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Abstract. From measurements of the specific heat of NdBaz;CusOg4, in the temperature range be-
tween 20 K and 300 K the electronic contribution C(T")/T has been derived. The results depend strongly
on the assumptions made for the normal-state reference, especially the phonon contribution. Taking into
account entropy conservation between the superconductor and a hypothetical normal-state reference, we
found a temperature independent electronic contribution of this normal-state reference without any sign
of a pseudogap for both optimum doped and underdoped samples. For oxygen concentrations between
z = 0.79 and = = 0.89 a broad hump in C.(T)/T is observed around 120 K, which we ascribe to pair for-
mation above T.. The dependence of the hole concentration ny in the copper oxide planes on the oxygen
concentration x in the copper oxide chains was calculated by means of bond-valence sums. We found that
the optimum doping of the copper oxide planes is np opt = 0.24 for RBazCusOg1. (R=Nd,Y) irrespective
of the element on the rare-earth site.

PACS. 65.40.Ba Heat capacity — 74.25.Bt Thermodynamic properties — 74.72.-h Cuprate superconductors

(high-T. and insulating parent compounds)

1 Introduction

The existence of a pseudogap in underdoped cuprate su-
perconductors is a well known phenomenon, although its
origin is still unclear. The pseudogap or effects attributed
to it have been observed in many physical quantities like
tunneling conductance [1,2], excitation spectra (inelas-
tic neutron scattering [3], photoemission [4,5]), relaxation
time and Knight shift [6-8], electrical resistivity [9] and
the specific heat [10]. The investigation of the pseudogap
by means of the specific heat makes high demands on the
sample quality, the precision of the measuring equipment,
and the evaluation of the data because only about 1%
of the total specific heat comes from the electrons, the
main contribution arising from the phonons. Loram and
coworkers were the first to present results for the elec-
tronic contribution C,(T)/T to the specific heat of the
YBazCuzOg4, system [10]. Their C.(T)/T is tempera-
ture independent in the normal state for optimum and
overdoped samples, but decreases with decreasing tem-
perature for underdoped samples. This decrease, getting
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started above 200K for = 0.38 (lower end of the super-
conducting region in the phase diagram), was attributed
to a states-non-conserving pseudogap in the normal-state-
excitation spectrum [11]. The same unusual behaviour
of C.(T)/T was also found in the Lag_,Sr,CuO4 and in
the BiaSraCaCuz0s4s system [12]. Since the treatment
of the phonon contribution highly influences the results
of C.(T)/T, we thought it desirable to extend these in-
vestigations to a further system in order to elucidate the
difficulties arising in the analysis.

We have chosen NdBagCugOg-», which is isomorphous
with YBayCu3Og,, for two reasons: first, the variation
in oxygen concentration needed to bring the system from
the lower end of the superconducting region to optimum
doping is smaller than in YBasCusOg4, (0 = 0.4 instead
of 0.55 [13,14]) suggesting a smaller change of the specific
heat of the phonons in this range. Second, the tendency
of the oxygen ions in the copper oxide chains to rearrange
between 200K and 300K is smaller [15-17] so that the
specific heat connected with this process is also smaller.

There are, however, two contributions to the specific
heat of NdBasCu3O¢4, which have no counterpart in
YBasCusOg,. They arise from the magnetic moments
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and the crystal-field splitted levels of the Nd37 ions. Their
effect on the specific heat will be discussed.

2 Experimental

High-quality single crystals were grown in SnOs and
yttrium-stabilized ZrOs crucibles. The compositions, de-
termined by neutron diffraction [18] and EDX analysis,
are as follows:

NdBayCu3Og4 4,

Ndg.93Y0.07BaoCu3zO¢4 4,
Ndo.04Y0.06Baz(Cur_.Z1.)306.0 (0.015 < 2 < 0.04),
Ndo.85Y0.07Cag.08 BagCuz O6 4«

Nd.86Y0.02Cap.12BaxCuzO¢ 5.

