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2Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

3Physics Institute of Tbilisi State University, Chavchavadze 3, GE-0128 Tbilisi, Georgia
4’’Coherentia’’ CNR-INFM and Dipartimento di Fisica, Università di Roma ‘‘La Sapienza’’, P.le A. Moro 2, I-00185 Roma, Italy
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The various phases observed in all cuprate superconductors [superconducting (SC), spin-glass (SG),
and antiferromagnetic (AFM)] were investigated with respect to oxygen-isotope (16O/18O) effects, using
here as a prototype system of cuprates Y1�xPrxBa2Cu3O7��. All phases exhibit an isotope effect which is
strongest where the respective phase terminates. In addition, the isotope effects on the magnetic phases
(SG and AFM) are sign reversed as compared to the one on the superconducting phase. In the coexistence
regime of the SG and SC phase a two-component behavior is observed where the isotope induced decrease
of the superfluid density leads to a corresponding enhancement in the SG related density.
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High-temperature cuprate superconductors (HTS’s) ex-
hibit a rich phase diagram as a function of doping. The
undoped parent compounds are characterized by a long
range 3D antiferromagnetic (AFM) order which is de-
stroyed upon hole doping. Short-range AFM correlations
survive, however, well in the superconducting (SC) region
of the phase diagram by forming a spin-glass (SG) state,
and SC and SG phases coexist within a limited doping
range. Four phases can be thus differentiated: the AFM
phase, the SG phase, the SG� SC phase, and the SC phase
(see, e.g., Fig. 2). How these phases are related to each
other is an open issue, and until now experiments are
missing which could provide a fundamental link between
them.

Isotope effects are a typical signature that lattice effects
are involved in the respective electronic phase formation.
While it is well known that in HTS’s the isotope effect in
the SC phase is strongly doping dependent—almost van-
ishing at optimum doping, but continuously increasing
with decreasing doping [1–10]—very little was done in
studying the isotope effect on the other phases. This in-
cludes only experimental investigations of the oxygen-
isotope (16O=18O) effect (OIE) on the AFM ordering tem-
perature (TN) in undoped La2CuO4 [11] and the OIE on the
SG ordering temperature (Tg) in Mn doped La2�xSrxCuO4

[12], as well as a theoretical investigation of the OIE on TN
[13].

Traditionally, isotope effects have played an important
role for superconductivity since for conventional super-
conductors it was the ultimate proof that the lattice pro-
vides the glue to the electron pairing. Regarding the much

more complex physics of HTS’s as compared to conven-
tional superconductors, the situation is not as easy to
distinguish, since most BCS predictions are violated
here. Besides the strongly doping dependent isotope effect
on the superconducting transition temperature Tc [1–10],
unexpected isotope effects on the in-plane magnetic pene-
tration depth �ab [7–10], SG ordering temperature Tg [12],
and the pseudogap onset temperature T� were observed
[14,15]. Interestingly, none of these isotope effects has
been sufficiently convincing to consider seriously those
theories where lattice effects are incorporated.

Here we report on oxygen-isotope experiments car-
ried out in all the above phases (SC, SC� SG, SG,
AFM) in order to demonstrate that the lattice plays an
important and unconventional role in HTS’s. We use
Y1�xPrxBa2Cu3O7�� (with � close to zero) as a prototype
of the HTS’s since all the above phases are most easily
accessible through variations of the Pr content x, i.e., from
undoped to optimally doped. The OIE experiments were
done by means of magnetization and muon-spin rotation
(�SR) experiments, since these techniques have the ad-
vantage of being direct, bulk sensitive, and unambiguous.
The OIE’s on the AFM transition temperature TN and the
SG temperature Tg are sign reversed as compared to the
one on Tc. In the SC and SG coexistence regime an
interesting correlation between the respective isotope ef-
fects is observed which suggests that the involved super-
fluid and SG densities are correlated since the increase of
one is at the expense of the other. This finding signifies that
the same lattice effects are involved in both phase
formations.
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Polycrystalline samples of Y1�xPrxBa2Cu3O7�� (0 �
x � 1:0) were prepared by standard solid state reaction
[16]. Oxygen-isotope exchange was performed during
heating of the samples in 18O2 gas. To ensure the same
thermal history of the substituted (18O) and not substituted
(16O) samples, both annealings (in 16O2 and 18O2 gas) were
always performed simultaneously. The 18O content in the
samples, as determined from a change of the sample weight
after the isotope exchange, was found to be 80(5)% for all
18O substituted samples. The total oxygen content (7-�) of
the samples with x � 0:0, 0.4, 0.55, 0.7, and 1.0 was
determined by a high-accuracy volumetric analysis [16]
(see Table I). We emphasize that the total oxygen contents
of the 16O=18O substituted samples are the same within
experimental errors, except for x � 0:7 where a small
deviation is found.

