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Oxidation state of copper in optimally oxygen-doped 1:2:3 Ca-La-Ba-Cu-O superconductors
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This paper describes an investigation of the family “CLBLCO” of 1-2-3 superconductors CLBLCO
[(Cala;_,)(Ba,_yLa,_¢1,)(Cu_,M;)30,], with valuesx=0.1, 0.2, 0.3, and 0.4=2.00, 1.75, and 1.55.
The impurityM substituting for Cu was one of Zn, Ni, Co, and Ga, and the valueveds taken from zero to
0.1. Although the maximal value of the transition temperaffifeoccurs at different values of the oxygen
contenty, the average oxidation state of copper for maximais found to be approximately constant. The data
for Ni-doped CLBLCO suggest that the oxidation state of Ni in this system appears to be 3.
[S0163-182608)04042-9

I. INTRODUCTION 1-2-4 system, Williamst al® found no difference between
the effects of Zn and Ni. In an earlier paper of our gréupe
The family (Cala;_,)(Ba._xLa,_cix)(Cui_,M;)30,  also failed to see this expected difference between Ni and
(CLBLCO or, in some of the previous literature, CalLa- Zn. In the present paper, we investigate the effect of Ni dop-
BaCuO of high-T, superconductors is especially interestinging in more detail A priori, one might think that Ni will tend
for the following two reasons. to have the same oxidation state as the Cu in the LuO
(@ In the 1-2-3 superconductors, the transition temperaplanes, i.e., 2. However, our results tend to suggest that this
ture T, depends on the oxygen contentT, increases with ~ expectation is not correct.
increasingy, up to an optimal value, for whicfi, is maxi- We report a study of the dependenceTgfon the various
mal. For the usual 1-2-3 materials, this optimyris some- parameters. Our tentative conclusion is that in the absence of
what below 7. With further increase gf(the “overdoped”  an impurity M, T, is always optimized at a nearly constant
region, T, begins to fall. However, it is not usually possible value of the average oxidation state of the copper. This con-
to reduceT, by more than a few K—e.g., for overdoped clusion remains valid in the presence of Ga or Co impurities,
YBCO the greatest possible depressiogifis only some 2 which have unambiguous oxidation state 3. If this conclusion
to 3 K, and corresponds to a valueyoivhich is still slightly  is also valid for Ni, it follows that in this system the average
below 7. The CLBLCO family is one of the exceptions, in Oxidation state of the Ni is 3although in general, Ni can
that it is possible to attain values piup to about 7.3, and to have oxidation state 2, 3, o).4We are aware that the oxi-
reduceT,, by over 50 K, to as little as 5 K. This is obviously dation state is not necessarily descriptive of the actual distri-
well into the overdoped region. bution of charge; nevertheless it is often a useful guide. We
(b) The crystal structure of CLBLCO remains tetragonalare therefore led to suggest that eitii@r the impurity ions
for all values of the parameters x, ¢, z, andTis avoids the ~ do not sit on the Cu@planes,(b) that although the impurity
complications in interpreting experimental data, arising fromions do sit on the planes, the charge distribution near the
the ordered CuO chains. impurity ion differs significantly from the suggested oxida-
In the following discussion, it will be convenient to dis- tion state, or(c) that the spin-fluctuation mechanism of Ref.
cuss the “oxidation state” of each atom in the compotind 3 may be inadequate, although it would be premature to con-
rather than the somewhat ill-defined concept of the “va-clude that this mechanism fails. Additional experiments will
lence.” The superconductivity of the cuprates is believed tobe required to clarify this point.
arise from the Cu@ planes in their structure. It therefore
follows _that a study of thg effegt of replacing some of the IIl. EXPERIMENTAL TECHNIQUE
copper in these planes by impurity atoms should yield useful
information about the nature of their superconductivity. In  We prepared specimens of pure CLBLCO as well as Ni-
YBCO, it is knowrf that many Zn or Ni impurity ions sit on and Zn-doped specimens with various values of the param-
these planes. If this is also true for CLBLCO, it will be etersx, c, z, andy, as described in previous publicatioh’.
particularly interesting to compare the behavior of Zn and NiFor the present paper, we also prepared specimens with Ga
here. According to the spin-fluctuation theory of Monthouxand Co impurities, by reacting the appropriate oxide and/or
and Pines,we should expect that Ni, being a magnetic ion,carbonate powders. The starting materials wergOsa
will have less influence on the spin fluctuations than the99.98% pure, and free of hydroxide, following preheating at
nonmagnetic Zn, and therefore that Ni will depr@gsmuch 1000 to 1050 °C for a few days; Cu®;99% pure; GgOs,
less than Zr(as is observetto be the case in YBCDInthe  99.99% pure; Cg0,,nH,0, >99% pure, containing 71%
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Co, BaCQ, 99% pure, preheated at 900 °C for one dduyr- sob DA
ing which the volume decreagesnd CaCQ, >99% pure, - F ¢ B e
preheated at 450 °C until constant weight was achidgired < 6oL °
order to remove traces of ,B). The preheated substances 50 i
were cooled in a desiccator. " a0F