No antisite defects were observed (resolution: 1% per lat-
tice site). The small yttrium content of no more than 7%
found in all but one batch (SnOz crucible) was due to
corrosion of the ZrOs crucibles during the growth pro-
cess and has no effect on our results. The oxygen con-
centrations were obtained by annealing the crystals under
oxygen and oxygen/argon mixtures with oxygen partial
pressures between 1mbar and 1bar and temperatures in
the range from 280 °C to 625 °C, using the isobars of
Lindemer et al. [19] as a first approximation. The ex-
act oxygen concentrations were then determined within
the framework of a complete structural analysis by neu-
tron diffraction experiments and by gravimetry. In cases
where both methods were used, a very good agreement
was found, the maximum difference being dz = 0.015.
The sample masses varied between 30 mg and 40 mg.

The specific heat was measured with a continuous adi-
abatic heating method in the temperature range from 20 K
to 300 K. For each sample two warm-up rates were used,
differing by a factor of two, in order to make sure that no
significant heat transfer has occurred between the sam-
ple and its surroundings. The specific heat of a copper
sample (27 mg) has been determined and compared with
the result of a high-precision measurement in the liter-
ature [20]. The observed differences are within 1% for
T > 45K and 4% for T' < 45 K. They are always positive
and vary monotonically with temperature. This error is
systematic and thus of no importance due to the subtrac-
tion method used here. Measuring the same sample after
one year proved a reproducibility of the equipment of bet-
ter than 0.2%. In the same way we obtained for the uncer-
tainty of mass dm = 0.01 mg corresponding to a relative
value of om/m = 3 x 10~* for the NdBasCuzOg4, crys-
tals. For the oxygen concentration obtained by gravimetry
and neutron diffraction an uncertainty of dx = 0.015 fol-
lowed. Errors due to pieces broken off during the annealing
process could be excluded since equal masses have been
found at the beginning and at the end of each annealing
series where the sample had the same oxygen concentra-
tion (z =~ 1.0).
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3 Results
3.1 Specific heat

Apart from the contributions of the phonons and the
electrons we expect additional contributions to the spe-
cific heat of NdBay;Cu3zOgy, from the antiferromagnet-
ically coupled copper spins in the copper oxide planes
(z < 0.55), from the zinc ions giving rise to a Schottky-like
anomaly, as well as from the spins and crystal-field-
splitted levels of the Nd3* ions. The specific heat of the
neodymium spins does not play a part because their Néel
temperature is lower than 2K [21], which is far below
our accessible temperature range (20 K-300K). But none
of the other four non-electronic contributions can be ig-
nored. They have the following proportions compared to
the electronic contribution: 100 in the case of the phonon
contribution, 10 in the case of the contribution caused by
the crystal-field excitations and 1 in the case of the anti-
ferromagnetic contribution from the copper spins and the
Schottky-like anomaly from the zinc ions.

