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The oxygen-isotope �16O-18O� effect �OIE� on the in-plane magnetic penetration depth �ab�0� in optimally
doped YBa2Cu3O7−� and La1.85Sr0.15CuO4, and in slightly underdoped YBa2Cu4O8 and Y0.8Pr0.2Ba2Cu3O7−�

was studied by means of muon-spin rotation. A substantial OIE on �ab�0� with an OIE exponent �O

=−d ln �ab�0� /d ln MO�−0.2 �MO is the mass of the oxygen isotope�, and a small OIE on the transition
temperature Tc with an OIE exponent �O=−d ln Tc /d ln MO�0.02–0.1 were observed. The observation of a
substantial isotope effect on �ab�0�, even in cuprates where the OIE on Tc is small, indicates that lattice effects
play an important role in cuprate high-temperature superconductors.
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I. INTRODUCTION

The observation of unusual isotope effects in cuprate
high-temperature superconductors �HTSs� on the transition
temperature Tc,

1–4 and on the zero-temperature in-plane mag-
netic penetration depth �ab�0�,5–15 poses a challenge to the
understanding of high-temperature superconductivity. To
date, most isotope effect studies on Tc and �ab�0� in HTSs
were performed by substituting oxygen 16O with 18O. It was
observed that the oxygen isotope �16O-18O� effect �OIE� on
both Tc and �ab�0� have a tendency to increase with decreas-
ing doping.5–15 Later on it was shown that for different fami-
lies of HTS cuprates there is a universal correlation between
the isotope shifts of these two quantities;9,12–15 namely, in the
underdoped region �Tc /Tc and ��ab�0� /�ab�0� scale linearly
with respect to each other with ��Tc /Tc � ����ab�0� /�ab�0��.
However, close to optimal doping the situation is not so
clear. Khasanov and co-workers11,12 observed that in opti-
mally doped YBa2Cu3O7−� the small OIE on Tc is associated
with a rather big isotope shift of �ab that is even compatible
with the OIE on �ab in underdoped cuprates. In contrast,
Tallon et al.15 showed that in slightly overdoped
La2−xSrxCu1−yZnyO4 the OIE on �ab�0� is zero while the OIE
on Tc still remains substantial.

In this paper we concentrate on studies of the OIE on Tc
and �ab�0� in optimally doped La1.85Sr0.15CuO4 and
YBa2CuO7−�, as well as in slightly underdoped YBa2Cu4O8
and Y0.8Pr0.2Ba2CuO7−�. All the samples show a rather small
OIE on Tc associated with a relatively large OIE on �ab�0�.
The oxygen isotope exponents on Tc ��O=−d ln Tc /d ln MO,
where MO is the mass of the oxygen isotope� and the
in-plane magnetic penetration depth �ab�0� ��O

=−d ln �ab�0� /d ln MO� were found to be �O=0.024�8�
and �O=−0.21�4� for YBa2CuO7−�, �O=0.10�1� and �O

=−0.19�6� for Y0.8Pr0.2Ba2CuO7−�, �O=0.048�8� and �O

=−0.18�6� for YBa2Cu4Cu4O8, and �O=0.08�1� and �O

=−0.18�5� for La1.85Sr0.15CuO4. The fact that a substantial

OIE on �ab�0� is observed even in cuprates having a rela-
tively small OIE on Tc suggests that lattice effects have to be
considered in any realistic model of high-temperature super-
conductivity.