The OIE on Tc was obtained by field-cooled magneti-
zation (MFC) experiments performed with a SQUID mag-
netometer in a field of 1.0 mT and at temperatures between
1.75 K and 100 K. The values of Tc were defined as the
temperatures where the linearly extrapolated MFC�T�’s
intersect the zero line [see Fig. 1(a)]. The OIE’s on the
magnetic ordering temperatures (Tg and TN) were ex-
tracted from the zero-field �SR data. No magnetism
down to T ’ 1:7 K was detected for the 16O=18O substi-
tuted samples with x � 0:0 and x � 0:2. For x � 0:3 and
0.4 magnetism was identified as a fast decrease of the
asymmetry at T < 10 K and 5 K, respectively. For x �
0:45 damped oscillations due to muon-spin precession in
local magnetic fields were observed. The �SR asymmetry
spectra for x � 0:8 and 1.0, i.e., deep in the antiferromag-
netic phase, were analyzed by using the following expres-
sion:

 

A�t� � An exp���2t2=2� � Am	! exp���1t� cos���B�t�

� �1�!� exp���2t�J0���B�t�
: (1)

Here Am and An represent the oscillating and nonoscil-
lating amplitudes, respectively, � is the Gaussian re-
laxation rate, ! is a weighting factor, B� is the mean
internal magnetic field at the muon site, �� � 2��
135:5342 MHz=T is the muon gyromagnetic ratio, and J0

is the zeroth-order Bessel function. We used the damped
Bessel function J0 together with the cosine oscillating term
in order to account for the unphysically large values of the

TABLE I. Summary of the OIE studies on Tc, Tg, and TN for Y1�xPrxBa2Cu3O7��. The meaning of the parameters is 16Tx=
18Tx

(x � c, g, N) and 16�7� ��=18�7� ��: the transition temperatures and the oxygen content for the 16O=18O substituted samples, �Tc �
�d lnTc=d lnMO, �Tg � �d lnTg=d lnMO, �TN � �d lnTN=d lnMO: the OIE exponents of Tc, Tg, and TN , respectively. The OIE
exponents �Tc , �Tg , and �TN are not corrected for the 18O exchange of 80(5)%.

x 16Tc (K) 18Tc (K) �Tc
16Tg (K) 18Tg (K) �Tg

16TN (K) 18TN (K) �TN
16�7� �� 18�7� ��

0.00 91.19(5) 90.99(4) 0.018(5) � � � � � � � � � � � � � � � � � � 6.951(2) 6.953(2)
0.20 74.07(2) 73.27(2) 0.086(3) � � � � � � � � � � � � � � � � � � � � � � � �

0.30 57.97(8) 56.79(7) 0.163(15) 1.13(11) 1.66(12) �3:8�1:2� � � � � � � � � � � � � � � �

0.40 44.80(2) 43.25(3) 0.277(7) 7.07(9) 7.56(9) �0:55�31� � � � � � � � � � 6.929(3) 6.934(3)
0.45 36.50(6) 35.12(6) 0.302(19) 15.54(13) 16.58(11) �0:54�9� � � � � � � � � � � � � � � �

0.50 23.12(4) 20.16(4) 1.024(21) 17.82(11) 18.46(12) �0:29�7� � � � � � � � � � � � � � � �

0.55 14.4(2) <1:7 7(1)a 21.05(18) 21.65(21) �0:23�9� � � � � � � � � � 6.953(2) 6.954(2)
0.58 � � � � � � � � � 22.8(2) 23.2(2) �0:13�9� � � � � � � � � � � � � � � �

0.65 � � � � � � � � � 32.3(4) 34.4(4) �0:52�14� � � � � � � � � � � � � � � �

0.70 � � � � � � � � � � � � � � � � � � 100.5(1.4) 116.8(1.3) �1:30�14� 6.946(3) 6.957(3)
0.80 � � � � � � � � � � � � � � � � � � 210.2(4) 212.6(4) �0:09�2� � � � � � �

