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T1,Ba,CuQq. 5 single crystals are prepared by a KCl flux method. Transport properties and crystal
structures are investigated for the samples with various T,.’s. The result of structural analysis indicates
that the change of T, is caused by the overdoping of the hole carrier through excess oxygen located be-
tween double T1-O sheets. The out-of-plane resistivity p, is larger than for YBa,Cu;0;, but smaller than
for Bi,Sr,CaCu,0;. Temperature dependences of p. are metallic for both overdoped nonsuperconduct-
ing and 75-K superconducting samples. The temperature dependence of in-plane resistivity p,, changes
from ~T? to ~T! with increasing T.. The Hall coefficient Ry exhibits a characteristic maximum at
about 100 K for all samples. However, inverse Hall mobility u5'(=p/Ry) always shows clear T2
dependence regardless of the T, values, which suggests that the scattering rate of this material has ~ T
dependence, just as in an ordinary Fermi liquid, and that the carrier concentration actually changes like

that observed in ny(=1/Rpye).

I. INTRODUCTION

High-T, superconductors have highly anisotropic lay-
ered structures with two-dimensional CuO, sheets, so
single-crystal studies are needed to elucidate the intrinsic
in-plane and out-of-plane properties. Single-crystal sam-
ples of good quality and sufficient size have been obtained
for (La,_,Sr,),Cu0,_g (La 2:1:4),? YBa,Cu;0,_5 (Y
1:2:3),>7% and Bi,Sr,CaCu,04, 5 (Bi 2:2:1:2),%” and their
physical properties have been examined by various
probes. Although these single-crystal samples have vari-
ous carrier concentrations, only La 2:1:4 can be over-
doped to the level of a normal metal. However, the ran-
dom potential due to Sr’** substitution for La’" in La
2:1:4 may have some undesirable effects on the properties
at high doping levels. It is strongly emphasized, howev-
er, that the research approach from the overdoped metal-
lic side is very important because the high-T, supercon-
ductivity occurs in an intermediate region between an an-
tiferromagnetic insulator and an overdoped nonsupercon-
ducting normal metal.

Previously, we have demonstrated that T1,Ba,CuOq, 5
(T1 2:2:0:1) undergoes a well-defined superconductor-to-
normal-metal transition when hole carriers are overdoped
with excess oxygen.®’ In this material, the temperature
dependence of resistivity shows a gradual change from
~T!' to ~T? with increasing doping. The Hall
coefficient Ry also gradually decreases with doping.
Thus, no singularity has been observed in either the crys-
tal structures or the physical properties at the
superconductor-metal phase boundary. This result con-
trasts sharply with that for La 2:1:4, in which the Hall
coefficient Ry changes sign from positive to negative at
the phase boundary.!® This remarkable difference be-
tween La 2:1:4 and TI1 2:2:0:1 may be caused by the
difference in the manner of carrier doping. Namely, La
2:1:4 is doped by Sr?™ substitution for La**, which will
produce significant randomness in the CuQO, plane,
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whereas T1 2:2:0:1 is doped by the incorporation of excess
oxygen atoms at interstitial sites between double T1O lay-
ers located far from the CuO, plane. Thus, Tl 2:2:0:1
seems to be the best prototype for investigating the in-
trinsic properties of the overdoped region.

Recently, we have prepared Tl 2:2:0:1 single crystals by
a KCl flux method and revealed that the 7. values of
single-crystal samples are also changed reversibly by an-
nealing in the same manner as for polycrystal sam-
ples.!"12 This paper describes the preparation of the sin-
gle crystals and their refined crystal structures for both
superconducting and nonsuperconducting samples. The
Hall coefficient and the anisotropy of resistivity are also
reported.

