess oxygen, whose amount is
about 0.1 per formula unit for the metallic nonsuperconducting sample. The highest T, value of
about 85 K in T1,Ba,CuQOg. 5 is achieved in the absence of excess oxygen. As the oxygen content is
decreased, the ¢ value increases, and apical O~ ions go away from the CuO, layer, while Ba>" ions
approach it. It was also suggested that about 5% of a Tl site is substituted by Cu. A significant por-
tion of hole carriers in this compound is attributed to substitution of Cu for Tl and incorporation of

excess oxygen.

INTRODUCTION

A Tl-containing oxide with the ideal composition of
T1,Ba,CuOg¢ (T1 2:2:0:1) is one of the most tempting ma-
terials in oxide superconductors because it shows wide T,
variation from O to over 85 K without significant changes
in the crystal structure. We first pointed out that this T,
variation is caused by a small change in oxygen content.
A fully oxygenated sample is a metallic nonsuperconduc-
tor, while Ar reduction gives rise to superconductivity.
Since the change in oxygen content causes the change in
carrier concentration, these facts mean that the increase
in carrier concentration lowers T, in this oxide, which
was confirmed by both Hall-coefficient and resistivity
measurements.> Thus, T1 2:2:0:1 is overdoped with hole
carriers, and excess hole carriers suppress superconduc-
tivity.

The phenomenon that superconductivity is degraded if
the carrier concentration exceeds an optimum value was
first reported for (La,_,Sr,),Cu0,.? Similar behavior
was also observed in TI(La,_,Ba,),CuOs;.* These
findings have established the idea that superconductivity
appears only in a certain appropriate range of carrier
concentration lying between an antiferromagnetic insula-
tor and a normal metal. Most studies have dealt with the
insulator-superconductor transitions, whereas studies on
the metal-superconductor transition have been restricted
to (La,_,Sr, ),CuO, so far.> Tl 2:2:0:1 provides a novel
example of the metal-superconductor transition. More-
over, it shows much higher transition temperatures, up to
85 K, than the La-Sr-Cu-O and Tl-La-Ba-Cu-O systems.

Previous work®’ revealed that a decrease in oxygen
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content of about 0.1 per formula unit of Tl,Ba,CuQy,
which corresponds to a decrease in hole concentration of
0.2, raises T, up to about 80 K and increases the c value
by about 0.4%. It was also found that spacings between
metal sheets are correlated with changes in Tc.1 Then,
the following questions are raised. Where is oxygen in-
corporated and released? How do metal-oxygen intera-
tomic distances vary with the oxygen content? Are there
any excess oxygen atoms in this compound? These ques-
tions should be answered to understand the supercon-
ducting mechanism of Tl 2:2:0:1. In the present study,
the crystal structures of T1 2:2:0:1 with four different T’s
were refined by Rietveld analysis of neutron-powder-
diffraction data with the auxiliary use of x-ray-powder-
diffraction data. We have now clarified systematic
structural changes accompanying changes in oxygen con-
tent. We will also discuss the origin of hole doping in
this compound.

EXPERIMENT

T1 2:2:0:1 samples with apparent tetragonal symmetry
were prepared by solid-state reactions similar to those de-
scribed in Refs. 1 and 7. In preliminary experiments,
several samples with compositions around the
stoichiometric one ([T1}:[Ba]:[Cu]=2:2:1) were syn-
thesized to obtain a pure sample. Judging from neutron-
and x-ray-diffraction measurements, a single-phase
tetragonal sample was obtained only for a starting com-
position close to [T1]:[Ba):[Cu]=2:2:1.1, while very small
peaks of T1,Ba,O; were detected in the stoichiometric
sample. Thus samples with the starting compositional ra-
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tio of [Tl1):[Ba):[Cu]=2:2:1.1 were used in this study.
Their oxygen contents were controlled by changing an-
nealing conditions in a similar manner to that described
in Ref. 7.