Since nearly the whole specific heat is caused by the
phonons, we divide the heat capacity per mol by the
number of ions in the unit cell. The phonon contribution
Cpn(z,T) is then related to an effective gram-atom (gat)
and should be independent of the oxygen concentration x
at high temperatures. Since NdBasCu3Og is electrically
insulating, the specific heat C(0,7T) of this compound
does not contain an electronic contribution. We, there-
fore, use C'(0,T) as a first approximation for the contri-
bution of the phonons and the crystal-field excitations,
Con(z,T)+Cef(z,T), of NdBagCuzOg 4, with arbitrary .
However, NdBayCu3zOg is antiferromagnetically ordered
below 400K, so that C(0,7) also contains an antifer-
romagnetic contribution C,7(0,7") which, as far as we
know, has always been regarded as negligible. To see
how well Cpn(z,T) + Cep(z,T) is described by C(0,T)
and whether C,(0,T) is really negligible, the difference
0C(x, T)/T = C(x,T)/T — C(0,T)/T is shown for two
oxygen concentrations in Figure 1. The main contribution
to 8C(x,T)/T arises from the phonons leading to the dip-
like structure with minimum around 40K. It is caused
by the increase of the Debye temperature with increas-
ing oxygen concentration, which arises from the harden-
ing of the crystal lattice and to a lower degree from the
decrease of the mean ion mass. 6Cp,(z,T)/T is largest
for x = 1 (about —15mJ/gatK? near 40K) but, never-
theless, an order of magnitude smaller than Cpp(x,T)/T.
0Ccr(z,T)/T is caused by two effects, one arising from
the different numbers of ions in the unit cell to which
Cef(x,T)/T and C.f(0,T)/T are referred, the other from
the shift of the crystal-field-splitted levels with chang-
ing x [22,23]. 6Ccs(x,T)/T has been calculated using the
level values 0, 12, 20, 34 and 117meV for z = 1 [22] and
changing them for x < 1 by the same relative amount
as the 34meV level [23]. The results are in good agree-
ment with the = dependences of the 12 and 20 meV level
given in reference [22]. The calculated 0C.s(x,T)/T is
displayed in the inset of Figure 2. Since 6Cpn(z,T)/T
and dC.y(z,T)/T vanish at high temperatures we expect
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Fig. 1. Difference 6C(z,T)/T = C(z,T)/T — C(0,T)/T of
the specific heat of NdBayCu3zOg¢4, for z = 0.98 and x = 0.62
without correction for the antiferromagnetic contribution. The
latter is described by the dotted line. The inset shows the
corrected difference 6C(x,T)/T = C(z,T)/T — [C(0,T)/T —
Cos(T)/T] (black) together with the uncorrected difference
(grey) at high temperatures.

0C(z,T)/T to approach asymptotically the electronic con-
tribution C.(T")/T in this temperature range, provided
that Cor(0,T)/T is negligible. The fact that none of the
curves in Figure 1 approaches C.(T)/T, as can be seen
most easily for x = 0.62 where §C(x,T)/T has a neg-
ative value, points to an antiferromagnetic contribution
Car(0,T)/T that is not negligible.

To estimate Cor(0,T") /T, we use the antiferromagnetic

contribution C’((ll;”“) (T)/T of RuSraGdCus0s, which can
be extracted easier than C,z(0,T)/T of NdBayCuzOg as
its Néel temperature [24] is only 127K, so that the an-
tiferromagnetic anomaly is almost completely within the
temperature range of our calorimeter. The procedure of
determining C’((ll;”“) (T')/T was as follows: The specific heat
of NdBay(Cu, Zn)307 (normal conducting) has been used
as a first approximation of the phonon background. After
its subtraction 6C ™% /T remains which still contains a
residual phonon and electronic contribution. The constant
electronic contribution could be derived from the high-
temperature behaviour of 6C®Y /T whereas the phonon
contribution has been fitted using the 6Cp, /T curve of
YBayCuzO7 from [10] multiplied with a factor of 0.75 and
stretched by a factor of about 1.4 along the temperature
axis in order to adjust for the depth and the width of the
dip in 5C(R“)/T. Since the RuOs planes and the CuO»
planes have the same structure apart from the octahedral
or pyramidal oxygen environment, their spins the same po-
sitions and the same value of 1/2, it is supposed that the
antiferromagnetic contribution of NdBasCu3Og has nearly
the same form as that of RuSroGdCusOg. Using a Néel
temperature of 385K for NdBayCusOg [25] and taking
into account that both compounds differ in their number
of ions and spins in the unit cell and that the ordered mag-
netic moment in NdBayCu3Og is reduced to p = 0.60 up
due to quantum fluctuations, Cys(0,7)/T can be ob-
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Fig. 2. Difference 6C(z,T)/T = C(z,T)/T — [C(0,T)/T —
Cus(T)/T] of the specific heat of NdBasCu3zOgta af-
ter correction for the antiferromagnetic contribution for
x =0.98,0.94,0.92,0.89, 0.88,0.84,0.79, 0.75, 0.74, 0.70, 0.62.
Also shown is the phonon contribution 6Cp,(1,T)/T. The
inset shows dCc¢(z,T)/T.

tained from Cc(ll;”u) (T)/T by two linear transformations,

one for the argument and one for the function value:
Cop(T)/T = 2-(14/12) - (0.6/1.1) - C3"((127/385)T) /T
(The magnetic moment without fluctuations is p =
1.1 up [26], corresponding well to the ruthenium moment
p®Y =1.05pup5 of RuSroGdCusOg [27].) The corrected
difference 6C(x, T)/T = (C(z,T)—[C(0,T)—Cq.s(T))/T,
shown in the inset of Figure 1 and for all oxygen concen-
trations in Figure 2, now approaches always a positive
value at high temperatures.

