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Doping in isoelectronic cuprate superconductors
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Thermoelectric power in the charge-compensated 1:2:3 family (Ca La& ~)
(Bag.75 — Lao.2s+ )CusO„shows that doping occurs also under isoelectronic (constant electron con-
centration) conditions obtained by keeping the oxygen content y constant. For all values of x and y
there exists a single doping parameter y —yM-&(x), where yM-& is the value of y at the metal-insulator
transition, suggesting that a single mobile band controls transport and superconductor properties.
Isoelectronic doping occurs via capture of mobile electrons by lower-lying low-mobility states, requir-
ing either a shift of the band relative to these states or transfer of spectral density near the Fermi
energy.

The relationship between the transition temperature
T, in cuprate superconductors and the doping level (i.e. ,
the mobile-hole density per Cu02 plane p~~ „,) has re-
ceived much attention in recent years. This relationship
was investigated by controlling the electron concentra-
tion, as determined from chemical valence, through the
change of cation composition or of oxygen content. p~~ „,
is assumed to change by these substitutions. The ratio-
nale behind using the microscopic hole density pz~ „was
the observation that in many underdoped cuprates T in-
creases with conductivity. The BCS formula also suggests
use of this parameter due to the close relation between
p~~ „, and the density of states (DOS) at the Fermi en-
ergy Ep. As an example, in YBa2CusO„(YBCO), sub-
stitution of Ca for Y (Cav) changes T, and is believed to
increase hole concentration. Substitution of La for Ba
(Lan ) by the same amount dopes the material with an
equal number of electrons. Apparently, substitution of
Ca~ or LaB, respectively, increases or decreases the hole
population by one hole. On the other hand, hole doping
by the add. ition of oxygen is believed to occur via charge
transfer &om the planes to states added to the so-called
charge reservoir.

The efFect of substitution on T supports the as-
sumption that the electron concentrations deterxnined by
chemistry and the doping level are related. However, the
role of the energy levels (or bands) that are involved in
these charge transfers, in particular the position of the
Cu02 band relative to the levels of the charge reservoir
or of the substituted ions, is not entirely clear. For in-
stance, one could assume safely that the energy level of
CaY lies much below the Cu02 band since it acts as an
efficient acceptor at 0 K. Similarly, the level of LaB lies
much above this band. In the case of separate substitu-
tion, i.e., either Ca~ or La~, the charge transfer &om
the substituent atom to the bands in the vicinity of E~ is
complete. On the other hand, upon simultaneous cosub-
stitution of both dopants in equal amounts, one would
expect comp/etc charge compensation between the Sub-
Stituent atoms alone. In this case the Cu02 band is not
involved in the charge transfer. Hence, no doping eÃects

would be expected since E~ remains fixed, in which case
both T and the resistivity p should remain constant.

In this paper we investigate the effect on p~~ „,of sub-
stitution under conditions where the electron concentra-
tion remains constant. We show that under these iso-
electronic conditions, one observes substantial changes in
T„p, and the thermoelectric power (TEP). Hence, dop-
ing does occur. We conclude that additional states have
to exist near E~ capable of capturing electrons released
&om the Cu02 band and at the same time keeping the
electron concentration constant.

Recently, we have investigated the tetragonal 1:2:3
family (Ca Laq ~)(Baq qs Lao 2s+~)CusO„, Ca-La-Ba-
Cu-O, that exists in the composition range 0 & x

0.5.s In this family Q (the total valence of the non-
copper cations) remains constant (Q = 7.25), indepen
dent of x. This occurs due to equal amounts of charge-
compensating cosubstitutions on the Y and Ba sites (6rst
and second brackets, respectively), provided that Ca, Ba,
and La keep their regular valence (+2, +2, and +3, re-
spectively), which is common practice. By careful reduc-
tion and accurate determination of oxygen content y we
were able to maintain y constant. Under these condi-
tions, the electron concentration remains constant, the
system becomes isoelectronic, and no doping efFects were
expected. Nevertheless, we observed big changes in both
T and p. These unusual results ' provide perhaps an
indication that doping might occur even under truly iso-
electronic conditions.