Neutron-diffraction data were taken on a high-
resolution time-of-flight (TOF) neutron powder
diffractometer, HRP,? at the KENS pulsed spallation
neutron source at the National Laboratory for High En-
ergy Physics. The sample was contained in a cylindrical
V cell 5 mm in radius, 42 mm in height, and 25 ym in
thickness and placed in an Al vacuum chamber. The cell
was kept rotating around its axis during data collection.
Intensity data were measured at room temperature using
twelve *He counters installed with an average 26 of 170°
and then time focused by off-line data processing. The
dependence of the incident intensity on TOF, ¢, was mon-
itored during data collection with a fission chamber.
This spectrum C,,(t) was smoothed by the combination
of Fourier transform, low-pass filtering, and inverse
Fourier transform. X-ray diffraction data were collected
using Cu K a radiation with a curved graphite monochro-
mator. The step width was 0.02° in 26, and the scanning
range was 20°-100°. The neutron- and x-ray-diffraction
data were analyzed using a Rietveld refinement program
RIETAN. > 10

RESULTS AND DISCUSSION

As shown in Fig. 1, four samples used for the neutron-
and x-ray-diffraction measurements had different T,’s of
0, 48, 58, and 73 K. All the samples gave diffraction pat-
terns containing only Tl 2:2:0:1 peaks in both the
neutron- and x-ray-diffraction measurements.

As described above, the Cu-rich starting composition is
necessary to obtain a pure sample. X-ray microanalysis
indicated that the Tl 2:2:0:1 phase has, independent of
the starting composition, slightly Tl-poor and Cu-
rich  compositions, typically [Tl]:[Ba]:[Cu]=1.85
-1.90:2:1.15-1.10, suggesting a possible substitution of
Cu for TI. Since the coherent scattering length of TIl
(8.776 fm) is rather similar to that of Cu (7.718 fm), it is
difficult to confirm such a substitution by neutron

diffraction. Thus, the neutron-diffraction data were
analyzed by fixing the composition at
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FIG. 1. Temperature dependence of the ac susceptibility for
the four TI 2:2:0:1 samples.
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(Tly ¢sCuyq o5),Ba,Cu0,, which was consistent with the
starting composition except for the content of the eva-
poratable element Tl. We wish to point out that the
values of refined parameters do not depend so much on
the [Cu]:[Tl] ratio because of the small difference in
scattering length between Cu and Tl. We will discuss the
details of the substitution for Cu and Tl in relation to
hole carrier concentrations in this compound later.

The crystal structures of the four samples were ana-
lyzed based on the tetragonal space group of I4/mmm.
An initial structural model was based on that proposed
by Torardi et al.,!! and site names in this paper follow
their nomenclature. Preliminary refinements assigned
isotropic thermal parameters B for all the sites. A result-
ing large isotropic thermal parameter for O(3), which was
first located at an ideal 4e position, was suggestive of stat-
ic displacements of this oxygen atom. Thus the O(3)
atom was split into four pieces by assigning a 16n site de-
viating slightly from the ideal site. Moreover, as shown
in Fig. 2, the partial occupation of an interstitial O(4) site
between double TIO layers, similar to those observed in
La,CuO,;5 (Ref. 12) and La,NiO,,; (Ref. 13), was
detected by neutron diffraction. Occupation of a similar
interstitial oxygen site was also proposed in orthorhom-
bic Tl 2:2:0:1 by Parise et al.'* The O(4) atom was then
assigned at an 8¢ site (0,1,z) close to a 4d site (0,1,+), and
its isotropic thermal parameter was fixed at 1.0 in the
same way as in the case of La,NiO,,s.!> Finally, aniso-
tropic thermal parameters were given to sites T, Ba, Cu,
O(1), O(2), and O(3).

The results of the refinements for the four samples are
listed in Tables I-IV. Typical Rietveld refinement pat-
terns are shown in Fig. 3. Important crystal data includ-
ing lattice parameters, site occupancies, and interatomic
distances are listed in Table V.

FIG. 2. Crystal structure of T12:2:0:1. The O(3) atom is split
into four pieces by assigning a 16n site deviating slightly from
the ideal site. The O(4) atom is located at the interstitial site be-
tween double TIO layers. Each O(4) atom is coordinated to four
Tl atoms, and is split into two pieces by assigning an 8¢ site.
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FIG. 3. Rietveld refinement patterns for Tl 2:2:0:1 with T, of 48 K (sample B) plotted against Q (=2m/d). The background is sub-
tracted. Plus marks are observed neutron-diffraction intensities, and solid lines are calculated intensities. Vertical marks below the
profile indicate the positions of the 484 allowed reflections. The curve at the bottom is the difference between the observed and calcu-

lated intensities in the same scale.