II. EXPERIMENT

A. Sample preparation

Single-crystal samples were prepared by a slow cooling
method using a KCl flux. At first, a single-phase Tl
2:2:0:1 powder was prepared from T1,0;, BaO, and CuO
by a conventional solid-state reaction. Then the TI
2:2:0:1 powder and KCl flux were mixed with the ratio of
[TI 2:2:0:1]/[KCl]=1-10 wt %, and charged into a gold
crucible (20 mm diameter and 25 mm high). The crucible
was covered up with gold foil because both KCl and thal-
lium are very volatile. The mixture was then melted at
920°C for 3 h and cooled to 750°C at 1-10°C/h. The
temperature gradient essential for nucleation was provid-
ed by blowing oxygen gas on a small area of the crucible
wall. The grown single crystals were easily collected
without flux sticking to the crystal surface by dissolving
the KCl flux in water.

The single crystals were thin and platelike, grown in
the a-b plane, with a typical size of 2X2X0.01 mm?>.
The a-b plane was fairly flat but small growth steps were
observed on the surface. The homogeneity of supercon-
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ductivity in the samples of various 7,’s was checked by
measuring the Meissner effect. The as-grown crystal
samples had a T, of about 40 K. After annealing in oxy-
gen at 350°C for 10 h, their T, decrease to <10 K. Sub-
sequent annealing in Ar at 400-500 °C for 10 h produced
sharp transitions up to 75 K. These changes in T, were
perfectly reversible and all samples showed a sharp, sin-
gle transition at T,. The Meissner fraction (the ratio of
the Meissner signal to perfect diamagnetism) for the sam-
ple with T, of 50 K was about 33%. These facts indicate
that the superconductivity of these crystals is fairly
homogeneous and bulklike.

B. Measurements

The crystal structure was analyzed with a RIGAKU
RASASR four-circle x-ray diffractometer using Mo Ka
radiation.  Single-crystal samples were cut into
50X50X 10 um® pieces and mounted at the top of a
capillary. The computer program TEXSAN was used for
least-squares refinement of the structure parameters. An
absorption correction based on WV scan data was applied
in the refinement. In-plane resistivity p,, and the Hall
coefficient Ry were measured by the van der Pauw
method under a magnetic field of up to 6 T. The out-of-
plane resistivity p. and p,, were measured by the
Montgomery method. The samples for transport mea-
surement were obtained by cutting the crystals into
pieces of uniform thickness. The electrical contacts were
made through four small gold pads formed by dc sputter-
ing. Gold wires of 30 um diameter were connected to the
gold pads by silver paste. A subsequent annealing at
400°C for 5 h in flowing oxygen was needed to reduce the
contact resistance to less than 1 Q. In both measure-
ments, the electrodes must be placed on the crystal edge.
In particular, in the Montgomery method, they must be
placed at the vertices of the rectangular crystal. To satis-
fy this requirement, the crystal edges were cleaved after
making gold pads near the crystal edges. The conven-
tional four-probe method was also used for the p,, mea-
surements to verify the van der Pauw and Montgomery
calculations.
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III. RESULTS AND DISCUSSION

A. Structure

Crystal structures of the samples with T.’s of 0 and 40
K were analyzed on the basis of tetragonal space group of
I4/mmm (No. 139). The refined results are listed in
Tables I and II. The site notation in this paper, except
for the O(4) site, follows that of a powder neutron-
diffraction study of TI 2:2:0:1.!* The O(4) atom is as-
signed a 4d site instead of the 8g site used in the previous
work because the R factors have not improved by adopt-
ing the 8g site for the O(4) atom. Unfortunately, the poor
x-ray-scattering ability of the oxygen atom results in
quite large uncertainties in its structural parameters.
However, the existence of excess oxygen at the O(4) site is
above suspicion because the R,,’s are lowered from 5.21
to 5.20 % for the 40-K sample and from 5.32% to 5.29 %
for the 0-K sample by taking the O(4) atom into account
in crystal structure refinements. Consequently, we only
made qualitative discussions about oxygen. Anisotropic
thermal parameters are given for Tl, Ba, Cu, O(1), and
O(2). In the final fitting cycle, the occupation factors g
for these atoms are fixed to 1 because they are very close
to 1. The thermal parameter of the O(3) atom on the TIO
layers is rather large when it is located at an ideal 4e site
(0,0,2), suggesting the static displacement of this atom.
Thus, the O(3) atom is located on four equivalent sites
(16n) close to an ideal 4e site with g of 0.25.

