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Oxygen and copper isotope effects on the pseudogap in the high-temperature superconductor
La1.81Ho0.04Sr0.15CuO4 studied by neutron crystal-field spectroscopy
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The oxygen and copper isotope effects on the relaxation rate of crystal-field excitations in the optimally
doped high-temperature superconductor La1.81Ho0.04Sr0.15CuO4 have been investigated by means of inelastic
neutron scattering. For the16O compound there is clear evidence for the opening of an electronic pseudogap in
the normal state atT* '60 K, far aboveTc'32 K. Upon substituting16O by 18O, T* is shifted to about 70
K. On the other hand, no shift is found for the copper isotope substitution, i.e.,T* (63Cu)'T* (65Cu)
'60 K. These results, together with the large oxygenandcopper isotope effects onT* for HoBa2Cu4O8, give
evidence that the pseudogap formation in the single-layer LSCO and bilayer YBCO type compounds is
governed by an additional local mode in the latter.
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Superconductivity is the result of two distinct quantu
phenomena: pairing of the charge carriers at a character
temperatureT* and long-range phase coherence at the su
conducting transition temperatureTc . In conventional super-
conductors these two phenomena occur simultaneously,
T* 5Tc . In contrast, for high-temperature superconduct
we haveT* .Tc over a large doping range; thus the s
called pseudogap region (Tc,T,T* ) is clearly the most
challenging part of the phase diagram. The experimental
covery of the pseudogap region gave rise to an impres
number of models for the mechanism of high-temperat
superconductivity.1 In the past, measurements of the isoto
effect were essential to establish the BCS model of class
superconductors. Likewise, experiments searching for
tope effects on the pseudogap temperatureT* may be of
crucial importance to discriminate between the different p
ing scenarios developed for the cuprate superconductors

Recently, we studied the oxygen and copper isotope
fects onT* by neutron scattering measurements of the rel
ation rate of crystal-field excitations in the bilayer high-Tc
compound HoBa2Cu4O8 which gave evidence for large iso
tope shiftsDTO* '50 K ~Ref. 2! and DTCu* '25 K ~Ref. 3!.
While the observed oxygen isotope shift (16O vs 18O) was
quantitatively accounted for by models based on cha
ordering4 and strong nonlinear electron-phonon effects5 as-
sociated with Jahn-Teller-like oxygen vibrations and str
formation,6 we are not aware of any theoretical attempts
understand the observed copper isotope shift (63Cu vs 65Cu).
Such investigations would be highly desirable, since the c
per isotope coefficient associated withT* is a* (Cu)
524.9,3 i.e., roughly twice as large as the correspond
oxygen isotope coefficienta* (O)522.2.2 The observed
copper isotope effect onT* in HoBa2Cu4O8 clearly indicates
the importance of local copper lattice modes which could
either of an in-plane copper-oxygen bond stretching type7 or
an umbrella-type8 motion involving out-of-plane displace
ments of the Cu ions. The latter mode is absent in the sin
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layer high-Tc compound La22xSrxCuO4 due to the inversion
symmetry at the Cu site. Thus a study of the copper isot
effect in this compound would definitely discriminate b
tween the possible copper modes.

In this paper we report on neutron spectroscopic inve
gations of the oxygen and copper isotope effects on the
laxation rate of crystal-field excitations in the optimal
doped high-Tc compound La1.81Ho0.04Sr0.15CuO4. The data
provide clear evidence for an oxygen isotope shiftDTO*
'10 K, whereas no shift was observed for copper isoto
substitution, i.e.,DTCu* '0 K. These results complement ou
earlier findings for HoBa2Cu4O8,2,3 indicating an additional
interaction in the origin of the pseudogap in the bilayer hig
Tc compounds compared to the single-layer ones. More s
cifically, the pseudogap formation in both single-layer a
bilayer high-Tc compounds is governed by Jahn-Teller-ty
oxygen vibrations,6 but for the bilayer compounds a
umbrella-type motion of the Cu ions has to be conside
additionally.

The principle of neutron spectroscopic investigations
the crystal-field interaction in high-Tc superconductors wa
described in review articles.9,10 By this technique transitions
between different crystal-field levels can be directly me
sured. In the normal metallic state the excited crystal-fi
levels interact with phonons, Cu spin fluctuations, and cha
carriers~electrons or holes!. These interactions limit the life-
time of the excitation; thus the observed crystal-field tran
tions exhibit line broadening. The interaction with the char
carriers is by far the dominating relaxation mechanism.2 The
corresponding intrinsic linewidthGn(T) increases almost lin-
early with temperature according to the well-known Ko
ringa law.11 In the superconducting state, however, the pa
ing of charge carriers creates an energy gapD(k); thus
crystal-field excitations with energy\v,2D(k) do not have
enough energy to span the gap and consequently there
interaction with the charge carriers. For an isotropic g
function D(k)5D the intrinsic linewidth in the supercon
ducting state is then given by
©2002 The American Physical Society06-1
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Gs~T!5Gn~T!expS 2
D

kBTD . ~1!