Stoichiometric proportions of these compounds were L
ground for 15 min in a zirconia planetary ball mill. They 20F
were fired three times, at 950 °C for 16 to 20 h in a box C ]
furnace in air. After each firing, they were transferred from Y 7'1 = yl =
the hot furnace to a desiccator and were reground with an ' '
agate pestle and mortar. FIG. 1. T, vsy for (Calay_,)(Bay 75 yLag 25:xXCUO,), for x

The fired powders were pelletized into bars measuring=0.1,0.2,0.3,0.4.
2.5X2.5X 13 mm, and weighing 0.3 to 0.4 g, under a pres-

sure of 6 kbar. The pellets were sintered in dry oxygen at Figure 2 showd, vsy, for various concentratiorsof Ni,

960 °C for 60 h, and slowly cooled to room temperature, at &g \well as for one sample each with Co and Ga as the impu-

rate of 10 °C/h. _ rity. In all these data, the Ca concentratiowas 0.4.
Underdoped samples were prepared by reducing the as-"the most interesting feature in Fig. 1 is that fhesition

prepared pellets in oxygen, at 300 to 500 °C, for 16 t0 25 Nyt the maximumT, occurs at approximately the same oxy-

and guenching them at liquid-nitrogen temperature. Opti—gen concentratiog,=7.15, although the maximum value of

mally doped and overdoped samples were prepared by af- yenends om. On the other hand, Fig. 2 shows that Ni not
nealing in oxygen at high pressufB00 to 1200 bar at 300 o veducesT,, but that the position of the optimury,

to 460 °C for 20 to 60 h, and quenched by switching theycreases from 7.15 to 7.23, asncreases from 0 to 0.1.
furnace off. They cooled to room temperature in about 30 \ye note in passing that introducing Zn as an impurity in
min. (Further details will be published in a subsequent PayBCO,M in the 1-2-4 cuprate¥ and in CLBLCO® does not

per.). . - .. change the number of charge carriers, for a given value of
tis worth remarking that the possibility of overdoping in |, the case of CLBLCO, this result also applies for the case
this material is special. In the usual 1-2-3 compounds with- ;i impurity.®
out any substituted metallic ions, overdoping can at best de-
pressT, very slightly® This is the case for YBCO, which is
unstable under high oxygen pressures, and for YbBCO and IV. INTERPRETATION
HoBCO, which, although they remain stable, do not absorb :
additional oxygen. SmBCO and NdBCO, which also remain We note that in the pure CLBLC.O system,. all elements
4 except copper have unique oxidation state$g,€2, Jca
stable under high oxygen pressures, cannot be overdoped & 3, go=—2). We defineQ, the sum of the oxida-
all. We even tried to overdope a material similar to i ’ that ’ (10 Il th : i I,d' th d
CLBLCO, but with Nd instead of La. This material exists, lon states ot all thé cations exciuding the copper and any
but we were not able to overdope it, up to an oxygen resgopper-sne substitutional cations, as
pe 1L, up ygen p
sure of 1200 bar.
The oxygen conteny of our samples was measured by Q=2x+3(1-x)+2(c—x)+3(2—c+x)=9-c, (1)
iodometric titratior> We stress that the calculation of the
value ofy, as found by titration, does not require any knowl- independent ok. Hence, for electrical neutrality, the average
edge of the oxidation state of Cu or of Mi the compound  oxidation stateP, of Cu must be (2—Q)/3. In the more
All that matters is the oxidation state of these elements aftegeneral system (Gha; ) (Ba.—xLay—¢+,)(Cu;-,M;)30y,
the reaction of the cuprate with the iodine anion; it is knownwhere some of the copper is replaced by an impurity with
that, after the reaction, Cu has oxidation state 1, while Ni an@xidation stateqy,, the average oxidation sta, of the
Co both have oxidation state 2. copper(averaged oveall the Cu atoms, both in the CyO
planes and in the “chain” layejss