As T, increases from O to 40 K, the occupancy of the
interstitial oxygen O(4) site between double TI-O sheets
decreases from 0.084 to 0.028, which corresponds to the
decrease in excess oxygen per formula unit from 0.168 to
0.056. Although these values are somewhat larger or
smaller than those determined previously by neutron
diffraction for polycrystal samples'® and have quite large
uncertainties, this decease in excess oxygen with increas-
ing T, is quite consistent with the previous result. Posi-
tional and thermal parameters for other atoms are almost
identical to both neutron-diffraction'>'* and single-
crystal x-ray-diffraction'® results.

As the oxygen content decreases, both the c-axis length
and the bond length between Cu and apical oxygen O(2)

TABLE I. Crystallographic data for the T1 2:2:0:1 single crystal with 7, of 40 K. g is the occupation
factor. The Uj;’s are anisotropic thermal parameters and B, is the equivalent isotropic thermal param-
eter. The isotropic thermal parameter of the O(4) site was fixed at 1.0. The numbers in the parentheses
are estimated standard deviations in the last decimal place. a,=3.867 A, cp=23.210 A. Note that
R,,=5.20% and R =4.36%. The composition determined by these data is T1,Ba,CuOy ¢s6.

Atom Site x z B, (A) U, (A) Uy (A) Uy (A) g

TI 4e 0 0 0.29718(8)  1.467  0.0238(7) 0.0238(7) 0.0080(7) 1

Ba 4 0 0 0.0834(1)  0.624  0.0057(7) 0.0057(7) 0.012(1) 1

Cu 26 0 0 0.5 0.544  0.002317) 0.0023(17) 0.016(4) 1

o) 4 0 05 0 0754  0011(13) 0.008(10) 0.010(11) 1

02 4 0 0 0.3843(14) 1589  0017(10) 0017(10)  0.027(19) 1

0(3) 16n 0 0.104(13) 02097(16)  0.728 025
O4) 4d 0 05 0.25 1.000 0.028(64)
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TABLE II. Szzme as for Table I, but for the TI 2:2:0:1 single crystal with a T, of 0 K: a,=3.864 A
and ¢, =23.165 A. Note that R,,,=5.29% and R =4.46%. The composition determined by these data
is leBzCUO& 164+

Atom Site x  y z B, (A) U, A) U, &) U, A) g
Tl 4 0 0 0296999) 1552 0.0261(8) 0.0261(8) 0.00656) 1

Ba 4 0 0 0.0841(1) 0740  0.0070(7) 0.0070(7) 0.014(1) 1

Cu 2 0 0 0.5 0732  0.0045(18) 0.0045(18) 0018(4) 1

o1) 4 0 05 0 1075  004(11)  0018(14) 0017(12) 1

02 4 0 0 03843(14) 1845 0024(11) 0024(11) 0.022(18) 1

0(3) 16n 0 0.109(16) 02097(16)  2.000 0.25
o4 4d 0 05 0.25 1.000 0.084(68)

increase by about 0.2%, whereas the distance between the
Ba ion and the CuO, sheet decreases by 0.6%. These
changes of interatomic distances are understood in terms
of a simple electrostatic picture. Since the incorporation
of excess oxygen provides hole carriers in the CuO,
plane, it will be charged more positively. Therefore, the
positive Ba ions are repelled from it whereas negative O
ions are attracted to it. In addition, it is noted that both
the thermal parameter and the static displacement from
the ideal 4e site for O(3) increase with excess oxygen.
This suggests that some relaxation in TIl-O sheets is
caused by the incorporation of oxygen at the interstitial
site. All these results agree well with the previous
powder neutron-diffraction study. !*

B. Out-of-plane resistivity

Figure 1 shows the Montgomery resistances, R, and
R,, for the samples with T,’s of 0 and 75 K. The inset is
the contact configurations used for these measurements.
R, represents the ratio of the voltage cross 1,2 and the
current through 3,4, while the R, is that of the voltage
cross 1,3 and the current through 2,4. The large values
of R, and R, (>107° Q) as well as the small ratio of
R,/R, (<30) assure the sufficient accuracy in the
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FIG. 1. Montgomery resistances measured for the samples
with T,.’s of 0 and 75 K. The inset is a schematic of the contact
configuration.