1.00 � � � � � � � � � � � � � � � � � � 283.2(7) 282.5(7) 0.02(3) 6.953(2) 6.949(3)
0.00 91.35(4)b 91.16(4)c 0.017(5) � � � � � � � � � � � � � � � � � � � � � � � �

0.40 44.63(3)b 43.25(3) 0.247(8) 7.10(9)b 7.56(9) �0:52�30� � � � � � � � � � 6.933(3)b � � �

aEstimated value (see text)
bBack-exchanged 18O! 16O sample
cBack-exchanged 16O! 18O sample

Y0.6Pr0.4Ba2Cu3O7−δ Y0.6Pr0.4Ba2Cu3O7−δ

FIG. 1 (color). (a) Temperature dependences of the field-
cooled magnetization MFC normalized to its value at T � 5 K,
and (b) Am=A0

m for 16O, 18O, and back-exchanged 18O! 16O
samples of Y0:6Pr0:4Ba2Cu3O7��. The solid lines in (b) were
calculated by using Eq. (2). The arrows indicate Tc and Tg for
the 18O substituted sample.
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initial phase � ’ 20–45 which has to be introduced
close to TN in order to fit the data by using the cosine
term only [ cos���B�t���]. For 0:45 � x � 0:7 and for
x � 0:4 and 0.3 the analysis was simplified by taking from
the second part of Eq. (1) only the damped Bessel term and
the exponential damping term with B� � 0, respectively.
The magnetic ordering temperatures (Tg and TN) were then
determined by using the phenomenological function:

 Am�T�=A
0
m � �1� exp	�T � Tg;N�=�Tg;N
�

�1: (2)

Here A0
m is the maximum value of the asymmetry and

�Tg;N is the width of the magnetic transition [see
Fig. 1(b)].

In order to exclude doping differences in the 18O and 16O
samples to be the origin of shifts in the transition tempera-
tures, back-exchange OIE experiments were carried
through for x � 0:0 and x � 0:4. As shown in Fig. 1, the
16O oxygen back-exchange of the 18O sample of
Y0:6Pr0:4Ba2Cu3O7�� results within error in almost the
same MFC�T� [panel (a)] and Am�T� [panel (b)] as for the
16O sample. The results of the OIE’s on Tc, Tg, and TN are
summarized in Table I and Fig. 2. The doping dependences
of Tc, Tg, and TN for the 16O substituted samples are in
agreement with the results of Cooke et al. [17]. The second
magnetic transition at TN2

’ 17 K (observed for x �
0:7–1:0) associated with the ordering of the Pr sublattice
is not considered here since this is not universal to cuprate
families [18].

The OIE on the three transition temperatures, Tc, Tg, and
TN is defined in the standard way, i.e.,

 �Tc;g;N � �
d lnTc;g;N
d lnMO

� �
�Tc;g;N=Tc;g;N

�MO=MO

� �
�18Tc;g;N �

16Tc;g;N�=
16Tc;g;N

�18MO �
16MO�=

16MO

; (3)

whereMO is the mass of the oxygen isotope (16O/18O). The
values of�Tc;g;N are listed in Table I and shown in Fig. 3 as a
function of Pr content x. For 0:0 � x � 0:5 the values of
�Tc agree with previous results [2]. In order to estimate �Tc
for x � 0:55, we assume for 18Tc the conservative value
18Tc � 1:7�1:7� K, yielding �Tc � 7�1� (which is not
shown in Fig. 3). In the SG phase a high value of �Tg �
�3:8�1:2� for x � 0:3 was found. Note that similarly large
values of�Tg � �2:7 to�6:0 were previously reported for
Mn doped La2�xSrxCuO4 [12].

