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Carrier-Controlled Doping Efficiency in La;CuQOyg+s

Z.G. Li,H.H. Feng, Z.Y. Yang, A. Hamed, S.T. Ting, and P.H. Hor
Department of Physics and Texas Center for Superconductivity at the University of Houston, Houston, Texas 77204-5932

S. Bhavaraju, J. F. DiCarlo, and A. J. Jacobson

Texas Center for Superconductivity at the University of Houston, Houston, Texas 77204-5641
(Received 10 October 1995; revised manuscript received 15 Octobe)y 1996

We have studied the excess oxygen content and hole concentration i€ BEthealed LaCuO,. s
prepared by electrochemical oxidation fbr< 6 < 0.12. Two distinct sites were observed with doping
efficiency of 2 or 1.3 holes per excess oxygen atom. The occupation of the two different sites is
determined by a critical carrier concentrati@h =~ 0.06. As a consequence, a sudden increase of
chemical potential of doped holes B¢ is suggested. [S0031-9007(96)02000-5]

PACS numbers: 74.25.Bt, 74.72.Dn

La,CuQ,, and antiferromagnetic insulator with a for 12 h with intermediate water changing and then washed
simple K;NiF, layered crystal structure, becomes aseveral times in acetone. Finally, the sample was dried in
prototype high¥. superconductor upon cation substitu- vacuum for 12 h at room temperature. A sample prepared
tion and/or anion doping. Although high temperatureup to this stage is referred to as an “initial sample.”
superconductivity was originally observed in the cation The corresponding value & for a sample charged to
substituted La-,Ba,CuQy, the anion doped L&UQO, s Q was determined by the following procedure. A disk,
exhibits far more interesting physical properties than itswith diameter~0.6 cm and thickness- 0.06 cm, of mass
cation substituted counterpart. For example, orfs&s ~80 mg of an initial sample was wrapped in Au folil
as high as 45 K in bulk samples [1] and 60 K in thin (~20 mg). The pellet was then heated to T@in air
films [2] were observed in electrochemically oxidizedfor 1 h to check that the sample had been thoroughly
La,CuQy+s. Temperature-dependent distributions of thedried in vacuum. No weight losses were observed within
apical oxygen atoms, nonequivalent Cu-sites, microscopiour resolution ofAW = =2 ug. Finally, the pellet+
segregation of holes, and macroscopic phase separatidw foil was annealed at 55 in flowing nitrogen gas
were observed and attributed to the intrinsic responses ébr 6 h and then furnace quenched. The final weight of
La,Cu0Qy; s to doped holes [3—7]. In spite of extensive the pellet is determined and the corresponding value of
studies of this rich physical system, the fundamentallyd calculated. The residual excess oxygen content after
important issues such as the valence state of the inteannealing at 55€C, determined by electrochemical de-
stitial oxygen atoms, the excess oxygen contén)t énd intercalation, is less than 0.0005. The uncertainties in the
especially the corresponding hole concentratipnhave  absolutes values determined by weight loss experiments
been controversial and are still largely unresolved. Invere estimated to bA§ ~ +0.002 for 6 below 0.08 and
this paper, we present our systematic studies of the excedss ~ *=0.003 above 0.08.
oxygen content and corresponding hole concentration In Fig. 1, the values o determined by weight loss
in 110°C annealed LgCuQ,,s; samples prepared by experiments are plotted versus the corresponding charge
electrochemical oxidation fdr < § < 0.12. transfer counf obtained from the electrochemical oxida-

The starting materials, L&uUQ, and Lg ¢5SKosCuQ,, tion experiments. The data are represented by a straight
were prepared by standard solid state reaction and subne according to the equatioh = Q/2 up to 6 = 0.11.
sequently oxidized by electrochemical oxidation methodsThis result indicates that a single uniform overall elec-
previously reported [8]. To achieve a quantitative corretrochemical oxidation is operational up &= 0.11 and
lation betweens andQ, hereQ is the charge transferred that no electrochemical side reactions were involved even
per formula unit, all intercalation reactions were performedvhen samples were oxidized at % (samples with5 >
below the oxygen evolution potential. The constant cur0.08). At § = 0.11, wherep = 0.16 as determined by
rent method was used to charge samples up te 0.08  iodometric titration, a substantial reduction of the current
at room temperature. Fao$ > 0.08, the potential step efficiency ¢ ~ 0.1Q) is observed. This indicates that the
method was used with the cell temperature maintained ahaximum oxidation state of L&uQ,+s by oxygen dop-
70°C. Electrochemical intercalation performed at elevatedng is limited by the optimal hole doping concentration
temperature greatly accelerates bulk diffusion which rep ~ 0.16. This is consistent with the previous reports
duces the overpotential and therefore inhibits oxygen evathat a maximum effective hole doping0.16 is always
lution at highé values. After a sample was charged to aobserved independent of the starting materiab (izO, or
desired value o), the pellet was soaked in distilled water La,—, Sr,CuQy), prolonged oxidation time, and techniques
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0.15 : . : . . The &’s in Laj95SKosCuQy; 5 were determined by the
charge transfe according tod = Q/2. The § value
0.12 v Lay 955r0.05Cu04+5 | of one sample charg_ed tQ = 0.17 was che(':ked. by
- o LagCuOgss 3 a weight loss experiment (closed triangle in Fig. 1).
3 — & =0q/2 Taking into account the initial Sr doping of 0.05, the
(@} H . .
g 009 1 behavior ofp vs 6 of co-doped samples is plotted in
& Fig. 2 (closed triangles) by shifting the horizontal axis
— 006l 0,05 ] by 6 = 0.025 (top horizontal axis). Each oxygen can
5 & g be seen to contribute 1.3 holes when> 0.06, and the
© §°4_ data points fall on the solid line. This demonstrates
0.03 | §o.3- . that the critical hole concentratiop. ~ 0.06, not the
.00 004 0.08 o1z excess oxygen contewt = 0.03, determines the change
0.00 . . . 6 in LazCuls+s of doping efficiency.
0.00 0.05 0.10 0.15 0.20 0.25 0.30 To further investigate the nature of the holes in
Charge Transfer, Q (e/f.u.) La,CuQy+5, the hole concentration was also extracted