II. EXPERIMENTAL DETAILS

Powder samples of Y1−xPrxBa2Cu3O7−�, YBa2Cu4O8, and
La1.85Sr0.15CuO4 were synthesized by solid state reac-
tions.16,17 Oxygen isotope exchange was performed while
heating the samples in 18O2 gas. In order to ensure that the
16O- and 18O-substituted samples are subjects of the same
thermal history, the annealing of the two samples is per-
formed simultaneously in 16O2 and 18O2 �95% enriched� gas,
respectively. The 18O content of the samples, as determined
from a change of the sample weight after the isotope ex-
change, was found to be 90% for YBa2Cu3O7−�, 82% for
Y0.8Pr0.2Ba2Cu3O7−� and YBa2Cu4O8, and 85% for
La1.85Sr0.15CuO4. The total oxygen content for the
YBa2Cu3O7−� and La1.85Sr0.15CuO4 samples was determined
by means of very accurate volumetric analysis.16 The oxygen
contents are 6.951�2� �6.953�2�� and 3.9981�3� �3.9976�3��
for the 16O- �18O� substituted YBa2Cu3O7−� and
La1.85Sr0.15CuO4 samples, respectively.

In order to determine the OIE on Tc, field-cooled magne-
tization �MFC� measurements were performed with a super-
conducing quantum interference design magnetometer in a
field of 1 mT at temperatures between 1.75 and 100 K. For
the investigation of the OIE on �ab�0�, transverse-field
muon-spin resonance ��SR� experiments were performed at
the Paul Scherrer Institute �PSI�, Switzerland, using the 	
M3 �SR facility. The samples were field cooled from far
above Tc in a field of 0.2 T. In a powder sample the magnetic
penetration depth � can be extracted from the muon-spin
depolarization rate 
�T��1/�2�T�, which probes the second
moment ��B2	1/2 of the probability distribution of the local

PHYSICAL REVIEW B 74, 064504 �2006�

1098-0121/2006/74�6�/064504�6� ©2006 The American Physical Society064504-1

http://dx.doi.org/10.1103/PhysRevB.74.064504


magnetic field function p�B� in the mixed state.18 For highly
anisotropic layered superconductors �like cuprate supercon-
ductors� � is mainly determined by the in-plane penetration
depth �ab:18 
�T��1/�ab

2 �T�. The depolarization rate 
 was
extracted from the �SR time spectra using a Gaussian relax-
ation function R�t�=exp�−
2t2 /2�. The superconducting
contribution 
sc was obtained by subtracting the dipolar
contribution 
nm measured above Tc as 
sc

2 =
2−
nm
2 .

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the field-
cooled magnetization for the 16O- �18O� substituted samples
investigated in this work. It is seen that the magnetization
curves for the 18O-substituted samples are shifted almost
parallel to lower temperatures, implying that the Tc’s of the
18O samples are lower than those of the 16O samples.

The results of the OIE on Tc are summarized in Table I.
The transition temperature Tc was determined as the tem-
perature where the linearly extrapolated transition slope in-
tersects the zero line. The OIE exponent �O is defined by
�O=−d ln Tc /d ln MO. Taking into account an incomplete
oxygen isotope exchange �90% for YBa2Cu3O7−�, 82% for
Y0.8Pr0.2Ba2Cu3O7−� and YBa2Cu4O8, and 85% for
La1.85Sr0.15CuO4�, we found �O=0.024�8�, 0.10�1�, 0.048�8�,
and 0.08�1� for YBa2Cu3O7−�, Y0.8Pr0.8Ba2Cu3O7−�,
YBa2Cu4O8, and La1.85Sr0.15CuO4, respectively. Note that
these values are in fair agreement with the previously
published results.2–15

Figure 2 shows the temperature dependences of the super-
conducting part of the �SR depolarization rate 
sc��ab

−2 of
the samples studied. It is seen that the data points for the
16O-substituted samples are systematically higher than those
for the 18O ones, implying that an oxygen isotope shift on 
sc
is present. As in Ref. 18, the data in Fig. 2 were fitted to the
power law 
sc�T� /
sc�0�=1− �T /Tc�n with 
sc�0� and n as
free parameters, and Tc taken from the magnetization mea-
surements �see Table I�. The values of 
sc�0� obtained from
the fits are listed in Table II and are in agreement with pre-
vious results.18–20 The exponents n were found to be the
same within error for each set of 16O-18O samples, implying
that 
sc has nearly the same temperature dependence for the
two isotopes �see Fig. 2�. The values of the relative shift of
�ab�0� and the oxygen isotope exponent �O obtained from
the measured values of 
sc�0� and corrected for the incom-
plete 18O exchange are summarized in Table II.