Montgomery calculation, in which R; and R, are
transformed into the resistivity components p,, and
p.. 1617

Figure 2 shows the temperature dependence of the
out-of-plane resistivity p, for these two samples together
with those for other materials. The anisotropy p, /p.
versus temperature is shown in Fig. 3. The anisotropy in-
creases as temperature decreases, but the difference be-
tween two samples is not large at room temperature.
This contrasts sharply with the result for underdoped La
2:1:4 and Y 1:2:3, in which the anisotropy drastically
changes with a small change in the doping level. At
room temperature, both p. (~107! Q cm) and anisotro-
PY Pc/Pap (6-8X10%) are larger than for Y 1:2:3 but
smaller than for Bi 2:2:1:2, while p, 1is similar
(~107* Q cm) for all materials. The temperature depen-
dence of p. shows a metallic behavior even in the 75-K
superconducting sample. ,

Previously, Ito et al. have pointed out, on the basis of
the Mott-Ioffe-Regel limit, that dp,/dT will be negative
when p, is larger than approximately 1072 Qcm.'®
However, the p, values in the present work exceed this
limit by an order of magnitude. Moreover, the tempera-
ture dependence of p. for Bi 2:2:1:2 also shows metallic
behavior above 100 K, in spite of the very large p, value
of ~10 Qcm. Therefore, it seems difficult to explain the

10" E
BixSr,CaCu,Og
b

-

Lay.ggSr0.12Cu0,

€
o
c 107 3
‘; —T1,Ba,CuOg, 5
e
10_2_ YBa,Cu;07 4
—3L1 1 L L
107°79 700 200 300

Temperature (K)

FIG. 2. Temperature dependencies of p, plotted vs tempera-
ture for T12B2C006+5, BizsrzcaCUZOg (after Ref. 7),
La, g4Srg 1,CuOy (after Ref. 2), and YBa,Cu;0; (after Ref. 4).
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FIG. 3. Anisotropy of resistivity (p. /p,,) plotted vs tempera-
ture for T1,Ba,CuQq. 5 with T,.’s of 0 and 75 K.

out-of-plane conduction in terms of the ordinary Mott-
Ioffe-Regel model. Finally, considering the large varia-
tion of p, among the high-T, cuprates, it is suggested
that p, does not play an important role in high-T . super-
conductivity, which seems to bespeak the strong two-
dimensional (2D) nature of these materials.

C. In-plane resistivity and the Hall coefficient

The in-plane resistivity p,, was measured by the van
der Pauw method and the Montgomery method as well as
the conventional four-probe method. Figure 4 shows the
temperature dependent p,, for samples of different T_.’s
measured by these three methods. The lower T, values

TI,Ba,CuO, s @
of a-b plane
4 probe method

Tl,Ba,CuOg, s (b)
ol a-bplane
van der Pauw method

Resistivity (1074Q cm)

a-bplane

0 —t +
4t TI,Ba,CuOg, 5 (c)
3} Montgomery method

2

0 700 200 300
Temperature (K)

FIG. 4. Temperature dependencies of in-plane resistivity
measured by (a) a conventional four-probe method, (b) a van der
Pauw method, and (c) a Montgomery method for T1,Ba,CuOg 5
single-crystal samples with low-T, ( <10 K) and high-7, (=50
K) values.
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(T, =10 K) are obtained by annealing the samples in an
oxygen atmosphere at 350°C for 10 h, after making the
electrical contacts; the higher-T, values (T, =50 K) are
achieved by annealing the low-7,. samples in argon at
400-500°C without removing the electrodes. The p,,
values at room temperature for the low-T,. samples range
from 135 to 286 uQ cm. This variation in p,, seems to be
due to the error in measuring sample dimensions as well
as the difference in sample quality. However, it is noted
that the temperature dependencies of p,, for the low-T,
samples are quite similar (~T?). Moreover, as T, in-
creases, the magnitude of p,, increases and the tempera-
ture dependence changes from ~T2to ~T'. Such varia-
tion in the temperature dependence of resistivity is very
similar to that observed for polycrystal samples.” To an-
alyze the temperature dependence of resistivity we first
made a power-law fit expressed as