However, variations in T, and p are in themselves in-
sufficient to prove that doping actually occurs. For in-
stance, variation with composition of the strength of the
pairing interaction due to chemical disorder could be an-
other reason for changes in T . Similarly, variation in
scattering lifetime could contribute to changes in p with
composition. Thus an independent measurement such as
TEP is required if doping under isoelectronic conditions
should become unequivocal.

Recently, a remarkable universal relationship between
the room-temperature TEP S and T,/T, „, has been
found by Obertelli et aL (T, „denotes the maximum
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T, attainable by doping within a given family). It was
shown that many cuprate superconductor systexns fall
on a single and therefore universal curve on this plot
(Fig. 1), suggesting similarities in the band structure of
p-type cuprates. Moreover, for large positive values of S
the cuprate is in its underdoped region, while for negative
S it is overdoped. This approach is powerful in deter-
mining qualitatively the doping level of a given material
within a family, since it utilizes easily determined empir-
ical parameters. In particular, it is possible to measure
small changes in the doping level.

In the present work we show that our TEP results on
isoelectronic (constant y) Ca-La-Ba-Cu-0 fall on the uni-
versal plot of S vs T,/T, „, with S varying as func-
tion of 2;. Since S can be taken to represent the doping
level) this provides unequivocal evidence that doping
does occur even under isoelectronic conditions. We also
show that in this family the doping level is related to
y —yM 1(x), the departure of oxygen content &om its
value at the metal insulator (M-I) transition. (The latter
was identified with the full suppression of superconduc-
tivity, i.e. , when T, + 0 K.) Besides, in samples in which
both the chemical composition x and oxygen content y
are varied in such a way as to keep T, constant (i.e. ,
nonisoelectronic conditions), S remains constant as well
(example given later). This justifies the scaling of T, to
a single T, „ in this family. It also strongly supports
the assumption of a simple relationship between T, S,
and pp2 „„asall remain constant when y —yM 1(x) is
constant.

TEP measurements, relative to copper, have been
made near room temperature by the dynamic technique
in which a small ( 0.5 K) temperature difFerence is
spanned continuously across the sample and the ther-
mal voltage is measured in steps of 0.005 K at a rate
of 1 step/sec. Both positive and negative temperature
difFerences were employed yielding the same emf. Ther-
mal contact between the sample and the small copper
blocks was maintained via a thin layer of In-Ga amal-
gam. The temperature difFerence was measured by means
of Chromel-Constantan thermocouples, embedded inside
the amalgam within a hole in the copper blocks and elec-
trically insulated by a thin coating of heat conducting
varnish. We have calibrated the apparatus against Con-
stantan and against Chromel; our results agreed with
standard tables to within l%%uj. The room-temperature
TEP S2go K was obtained by interpolating between S
measurements in a 20 K range around 290 K.

%'e used bar-shaped ceramic samples of length be-
tween 9 and 13 mm, reduced under fIowing 02 gas,
and quenched into liquid nitrogen, as was described
elsewhere. No aging efFects on S or on T were ob-
served following this quench. The small transition width
indicates oxygen homogeneity of the samples. Oxygen
content was determined by iodometric microtitration '

to within an accuracy better than 0.005. TEP, resis-
tivity, susceptibility, and oxygen content were all mea-
sured on the same sample, thereby minimizing scatter
in the data. For the resistivity measurements we used
gold wires as implanted electrodes. Through comparison
with samples having external electrodes we have veri6ed

that the wires had no efFect on the value of the TEP to
within the stated accuracy (see both points at x = 0.4,
y = 6.966, and S = 29222V/K in Fig. 1).

Our TEP results for various x and y values are shown
in Fig. 1 superimposed on the universal curve of S vs
T,/T, „which has been reproduced from Obertelli et
at'. Clearly, these data fall in the region of strong un-
derdoping (S on the order of tens of pV/K) for most y
values of the x = 0.1 and 0.2 members, and for the low-

y values of the x = 0.4 member. For higher values of
oxygen content in the x = 0.4 samples, the TEP goes
down and the doping level comes close to optimal. 5 This
establishes the obvious efFect of doping under conditions
of varying electron concentrations.

More interesting are the results under isoelectronic
conditions. For increasing x but constant y, all TEP
results still fall on the universal TEP curve with decreas-
ing values of S (see points marked with x for y = 7.00
and with + for y = 7.07 in Fig. 1). This proves un-
ambiguously that doping takes p/ace under isoelectronic
conditions.

