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Experimental evidence of two distinct charge carriers in underdoped cuprate superconductors
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We present the results on heavily underdoped Y,_,Ca,Ba,Cu;O¢,,, which provide the evidence that the
doping mechanism (cation substitution or oxygen loading) directly ‘determines whether the corresponding
injected mobile holes contribute to superconductivity or only to high-temperature transport. We argue that this
hole tagging is a signature of the complexities of single-hole doping in Mott insulators, and it calls for a subtler
description of the correlated bands than the usual one. We also map in great detail the underdoped supercon-
ducting phase diagram 7. vs hole doping, which shows that the total number of mobile holes is not the driving

parameter for superconductivity.
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I. INTRODUCTION

The behavior of a hole in the cuprate doped Mott-
Hubbard insulator is often described in a universal picture
where, above some critical concentration, it forms the
Zhang-Rice singlet' in a single correlated-band scheme.
However, structural and compositional details of each spe-
cific compound do influence the fine grain behavior. Grow-
ing evidence that more than one band is needed comes from
Ca,La, 5sBa, 75_.,Cu30q,,, where two distinct charge fluids
have been reported’> by nuclear quadrupole resonance
(NQR). At optimum doping tunneling spectroscopy directly
detects® two CuO, gaps in Y,-,Ca,Ba,Cu;30g,,, and muon
spin rotation (uSR) provides additional supporting evidence*
in the case of La,_,Sr,CuQ,. In the underdoped regime early
nuclear magnetic resonance (NMR) (Refs. 5 and 6) and re-
cent magnetotransport’ results demonstrate that besides band
carriers giving rise to superconductivity, additional thermally
activated doped holes exist. The activation energy, propor-
tional to x~!, has been shown to scale with relevant angle-
resolved photoemission spectroscopy (ARPES) Fermi-arc
features, and it has been linked directly to the pseudogap.?
Further details, such as the presence of Fermi pockets from
high field quantum oscillations,’ call for a subtler band struc-
ture implementation.'® Activated holes are also indirectly de-
tected through the magnetic order parameter reduction mea-
sured with NQR and uSR (Refs. 11 and 12). It seems that at
least two bands'® are needed to correctly describe real cu-
prates.

This scenario indicates that two distinct electronic com-
ponents are invoked in different context, throughout the un-
derdoped to optimal regime of the cuprates and in different
materials as well. It is an open question whether all of these
claims indicate an intrinsic properties of any realistic model
of the active Cu(2)O, layer or they are evidence of material
specific features.

One of the details that distinguishes real-world cuprates
from the idealized models is the doping mechanism, which
can proceed via heterovalent cation substitution, as in the
case of La,_,Sr,CuQy,, or through oxygen filling in a building
block more removed from the active layer, as in the case of
YBa,Cu;0q,,. The specific mechanism may well bear indi-
rect effects on the relevant electronic structure, besides that
of charge transfer, since it influences distortion, hence orbital
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mixing on Cu and the composition of the Cu bands.

For this reason we chose to investigate a compound where
the two doping mechanisms coexist: in Y;_,Ca,Ba,Cu;0¢,,,
charge doping is provided both by the heterovalent Ca*?
—Y™*? substitution, controlled by x, and by the interstitial
oxygen content, y, in the Cu(1)O chain layer, yielding a total
hole concentration h=hc,+hq transferred to the active lay-
ers. We could thus directly show that the two contributions
behave very differently with respect to room temperature
normal properties and superconductivity.