p=pot+ AT, (1

where p, is the residual resistance. This expression pro-
vides fairly good fits for all the p-T curves in Fig. 1. The
obtained exponent « is plotted versus T, in Fig. 5. It is
clear that the a values change systematically with T, for
all samples, which shows that the temperature depen-
dence of p,, obtained from these three methods is identi-
cal, although the absolute values differ by a factor of ~2.

The Ry values for samples with T, values of 10 and 50
K are plotted versus temperature in Fig. 6(a). For the
low-T. sample, Ry is about 1.0X 1073 ecm®C™! and
shows a broad maximum at about 100 K. For the high-
T, sample, the Ry values become larger and the max-
imum at about 100 K becomes more pronounced. This
tendency is seen more clearly in the temperature depen-
dence of the Hall number ny(=1/eRy) as shown in Fig.
6(b). Obviously, the njy of both samples decrease linearly
as temperature decreases from 300 to ~ 150 K, and show
an upturn below 100 K. These results agree well with
those for polycrystal samples.’ Therefore, the transport

TI,Ba,CuOg, 5 single crystal
@O van der Pauw method
A A Montgomery method 4
A 9 four probe method 3
11000 —~
B «
iy
2.0 ] i
<
s 1500 %
= 1 Q
< 1.8 1 M
kS Q
N | =
1 L E
Q 1.6 0 £
£
3 1.4}

125720 40 60 80
Tc (K)
FIG. 5. Exponent a in p=py+ AT and characteristic tem-

perature 8 in p=p,+ AT?/(T+6) are plotted vs T, for the in-
plane resistivity data of Fig. 4.
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properties of polycrystal samples mainly reflect the in-
plane properties, although the resistivity is rather
enhanced in polycrystal samples. This seems to be due to
the large anisotropy of this material. The temperature
dependencies of the Hall mobility uy (=Rg/p) are
shown in Fig. 6(c). The uy value increases as tempera-
ture decreases, but the difference between the two sam-
ples is rather small. These results are also similar to
those for polycrystal samples, except that the values for
single crystals are about five times larger.

Looking more closely at the temperature dependence
of p,,, although the power-law expression (1) can be fitted
for the entire temperature range, there are significant de-
viations in the high-temperature region (>200 K).
Moreover, the residual resistivity p, becomes negative for
some high-T, samples. These facts suggest that the ex-
ponent a changes with temperature. Figure 7 shows the
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FIG. 6. Temperature dependencies of the (a) Hall coefficient,
(b) Hall number, and (c) Hall mobility for samples with T.’s of
10 K (circles) and 50 K (triangles).
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FIG. 7. Temperature dependence of the local exponent a for
the normal metallic sample of Fig. 4(b), calculated in the tem-
perature range of 50 K around each temperature. The inset is
the raw data used for this calculation.

“local” a values for the low-T, sample of the van der
Pauw method, which are obtained by fitting in a tempera-
ture range of 50 K around each temperature. It is clear
that the exponent a decreases from ~2.0 to ~1.2 as
temperature increases. A similar tendency is observed
for the high-T, sample. Thus, the temperature depen-
dence of p,, is not easily expressed by a single exponen-
tial term throughout the wide temperature range.