A systematic change in the occupancy of the O(4) site
is worth noting. As the T, value increases, the occupan-
cy of the O(4) site decreases monotonously. In contrast,
the occupancies of the O(3) site are very close to 0.25 ir-
respective of their T, values. Thus, the O(3) site on the
rock-salt type TlO layer is almost fully occupied, and the
oxygen content in Tl 2:2:0:1 is controlled by the reversi-
ble occupation of the interstitial O(4) site. The reversible
incorporation of the oxygen atoms between the double
TIO layers in this oxide is supported by the previous ob-
servation that the TlO-monolayer compound, TlLaBa-

gen content.” The presence of the interstitial oxygen
atoms are also suggested by the local displacement of the
O(3) atom. The degree of displacement for the O(3) atom
from the ideal site increases as the occupancy of the O(4)
site increases. Thus, the interstitial oxygen atoms repel
neighboring O(3) atoms to increase distances between two
O(3) atoms. On the other hand, two O(3) atoms come
closer to each other if a neighboring O(4) site is vacant.
The difference in oxygen content between the samples
with T.’s of 0 K (4) and 73 K (D) is —0.084 per formula

TABLE V. Lattice parameters (A), occupation factors, oxygen content, and metal-oxygen interatomic distances (A) in the four

samples of T1 2:2:0:1.

Samples
4 0K) B (48 K) C (58 K) D (73 K) D=4 100

a 3.86298(7) 3.86276(6) 3.86273(6) 3.862 48(6) —0013

c 23.136.9(5) 23.184 8(4) 23.199 5(4) 23224 8(8) 0.380
2(0(3)) 0.246(3) 0.250(3) 0.247(4) 0.247(2)

2(0(4)) 0.0283) 0.02003) 0.017(4) 0.005(2)

6+8 6.080 6.080 6.044 5.996 (—0.084)°
Cu-0(1) (X4) 1.93149(4) 1.93138(3) 1.9313703) 1.93124(3) —0.025
Cu-0(2) (X2) 2.703(3) 2.71303) 2.7163) 2.7212) 0.666
Ba-O(1) (X4) 2.7432) 2.7332) 2.7332) 2.729(1) —0.510
Ba-0(2) (X4) 2.8341(8) 2.8404(8) 2.841 1(10) 2.844 1(6) 0.353
Ba-0(3) (X1 Xx4) 2.929(5) 2.968(5) 2.972(6) 2.98703) 1.980
TI-OQ) 1.985(3) 1.985(3) 1.983(4) 1.984(2) ~0.050
TIO() (X1 X8 2.490(10) 2.504(7) 2.501(6) 2.526(4) 1.446
TLOB) (X 1x8) 3.009(11) 2.994(8) 2.997(7) 2.968(5) ~1.363
TLOG) (X 1X4) 2.061(5) 2.044(5) 2.047(5) 2.03403) ~1.310

2The difference in oxygen content between samples 4 and D.
®The O(3) atom is split into four pieces.
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unit. This value agrees well with an experimental value
of about —0.08 obtained by a weight-change measure-
ment.” Since sample D (T,=73 K) scarcely has excess
oxygen at the O(4) site, the highest T, value of about 85
K must be achieved in the sample with no interstitial
oxygen atoms. This also agrees with the previous result
that the sample with the highest T, tends to decom-
pose by further reduction.’” Consequently, the formula of
this compound should be expressed as
(T10.95CUO‘05 )2Ba2Cu06+§ (SNO—O.I).

We cannot find any structural discontinuity in the
change from a normal-metal (nonsuperconductor) to a su-
perconductor. As the T, value increases, i.e., the oxygen
content decreases, the a value decreases only slightly,
whereas the ¢ value increases considerably by 0.38% be-
tween samples 4 and D. Corresponding changes in in-
teratomic distances along the [001] direction are specially
noted. The distance between Cu and apical O(2) in-
creases by 0.67%, which is twice the increase of that in c.
In contrast, the Ba atom approaches the CuO, layer by as
much as 1.06%, which makes the BaO layer much
rougher. These structural changes are quite reasonable
because the release of oxygen atoms decreases the hole
carriers (positive charge) in the CuO, layer. Consequent-
ly, negatively charged apical O?~ ions are repulsed and
go away from the CuO, layer, while positively charged
Ba’* ions are attracted and approach it.