II. EXPERIMENTAL METHODS

Polycrystalline samples were prepared by a topotactic
technique, which consists in the oxygen equilibration of stoi-
chiometric quantities of the two end members, tightly packed
in sealed vessels.'"* Low temperature annealing yields high
quality homogeneous samples with an absolute error of Sx
=*0.02 in oxygen content per formula unit (reduced to
+0.01 after recalibrating end member of different batches).
Besides this determination, absolute oxygen content is cross-
checked by iodometric titration, thermogravimetry on each
sample, and selected neutron Rietveld refinements. Ca con-
tent is checked by x-ray and neutron Rietveld refinements.
Reported error bars are the global errors from this procedure.
Transition temperatures correspond to the linear extrapola-
tion of the 90-10% diamagnetic drop of the susceptibility,
measured in a field of uyH=0.2 mT. These data agree
within quoted uncertainties with resistive determinations
(and pSR, when available). The width of the interval where
the resistance drops from 90-10% of the onset value is typi-
cally 6 K for y=0.4, like for Ca free pellets and large single
crystals (see Ref. 15 and references therein). The uSR ex-
periment were performed on the MUSR spectrometer of the
ISIS pulsed muon facility in the transverse field (TF)
geometry,'® where an external magnetic field H is applied
perpendicular to the initial muon spin S, polarization.

III. RESULTS

The inset in Fig. 1 shows the progressive reduction of T,
vs x in the y=0.9 end members (our starting polycrystals,
reacted and annealed in oxygen atmosphere), witnessing the
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FIG. 1. (Color online) Superconducting transition temperatures
T. of Y _,CaBa,Cu;30¢,, samples vs oxygen concentration for the
whole set of samples: The x=0.09 data fall on the same line
(curves are guides to the eye). Inset: transitions 7, detected by
SQUID magnetization vs calcium concentration, for the fully oxy-
genated, y=0.9 samples. The reduction of T, with increasing x is
the signature of overdoping due to Ca substitution.

double doping mechanism.!”!® The superconducting transi-
tion measured by superconducting quantum interference de-
vice (SQUID) magnetometry is progressively reduced from
the maximum 7,=92 K at x=0 (optimal doping), as Ca sub-
stitution injects additional holes: both A, and hq contribute
to superconductivity, driving the samples into the overdoped
region. The smooth linear dependence of T,(x) of the inset in
Fig. 1 also guarantees an effective Ca-Y substitution in the
whole explored range.

When we tune the oxygen content of the same samples to
low doping, close to the metal-insulator boundary, we find a
markedly different behavior. Figure 1 displays the critical
temperature 7. versus oxygen content y for series of samples
at fixed calcium content, 0=x=0.14. T, falls on the same
curve for x=0.09, and superconductivity appears at the same
critical oxygen concentration, y.=0.30. This implies that Ca-
doped holes, which are transferred into the CuO, layers dis-
rupting antiferromagnetism (AF) with the same efficiency of
Sr in La,_,Sr,CuO, (Ref. 19), do not have any appreciable
influence on T, in our underdoped (x=0.09) samples.

Why are holes transferred by Ca and O not additive for
superconductivity in the low doping regime? The different
cationic radii (R¢,+2/Ry+3=~1.1) may trivially alter oxygen
order in the Cu(1)O chains, reducing their charge transfer
efficiency. This is the case, e.g., for substantial Y
substitutions,? where the formation of chains takes place at
much larger oxygen content. An independent assessment of
the hole content is required to rule out this effect. The See-
beck coefficient is an independent measure of the mobile
carrier content, since an exponential dependence of S vs / is
observed in YBa,Cu;0g,, in a large range of doping.!”!® We
systematically measured the value of S at room temperature
(RT), T=290 K, calibrating the dependence on the fully re-
duced compounds, y =0 samples equivalent to £5=0, by as-
suming an average hole content per Cu plane h=hc,=x/2.
We identify two regions as in a previous work,'” and our best
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FIG. 2. (Color online) Total hole content of Y_,Ca,Ba,Cu30g,,
samples h, obtained from thermopower vs oxygen content y, for
different Ca families. Inset: calibration of holes /# per Cu(2)O, layer
from thermopower S at 7=290 K for the fully reduced samples.

fit to S(4)=a exp(—Bh), shown in the inset of Fig. 2, yields
values of =480 wV/K and B=25 for h>0.016 and «
=650 wV/K and B=44 for h<0.016.