: from the room temperature thermopower data. It has been
I'i:rlg'rtbrelzs)é?ﬁgstr?: %?neeng? r\:asla(t:ig?nrie ér/a;Sf%r%)r']J gefgfl'g shown that there is an empirical universa! correlation be-
specific sample are independently determined by weight losiveen the room-temperature thermoelectric power and the
and electrochemical oxidation experiments, respectively. Insefiole concentration for high temperature superconductors
The potential step data for a sample chargedste- 0.13, [13]. The thermoelectric powerS( of La,CuQ;+5 was
wheres is determined by = /2. measured, and the corresponding hole concentration
was determined by comparing the results to similar room
temperature data of La,Sr,CuQ,. The values ofp; are
used for electrochemical oxidation [9,10]. The significantalso plotted in Fig. 2 (closed circles). Both the valugpf
drop of current efficiency a8 > 0.11 is related to oxygen and thep, vs 6 behavior are identical to that determined
evolution. In the inset of Fig. 1 we plot the potential vs by titration up toé ~ 0.08. The same criticab. ~ 0.06
8 for a sample charged 1©/2 = 0.13. It can be clearly for the change in the doping efficiency is again observed
seen that abové = 0.11 the potential increases rapidly in p; vs 6. Therefore at room temperature the electronic
to the oxygen evolution potentiaH0.60 V vs Hg/HgO).  system of holes induced by excess oxygen is similar to
For the determination of, the initial sample was that induced by doping with strontium over a considerable
first annealed at 11T under oxygen atmosphere for range of doping levels. The observation that the transport
24 h. To improve the accuracy and minimize error,properties, at a very limited low doping level, are quite
the formal copper oxidation states in JGuQO,+s and
La; 95Sr0sCuQy+ 5 were determined by the ratio of the

4+ . e 6 in Lay 955T0.05CUO0.
results of two titrations: First the copper concentration is 1 LA1.95510.05% U Bt

determined and then the degree of oxidation abové Cu 0.24 O',OO O',03 0'96 O',Og

[11]. To prevent air oxidation of1, which introduces L 1.30540.019 .

additional uncertainty in titration results, all the titrations o, 5 o9 [ i s ) R

were carried out in the presence of an ammonium acetate v La iSe - Cuo I

acetic acid buffer [12]. Samples with each value 0.16 | o L:‘l'cgjo‘z:{’ ++e e 1
2 e

were measured at least twice and in several cases si
times. The average value determined fgr with an
estimated uncertaintAp = *=0.005, is plotted versus
corresponding in Fig. 2. For LaCuQ,s (open circle),

e LagCuO4+s

Hole Concentration (p)
o
N

thep vs 6 behavior can clearly be divided into two linear 0.08 1
regions with different doping efficiencies (holes created /
in the CuQ, plane per intercalated oxygen atom). In & 0041 o ]
the first region, fors up to ~0.03, each excess oxygen é/‘

i 0.00 : . : : .
atom contributes two holes to the CuPlanes. Fors > 0.00 0.02 004 008 008 010 0.12

0.03 each additional intercalated oxygen atom contributes,
on the average, 1.3 holes. The dotted line represents a

doping efficiency of two holes per excess oxygen atomFIG. 2. Hole concentrationp} vs excess oxygen conteni)(

and the solid line is the linear fit to the data points'®) L&CUQi.;, from fitration resuits(@®) La,CuQ,.;, from
b s = 0.03. To elucidate th igin of this ch thermopower measurements; a0 La; o5SK0sCuQy+s, from
aboveo = 0.05. 10 €elucidale the origin of this Change yiyation results. Dotted line represents two holes per oxygen

of h0|e doping efficiency, we have prepared a series ohtom and solid line is the linear fit to the titration data (open
cation and anion co-doped samples; 48515 05CuUQy+ 5. circles) fors > 0.03.