Note that, the observed OIE’s on Tc and �ab�0� are not
caused by a possible difference in the carrier concentrations

FIG. 1. �Color online� Section near Tc of the low-field �1
mT, field cooled� magnetization curves �normalized to the value
at 10 K� for 16O and 18O-substituted YBa2Cu3O7−� �a�,
Y0.8Pr0.2Ba2Cu3O7−� �b�, La1.85Sr0.15CuO4 �c�, and YBa2Cu4O8 �d�.

TABLE I. Summary of the OIE results on Tc for
Y1−xPrxBa2Cu3O7−� �x=0.0,0.2�, YBa2C4O8, and La1.85Sr0.15CuO4.
The values of �Tc /Tc and �O are corrected for the incomplete 18O
exchange �see text for an explanation�.

Sample

16O
Tc

�K�

18O
Tc

�K�
�Tc /Tc

�%� �O

YBa2Cu3O7−� 91.45�5� 91.20�5� −0.3�1� 0.024�8�
Y0.8Pr0.2Ba2Cu3O7−� 74.0�1� 73.2�1� −1.3�3� 0.104�12�

YBa2Cu4O8 80.86�5� 80.46�5� −0.6�1� 0.048�8�
La1.85Sr0.15CuO4 37.63.�2� 37.31�2� −1.0�1� 0.08�1�

FIG. 2. �Color online� Temperature dependences of depolariza-
tion rate 
sc for 16O- and 18O-substituted �from the top to the
bottom� YBa2Cu3O7−�, YBa2Cu4O8, Y0.8Pr0.2Ba2Cu3O7−�, and
La1.85Sr0.15CuO4 samples �200 mT, field cooled�. The solid lines
correspond to fits to the power law 
sc�T� /
sc�0�=1− �T /Tc�n. The
error bars are smaller than the size of the points.
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of the 16O and 18O samples. This is because the oxygen
contents in the 16O- and 18O-substituted YBa2Cu3O7−� and
La1.85Sr0.5CuO4 are the same within error �see Sec. II� and
YBa2Cu4O8 is a stoichiometric compound with a fixed oxy-
gen content.17,21 Additional arguments are given in Refs.
5–14.

In order to demonstrate that the change of the oxygen
content within the precision of our volumetric analysis can-
not account for the observed OIE on Tc and �ab�0� we used
the following procedure. Tallon et al.22 observed that in a
wide range of doping �0.05� p�0.19� the following empiri-
cal relation holds: Tc�ab

−2�0�� p−0.05 �p is the number of
holes per planar Cu�. This implies that

�p

p − 0.05
=

�Tc

Tc
− 2

��ab�0�
�ab�0�

. �1�

Taking into account that oxygen is divalent and that the unit
cell of YBa2Cu3O7−� contains two plane and one chain Cu
atoms, the change in the hole concentration �p caused by the
change of the oxygen content can be estimated as �p
=−2�y for La2−xSrxCuO4−y and �p=−�2/3��� for
YBa2Cu3O7−�. For the above mentioned errors in the deter-
mination of the oxygen content �±0.002 for YBa2Cu3O7−�

and ±0.0003 for La1.85Sr0.15CuO4, see Sec. II� and with p
�0.15 for the optimally doped samples, one gets ��Tc /Tc
−2��ab�0� /�ab�0� � 
1.3% and 
0.6% YBa2Cu3O7−� and
La1.85Sr0.15CuO4, respectively. These values are more than
five times smaller than one would obtain by substituting
�Tc /Tc and ��ab�0� /�ab�0� in Eq. �1� by the values listed in
Tables I and II.