The second point we want to emphasize is that there
exists a single parameter controlling the doping level,
namely, y —yM i(x). This is shown in Fig. 2 in which
p(T) curves have been displayed as function of this pa-
raineter for x = 0.4 and x = 0.1 [Figs. 2(a) and 2(b),
respectivelyj. For clarity we have assigned to each curve
the corresponding value of y —yM y, taking for yM ~ the
value 6.895, 6.96, and 6.975 for x = 0.4, 0.2, and 0.1,
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FIG. 1. Room-temperature thermoelectric power (TEP)
vs normalized transition temperature T, /T, „. Solid sym-
bols represent the universal doping common to many cuprate
systems (reproduced from Ref. 5). Open symbols correspond
to (Ca Lai ~)(Ba3.75 — Lap. +5+ )Cu+O„. Notice that open
symbols marked with + and with x represent doping under
isoelectronic conditions with y = 7.07 and y = 7.00, respec-
tively. Equal TEP and T for different x and y (e.g. , at S = 41
or 12 2MV/K) yield a single T, „ in this family. Inset: loga-
rithmic plot as in Ref. 5. Notice that our data fall smoothly
on the universal plot.
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FIG. 2. Temperature dependence of the resistivity of (a)
z = 0.4 and (b) z = 0.1 for various values of oxygen content.
Notice that the shape of the curves depends on y —yM-z(z),
the departure of oxygen content y from its value at the metal-
insulator transition, yM &.
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FIG. 3. (a) Normalized T, (open symbols) and TEP (solid
symbols), and (b) resistivity vs y —yM-z(z). Since for all z
and y values our data fall on the same curve, y —yM-&(z) is
the single parameter controlling the doping level.

respectively, as obtained from Ref. 3. Notice the similar-
ities in the shape of these curves at both compositions.
In Fig. 3 we show that when the curves of T„p, and S for
a variety of x and y values are plotted as a function of the
parameter y —yM z(z), they coalesce each into a single

curve, suggesting that p~z „,is related to y —yM z(z).
Another conclusion of our TEP results is that

(Ca~Laz ~)(Baz ys Lao 2s+ )CusO& constitutes really
a single doping family, in the sense that the same T
can be assumed for all compositions x. This was con-
cluded &om our observation that samples having the
same T also have the same TEP, irrespective of the val-
ues of z and y (Fig. 1). For instance, at T,/T, „=0.33
or 0.80, S = 41 or 12 pV/K, respectively, independent
of x or y. Had there been different values of T, „ for
various values of x, the results of samples with the same
T, would not coincide. T, „(=81.5 K in the present
family) has been obtained by measuring T, in the most
oxydized high-x samples.

The existence of a single T and a single doping
parameter y —yM z(z), strongly supports the view that a
single band (i.e. , the Cu02 band) controls superconduc-
tor and transport properties for all values of x and y. In
what follows this band is termed the mobile band (MB).
Within the independent particle band picture T „ is
associated with Np, the maximum in the DOS of this
band (in the sense of the BCS formula). T, = T,
when E~ lies at this maximum. Since T does not
vary with x, the magnitude of %o „does not change ei-
ther. y —yM I might represent in this scheme the change
in doping obtained from the integrated spectral density.
This is the amount of charge added when going &om the
M-I transition, where the band is full, to some point on
the DOS. Interestingly, the dependence on y —yM I shows
that it is possible to cast into a single parameter the dop-
ing efFects of oxygen addition and of cation substitution
which have different energetic origins as was explained
above. Independent of whether one changes x or y, these
chemical changes introduce the same change in the en-
ergetics of the system, i.e., a shift in the position of E~
relative to the band edge. In this sense there is no dif-
ference between isoelectronic and regular doping. In the
simple band picture the decrease of yM y with increasing
x, which controls isoelectronic doping, reHects an upward
shift in the position of the MB relative to other bands;
in other words, the energy distance between E~ and the
top of the band increases. This requires the existence
of low-mobility states which are degenerate in energy
with the MB, i.e., located in the neighborhood of E~.
We use the term localized band (LB) to describe these
states. When empty states of the LB are shifted below
E~, they capture the electrons that were released &om
mobile states, thereby keeping the electron concentration
constant. This is the meaning of "internal charge trans-
fer" &om the Cu02 plane band to states related with
the charge reservoir, a term that we used in Ref. 10. The
states of the LB must be nearly localized; i.e., they do not
contribute to transport or to superconductivity, thereby
preserving the single-band nature as noted above. We
note that doping under isoelectronic conditions provides
clear evidence for the existence of a LB which is degen-
erate in energy with the MB, as well as for the impor-
tant role of opposite band shifts and electron trapping in
1:2:3cuprates. Also notice that within the band picture
and under isoelectronic conditions the total number of
states in the vicinity of EJ; (i.e., in both the MB and
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LB) remains constant because y does not change. It is
essential to have these opposite band shifts that uncover
states in order to capture the uppermost electrons. The
existence of degenerate bands and of band shifts under
regular (nonisoelectronic) conditions implies that, in con-
trast to the assumption in Ref. 2, substitution of Ca~ or
Laa in YBCO contributes less than one mobile hole or
electron to p„~ „„respectively, since the chemical charge
is split between the MB and LB. Band shifts under iso-
electronic conditions might be associated with oxygen re-
ordering in the basal plane, or with change in internal
electric Geld with composition.

