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Oxygen and copper isotope effects on the pseudogap in the high-temperature superconductor
La; giHOg 04Srg 1:CuOQ, 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 superconductoy 480, oSty 1:CuO, have been investigated by means of inelastic
neutron scattering. For th€O compound there is clear evidence for the opening of an electronic pseudogap in
the normal state af* ~60 K, far aboveT,~32 K. Upon substituting®0 by €0, T* is shifted to about 70
K. On the other hand, no shift is found for the copper isotope substitution, Tg53Cu)~T* (5°Cu)
~60 K. These results, together with the large oxyged copper isotope effects of* for HoBa,Cu,Og, 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 quantum |ayer highT. compound La_,Sr,CuQ, due to the inversion
phenomena: pairing of the charge carriers at a characteristiymmetry at the Cu site. Thus a study of the copper isotope
temperaturd* and long-range phase coherence at the supeeffect in this compound would definitely discriminate be-
conducting transition temperatufg. In conventional super- tween the possible copper modes.
conductors these two phenomena occur simultaneously, i.e., In this paper we report on neutron spectroscopic investi-
T*=T,. In contrast, for high-temperature superconductorgdations of the oxygen and copper isotope effects on the re-
we haveT*>T, over a large doping range; thus the so- laxation rate of crystal-field excitations in the optimally
called pseudogap regiorT{(<T<T*) is clearly the most doPed high¥. compound LggH0o0sS10.1sCUG,. The data

. : X .
challenging part of the phase diagram. The experimental dis[ir cl)\é'?f clﬁar ev'dingﬁ.fzoraznogéégeg d '?S:OC%e Seh}ffs% tope
covery of the pseudogap region gave rise to an impressive , .~ whereas n* I w v Pper | P
number of models for the mechanism of high-temperatureSUb.Stltu.t'On’ le.ATc,~0 K. Th‘;i? re_sult_s complem_e_nt our

earlier findings for HoBsCu,Og,“” indicating an additional

superconductivity. In the past, measurements of the ISOtOP&itaraction in the origin of the pseudogap in the bilayer high-

effect were essentigl to (_astablish the BCS model_of classlcqlc compounds compared to the single-layer ones. More spe-
superconductors. Likewise, experiments searching for ISOcifically, the pseudogap formation in both single-layer and
tope effects on the pseudogap temperaflitemay be of  pjlayer highT, compounds is governed by Jahn-Teller-type
crucial importance to discriminate between the different pairoxygen vibration$, but for the bilayer compounds an
ing scenarios developed for the cuprate superconductors. ymbrella-type motion of the Cu ions has to be considered
Recently, we studied the oxygen and copper isotope efadditionally.
fects onT* by neutron scattering measurements of the relax- The principle of neutron spectroscopic investigations of
ation rate of crystal-field excitations in the bilayer hi§h- the crystal-field interaction in higli; superconductors was
compound HoBgCu,Og which gave evidence for large iso- described in review articles:° By this technique transitions
tope shiftsATE~50 K (Ref. 2 andATg ~25 K (Ref. 3. between different crystal-field levels can be directly mea-
While the observed oxygen isotope shitf® vs 10) was  sured. In the normal metallic state the excited crystal-field
quantitatively accounted for by models based on chargéevels interact with phonons, Cu spin fluctuations, and charge
orderind and strong nonlinear electron-phonon efféas-  carriers(electrons or holds These interactions limit the life-
sociated with Jahn-Teller-like oxygen vibrations and stripetime of the excitation; thus the observed crystal-field transi-
formation® we are not aware of any theoretical attempts totions exhibit line broadening. The interaction with the charge
understand the observed copper isotope sfi@t vs ®°Cu).  carriers is by far the dominating relaxation mechanfsfine
Such investigations would be highly desirable, since the copeorresponding intrinsic linewidth ,(T) increases almost lin-
per isotope coefficient associated wiffi* is «*(Cu) early with temperature according to the well-known Kor-
=-4.9% i.e., roughly twice as large as the correspondingringa law!! In the superconducting state, however, the pair-
oxygen isotope coefficient* (O)=—2.22 The observed ing of charge carriers creates an energy gek); thus
copper isotope effect of* in HoBa,Cu,Og clearly indicates  crystal-field excitations with energyw <2A(k) do not have
the importance of local copper lattice modes which could beenough energy to span the gap and consequently there is no
either of an in-plane copper-oxygen bond stretching type interaction with the charge carriers. For an isotropic gap
an umbrella-typ® motion involving out-of-plane displace- function A(k)=A the intrinsic linewidth in the supercon-
ments of the Cu ions. The latter mode is absent in the singleducting state is then given by
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A
FS(T)=Fn(T)exp(—kB—T). ) T=20K

32 | b

This means thal'((T<T_.)~0, and line broadening sets in 24
just belowT. where the superconducting gap opens. For an-
isotropic gap functions the situation is more complicated, 16
since certain relaxation channels exist even at the lowes

temperaturé? 08

For the present experiments four samples of the optimally
doped high¥, compound LagH0g 04515 1:CuO, were pre- °
pared for the isotope¥0 and®0 as well as®*Cu and®°Cu.