The observed OIE exponents �Tc , �Tg , and �TN exhibit
unusual features. (i) All of them depend strongly on x,
being small at x � 0:0 for Tc, x ’ 0:6 for Tg, and x � 1:0
for TN , and strongly increase upon approaching the value
of x where the corresponding phase terminates (see solid
lines in Fig. 3). For 0:5 � x � 0:55, �Tc exceeds consid-
erably the BCS isotope exponent �BCS

Tc
� 0:5. (ii) �Tc , and

both �Tg and �TN , have opposite signs, i.e., Tc decreases
with increasing oxygen-isotope mass (16Tc > 18Tc),
whereas Tg and TN increase (16Tg < 18Tg, 16TN <

18TN,
except for x � 1:0). This is particularly interesting in the
region of the phase diagram where superconductivity and
SG magnetism coexist (see Figs. 2 and 3). (iii) The absence
of an OIE on TN in the undoped (x � 1:0) compound (see

FIG. 3 (color). OIE exponents �Tc , �Tg , and �TN for 16O=18O
substituted Y1�xPrxBa2Cu3O7�� as a function of the Pr content
y � 1� x. The point �Tc � 7�1� for x � 0:55 is not shown. The
dashed line corresponds to �BCS

Tc
� 0:5. The solid lines are

guides to the eye. The meaning of the areas denoted by AFM,
SG, SG� SC, and SC are the same as in Fig. 2.

FIG. 2 (color). Dependence of Tc, Tg, and TN for 16O=18O
substituted Y1�xPrxBa2Cu3O7�� on the Pr content y � 1� x.
The solid lines are guides to the eye. The areas denoted by AFM,
SG, and SC represent the antiferromagnetic, the spin-glass, and
the superconducting regions, respectively. SG� SC is the region
where spin-glass magnetism coexists with superconductivity.

PRL 101, 077001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
15 AUGUST 2008

077001-3



Table I) suggests that the magnetic exchange energy J is
unaffected by the isotope substitution. Simultaneously, it is
intriguing to propose that J cannot be the source of the
observed OIE’s on TN , Tg, and Tc in contrast to ideas of,
e.g., Ref. [19].

In the coexistence regime of SC and SG an interesting
anticorrelation between OIE’s on Tc and Tg takes place
which does not only refer to a sign reversal. In the regime
where �Tg is large, the OIE on Tc is small and vice versa
(see Fig. 3). This finding suggests that this region of the
phase diagram is phase separated. Note, however, that the
absolute values of �Tc and �Tg differ considerably; i.e., a
simple shift of the phase diagram to a different doping level
cannot be done. If we assign for each doping level part of
the electronic density to the SC and the remaining to the
SG one, the change of the sign of the corresponding � (�Tc
vs �Tg) and its reversal with respect to its magnitude find a
natural explanation, namely, that the 18O caused diminish-
ing of the electron density participating in the pairing is
accompanied by a corresponding increase in the electron
density related to the SG state. Consequently, a relation-
ship between both phases can be established which is novel
and nontrivial. Since it has been shown that the isotope
effect on Tc can be consistently explained through polaron
formation [20], the same conclusion must be reached for
the SG phase, at least in the region where both coexist. In
the AFM regime also a reversal of �TN as compared to �Tc
is observed which seems to follow the one on Tg by reach-
ing a maximum in magnitude at x ’ 0:7 (see Fig. 3). If the
onset of the AFM phase is related to the metal insulator
transition, an explanation of the doping dependence can be
achieved through polaron formation which renormalizes
and reduces the single particle kinetic energy [20]. Thereby
the metal insulator transition is shifted to higher tempera-
tures in the 18O system as compared to the 16O one. For the
undoped compound these effects are dying out and full 3D
AFM order sets in.

In conclusion, the different phases observed in all cup-
rate superconductors were investigated with respect to
OIE’s by means of �SR and magnetization experiments.
These techniques have the advantage of being direct, bulk
sensitive, unambiguous, and able to measure Tc as well as
Tg in the coexistence region. While the OIE’s for the AFM,
SG, and the SC phases are sign reversed with respect to
each other, another anticorrelation is observed in the region
where SC and SG phases coexist. Here a small OIE on Tc
corresponds to a large OIE on Tg in sequence and vice
versa. This behavior suggests that in this regime phase
separation sets in where the superfluid density coexists
with a SG related one. The diminishing of the electronic
density assigned to the superfluid phase caused by isotope
exchange results in an increase in the SG related density.
Since the isotope effect on Tc can be accounted for by
polaron formation [20], the one on Tg is expected to

originate from the same physics. By relating the AFM
transition temperature to the metal insulator transition, a
reduction in kinetic energy caused by polaron formation
explains this OIE as well. The various OIE effects reported
here are clearly evidence that lattice effects are effective in
all phases of HTS’s imposing serious constraints on theo-
ries for cuprate superconductivity.
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