Next, we tried to fit the data using a two-carrier model,
in which parallel conduction by two types of hole carriers
with different scattering rates of ~7T2 and ~T' is as-
sumed. In that case, the temperature dependence of
resistivity will change from ~ T'! at high temperatures to
~T? at low temperatures, just as in the result of Fig. 7.
Since the total conductivity is the sum of the two contri-
butions, i.e.,

o~n,A/T+n,B/T?, ()

where n, and n, are the carrier concentrations for the
two carriers, the resistivity is expressed as

p=po+CT?/(T+86), 3)

where C=1/n, A, and 6=n,B/n; A is the crossover
temperature between low-temperature ~ T2 and high-
temperature ~T' dependencies. This expression gives
very good fits over the entire temperature region. More-
over, the p, values are scarcely changed by the change in
T,.. Refined 6 values for the data in Fig. 4 are plotted
versus T, in Fig. 5. It is noted that the 6 value systemati-
cally decreases with increasing T, just like the exponent
a in the power-law fit. Since 6 is determined by the ratio
of n,/n,, the change of the exponent a in the power-law
expression (1) is interpreted as a change in the ratio of the
two carriers. However, this method is inconsistent with
the temperature dependence of the Hall coefficient. In
this model, the Hall coefficient is expressed as

Ry=(T%/n,+6%*/n,)/(T+6)*. @)

Expression (4) has a minimum at a characteristic temper-
ature, B/ A, whereas the observed Hall coefficients show
a maximum at about 100 K. Therefore, the above two-
carrier model seems to be unacceptable even though it
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FIG. 8. Inverse Hall mobility (uz') plotted vs T2 for
T1,Ba,CuQyg . 5 with T,’s of 10 K (circles) and 50 K (triangles).

can explain the temperature dependence of p,;, .

Recently, we proposed another interpretation, in which
the carrier concentration actually changes with tempera-
ture, as shown in the temperature dependence of the Hall
coefficient.!® Although both resistivity and the Hall
coefficient show rather complicated temperature depen-
dencies, the inverse Hall mobility uy'=p/Ry shows
clear T? dependence for both low-7,. and high-T, sam-
ples (Fig. 8). It is specially notable that the anomaly
(minimum) of ny at ~100 K completely disappears in
the uy! plot. Such a temperature dependence of pg', or
cotdy=puy'B, where B is the applied field, is also ob-
served for Y 1:2:3 and its Zn-doped version.?® Anderson
has explained these results by distinguishing the trans-
verse (Hall) relaxation time 7 from the transport relaxa-
tion time 7,,..2! According to this theory, the transverse
scattering rate 7' and the transport scattering rate 7 !
have temperature dependencies of ~7T? and ~T', re-
spectively. However, it seems to be difficult to explain
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the gradual change in 7! from T2 to T' dependencies
without changing the temperature dependence of 7.
On the contrary, if an isotropic mobility u(=er/m*)
=y =U, is assumed for these materials, the present re-
sults mean that u ! always obeys ~ T2 just as in an ordi-
nary Fermi liquid. In that case, the temperature depen-
dence of Ry is considered to reflect a real change in car-
rier concentration, namely, ng ~n, where n is the carrier
concentration. Thus, p,, will vary with 72/ny, which
becomes same as expression (3) above 100 K because ny
linearly increases with ~(7 +6). Indeed, the 6 values
obtained from a linear extrapolation of nj in Fig. 6(b) are
635 and 404 K, which agree well with the values obtained
by fits to expression (3) (Fig. 5).

IV. CONCLUSION

T1,Ba,CuQyg_ 5 single crystals were prepared by a KCl
flux method and their crystallographic and electrical
properties were investigated. The T, values were varied
from 75 to =10 K by annealing in Ar or O,. The super-
conductivity of the crystals was confirmed to be fairly
homogeneous and bulklike. Crystal structure analysis re-
vealed that the excess oxygen is located at interstitial
sites between double TIO layers. The out-of-plane resis-
tivity p. was as large as ~107' Qcm, which is larger
than for Y 1:2:3 but smaller than for Bi 2:2:1:2, but tem-
perature dependencies of p. were still metallic. The tem-
perature dependence of in-plane resistivities p,, changed
from ~T? to ~T! with increasing T,, while the Hall
coefficient Ry showed a maximum at ~100 K for all
samples. However, although p and Ry had such a com-
plicated temperature dependence, the inverse Hall mobil-
ity ug'(=p/Ry) always showed a clear T? dependence
over the entire temperature range. These results suggest
that the scattering rate always obeys a Fermi-liquid-like
T? dependence, and that the carrier concentration varies
with temperature as observed in the temperature depen-
dence of ny.
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