Following Loram and coworkers [10] the remaining
phonon contribution underlying 6C(z,T)/T can be de-
scribed by:

0Cph (2, T)/T = a(x)6Cpr (1, T)/T, 0 < < 1 (1)
with a(z) to be specified. §Cp,(1,T)/T is obtained by
taking 0C(1,T)/T from a sample in which superconduc-
tivity has been destroyed by substituting a few percent
zinc for copper and then subtracting the already men-
tioned Schottky-like anomaly Ci,q4(2,T)/T (2 = zinc con-
centration) of the zinc-doped samples as well as the con-
tribution from the crystal-field excitations dC.r(z,T)/T
and the electronic contribution Ce(T)/T. Crmag(z,T)/T
possibly arises from antiferromagnetically ordered copper
spins around the zinc ions [28] and has its maximum at
about 20 K reaching values of the same magnitude as the
electronic contribution. We could determine Cly,q4(z,T)/T
by comparing the specific heat of samples with different
zinc but similar oxygen concentrations. Since a temper-
ature independent electronic contribution C.(T")/T = ~v
has been observed in YBag(Cug.93Zng.07)306.97 [10], we
take this result for NdBag(Cu,Zn)3sO7 and obtain v by
extrapolating 6C(1,T)/T with a 1/T function (accord-
ing to the high-temperature behaviour of the difference
between to Einstein specific heat functions) to T = oc.



474
8 T T T T T
7L 0.98

’\6_

< sl

©

3

= 4+

£ |

£ 3r

o L[

1

0- Ll | 1 . Ll .

0 50 100 150 200 250 300
T (K)

Fig. 3. First approximation for the electronic specific heat
Ce(T)/T of NdBazCu3Og4, using the phonon contribution
a(x)0Cpn(1,T)/T with a linear interpolation between a(0) = 0
and (1) = 1.

The result for §Cpp,(1,T)/T is shown in Figure 2 by the
black dash-dotted line.

Assuming as a first approximation a(x) = z, it follows
for the electronic specific heat:

Ce(z,T)/T = 6C(2,T)/T—26Cpn(1,T)/T—06Ccs(x,T)/T.

(2)
The results are shown in Figure 3. Obviously, the broad
peak at 40K occurring in C.(T)/T for lower x values
(x < 0.74) is an artifact. As its shape is similar to
the shape of the dip in 0Cu,(1,T)/T (see Fig. 2), it is
very likely that it results from a remaining phonon con-
tribution. Apparently, the function §Cpy(1,T)/T alone
is not sufficient to describe the phonon contribution for
all  values. Since we want to derive C(T)/T only for
oxygen concentrations between x = 0.62 and =z = 1,
we narrow the interpolation range by raising its lower
bound from = = 0 to 0.62. We do this by determining
0Cp,(0.62,T)/T in the same way as dCpp(1,T)/T (but
without using a zinc-doped reference since the sample is
still non-superconducting) and then interpolating linearly
between 6Cpp,(1,T)/T and 6Cpy(0.62,T)/T:

0Cph (2, T)/T = ax)6Cpr (1, T) /T
+ (1 - ax))0Cpr(0.62,T)/T, 0 <a<1. (3)
The assumption of a temperature independent electronic
contribution C.(0.62,7)/T, which we made to extract
0Cpr(0.62,T)/T out of 6C(0.62,T)/T, does not affect
our results for Ce(x,T)/T since C.(0.62,T)/T is so small
(0.44mJ/gatK? in the extrapolation T — o00) that it does
not play a part even if it would decrease with decreas-
ing temperature, as is the case for a states-non-conserving
pseudogap.
Figure 4 shows the results for C.(x,T)/T after
subtraction of the phonon contribution described by
equation (3) with a(x) = x. The broad peaks at 40K
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Fig. 4. Second approximation for the electronic specific heat
Ce(T)/T of NdBazCu3Og¢+, using the phonon contribution
a(x)0Con (1, T)/T + (1 — ax))dCpn(0.62,T) /T with a linear
interpolation between «(0.62) = 0 and «(1) = 1.