The HG" content has to be kept below5% in order to 08,
ensure the sample homogeneity and single-phase chatacter.
The samples were synthesized by a conventional solid-stat__ ,,
reaction using stoichiometric amounts of dried ,0a
(99.9%, Ho,O5 (99.99%9, SrCQ; (99.9%9, and CuO(99%).
The powders were mixed, ground thoroughly, pressed int
pellets, and fired in air at 850 °@30 h), 900 °C(40 h), and
950 °C(50 h) with intermediate grindings. After the neutron
scattering experiments, the LaHoq 1,.Sr 1:CUt®0, sample
was subject to O diffusion in order to obtain
Lay g:H00 0.5k 1:CUt0,. The process was peformed in a
closed system at 850 °C during 100 h as described in Ref
14. The 0O concentration was determined by mass spec- s [ y
trometry during the exchange process to beX{&)%. The
copper-isotope-substituted samples were prepared from very
high-purity ®3Cu and %°Cu metals. For this purpos&*CuO
and %°CuO powders were obtained by oxygenation of the
metals at 900 °C during 20 h with one intermediate grinding.
From there on, the solid-state reaction took place as de
scribed above. All samples were confirmed by high-
resolution neutron-powder diffraction to be single phése
purity phases less than1%). Thestructural parameters and
oxygen contents of all samples were found to be the same
within experimental uncertainities. The critical temperatures
were determined by dc magnetometry to he=32 K, and o | ]
the observed isotope shifts turned out to Be.(O) . . .
=—(0.43:0.05) K and AT, (Cu)=-(0.37£0.04) K, | ) '
which can be described by the isotope coefficiepts
=0.11+0.01 andac,=0.29£0.04, in agreement with lit- FIG. 1. Energy spectra of neutrons scattered from
erature data>1® Lay g;HOg 0,S1 1£CUL0, as taken on FOCUS. The solid lines are fits
The inelastic neutron scattering experiments were perto the data which include the relaxation as described in the text. The
formed on the high-resolution time-of-flight spectrometersdashed lines denote the observed crystal-field excitations and the
FOCUS and IN5, installed at the Paul Scherrer Instifvie ~ elastic line.
ligen) and at the Institute Laue-LangeviGrenoble, respec-
tively. FOCUS and IN5 were operated with incoming neu-pected to appear above 10 meV and to be at least one order
tron wavelengths of 5.75 and 6 A, giving energy resolutionsof magnitude less intensé which means that the observed
at the elastic positioffull width at half maximum(FWHM)]  low-energy crystal-field spectrum will not be contaminated
of 46 and 55ueV, respectively. The samples were enclosedby excited-state transitions for temperatures up to 100 K. At
under He atmosphere in Al cylinders and placed into a cryT=10 K the width of the crystal-field transitions is consid-
ostat in order to reach temperatures in the rangeT0 erably broader than the instrumental energy resolution, typi-
<100 K. The raw data were corrected for absorption, deteceally of the order of 14QueV, which is due to local struc-
tor efficiency, background, and detailed balance effects adural distortions around the Ho6 ions resulting from doping
cording to standard procedures. with SP* ions. With increasing temperature the crystal-field
Figure 1 shows energy spectra of neutrons scattered frotnansitions renormalize due to relaxation effects; i.e., the
Lay giHOg 0:Slp 1:CUM%0,. There are strong ground-state linewidths increase and the energies decrease. The lines in
crystal-field transitions athw~*+0.18 meV, i.e., |fio| Fig. 1 show the result of a least-squares fitting procedure in
<2A.]~16 meV (Ref. 19]. Further transitions are ex- which the crystal-field transitions were described by a con-
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FIG. 2. Temperature dependence of the intrinsic linewidth FIG. 3. Temperature dependence of the intrinsic linewidth
(FWHM) corresponding to the lowest ground-state transition in(FWHM) corresponding to the lowest ground-state transition in
Lay gHOp 04STp 15C U0, and La gH0p 051 16CUM0,. The lines de-  Lay giHOg 0,51 12°CUQ, and La gH0g 0.1 12°Cu0;. The lines de-
note the linewidth in the normal state calculated from &). note the linewidth in the normal state calculated from &j.

