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Studies on Li-doped Ca¢Sr,.,;CuO,: the prototype of cuprate
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Abstract. The layer-type compound, Cag.gsSto.;sCuO,, which is the prototype of the
cuprate family of high 7, oxide superconductors is an electronic insulator, and has a low
ordered moment at 300K indicating that Cu®* jons are highly correlated. Doping with
lithium (up to x=0-15) decreases the room temperature resistivity drastically (from
103 ohmcm to 0-6 ohm-cm) but metallic behaviour is not induced below 300 K. The magnetic
moment on Cu?* remains low but our studies did not show any antiferromagnetic ordering
below 300K in any of the Li-doped phases.
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1. Introduction

The compound, Cag.g5Sr,.;sCuO, with the layer structure (Siegrist et al 1988) is
interesting for the following reasons: (i) It is the prototype of the high T, copper
oxide superconductors (HTSC) of the Bi and Tl families, viz. Bi,Sr,Ca, - 1Cu, 05,44
and T1,Ba,Ca,_;Cu,0,,454mm =12 n=1,2,3 (Rao 1988a,b; Rao and Raveau
1989; Ramakrishnan and Rao 1989). The (Ca,.555r0.15) plane does not contain any
oxygens and the CuO, planes are all well-defined (figure 1). (ii) It is an insulator
(semiconductor) similar to the parent HTSC phases, viz. Bi,Sr,YCu,04.5,
T1Ba,YCu,0, and YBa,Cu;0¢ (Ganguli et al 1989; Hervieu et al 1988; Torardi et al
1987). (iii) The Cu®* has a magnetic moment, despite a low value of 0-5 uB and the
compound orders antiferromagnetically with a fairly high Néel temperature
(Ty = 537 + SK) (Vaknin et al 1989). This behaviour is analogous to the parent HTSC
insulating phases which order antiferromagnetically at high temperature. Hence
a detailed understanding of the properties of the prototype compound,
Cag.55STo.1sCUO,, can help in elucidating the mechanism of HTSC in the mixed
copper oxides. It is to be noted that pure CaCuO, does not have a layer structure
and incorporation of Sr at the Ca-site is essential to stabilize the desired layer structure.

In the present work we have attempted to introduce charge carriers by doping
with monovalent Li ions at the Ca-site. In this process mixed valence can be created
at the Cu site (Cu* /Cu?*) and hopping of holes resulting in improved conductivity.
In the ideal case, we may expect a metallic behaviour similar to La, _,Sr,CuO,. We
present the X-ray, magnetic susceptibility and resistivity data for the phases,
Li,(Cag.g5570.15); - xCuO; (x =0—0-15).

2. Experimental

Compounds were prepared in polycrystalline form by the high temperature solid-state
reaction of high purity CaCOj (Cerac, 99:99%), StCOj5 (Cerac, 99-99%), CuO (Cerac,
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Figure 1. Structures of Tl,Ba,Ca,Cu,0y and Cay.g55r,.;5Cu0,.

99-9%), Li,C0O, (Cerac, 99-99%) in stoichiometric amounts. The mixture was calcined
at 910°C for 24 h and cooled, reground and heated at 920°C for 24 h. The black powder
was pelletized (WC-lined stainless steel die and plungers; 8mm dia, 1-2mm thick;
3 tons/cm? pressure) and again heated in air at 930°C for 24 h and cooled. The Li-doped
samples were prepared in the range of 0< x <0-25 in steps of 0-05.

The phase formation was tested by X-ray diffraction (XRD) using a Phillips, PW-
1140 unit (CuKe-rad; Ni- filter; 40kV; 20mA). Lattice parameters were obtained by
LSQ fitting of the high angle (hkl) lines. Electrical resistivity was measured on sintered
pellets by four-probe Van der Pauw technique using a closed cycle He refrigerator (CTI
cryogenics, USA; model 21C) in the range 150300 K. Metallic indium contacts on the
pellets were provided using an ultrasonic soldering iron. Magnetic susceptibility data
were collected using the SQUID magnetometer (Quantum Design model 1822 MPMS,
USA) in the range 42-350K.

3. Results and discussion
3.1 Structure and stability

The compounds are black in colour and stable. The XRD patterns of the pure
compound (figure 2) Cay.g5Sr,.,sCu0, indicated a single-phase formation and the
lines could be indexed on the basis of tetragonal unit cell with space group P4/mmm.
The LSQ fitted lattice parameters given in table 1 are in very good agreement with
those reported by Siegrist et al (1988). The XRD patterns of Li,(Cag.g5STy. 5); - ;CuO,
are similar to that of the pure phase up to x =015 indicating single phase nature
(figure 2 and table 1). Li doping decreases the a and ¢ values. For 02 < x <025
impurity lines of CuO and Ca,CuQ, were seen in addition to those of
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Figure 2. X-ray diffraction patterns of Li (Cag.55Srg.;5); - <CuQ,. x values are shown.