Figure 2 shows the h values obtained for all our
Y _,Ca,Ba,Cu;0q,, samples (0=x=0.14) by comparing
their RT Seebeck coefficient S with the calibration curve of
the inset in Fig. 2, under the assumption'”'® of nearly equal
mobilities for the two types of holes, hy and hq, (Ref. 21).
Notice that in the entire range of oxygen content explored in
this paper, 0.05=y=0.42, the Cu(1)O chains do not
produce?? a normal metal contribution to the thermopower,
hence the measured hole density is located in the CuO, lay-
ers.

Figure 2 shows the well known fact that oxygen does not
contribute to hole transfer up to y,~0.12—0.15 (red arrow),
since below this threshold O concentration, only locally
charge-neutral Cu(1)OCu(1) dimers are formed,?® while
above y, hole doping increases almost linearly with y, as
oxygen ions start forming negatively charged trimers. This is
true whatever the calcium content, which proves that the
oxygen doping mechanism remains nearly the same with a
minor dependence of y, on x (dashed line in Fig. 2). The
samples (x=0, 0.05, and 0.08), which collapse on the same
curve in Fig. 1, still show a large difference in their total RT
mobile hole content /(y) at the critical oxygen concentration
v.=0.3 (blue arrow in Fig. 2) for the appearance of
superconductivity.?*

We also plot in Fig. 3 the reduced critical temperature
T,/ T.max versus h (T, . is the maximum transition tem-
perature of each calcium series at optimum doping??), show-
ing beyond doubt that the onset of superconductivity does
not fall on the same curve as a function of the total hole
content /. Each series of samples at constant x follows its
own curve, contradicting the suggested universal parabolic
relation® between 7, and A, which is not the driving param-
eter in cuprate superconductivity as it is often assumed. A
similar situation is evidenced by NMR (Ref. 2) in
Ca,La, »5sBa, 75_,Cu304,,, where the NQR interaction shows
that not all doped carriers contribute to the superconducting
order parameter.
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FIG. 3. (Color online) Scaling of transition temperatures with
RT total holes: T,/ T, .x does not scale with the total hole content
h. Here T, ,,x=93, 92, 91, 89, and 87 K, respectively for x=0, 0.01,
0.05, 0.08, and 0.14 (from Ref. 22).

The observed shift of T,.(h,x) to higher i for x>0 (Fig. 3)
could remind the pair-breaking effect of Cu-substituted Zn
(Ref. 26). We can however dismiss pair breaking as its major
cause for Ca, since unlike Zn (the strongest known scatterer
in the unitary limit), Ca is removed from the CuO, layers,
and it produces a very small 7. reduction at optimal doping,
AT.,=-4 K for x=0.08 (Ref. 22) a factor 20 less than Zn
(Ref. 26). If AT, for Ca is entirely attributed to pair break-
ing, the worst case reduction at large underdoping (unitary
limit, see Fig. 3 in Ref. 26) is only =1.5AT,=-6 K,
whereas our Fig. 3 corresponds to a much larger AT,
=-27 K at h=0.07, between x=0.08 and x=0.

The supercarrier pair density ng was directly determined
by TF uSR experiments. We measured two series with x
=0, x=0.05, and variable y, plus two further samples (x
=0.08, y=0.43 and x=0.14, y=0.30). Field cooling the
samples in ugH=0.022 T a flux lattice is formed, whose
field inhomogeneity determines a depolarization rate of the
muon spin precession o(7T), proportional to the inverse
square of the London penetration depth A;, hence to the su-
percarrier density ng (Ref. 27): o(T) < ny(T)/m*, where m"* is
the electron effective mass. All samples with y<<0.4 display
a coexistence of magnetism, below the freezing temperature
T, and superconductivity, below 7. The supercarrier density
at zero temperature op=0(7T=0) must be obtained by ex-
trapolating the data between these two transitions, as in Refs.
15 and 28.