volution of a temperature-independent Gaussian functiomvherelJ, is the exchange integral between thieelectrons
(corresponding to the residual low-temperature width ofof the HO*" ions and the charge carrietd(Eg) is the den-
140 eV as explained aboyavith a temperature-dependent sity of states at the Fermi level, aMlis the transition matrix
Lorentzian function describing the intrinsic linewidii(T) element of the crystal-field transition with energyw
due to the interaction with the charge carriers. The fitting=*=0.18 meV. We tookVI2=37.6 as resulting from the ex-
parameters were therefore the intrinsic linewiditfir), the  trapolation procedure described abd®efFrom the high-
energy of the crystal-field transition, and an overall scaldemperature linewidth datar (60 K) we obtainJ,N(Eg)
factor for the intensities. Similar energy spectra were ob—=0.00572).
tained for the isotope-substitutédo, ®3Cu, and®*Cu com- The temperature evolution of the intrinsic linewidth deter-
pounds which all gave evidence for a ground-state crystalmined for the ¥0 compound is shown in Fig. Plower
field transition at the same energy-0.18 meV at low pane} which has a similar shape as for th8 compound.
temperatureas for the'®0 compound within the experimen- However, the crossover into normal-state behavior clearly
tal uncertainties. occurs at a higher temperature; i.e., we B&('80)~70 K.
Figure 2(upper panglshows the temperature dependenceThe slope in the normal statel 70 K) is governed by
of the intrinsic linewidthl'(T) determined for thé®0 com-  J. N(Ef)=0.00582). Our data give evidence for a large
pound. The linewidtfFWHM) is rather small below 30 K; oxygen isotope shift of the pseudogap temperaflifeat
then it increases monotonically up to 60 K. Above 60 K theoptimal doping, nameT* (O)~ 10 K, which gives rise to
linewidth increases linearly as expected for the normal statean isotope coefficientt* (O)~ —1.3.
i.e., we sefl* (**0)~60 K. The solid line denotes the line- Figure 3 shows the temperature dependence of the intrin-
width in the normal state which—considering only the first- sic linewidth determined for thé&Cu (upper panéland 5°Cu
excited crystal-field state—is given by the modified Korringa(lower panel compounds. The relaxation behavior is similar
law!! to the %0 compound, and there is practically no difference
between the®*Cu and %3Cu data; i.e., we hav@* (5Cu)
. ~T*(%°Cu)~60 K. This means that there is no copper iso-
_ 2 N2 2 w tope effect onT*, i.e., AT*(Cu)~0 K. From the slope in
T(T)=2me N (Ep)fi oM COU{ 2kBT)’ @ the mnormal state T>60K) we obtain Jo,N(Ef)
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=0.0057(2) andJe,N(Eg)=0.0056(2) for the®Cu and mode, although the experiment did not provide direct infor-
83Cu compounds, respectively. mation about the specific type of lattice mode involved. By
For all isotope-substituted samples the slope parametegomparing AT*(Cu) for both HoBaCu,Og and
JoxN(Eg) of the relaxation data in the normal state turnedLa;—,SKCuQy, it is now possible to assign the copper mode
out to be the same within experimental uncertainties; i.e.{o the umbrella-type modéwnhich is present in the former
there is no ambiguity concerning the “Korringa line” in compound but not in the latter. It favors an intersite bipo-
Figs. 2 and 3. This also proves that all the samples—aron component in the bilayer compouftiwhich haveT's
although separately synthesized—were actually equivalertvice as large as the single-layer compounds.
concerning the doping level, which is important for the reli-  In conclusion, the present neutron spectroscopic results
ability of the reported isotope shifts for bolh andT*. of the oxygen and copper isotope effects on the pseudo-
The oxygen isotope substitution®0 vs *°0) affectsT;  gap temperature T* in the single-layer compound
andT* in a different manner. A small negative shift is found | 3, o Ho, (.St ;<CUO,—together with earlier results ob-
in the former, whereas a large positive shift is found in theiained for the bilayer compound HoBau,0g (Refs. 2 and
latter. This iszin agreement with earlier results obtained f°r3)—give evidence for the prominent role of local oxygen and
HoB&Cu,0g,” in which the large value oAT*(0)=50 K onner Jattice modes which have to be considered in the
was interpreted in terms of a polaron-like mecharffsasso-  jeraction Hamiltonian describing the superconducting state
ciated with the oxygen Jahn—TeII_er modeSince a strong of high-T, compounds. Whereas both Jahn-Teller-type oxy-
Jahn-Teller effect is also present inL.gSr,CuQ,, the same  gon modes and umbrella-type copper modes are relevant for

mechanism is likely to apply here. o _ the bilayer compounds, the latter are absent for the single-
The copper isotope substitutiof*Cu vs %°Cu) results in layer compounds.

a small negative shift fof . and in the absence of a shift for

T*. This is in contrast to the case of Hofu,Og,® for Financial support by the Swiss National Science Founda-
which a large value oAT* (Cu)~25 K was reported. This tion through both Project No. 20-58903 and the NCCR
large copper isotope shift was associated with a local coppevlaNEP project is gratefully acknowledged.
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