Local displacement of the O(3) atom from the ideal po-
sition must be indispensable for the relaxation of a di-
mensional mismatch between the TIO and CuO, layers.
Since the overall cell dimension is mainly controlled by
the stiffer CuO, layer, the TIO layer must be “stretched.”
Then, the oxygen atoms on the TIO layer must relax from
their ideal positions to achieve more desirable bond
lengths. Such static displacements of the O(3) atoms
make interstitial spaces large enough to accommodate
the excess O(4) atoms. Possible displacements of the TI
atom are also suggested by its large and anisotropic
thermal vibrations (U, =U,, > Us;), which seems to
reflect the deviation of this atom from the ideal site. In
an orthorhombic sample, such local displacements of the
O(3) and Tl atoms evidently occur along a [010] direction
and cause macroscopically orthorhombic symmetry.'
Since the pseudotetragonal samples consist of short-
range-ordered orthorhombic microdomains as observed
by transmission electron microscopy,' the apparent an-
isotropic thermal vibrations seem to reflect the marked
displacements along the [010] direction in the ortho-
rhombic microdomains. Orthorhombic distortion and
weak modulation must be, for the most part, associated
with such local displacements of O(3) and T1 atoms.

Finally, we will discuss the origin of hole doping in this
compound. The T1 2:2:0:1 compound should contain no
carrier if it has the stoichiometric composition of
T1,Ba,CuQ4. However, substitution of Cu*t and/or Cu?*
ions for TI" ions plus incorporation of O(4) atoms must
produce hole carriers. The substitution of Cu for Tl was
confirmed by Rietveld analysis of x-ray-diffraction data.
The value of x in the Tl;_,Cu, site was refined to be
0.033, which is close to the composition of
(Tly, 95Cug g5),Ba,CuO;¢ 5 used in the neutron Rietveld
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refinements. Single-crystal x-ray analysis has also sug-
gested substitution of Cu for Tl in T1,Ba,CaCu,04.'° In
addition, even the single-phase samples used in this study
showed large Curie-like susceptibility. A possible inter-
pretation is that the Curie term may result from Cu?™
ion substituting for the TI site. If we assume that only
the Cu®" ion with spin 4 and g=2.2 contributes the ob-
served Curie term, the Cu?*-to-Cu ratio is estimated to
be ~6%,'® which is too large to be ascribed only to im-
purity phases but quite agrees with the substitution ratio
described above. In that case, because of a small radius
of the Cu®*" ion, oxygen atoms surrounding it must be
rearranged locally so as to make its coordination environ-
ment favorable. However, possible coexistence of Cu™
ions cannot be ruled out because the Curie term decreases
with decreasing excess oxygen, which suggests that the
coordination environment of Cu?* changes toward that
of Cu*. For the highest-T, sample with no excess oxy-
gen, the hole carriers created by substitution of Cu in the
formula of (Tl ¢sCuq ¢5),Ba,CuQOyg 5 (§~0) is 0.1-0.2 per
Cu atom, which agrees with the typical value for other
Cu-containing superconductors.

The present results do not necessarily exclude other
possible origins of hole doping such as charge transfer be-
tween TIO and CuO, layers, which leads to the mixed-
valency state of TI*" and T1". Such coexistence of TI**
and Tl ions was proposed in an x-ray photoemission
spectroscopy study of T1,Ba,Ca,Cu;0,, (Ref. 17), while
only a TI*" signal was detected by *T1 NMR measure-
ments. '®!° Though it still remains open whether such
mixed valency occurs in this compound, the present
study clearly reveals that a significant portion of the hole
carriers in Tl 2:2:0:1 is attributed to the substitution of
Cu for T1 and the uptake of excess oxygen at the intersti-
tial site between the double TIO layers.

CONCLUSIONS

The presence of excess oxygen atoms located at the in-
terstitial site between the double TI-O layers in the Tl
2:2:0:1 compound were confirmed by neutron powder
diffraction. The change in oxygen content and the corre-
sponding change in hole concentration are caused by in-
corporation and release of the interstitial oxygen atoms.
The amount of the excess oxygen decreases from ~0.1 to
~0 per formula unit as the sample changes from a nor-
mal metal to a superconductor with the T, of 85 K.

About 5% of the TI site is substituted by Cu. A
significant portion of the hole carriers in the TI 2:2:0:1
compound is attributed to the substitution of Cu for Tl
and incorporation of the excess oxygen.
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FIG. 2. Crystal structure of Tl 2:2:0:1. The O(3) atom is split
into four pieces by assigning a 16n site deviating slightly from
the ideal site. The O(4) atom is located at the interstitial site be-
tween double TIO layers. Each O(4) atom is coordinated to four
Tl atoms, and is split into two pieces by assigning an 8¢ site.