in Figure 3 now have vanished. Besides the superconduct-
ing anomaly, broadened by thermal fluctuations [29], a
broad hump becomes apparent above T, followed by the
already mentioned contribution due to the oxygen rear-
rangement above 200 K. For NdBayCu3QOg.94 this contri-
bution to the specific heat is only 1/4 of that we found for
YBayCu3Og.95, which is in good agreement with results
from thermal expansion experiments [15-17]. The smaller
contribution of the oxygen rearrangement process is an
essential advantage for the next step of the evaluation of
Ce (T)/T in NdBaQCU3OG+x.

The change in sign of the slope of C.(T)/T above T,
at low doping in Figure 4 suggests a still not quite cor-
rect treatment of the phonon contribution. We therefore
drop the approximation a(z) = x in equation (3) and per-
mit a slight deviation from the linear dependence. For the
new determination of a(x) we use entropy conservation
between the superconductor and the normal-state refer-
ence into which the superconductor would change if su-
perconductivity would be suppressed. This (hypothetical)
normal-state reference has to be determined.

The broad hump above T, is supposed to be a property
of the superconductor, possibly arising from the forma-
tion of pairs within charge stripes [30], and thus should
not appear in the electronic contribution C.,(T)/T of
the normal-state reference. At 200K the contribution of
the hump has become rather small and the oxygen re-
arrangement process has not yet set in. Therefore, we
can use C(T)/T at this temperature as starting-point for
Cen(T)/T.

Surprisingly, it is for a temperature independent
Cen(T)/T = ~ that we always find an «a(z) so that
the superconducting sample has the same entropy S =

200K C.(T)/TdT as the normal-state reference. (Below
20K C.(T)/T was extrapolated towards T = 0 with
Yo + aT™, v = 0 for x values below the 60 K plateau and
~0.2 above.) The resulting C.(T")/T is plotted in Figure 5.
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Fig. 5. Final result for the electronic specific heat

Ce(T)/T of NdBazCu3Og4, using the phonon contribution
a(x)0Con(1,T)/T + (1 — a(x))6Cpr(0.62,T)/T with a non-
linear interpolation between «(0.62) = 0 and «(1) = 1. The
inset shows a(z).

The temperature independent behaviour of the underlying
Cen(T)/T is obvious. The inset shows the small correc-
tion made for a(z) to assure entropy conservation. If we
had allowed C,,(T)/T to decrease with decreasing tem-
perature for more than 30% of its value at 200 K, entropy
conservation would not have been possible. The large de-
crease of Ce(T')/T with decreasing temperature already
starting above 200 K which has been observed by Loram
and coworkers in YBasCuzQOg4, [10] cannot be confirmed
by our investigations on NdBasCuzOg-5.

The features in C.(T")/T characteristic for intermedi-
ate oxygen concentrations are enlarged in Figure 6. Be-
sides the fluctuation broadened superconducting transi-
tion, the broad hump centered at about 120K is clearly
visible. It is followed by the contribution of the oxygen
rearrangement process showing a double structure, which
is also seen in the thermal expansion [17].

The specific heat of the Nd;_,Ca,BasCuzO¢,, sam-
ples has been analyzed in the same way as for
NdBayCuz0g1 ;. The result for 12% calcium-doped crys-
tals is shown in Figure 7. Since the substitution of cal-
cium for neodymium is alternative to oxygen charging as
far as the supply of the copper oxide planes with holes is
concerned, similar results are obtained at smaller oxygen
concentrations.