IIl. EXPERIMENTAL DATA

N  EEEEEmEE
[ —e—cataw)  1.5%

In Fig. 1, T, is plotted against the oxygen contentfor [ —o—cots%)
pure CLBLCO, with varying values of the Ca concentration B0 ower
x. For all x, T, as a function ofy first rises, achieves a
maximum at a valug, (“optimal doping”), and then falls.
The data for the underdoped region contain previously pub- L
lished resultg:1° 201

In all our samples, it was possible to get data extending o
from well-underdoped to well-overdoped regions by varying SEm— 7'1 S 7'3 ”
only the oxygen content Thus we are able to determigg ’ ° Y
directly, without any need for extrapolation. The only uncer-  FiG. 2. T, vs y for (Calay_)[Bay 75 xLag 25: x(Cly_,M,)3
tainty in determiningy, stems from the fact that the graph of O,]. The data shown here are fo4=Ni with z=0.015, 0.025,
T, vsyis flat around the maximum. We used the fact that thep.05, 0.08, 0.10, foM=Co with z=0.05, and forM =Ga with
curve looks symmetric about the maximum to determjige  z=0.04.
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TABLE I. Average oxidation state of Cu ions at optimal doping. constant,=2.35+0.01, for groups 1 through 4. We have
assumed that Co has oxidation state 3, in agreement with the
Group M z Q x % Po  Grp. av.P general consensus of workers in high.

The oxidation state of Ni can be 2, 3, or 4. If the above
empirical rule(that Py is constant2.35 holds also in the

0.1 7.135 2340

1 0 725 02 7149 2349 2.33.01 presence of Ni impurity, then we must have for the average
0.3 7.160 2.357 oxidation state of the nicke{gy;) =3, which seems to us the
04 7.146 2347 most natural assumption. This is the value which has been
7.45 7.250 2.353 taken for groups 5 and 6 in Table I.
2 0 725 04 7.146 2347 23901 We thus conclude that when an impurity cation with well-
7.00 7.000 2.333 defined oxidation state is introduced, the average oxidation
0.015 7.154 2.358 state of the copper for maximal. is unchangedP,=2.35.
3 Zn 0025 725 0.4 7.152 2360 2-86.00 We can thus predict what value of the oxygen concentration
0.040 7147 2.362 Yo Will yield the highestT.. Moreover, when the oxidation
Ga  0.040 7168 2335 state of an impurity cation ia priori uncertain, we can use
4 Co 0025 725 04 7180 2354 28801 the position (_)f thel . maximum to assign an O_X|dat|o_n state
for the impurity. Thus the values &, for the Ni-containing
Co 0.050 7210 2.358 samples in Table | have been calculated assuming that
0.015 7.144 2336 (gni)=3. If we were to assume thétyy;)=2 (similar to the
0.025 7.164  2.343 generally accepted oxidation state of the Cu in the £uO
5 Ni 0050 725 04 7185 2340 234.01 plane3, we would find thatP, will vary strongly with z,
0.080 7.216 2341 ranging from 2.36 foz=0.015 to 2.44 foz=0.1. Similarly,
0.100 7.225 2.333 if we were to assume the oxidation state of the Ni to be 4, we
0.1 7.174 2.350 would find Py decreasing from 2.33 to 2.22 over the same
6 Ni 0025 7.25 02 7.174 2350 239.00 range ofz It will be interesting to examine whether the
03 7.174 2.350 physical charge distributiofas measured, e.g., by XARS
04 7164 2.343 matches our tentatively assumed value for the Ni oxidation
Average of all groups 2.350.01 state.
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