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Phonon dispersion relations in PrBaCu304.4, (Xx=0.2)
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We report measurements of the phonon dispersion relations in nonsuperconducting, oxygen-deficient
PrBaCu;Og .« (x~0.2) by inelastic neutron scattering. The data are compared with a model of the lattice
dynamics based on a common interatomic potential. Good agreement is achieved for all but two phonon
branches, which are significantly softer than predicted. These modes are found to arise predominantly from
motion of the oxygen ions in the Cy(lanes. Analogous modes in YBau;O4 are well described by the
common interatomic potential model.
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I. INTRODUCTION Il. EXPERIMENTAL DETAILS

The single crystal sample of PrBau;Og ., , Was prepared
The suppression of superconductivity by praseodymiunby top seeding a flux and had a mass-e2 g. It was re-
in PrBgCu;O¢ . « has for some years presented an outstandduced at 700°C in a flow of 99.998% argon for 100 h and
ing problem in the field of cuprate superconductivityAl- quenched to room temperature resulting in an estimated oxy-
though superconductivity af,~90 K is exhibited by the gen content ok~0.2. Using x-ray Laue diffraction it was

majority of compounds with the compositidRBa,Cu;07,  aligned with the[ 110] direction vertical. It was then glued
whereR is a rare earth, PrB&u;Os., combines antiferro-  onto an aluminum mount using G.E. varnish and held se-
magnetic ordering with semiconducting resistivity across theyyrely in place with aluminum wire. Preliminary neutron-
whole of the known phase diagram<{&<1). diffraction measurements showed the crystal mosaic to be
An influential model of the electronic structure of ~1°,
PrBaCu;Og .« (Ref. 3 suggests that the absence of super- The neutron-scattering experiments were performed on
conductivity is caused by localization of holes due to hybrid-the IN1 and IN22 triple-axis spectrometers at the Institut
ization of the Pr 4 and O 2 orbitals. This is supported by Laue-Langevin research reactor. The configuration of IN1
the observation of an enhanced ordering temperafgref ~ was as follows: flat coppe200) monochromator, pyrolytic
the Pr sublattice, which is an order of magnitude larger thagraphite (002 analyzer with horizontal and slight vertical
the ordering temperatur&g of the rare-earth sublattice in focussing, no collimation before the monochromator; 60
other RBa,Cu;0; compounds. collimator be'twegn the monochromator and sample, and py-
Neutron-scattering studies of the magnetic struétared rolytic graphite filter between the sample and analyzer to

dispersive magnetic excitatiohshave probed the strengths "€duce contamination of the beam by second- and higher-
of the different magnetic couplings in Pri2u,O. ., and order reflections from the monochromator. The spectrometer

indicate that the high value OFp, is partly due to an en- was operated in the constakt configuration with a final

hanced Pr-O-Pr superexchange and partly due to the pregpergy of 34.8 meV. Low-efficiency beam monitors, placed

ence of a significant coupling between the Cu and Pr subla efore the monochromator and between the filter and the
; analyzer, were used to gauge the incident beam intensity and
tices. Both of these effects could be the result of Y gaug y

S to check for accidental Bragg scattering. The crystal was
hybridization between Pridelectrons and the Cu(planes. 1, nteq inside a displex refrigerator and aligned such that

Hybridization is expected to affect the phonon dispersionner11g] and[001] directions lay within the scattering plane.
relations through the PO bonds. In this paper we present a|| measurements were performedTat 12 K. The configu-
measurements of the phonon dispersion relations, performedyion of IN22 was identical except for the use of a vertically
by inelastic neutron scattering on an oxygen-deficient singleuryed pyrolytic graphit€¢002 monochromator, no collima-
crystal of PrBaCu;Og.. (x~0.2). The data are compared tors and a fixed final energy of 14.7 meV. A low-efficiency
with a model of the lattice dynamics based on a commorbeam monitor placed before the monochromator was used to
interatomic potential, which was originally developed for gauge the incident-beam intensity, but there was no monitor
YBa,Cu;Og and later modified for PrB&€u;Og.” between the filter and the analyzer to check for accidental
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FIG. 1. Plots(a), (b), (c), and(d) show typical energy scans. The points are the raw neutron-scatteringadataged over several runs
with different, overlapping energy rangeand the lines are Gaussian fits. The valu®adk shown at the top of each plot. In pld® and
(b), from IN1, a monitor count of X 10° corresponds to a counting time of 2—5 min per péitepending on energywhile in plots(c) and
(d), from IN22, a monitor count of 500 corresponds+@ min per point. Plotge—h show simulations of the energy-scans, produced from

the common interatomic potential model described in the text, which facilitate the assignment of symmetry labels to the different phonon
branches.