This means thatGs(T!Tc)'0, and line broadening sets i
just belowTc where the superconducting gap opens. For
isotropic gap functions the situation is more complicat
since certain relaxation channels exist even at the low
temperature.12

For the present experiments four samples of the optim
doped high-Tc compound La1.81Ho0.04Sr0.15CuO4 were pre-
pared for the isotopes16O and18O as well as63Cu and65Cu.
The Ho31 content has to be kept below;5% in order to
ensure the sample homogeneity and single-phase charac13

The samples were synthesized by a conventional solid-s
reaction using stoichiometric amounts of dried La2O3
~99.9%!, Ho2O3 ~99.9%!, SrCO3 ~99.9%!, and CuO~99%!.
The powders were mixed, ground thoroughly, pressed
pellets, and fired in air at 850 °C~30 h!, 900 °C~40 h!, and
950 °C~50 h! with intermediate grindings. After the neutro
scattering experiments, the La1.81Ho0.04Sr0.15Cu16O4 sample
was subject to 18O diffusion in order to obtain
La1.81Ho0.04Sr0.15Cu18O4. The process was peformed in
closed system at 850 °C during 100 h as described in R
14. The 18O concentration was determined by mass sp
trometry during the exchange process to be (8161)%. The
copper-isotope-substituted samples were prepared from v
high-purity 63Cu and 65Cu metals. For this purpose,63CuO
and 65CuO powders were obtained by oxygenation of t
metals at 900 °C during 20 h with one intermediate grindi
From there on, the solid-state reaction took place as
scribed above. All samples were confirmed by hig
resolution neutron-powder diffraction to be single phase~im-
purity phases less than;1%). Thestructural parameters an
oxygen contents of all samples were found to be the sa
within experimental uncertainities. The critical temperatu
were determined by dc magnetometry to beTc'32 K, and
the observed isotope shifts turned out to beDTc(O)
52(0.4360.05) K and DTc(Cu)52(0.3760.04) K,
which can be described by the isotope coefficientsaO
50.1160.01 andaCu50.2960.04, in agreement with lit-
erature data.15,16

The inelastic neutron scattering experiments were p
formed on the high-resolution time-of-flight spectromete
FOCUS and IN5, installed at the Paul Scherrer Institute~Vil-
ligen! and at the Institute Laue-Langevin~Grenoble!, respec-
tively. FOCUS and IN5 were operated with incoming ne
tron wavelengths of 5.75 and 6 Å, giving energy resolutio
at the elastic position@full width at half maximum~FWHM!#
of 46 and 55meV, respectively. The samples were enclos
under He atmosphere in Al cylinders and placed into a c
ostat in order to reach temperatures in the range 10<T
<100 K. The raw data were corrected for absorption, de
tor efficiency, background, and detailed balance effects
cording to standard procedures.

Figure 1 shows energy spectra of neutrons scattered f
La1.81Ho0.04Sr0.15Cu16O4. There are strong ground-sta
crystal-field transitions at\v'60.18 meV, i.e., u\vu
!2Dmax@;16 meV ~Ref. 17!#. Further transitions are ex
18450
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pected to appear above 10 meV and to be at least one o
of magnitude less intense,18 which means that the observe
low-energy crystal-field spectrum will not be contaminat
by excited-state transitions for temperatures up to 100 K
T510 K the width of the crystal-field transitions is consi
erably broader than the instrumental energy resolution, ty
cally of the order of 140meV, which is due to local struc-
tural distortions around the Ho31 ions resulting from doping
with Sr21 ions. With increasing temperature the crystal-fie
transitions renormalize due to relaxation effects; i.e.,
linewidths increase and the energies decrease. The line
Fig. 1 show the result of a least-squares fitting procedure
which the crystal-field transitions were described by a c

FIG. 1. Energy spectra of neutrons scattered fro
La1.81Ho0.04Sr0.15Cu16O4 as taken on FOCUS. The solid lines are fi
to the data which include the relaxation as described in the text.
dashed lines denote the observed crystal-field excitations and
elastic line.
6-2



tio
o

nt

in

al
ob

ta

-

c

he
at
-

st-
ga

-

r-

rly

e

trin-

ar
ce

o-

dth
in

th
in
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volution of a temperature-independent Gaussian func
~corresponding to the residual low-temperature width
140 meV as explained above! with a temperature-depende
Lorentzian function describing the intrinsic linewidthG(T)
due to the interaction with the charge carriers. The fitt
parameters were therefore the intrinsic linewidthG(T), the
energy of the crystal-field transition, and an overall sc
factor for the intensities. Similar energy spectra were
tained for the isotope-substituted18O, 63Cu, and65Cu com-
pounds which all gave evidence for a ground-state crys
field transition at the same energy (60.18 meV at low
temperature! as for the16O compound within the experimen
tal uncertainties.