These changes in band structure can be demonstrated
qualitatively by comparing the x = 0.1 and x = 0.4
members under isoelectronic conditions. For x = 0.1,
E „(x = 0.1), the energy at which the DOS of the
MB equals No „, lies considerably below E~ even for
the more oxidized samples (y = 7.07). Therefore, E~
is close to the M-I boundary, the mobile hole density is
relatively low, and the material is underdoped. A de-
crease in y by as little as O. l (to y = 6.975) is su%-
cient to drive the material into the insulator state. For
x = 0.4, E „(x = 0.4) has shifted upwards compared
with E „(x = 0.1), E~ lies now further away from the
top of the MB, and the mobile-hole density increases.
Therefore, it takes now a bigger change in y (i.e. , 0.2,
Rom y = 7.07 to y = 6.895) to drive the x = 0.4 material
into the insulator state. Thus, the x = 0.4, y = 7.07
sample is more doped than its isoelectronic counterpart
x = 0.1, y = 7.07 sample. Further increase in y (beyond
7.07) in the x = 0.4 samples induces a downward shift in
E~(y) until at y = 7.15, E~(y) = E „(x = 0.4). This
then corresponds to T = T

It is more difFicult to interpret our results within the
interacting particle picture. Recently a doping theory
for strongly correlated particles has been developed. In
the charge transfer scheme of this theory, spectral den-
sity is transferred from the upper Hubbard band to the
Cu02 band. This could provide, in principle, the empty
states required for electron capture in isoelectronic dop-
ing. However, according to the theory these spectral
changes require change in electron (or hole) concentra-

tion. As this seems to remain constant under isoelec-
tronic conditions, our isoelectronic doping results remain
unexplained. Besides, the dependence on y —yM I would
restrict the shape that the changing DOS is allowed to
take. It seems that a theory in which electron concen-
tration is not the direct microscopic parameter might
explain our results more easily. To this end, another
many particle theory based on electron polarizability has
been developed recently. ~ The screening, or the closely
related. effective electron-electron distance, is the micro-
scopic parameter that determines the shape of the DOS
and the strength of the pairing interaction which, respec-
tively, determine transport properties and T as function
of chemical substitution. It still remains to be shown
how the polarizability is related to the doping parameter
y gM-I ~

In summary, we have shown that a single parameter
y —yM 1(x) controls the doping level in Ca-La-Ba-Cu-0
and that a single T „exists for all compositions. This
strongly suggests the existence of a single band (the MB
corresponding to the Cu02 planes) in which doping oc-
curs. T, „has been associated with the existence of
a maximum No „ in the DOS of the MB. Besides and
based on our TEP results, we have shown that doping
occurs also under isoelectronic conditions where the elec-
tron concentration remains constant. In the band picture
this requires the existence of low-mobility states (the LB,
corresponding to the charge reservoir) which are degen-
erate in energy with states of the MB in the vicinity of
E~. Isoelectronic conditions also require that the total
number of states of both the MB and LB in the neigh-
borhood of E~ remains constant, since no extra atoms
are added. Hence, with increasing x, the LB has to shift
downwards relative to the MB so as to make room for
mobile electrons, thereby allowing for doping to occur
while keeping the electron concentration constant.
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