Table 1. Structure and property data on the Li,(Cag.g55rq.;5); - CuO, system

Tetragonal
lattice param.
Resistivity, Qcm

Composition a(d)  c(h) P00k Pisok E, (eV) Pers BM
x=0 388 323 3x 103 — — 01
(3-86)* (3-20)* (0-5y*
x =005 3-88 323 215 2518 01 (300-210K) 015
006 (210-150K)
x=01 387 3.22 078 1537 0-08 (300-150K)  0-21
x=015 387 322 0-55 2160 01 (300-150K) 0-15

*Values in parenthesis are from Siegrist et al (1988) and Vaknin et al (1989).

Cay.4551.,5Cu0,. For x> 0-25 the XRD patterns are complex and could not be
indexed.

Substitution at the calcium site by Mg?*,Ba?*,Y3*, La®* and Ce*", at the copper

site by Fe?* and Ni**, and at the oxygen site by F ~ was tried by the solid-state reaction
method but did not yield single-phase materials.
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3.2 Electrical properties

The pure phase Cay.g55I,.;5CuO, is found to be an insulator with a room temperature
resistivity (psqox) ~ 10°Qcm (table 1) as observed by Siegrist et al. As expected
resistivity decreases with increasing Li content (table 1). Drastic decrease occurs for x
as small as 0:05. Much smaller decrease in p 300« Occurs for further increase in x.
However, all compounds showed only semiconducting behaviour below room
temperature and no metallicity was noted (figure 3). Measurements were restricted to
the range of 150-300K due to the high resistivity of the samples below 150 K. No
measurements could be carried out on the pure Cay.555r,.;sCuO, phase below room
temperature again due to high resistance.

- The activation energy (E,) was calculated from the slope of the Arrhenius plot of
log ¢ vs 1000/T where o =1/p ohm™~!cm™*. The E, values are low (0-06—-0-1¢eV) for
the Li-containing phases (table 1). For the x = 0-05 sample we notice a break in the
logo vs 1/Tplot at 210K, the significance of which is not clear to us at present.

3.3 Susceptibility measurements

The molar susceptibility vs temperature plots for the pure and lithium-doped phases
are shown in figure 4. Our value of y,, for pure compound, viz. 1:3 x 10~ 3 emu/mole
at 300K is smaller than the value of 4 x 10~ % emu/mole reported by Vaknin et al
(1989). However, the x-T dependence in the range of 50-300K is the same in both
measurements. The rise in y,, below 50K is due to the small amounts of magnetic
impurities. For Li-doped compounds, the y, 300k Vvalues are large by an order of
magnitude compared to the pure sample. The y-T dependence in the range 140-300K
is more or less temperature-independent and y,, increases below 140K. The data for
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Figure 3. Resistivity plots of Li,(Cag.g55r5.5); - :CuO,. x values are shown. Inset is the
Arrhenius plot to get activation energy.
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Figure 4. Magnetic susceptibility vs temperature plots for Li,(Cay.g5Srg.15); - xCu0,. x
values are shown,

the pure and Li-doped (x = 0:05,0-1) phases were fit to a modified Curie Weiss law:
X =1%o + C/(T— 0) where y, is temperature-independent susceptibility (a sum of core
diamagnetic and Van Vleck contribution), C the Curie constant and 6 the Curie-Weiss
temperature.

The effective magnetic moment p,,; was calculated from the molar C using the
equation pes = 2:83 C'/2, The values of p,;, are listed in table 1. The value for the pure
phase is 01 up. This is smaller than the value of 0-51 + 0-05 up/Cu ion reported by
Vaknin et al (1989) from their neutron diffraction data. We find that the Dege Slightly
increases for Li-doped compounds (table 1 and figure 4).

Itisknown thatin the La, _ ,Sr,CuO, system, with increase in x, the p500 ¢ decreases
due to the introduction of Cu3* ions, and a change from semiconductor-to-metallic
behaviour occurs for x > 0-05 and superconductivity for x > 0-15. Simultaneously, the
antiferromagnetic Ty decreases with increasing x. In the present case of
Li,(Cag.g5S10.15); - xCuO,, weexpect a decrease in p 300k Withincrease in x asis indeed
observed. However, no metallicity is induced. We also expect a decrease in Ty with
increase in x. However, we do not see any magnetic ordering, within the limits of our
measurement, in the doped samples in the range 4-2—300 K. More careful studies
including heat capacity data may throw light on this aspect.
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4. Conclusions

Present studies show that the tetragonal layer type compound Cag.gsStq.15Cu0; isa
semiconductor with p3q0 ¢ & 10°> Qemand is paramagnetic with peg = 0-1 upduetothe
highly correlated nature of the Cu?* —3d spins. Lithium can be doped to the extent of
0-15 and produces a drastic decrease in the resistivity of the compound. However, no
metallic behaviour is noted below 300 K. The p,; remains small in the Li-doped phases
but no evidence for antiferromagnetic ordering is seen below 300K in any of the doped

phases.
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