Figure 2~upper panel! shows the temperature dependen
of the intrinsic linewidthG(T) determined for the16O com-
pound. The linewidth~FWHM! is rather small below 30 K;
then it increases monotonically up to 60 K. Above 60 K t
linewidth increases linearly as expected for the normal st
i.e., we setT* (16O)'60 K. The solid line denotes the line
width in the normal state which—considering only the fir
excited crystal-field state—is given by the modified Korrin
law11

G~T!52pJex
2 N2~EF!\vM2cothS \v

2kBTD , ~2!

FIG. 2. Temperature dependence of the intrinsic linewi
~FWHM! corresponding to the lowest ground-state transition
La1.81Ho0.04Sr0.15Cu16O4 and La1.81Ho0.04Sr0.15Cu18O4. The lines de-
note the linewidth in the normal state calculated from Eq.~2!.
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whereJex is the exchange integral between the 4f electrons
of the Ho31 ions and the charge carriers,N(EF) is the den-
sity of states at the Fermi level, andM is the transition matrix
element of the crystal-field transition with energy\v
560.18 meV. We tookM2537.6 as resulting from the ex
trapolation procedure described above.18 From the high-
temperature linewidth data (T.60 K) we obtainJexN(EF)
50.0057(2).

The temperature evolution of the intrinsic linewidth dete
mined for the 18O compound is shown in Fig. 2~lower
panel! which has a similar shape as for the16O compound.
However, the crossover into normal-state behavior clea
occurs at a higher temperature; i.e., we setT* (18O)'70 K.
The slope in the normal state (T.70 K) is governed by
JexN(EF)50.0058(2). Our data give evidence for a larg
oxygen isotope shift of the pseudogap temperatureT* at
optimal doping, namelyDT* (O)'10 K, which gives rise to
an isotope coefficienta* (O)'21.3.

Figure 3 shows the temperature dependence of the in
sic linewidth determined for the63Cu ~upper panel! and 65Cu
~lower panel! compounds. The relaxation behavior is simil
to the 16O compound, and there is practically no differen
between the63Cu and 63Cu data; i.e., we haveT* (63Cu)
'T* (65Cu)'60 K. This means that there is no copper is
tope effect onT* , i.e., DT* (Cu)'0 K. From the slope in
the normal state (T.60 K) we obtain JexN(EF)

FIG. 3. Temperature dependence of the intrinsic linewid
~FWHM! corresponding to the lowest ground-state transition
La1.81Ho0.04Sr0.15

63CuO4 and La1.81Ho0.04Sr0.15
65CuO4. The lines de-

note the linewidth in the normal state calculated from Eq.~2!.
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50.0057(2) andJexN(EF)50.0056(2) for the 63Cu and
63Cu compounds, respectively.

For all isotope-substituted samples the slope parame
JexN(EF) of the relaxation data in the normal state turn
out to be the same within experimental uncertainties; i
there is no ambiguity concerning the ‘‘Korringa line’’ i
Figs. 2 and 3. This also proves that all the sample
although separately synthesized—were actually equiva
concerning the doping level, which is important for the re
ability of the reported isotope shifts for bothTc andT* .

The oxygen isotope substitution (16O vs 18O) affectsTc
andT* in a different manner. A small negative shift is foun
in the former, whereas a large positive shift is found in t
latter. This is in agreement with earlier results obtained
HoBa2Cu4O8,2 in which the large value ofDT* (O)'50 K
was interpreted in terms of a polaron-like mechanism22 asso-
ciated with the oxygen Jahn-Teller modes.6 Since a strong
Jahn-Teller effect is also present in La22xSrxCuO4, the same
mechanism is likely to apply here.

The copper isotope substitution (63Cu vs 65Cu) results in
a small negative shift forTc and in the absence of a shift fo
T* . This is in contrast to the case of HoBa2Cu4O8,3 for
which a large value ofDT* (Cu)'25 K was reported. This
large copper isotope shift was associated with a local cop
rre
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mode, although the experiment did not provide direct inf
mation about the specific type of lattice mode involved.
comparing DT* (Cu) for both HoBa2Cu4O8 and
La22xSrxCuO4, it is now possible to assign the copper mo
to the umbrella-type mode,8 which is present in the forme
compound but not in the latter. It favors an intersite bip
laron component in the bilayer compounds23 which haveTc’s
twice as large as the single-layer compounds.

In conclusion, the present neutron spectroscopic res
of the oxygen and copper isotope effects on the pseu
gap temperature T* in the single-layer compound
La1.81Ho0.04Sr0.15CuO4—together with earlier results ob
tained for the bilayer compound HoBa2Cu4O8 ~Refs. 2 and
3!—give evidence for the prominent role of local oxygen a
copper lattice modes which have to be considered in
interaction Hamiltonian describing the superconducting s
of high-Tc compounds. Whereas both Jahn-Teller-type o
gen modes and umbrella-type copper modes are relevan
the bilayer compounds, the latter are absent for the sin
layer compounds.
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