In Fig. 3 the transition temperature Tc is plotted versus the
�SR depolarization rate 
sc�0���ab

−2�0� for the samples stud-
ied. Recent OIE results for YxPr1−xBa2Cu3O7−� �Refs. 9–11�
and La2−xSrxCuO4 �Refs. 6 and 8� are also included in the
graph. Since the absolute values of �ab�0� for the
La2−xSrxCuO4 samples studied in Refs. 6 and 8 are not
known, the values of 
sc�0� for the 16O-substituted samples
were estimated from comparison with previous data.23,24

According to Refs. 23 and 24 in the underdoped regime
Tc is proportional to 
sc�0���ab

−2�0� with a universal slope
for most HTS families and saturates close to optimal doping
to a value characteristic for each HTS family �Uemura rela-

tion�. Furthermore, recent experiments on an ultrathin
La2−xSrxCuO4 film clearly show that the Uemura relation
Tc�ns /m* holds when the superfluid density is modulated by
an electric field.25 Superconductors that belong to the Y124
family �including YBa2Cu4O8� contain CuO chains free of
disorder and thus exhibit enhanced values of �ab

−2�0� com-
pared to the Uemura line.26,27 The “universal” Tc vs 
sc�0�
curves for the HTS families YxPr1−xBa2Cu3O7−� �YPr123�,
La2−xSrxCuO4 �La214�, and YBa2Cu4O8 �Y124� are shown
in Fig. 3. Figure 3 suggests that the relation between isotope
shifts of Tc and �ab�0� can be explained qualitatively by the
empirical Uemura line. Indeed Tc and 
sc�0� for the
18O-substituted samples are always smaller than those for the
16O samples. It is also seen that for samples close to optimal
doping a small OIE on Tc is associated with a rather large
OIE on �ab�0�. In order to investigate these results in more
detail, we plot in Fig. 4 the OIE shift of �ab�0�
���ab�0� /�ab�0�� versus the OIE shift of Tc ��Tc /Tc�. It is
remarkable that different experimental techniques �SQUID
magnetization,6 magnetic torque,8 bulk �SR,9,10 low-energy
�LE� �SR �Ref. 11�� and different types of samples �single
crystals,8 powders,6,9,10 thin films11� yield consistnt results
within experimental error. However, one can easily see that
the Uemura relation can explain the observed correlation be-
tween ��ab�0� /�ab�0� and �Tc /Tc only qualitatively but not
quantitatively. Following Uemura et al.23,24 for different
families of underdoped cuprates, Tc scales linearly with
the �SR depolarization rate 
sc�0���ab

−2�0�, yielding
��ab�0� /�ab�0��0.5 ��Tc /Tc� �line A in Fig. 4�. It is seen,
however, that all the experimental points are systematically
higher. At low doping level ��ab�0� /�ab�0����Tc /Tc� �line

FIG. 3. �Color online� Plot of Tc versus 
sc�0� for 16O-
�open symbols� and 18O- �closed symbols� substituted
Y1−xPrxBa2Cu3O7−�, YBa2Cu4O8, and La2−xSrxCuO4. Squares are
the �SR data obtained in the present study. Circles are bulk �SR
data for Y1−xPrxBa2Cu3O7−� �Refs. 9 and 10� and LE �SR data for
optimally doped YBa2Cu3O7−� �Ref. 11�. Triangles are torque mag-
netization and Meissner fraction data for La2−xSrxCuO4 �Refs. 6 and
8�. The solid lines correspond to the universal Tc vs 
sc�0� relations
for the YPr123, La214, and Y124 families of HTSs �Refs. 23, 24,
26, and 27�.

TABLE II. Summary of the OIE results on �ab�0� for
Y1−xPrxBa2Cu3O7−� �x=0.0,0.2�, YBa2Cu4O8, and
La1.85Sr0.15CuO4. The values of ��ab�0� /�ab�0� and �O are cor-
rected for the incomplete 18O exchange �see text for an ex-
planation�.