Bragg scattering. The crystal was mounted inside a heliunfrigs. 1a)—1(d). The peaks are quite broad because of the
cryostat and aligned such that tHel0] and[001] directions  horizontal focussing of the analyzers. There is little evidence
lay within the scattering plane. Most of the measurement®f magnetic scattering due to crystal-field excitations, which

were performed at a temperature of 1.6 K. are known to exist in PrB&u,Og at energies of 61.5, 65.2,
76.0, and 84.7 meYbut it is possible that a small amount of

IIl. MEASUREMENTS magnetic scattering might contribute to the broadness of the

observed phonon branches in the energy range 70—90 meV.

The phonon dispersion relations in PyBasOg, were To determine the dispersion of the observed phonon

measured by performing a series of cons@regnergy scans modes in an unbiased way, each energy scan was fitted with
at positions across the Brillouin zon@ (s the neutron scat- a line shape constructed from several Gaussians superim-
tering vectoy. On IN1, scans were performed over an energyposed on a constant background. The centers, amplitudes and
rangefw=30-90 meV withQ=(3+h,3=h,0) to excite linewidths of the Gaussians and the height of the background
predominantly longitudinal modes ar@@=(h,h,15) to ex- were refined using a least squares method. Figure 2 shows
cite predominantly transverse modes. On IN22, scans werghe dispersion curves obtained by plotting the peak centers as
performed over an energy randew=0-24 meV withQ  a function of the phonon wave vectqr whereq is obtained
=(2—h,2—h,0), (0,0,71) to excite predominantly lon- from
gitudinal modes an®=(h,h,7), (h,h,8), (2,2]) to excite
predominantly transverse modes. Large valueQofvere Q=g+, @
chosen to maximize the phonon scattering cross sectiognq - is a reciprocal lattice vector.
(which is proportional toQ?), while minimizing the cross
section for magnetic crystal-field excitatiofwhich scales
with the magnetic form factor, falling off at hig®).®

The scattering intensity of a phonon mode is determined A model based on a common interatomic potential was
by its dynamical structure factor, a quantity that varies withinpreviously developed for the phonon dispersion curves in
each Brillouin zone and also between different zones. Thi&Ba,Cu;Og.” We adapted this for PrBEu;Og by inserting
means that some modes have a measurable intensity only thie appropriate lattice parameters, atomic masses, and
certain points within each Brillouin zone. In such cases, omuclear scattering lengths, and the model was used to calcu-
when a scan was contaminated by accidental Bragg scattdate the frequencies and dynamical structure factors of the

IV. MODEL

ing, energy scans were performed in neighboritdh Bril- phonon modes at the points in reciprocal space where our
louin zones to gain as many points on the dispersion curvesieasurements were performed.
as possible. Comparison of the) variation of the predicted and ob-

Some typical scans taken on IN1 and IN22 are shown irserved modes allowed us to identify the symmetries of the
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The measured compouna~£0.2) has a partial occupancy of the
FIG. 2. Phonon dispersion curves in PsBa;O5,. The points  two oxygen sites halfway between the Cu sites in the basal plane.
are the fitted peak centers obtained from the constargnergy
scans. The lines are the dispersion curves predicted by the COMMQAs . ution  function
interatomic potential model, adapted from YRayOg to '