3.2 Hole concentration

In order to present characteristic quantities of the elec-
tronic specific heat in dependence on the hole concentra-
tion in the copper oxide planes, the hole distribution in
the unit cell was calculated for different oxygen concen-
trations by means of bond-valence sums from our struc-
tural data determined by elastic neutron scattering. We
present these calculations in some detail, since we clearly
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Fig. 7. Electronic  specific  heat Ce(T)/T  of
Ndo.ssCap.12Ba2CusO¢+,. The phonon contribution has

been determined in the same way as in Figure 5.

obtain higher values than the commonly used values orig-
inating from calculations by Tallon [31]. As described by
Brown and Altermatt [32-34] the charge of an ion is rep-
resented by a sum of bond valences with its next neigh-
bours of opposite charge sign according to V; = 3 j Sigs
with s;; = exp((Ri; — d;;)/0.37A) depending exponen-
tially on the distance d;; between the ions 7 and j and a
constant R;; characteristic for this ion pair. A correction
of the ion charges due to internal stress is most essential.
This correction can be easily performed for the non-copper
ions because their charges are integers. However, since the
copper ions do not have integer valences and, moreover,
occupy different kinds of lattice sites (planes, chains) a
simple way of getting their charge corrections does not
exist. According to Brown we assume these charge correc-
tions to be the same for all copper ions leading to physi-
cally plausible results at £ = 0. Therefore, we regard this
assumption as a sufficiently good approximation. Since in
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Fig. 8. Hole concentration n; of the copper oxide planes for
RBazCu3Oe¢4 . as function of the oxygen concentration x.

our calculations the holes reside on the copper sites, they
still have to be redistributed over the oxygen ions where
they are experimentally found. This can be simply done
by adjusting Rcyuo as discribed in [33].

The resulting np(x) dependences are shown in
Figure 8. The results obtained for (Nd,Y)BazCu3zOg s
are also used for NdBasCu3Og4,. In  the case
of  (Nd,Y)ossCag12BasCusOgq,  the results  of
(Nd, Y)0.92Cag.0sBazCuszOg4, were used taking into
account the higher calcium content. This procedure is
justified because of the small differences in the yttrium
content and in the case of the calcium doped samples
additionally by one reference point at about = = 0.6. In
contrast to the widely used value of 0.16 for optimum
doping [31] where T, shows its maximium (7 maz),
we obtained np o = 0.24 for both NdBay;CuzOgy,
and YBayCusOg,. Our results are in good agreement
with those of Brown [33,34] and more precise results
recently published by Eckstein and Kuper [35]. Moreover,
they are experimentally supported by X-ray absorp-
tion spectroscopy of Merz et al. [36]. The disregard of
stress corrections and the application of inconsistent
Rcuo values are the main reason why Tallon’s ny val-
ues [31] deviate from ours. Since beyond any doubt the
Lag_,M,CuO4 (M =Ba,Sr) system is optimally doped
at Npopt = 0.16, the higher value np ope = 0.24 of the
RBayCu3Og4, (R=Nd,Y) family shows that for cuprate
superconductors a universal dependence of T./T¢ mqy O1
the hole concentration in the planes holds only if the
normalized parameter np/np op: is used.

4 Discussion

In Figure 9 the normalized transition temperature
Te/Temaz, the Sommerfeld coefficient v = Ce,, (T') /T, and

the mean-field jump AC/TC(mf) of the specific heat are
plotted as functions of the hole concentration nj per cop-
per oxide plane. T, is taken at the maximum of the spe-
cific heat anomaly, v at about 200 K where the rearrange-
ment process of the oxygen ions has not yet set in, and
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jump AC’/Tc(mf) of the specific heat, and Sommer-

feld coefficient ~ for the compounds NdBazCu3Oey s,
(Nd,Y)BazCu3O06+z, (Nd,Y)o.92Ca0.08Ba2Cu3O6+z, and
(Nd7 Y)o_ggcao,lg Bag CU306+I. The TC values Of

YBasCu3zOgyr are from reference [37]. Note that our ny
values are roughly a factor of 1.5 larger than the commonly
used ny values.