Sample

16O

�0�

��s−1�

18O

�0�

��s−1�
��ab�0� /�ab�0�

�%� �O

YBa2Cu3O7−� 4.15�4� 3.96�4� 2.6�5� −0.21�4�
Y0.8Pr0.2Ba2Cu3O7−� 2.08�1� 2.00�1� 2.4�7� −0.19�6�

YBa2Cu4O8 3.07�3� 2.96�3� 2.2�7� −0.18�6�
La1.85Sr0.15CuO4 1.34�1� 1.29�1� 2.2�6� −0.18�5�
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B in Fig. 4�, whereas close to the optimal doping
��ab�0� /�ab�0� is almost constant and considerably larger
than �Tc /Tc ���ab�0� /�ab�0��10 ��Tc /Tc � �.12–14

According to the London theory �ab
−2 is proportional to the

so-called superfluid density �ab
−2�ns /mab

* �ns is the density of
supercarriers and mab

* is the in-plane charge carrier mass�.
Concerning the relation between ��ab�0� /�ab�0� and
�Tc /Tc, one should distinguish two cases: �i� change of the
carrier density n by doping �note that n is not necessarily
equal to ns as discussed in Ref. 25�, and �ii� change of the
oxygen mass by isotope substitution. In the recent electro-
static modulation experiments,25 it was shown that the
change of the carrier density within the same sample leads to
Tc�ns, and ��ab�0� /�ab�0�=0.5 ��Tc /Tc�, in accordance
with the Uemura relation in the underdoped regime.23,24 Note
that in Ref. 25 carriers were implanted in or removed from
the sample by changing the electric field, so the crystal lat-
tice is not affected. This implies that in this case changes of
both Tc and �ab�0� are due to a change of the carrier concen-
tration ns, while the in-plane charge carrier mass mab

*

stays constant.28 The isotope substitution, in contrast,
modifies the lattice, but leaves the doping �oxygen content�
unchanged �see discussion above�. In addition, it is found
that ��ab�0� /�ab�0�= ��Tc /Tc�, so there is a factor of 2 dif-
ference in the slope of lines A and B in Fig. 4. This factor of
2 can be explained by a simple model, assuming that Tc
�ns and �ab

−2�0��ns /mab
* �London model�. This implies that

in case �i� described above, ��ab�0� /�ab�0�=0.5 ��Tc /Tc �

=0.5 ��ns /ns� �Uemura relation�. However, in case �ii� the
isotope substitution would lead to a change in ns as well as in
mab

* �16mab
* 
 18mab

* � in order to account for the factor of 2.
Now we discuss the observed ��ab�0� /�ab�0� vs �Tc /Tc

dependence presented in Fig. 4 in more detail. Tallon et al.15

showed that the relation between the oxygen isotope shifts of
�ab�0� and Tc may be understand in terms of a normal-state
pseudogap which competes with superconductivity. Both
��ab�0� /�ab�0� and ��Tc /Tc� were found to increase with
increasing pseudogap energy Eg. At the critical doping �when
the pseudogap is closed� ��ab�0� /�ab�0� is equal to zero,
while ��Tc /Tc � �0.8% �line C in Fig. 4�. This is, however,
inconsistent with the experimental data presented in Fig. 4,
especially close to optimal doping �see Fig. 4�. Schneider
and Keller29–32 showed that the relation between the isotope
shifts of �ab�0� and Tc arises naturally from the doping-
driven three-dimensional to two-dimensional �3D-2D� cross-
over and 2D quantum superconductor to insulator �2D QSI�
transition in the highly underdoped limit. Close to the 2D
QSI transition the following relation holds:31,32