The dependence of T, on oy%n,/m* shown in Fig. 4,
approaches the characteristic linear Uemura-plot behavior.?
The upper axis of the plot represents the supercarrier density
n, per CuO, plane, calculated in the clean limit approxima-
tion as ny hole/Cu0,]=97 500- o, obtained by combining
the relation 0y=7.58- 10‘8)\22 in international system of units
(SI) (Ref. 30) with \;*=puge’n,/m*. We assume a doping
independent value of the effective mass m*=3m, (Ref. 31).
The plot of supercarrier density vs oxygen content 7n(y),
displayed in the inset of Fig. 4, shows that all samples with
calcium content 0 <x<<0.08 collapse on the same line, i.e.,
the dependence of n, on y is linear. Since also holes injected
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FIG. 4. (Color online) Scaling of transition temperatures with
pair density: T, does scale with the uSR linewidth oy, proportional
to the supercarrier density n,. Inset: supercarrier density vs oxygen
content. The samples for 0 <x<0.08 collapse on the same line,
which yields to nycy (see text), i.e., only the oxygen hole fraction
ho contribute to the supercarrier density for low calcium content.

by oxygen scale with y, hoxy—y, (Fig. 2), the two linear
relations imply that only the fraction of holes injected by
oxygen hq contributes to the supercarrier density for low
calcium content. Incidentally, Fig. 4 shows a shift from the
original Uemura plot toward lower o, a feature already
noticed*>? and currently under debate. This shift is opposite
to what is observed when metallic chains are present for y
=0.8 (Ref. 34)

IV. DISCUSSION AND CONCLUSIONS

Our results show that in heavily underdoped compounds,
additional holes transferred from Ca participate to the RT
thermopower (Fig. 2) with h¢,*x. Figure 4 however shows
that their contribution disappears from coherent conduction
at low temperatures: whereas holes transferred from Cu(1)O
chains contribute both to RT transport (above the threshold
concentration y,~0.15, hg>y-y,) and to superconducting
properties [above the critical concentration y.=0.3, n,< gy
«Tc=~k(y—y.)], the Ca holes do not take part in the latter.
Since pair breaking does not account for this effect, Ca-
doped holes behave as if they were thermally activated.

Notice that our results do not simply detect a reduction of
coherent vs RT conduction densities: they furthermore indi-
cate a mechanism of hole tagging, since the hole origin (i.e.,
whether they are transferred from Ca or from O) determines
their behavior. Since Ca transfers charges directly into the
CuO, layer, very efficiently quenching AF order, and Fig. 2
shows that charge transfer from chain oxygen is almost in-
dependent of Ca content, we must conclude that two kinds of
hole coexist in the CuO, layers. Hence the specific semicon-
ducting behavior that we witness must be intrinsic to the
nature of charge excitations in doped Mott insulators (see
Ref. 35 and references therein).

It looks particularly difficult to reconcile this tagging with
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simple one-band Hubbard models.! Vice versa the well
known CuO, plane buckling does bring into play two Cu e,
bands, and the different ionic radii in cation-substituted cu-
prates imply a local Jahn-Teller distortion, which couples to
both of them. This is likely to be an essential ingredient for
any realistic model of actual cation-substituted cuprates. This
implies that one or both of the two types of carriers may be
spatially correlated on the nanoscopic scale to the distortion
introduced locally by the substituted cation, a feature which
may be related to the observed tagging.

We further argue that our results have a consequence on
the broader understanding of cuprates. The activated trans-
port that we indirectly deduce in Y;_,Ca,Ba,Cu3Og,, is a
generic feature of the extremely underdoped regime in com-
pounds where cation substitution is the only doping mecha-
nism. For instance Hall effect measurements’ identify similar
activated mobile holes in La,_ Sr,CuO,. Importantly, it was
pointed out that the activation energy is proportional to x~!
and that this matches also quantitatively the pseudogap
features® determined by ARPES. Recent theoretical
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calculations'® show that a two-band Hubbard model may
yield two distinct excitations that fit this pictures, providing a
nontrivial origin for the activated behavior. A straightforward
conjecture is that for all cuprates the two features, namely,
the activated behavior and the pseudogap excitations are two
sides of the same coin. If we assume this conjecture to be
valid for the Y,_,Ca,Ba,Cu;0g,, system as well, our results
suggest that pseudogap excitations are specifically related to
Ca-tagged doping.
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