PrBaCu;Og. Thex axis is labeled with thé or | value ofq, where . _ . . .
g=(h.h.0) or (0,0), in reciprocal lattice units(rlu). The 3, Figures 1e)—1(h) show the simulations corresponding to

modes were measured =(3+h,3=h,0), (h,h,15), and (2 the selected raw data_shown in pI_c(B)_—(d). Most of th_e
~h,2—h,0). The, modes were measured @=(h.h,7) and o_bservgd modes were in good qualitative agreement with the
(h,h,8). TheA, and A5 modes were measured @t (0,0, 7+1) simulations, so assignment of the symmetnes was clear.
and (2,21), respectively. BrancheS, (1) andS,(4) are plotted as However, plotgh) and(f) .show a clear discrepancy between
open circles and squares, respectively. Both are significantly shiftell€ observed and predicted phonon spectra. We have as-
with respect to the predictions of the model. The open triangles irsigned the large peak observed at 33 meV tadhgt) mode
the A, plot indicate modes that could not be indexed by comparisor{for clarity we have numbered the branches from highest to
with the model. On IN22 there was no monitor to check for acci-lowest in frequency Although the energy of this peak cor-
dental Bragg scattering, so it is possible that this was the cause ¢esponds better to the energies of the predidg(4) and
these peaks. >1(5) modes, its intensity corresponds much better to that of
theX,(4) mode, so we are confident that our assignation is
correct.
different branches. In this process the predicted frequencies In Fig. 2 the measured dispersion curves are compared
were used only as a guide. More weight was given to thevith those predicted by the model. The agreement is good
correspondence between the predicted and observed intenfir the majority of the observed branches. However, the
ties of the modes. To facilitate the comparison, simulationgnodel overestimates the energy of brangh(1l) by
of the energy-scans were produced by combining the pre=8 meV (2 THz) at the zone center and the energy of
dicted dynamical structure factors with the spectrometebranch(4) by ~10 meV (2.5 TH2 over the whole of the

calculated using the approximate
Cooper-Nathans methdd.
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Brillouin zone. The relative motions of the atoms in theseanomalies we have observed suggest the existence of more
branches are shown in Fig. 3, and it is clear that the motiomomplex binding mechanisms. It is particularly noteworthy
of the copper and oxygen atoms in the Gu@anes domi- that the anomalous phonon branches are characterized by
nates. Both branches change character somewhat betwelkange displacements of the oxygen atoms whopeogbitals
the center and the edge of the Brillouin zone, so the diagramare proposed to hybridize with the Pif 4rbitals. P—O
indicate the motions of the atoms at both of these positions ihybridization, in which the PO bonds are partially cova-
reciprocal space. lent in character, would result in a modified electron distri-
The broad resolution function of the spectrometer causetution around the in-plane O atoms, which could change the
some ambiguity in the assignation of mode symmetries astrength of the Cu-O bonds and alter certain vibrational
zone center. This was due to the possibility that we couldnodes.
have accidentally detected out-of-plane modes propagating
in transverse directions. For instance, when we attempted to
measure phonons propagating alghgQ] it is possible that
we could also have picked up modes propagating along We have described inelastic neutron-scattering measure-
[00h]. This effect is only important at zone center, so al-ments of the phonon dispersion curves in oxygen-deficient
though it could partially account for the lowering of the single crystal PrBsCu;Og,« (X~0.2). The results have
3,(1) mode at zone center, we are confident that it could nobeen compared with a model of the lattice dynamics based
have caused us to wrongly assign the symmetry oBth@) on a common interatomic potential, which is found to over-
mode. estimate the frequencies of two branches by a considerable
We now compare the dispersion curves we have observeaimount. Strikingly, these branches are dominated by motion
in PrBgCuOg, with those previously observed in of the oxygen atoms in the Cy@lanes: the same atoms that
YBa,Cu;Og.” In YBa,CusOg all the branches are well de- have been proposed to hybridize with the Pr orbitals. In con-
scribed by the common interatomic potential model. Theretrast, the observed frequencies of all phonon branches in
fore the energy shifts of th& (1) andX,(4) branches in YBa,Cu;O4 agree well with the model. The frequency shifts
PrBaCu;0; , are anomalous. Although tH®;(1) branch in  observed in the two anomalous branches in PEBgO; , are
YBa,Cu;Og has a similar shape to that in PrakxOg,the  interpreted as indirect evidence for hybridization of the Pr 4
dip at zone center is not so pronounced. In contrast t@and O 2 orbitals.
PrBgCu;05,, the X,(4) branch in YBaCu;Oq fits well
with the model. Although the energies of the other modes are

V. CONCLUSION
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