��ab�0�/�ab�0� = ��ds/ds − �Tc/Tc�/2, �2�

where �ds /ds is the oxygen isotope shift of the thickness of
the superconducting sheets ds of the sample. The best fit of
Eq. �2� to the experimental data gives �ds /ds=3.3�4�% �line
D in Fig. 4�. Note that Eq. �2� is strictly valid only in the
underdoped region. The fit, however, describes the behavior
at all doping levels reasonably well. Since the lattice param-
eters are not modified by oxygen substitution33,34 the obser-
vation of an isotope effect on ds implies local lattice distor-
tions involving oxygen that are coupled to the superfluid. It
was shown that in anisotropic superconductors falling into
the 2D XY QSI universality class at zero temperature, the
isotope effects on the transition temperature, specific heat,
and magnetic field penetration depth are related by a univer-
sal relation. This implies a dominant role of fluctuations so
that pair formation and pair condensation do not occur simul-
taneously. From these results Schneider and Keller conclude
that the observed isotope effects do not provide direct infor-
mation on the underlying pairing mechanism and must be
attributed to the shift of the phase diagram upon isotope
substitution caused by electron-lattice interaction.29–32

Bussmann-Holder et al.35–37 investigated the origin of the
isotope effects on the superconducting transition temperature
and the magnetic penetration depth within a polaronic model.
For this purpose the well-known t-J Hamiltonian was ex-
tended to incorporate the hole induced charge channel and
the important effects from the lattice. This results in a two-
component Hamiltonian, where interactions between the
charge channel �local hole plus induced lattice distortion�
and the spin channel �antiferromagnetic fluctuations modi-
fied by lattice distortions� are explicitly included.35–37 This
polaronic model predicts for the OIE on Tc and �ab�0� the
relation ��ab�0� /�ab�0�= ��Tc /Tc� �line D in Fig. 4�, in
agreement with experiments in the underdoped regime.

IV. CONCLUSION

In conclusion, the oxygen isotope 16O-18O effects on the
in-plane magnetic penetration depth �ab�0� and transition

FIG. 4. �Color online� Plot of the OIE shift ��ab�0� /�ab�0�
versus the OIE shift −�Tc /Tc for Y1−xPrxBa2Cu3O7−�, YBa2Cu4O8,
and La2−xSrxCuO4. Squares are the �SR data obtained in the
present study. Circles are bulk �SR data for Y1−xPrxBa2Cu3O7−�

�Refs. 9 and 10� and LE �SR data for optimally doped
YBa2Cu3O7−� �Ref. 11�. Triangles are torque magnetization and
Meissner fraction data for La2−xSrxCuO4 �Refs. 6 and 8�. The lines
correspond to the differential Uemura relation with
��ab�0� /�ab�0�=0.5 ��Tc /Tc� �A�, ��ab�0� /�ab�0�= ��Tc /Tc� �B�,
the pseudogap line from Ref. 15 �C�, and the 2D QSI relation given
by Eq. �2� �D�. The dashed lines indicates that the differential Ue-
mura �line A� and 2D-QSI �line D� relations are strictly valid only
in the underdoped regime �see text for details�.
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temperature Tc were studied in optimally doped
YBa2Cu3O7−� and La1.85Sr0.15CuO4, and in the slightly un-
derdoped YBa2Cu4O8 and Y0.8Pr0.2Ba2Cu3O7−� by means of
muon-spin rotation and magnetization techniques. A small
OIE on the transition temperature Tc was observed that is
associated with a substantial OIE on the in-plane penetration
depth �ab�0�, as shown in Fig. 4 and Tables I and II. This
finding suggests that lattice effects are directly or indirectly
involved in determining the superconducting state. It is
worth to note that in colossal magnetoresistance �CMR�
manganites similar peculiar OIE on various quantities �e.g.,
ferromagnetic transition temperature, charge-ordering tem-
perature� were observed,38 indicating that in both classes of

perovskites, HTSs and CMR manganites, lattice vibrations
play an essential role.
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