0 in LagCuOyqy
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similar for strontium-induced and oxygen-induced holesgas effusion spectra of LEuQ, s for 6 = 0.015, 0.055,
in La,CuQy [14] agrees with our conclusion. The details and 0.075. Two oxygen peaks can be clearly seen at
of the method of extracting®; and an analysis of the ~260 and~420°C. Although both peaks grow initially
temperature dependence &f for the whole series of at low é value, the oxygen content under the second
La,CuQ,+s samples will be published elsewhere [15].  peak (5,) saturates a®t, ~ 0.033 (the shaded area in
The existence of the critical hole concentratipn ~  Fig. 3), while the oxygen content under the first péak
0.06 and the lack of any corresponding anomaly incontinues to grow. This systematic behavior is observed
Fig. 1 indicate that the change in doping efficiencyfor the whole composition rang€d < § < 0.11) we
is electronic in origin. It should be noted that theinvestigated. This result is consistent with the doping
critical concentrationp. is at the hole concentration efficiency data since the initiat0.03 O, excess oxygen
where the conductivity versus temperature behavior odtoms should remain the same at highvalues. For
all high T. layered cuprates becomes metallic arounds = 0.015, the small peak observed at 28D is probably
room temperature and superconducting at low temperatuidue to the thermal activation of the excess oxygen atoms
[16,17]. Therefore the doping efficiency is controlled by under the second peak into the first peak. Howeder,
the intrinsic characteristics of the electronic system ofbecomes thermally stable after it is saturated. Two similar
La,CuQy+5: Two holes are created in the Cy@lane gas effusion peaks are also observed ip L.&r,CuQy. s,
for each excess oxygen atof®() in the insulating wherex = 0.025, with a stable saturatiod, = (P, —
region and 1.3 holes per additional excess oxygen atom)/2. This indicates that @ ions are coupled to the
(O(1.3)) in the metallic region. In Fig. 2 the finite intercept electronic system and become stabilized at Pc. In Fig. 4,
of 0.019 in the doping efficiency equatigh= 1.36 + we ploté, vs 6 of La,—, Sr,CuQy5 for x = 0 and 0.025.
0.019 for p > 0.06 indicates that both @3 and Q; It can be clearly seen that for a fixed &, increases
co-exist in the metallic samples. Consequently, theravith & initially and saturates a6 = 0.033 and 0.018,
are two bonding configurations with the binding energyrespectively. Howeverd; continuously increases. The
of Op) being different from that of @3). Indeed, two details of the gas effusion studies of,IGuQ,+ s will be
distinct peaks were observed in our gas effusion spectrnaeported later [18].
of La,CuQy+ 5. The gas effusion experiment is performed  Although two holes per excess oxygen can easily be
by continuously heating a L&uQ,+s sample at a rate understood if we assume that the interstitial oxygen is an
of 20°C/min in a sealed quartz tube under vacuumO~ ion, 1.3 holes per excess oxygen is quite peculiar.
and recording the total gas pressure as a function oiVe offer one possible explanation here: It has been
temperature (inset in Fig. 3). Th& values determined suggested by the neutron diffraction studies of both
in the gas effusion experiments were consistent withi,a,CuQ, and LaNiO, that interstitial oxygen can form
10% with the values determined by weight loss and theeither short O-O bonds with some peroxide character
electrochemical charge transfer. In Fig. 3 we present ther, alternatively, a polyoxide £~ complex with one
or two neighboring apical oxygen atoms, respectively
[19,20]. Either of the above scenarios can effectively
1 reduce the net doping to less than two holes per excess

La,CuOy., 5, oxygen atom. For instance, each excess oxygen atom
5=8,+5,
/g =0 0.06 . . . . . . . .
é) 04 r T La, Sr.CuO,,;
= o x=0.000
) T 00 e x=0.025
é 0.04 |- o -
a
L 5=0.055 s = o o
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FIG. 3. Gas effusion spectra of 1@uQ,,s for § = 0.015,

0.055, and 0.075. Inset: The evolved gas pressure as RIG. 4. The excess oxygen content under the second peak
function of temperature fo6 = 0.055. Gas effusion spectra (6,) vs total excess oxygen contefd = 8; + 5,), where
were obtained by taking temperature derivatives of the pressurg]) x = 0.000; (®): x = 0.025. §, saturates at a value with

Vs temperature curve. 8, = (P. — x)/2.
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will effectively contribute one hole to CuQplanes cess oxygen atom occurs at a critical hole concentration
if it forms O; >~ complex with two apical oxygen p. ~ 0.06, which is characterized by a sudden increase
atoms. Therefore the average doping efficiency of 1.®f chemical potential of doped holes.

can be understood as a global arrangement of bonding The authors would like to thank C. W. Chu, X. X. Dai,
configuration (long range correlation) of those oxygenC.S. Ting, and T.K. Lee for helpful discussions. This
atoms such that two out of every three excess oxygework was funded in part by the NSF (DMR 9500625 and
atoms will form polyoxide complex. In this case, on CHE 9408742), ARPA (MDA 972-90-J-1001), the Robert
the average, there will be four holes doped for everyA. Welch Foundation (E1207), and the Texas Center for
three excess oxygen atoms. Since peroxy species are ratiperconductivity at the University of Houston.
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