AC/ Témf ) is obtained by constructing (entropy conserv-

ing) a mean-field jump at T{™ > T, from the fluctuation
broadened superconducting anomaly. As expected, each of
these quantities is independent of the chemical composi-
tion of this cuprate family, when plotted as function of ny,.

The transition temperature shows a dip in T,.(ny) sim-
ilar to the so-called 60 K plateau in the T¢.(z)-dependence.
In the case of YBasCu3Og44, the 60 K plateau has usu-
ally been attributed to oxygen ordering in the copper ox-
ide chains. The results of Figure 9, however, speak for an
intrinsic property of the copper oxide planes. From this
point of view the origin of the dip in T,(ny) could be the
same as for Las_,Ba,CuO4 and Lajg_;Ndg 4Sr,CuQOy,
where superconductivity even vanishes completely at
xr~0.12 (nh ~ 1/8) In La1_48Nd0_4Sr0_12CuO4 the col-
lapse of T, has been attributed to static spin-charge
stripes, which have been observed in neutron scattering
experiments [38]. But the formation of static stripes has
never been observed unambiguously in YBasCusOgy .
The recent observation of modulations in the spin sus-
ceptibility of highly ordered YBasCu3Og5 [39] points to
the existence of dynamic stripes. An only weak pinning of
the stripes could be the reason for the relatively weak T,
suppression around nj; = 0.20.

In the model of Emery and coworkers [30] dynamic
spin-charge stripes develop below the upper pseudogap
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temperature 77 which merges in T.(np) in the overdoped
region and increases steeply with decreasing ny. Within
the charge stripes incoherent hole pairing develops at
the lower pseudogap temperature 75 which also merges
in T.(np) in the overdoped region but remains almost
constant in the underdoped region. We have associated
the hump in our C.(T')/T data above T, with this pair-
ing. Its maximum roughly coincides with 7%5. The hump is
most pronounced for x = 0.84 corresponding to ny = 0.20,
where T,(ny) has its dip. At lower hole concentrations the
hump is expected to decrease as v decreases and at higher
hole concentrations it may merge into a BCS-like anomaly
at T,.

The spin-charge separation below 77 does not be-
come evident as pseudogap in our results. The temper-
ature independent C.,(T)/T in the whole doping range
is not in line with a Ce,(T")/T decreasing with decreas-
ing temperature as claimed by Loram and coworkers in
the case of underdoped YBasCu3zOgy,. The hump in
C.(T)/T above T,, however, is also visible in their results.
In our picture of preformed pairs within charge stripes,

the decrease of AC/ Tc(mf ) in the nyp range where T, col-
lapses is caused by restricted dynamics of the stripes. In-

deed, AC/’yTC(mf ), which is a measure of the supercon-
ducting coupling strength, exhibits a minimum around
np = 0.18 and reaches nearly the same coupling strength
at n;, = 0.15 as at optimum doping. This explanation is
supported by a peak in the pressure effect dT./dp in the
same doping range, which has been attributed to depin-
ning of stripes [40].

In conclusion, we have revealed how sensitively the ex-
traction of the electronic contribution Ce(T")/T from the
total specific heat depends on the assumptions made for
the normal-state reference, especially the phonon contri-
bution Cp(T")/T. Using rigorously entropy conservation
between the superconductor and a hypothetical normal-
state reference, we obtain a C.(T')/T characterized by a
fluctuation broadened superconducting transition followed
by a hump, which is attributed to pair formation within
the charge stripes. The underlying electronic contribution
Cen(T)/T of the normal state is temperature indepen-
dent for both optimum and underdoped samples and does
not indicate the existence of a pseudogap. In addition, we
found that a generic phase diagram (with a dip in T.(ny))
for cuprate superconductors only exists if the normalized
parameter ny/np, ope is used. For the RBasCusOg, Sys-
tem (R=Nd,Y) we claim nj o = 0.24 for optimum
doping in contrast to the generally used np op = 0.16,
which is certainly correct for the Las_,M,CuQO,4 system
(M =Ba, Sr).
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