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Phonon and Magnetic Neutron Scattering at 41 meV in YBaCu30+
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We report inelastic neutron scattering measurements at excitation endrgies 41 meV in
YBa,Cu;0,;. We separate magnetic and phonon contributions to the scattering cross section by a
detailed analysis of the momentum dependence of the scattered intensity. The previously reported
broad peak arounq = (7 /a, 7 /a) in the normal state can be entirely accounted for by a phonon which
primarily involves vibrations of the in-plane oxygen. Magnetic scattering centered around 41 meV and
q = (7 /a,/a) appears in the superconducting statdy. Theoretical implications of these findings
are discussed.

PACS numbers: 74.25.Jb, 74.25.Kc, 74.72.Bk

An important experimental constraint on microscopicmal state, this excitation can be understood as arising from
models of the normal and superconducting states of thquasiparticle creation by magnetic neutron scattering. An
copper oxide superconductors is the generalized magnetamalysis of the coherence factors for this process is given.
susceptibility whose imaginary pagt’(q, ) is measur- Our measurements were made possible by the synthesis
able by neutron scattering. Below the superconductingf a very large YBaCu;Og-, crystal of volume~10 cm?®
transition temperature of fully oxygenated YE2;0¢+,  and mosaicity~2°. Careful measurements of the lattice
(x ~ 1,T. ~ 90 K), a sharp peak iny"(q, w) at hiw =  constants show that the crystal is very close to full stoi-
41 meV and qop = (%, %) was discvoered by Rossat- chiometry ¢ = 0.95). Susceptibility measurements on
Mignod et al. [1] and later confirmed to be of mag- crystals prepared under identical conditions revealed su-
netic origin in polarized neutron scattering experimentgerconducting transitions of width 0.25 KBt = 93.0 K,
by Mook et al.[2]. (We quote the in-plane momen- and Meissner fractions near 100%. Even more stringent
tum qup in units of 277/a ~ 1.63 A~! and the momen- tests of sample quality and oxygen content and homogene-
tum L perpendicular to the layers in the unitsaf /c ~ ity are measurements of the superconductivity-induced
0.54 A=1). Because of the extremely time consuming na-softening of certain phonons, as is briefly indicated below.
ture of neutron polarization analysis, the presently avail- The neutron experiments were performed on the H7
able polarized-neutron data are very limited, and the norand H8 triple-axis spectrometers at the High Flux Beam
mal state data thus far reported are inconclusive. A deReactor at the Brookhaven National Laboratory. The
tailed characterization of the energy, momentum, and ten(002) reflection of pyrolytic graphite (PG) was used as the
perature dependence of (q, @) can only be achieved by analyzer, the beam collimations wet&'-40'-80'-80’, and
unpolarized-neutron scattering. Using unpolarized neuthe final neutron energy was kept fixed at 30.5 meV. We
tron scattering, both Rossat-Migned al. [1] and Mook  used two different monochromators, the (002) reflection
et al. [2] reported a broad peak arougsh = (3, 3)inthe  Of beryllium yielding an energy resolution oAE =
normal state, which they interpreted as arising from mag>-4 meV (full width at half maximum) and the (002)
netic excitations. We exploit the different dependence ofeflection of PG yieldingAE = 8.3 meV. A PG filter
phonon and magnetic scattering on the magnitude and dvas placed behind the sample in order to eliminate higher
rection of the momentum transfer to show that this peaferder contamination of the scattered beam.
is due to phonon scattering, in particular, scattering from The goal of our experiment was to obtain detailed
a c-axis vibration of the in-plane oxygen which has beeninformation about the spatial character of phonon and
studied extensively by Raman scattering [3]. We agreénagnetic excitations which can be extracted from the
with previous conclusions [1,2] about the magnetic originmomentum dependence of the neutron cross section. The
of the sharp peak belo®.. Since there is no evidence for Cross section for coherent scattering from a phonon mode
magnetic scattering centered around 41 meV in the nofs proportional to
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where Q is the momentum transferred to the neutron, 1000 T T
and q = Q — 7 for any reciprocal lattice vectorr. ’g 900 |
ba, Mg, and 7q4(q) are the scattering length, mass, and 2 800
displacement of the atom at basis sidein the unit ~
cell, respectively. Wy is the weaklyQ-dependent Debye- £ 700
Waller factor, andw(q) is the phonon energy. 8 600
Low-energy spin waves in antiferromagnetic Z 500
YBa,Cuz06+, (0 < x =< 0.45) give rise to inelastic $ 400
magnetic scattering around the antiferromagnetic zone = 300
centerq,p = (%, %). Because of the strong coupling of 0
Cu spins within one bilayer the cross section for inelastic
magnetic neutron depends aras follows [4]: 1000
( d’o ) _ [HQ)sir(mzcul) o 900
deE magnon w(Q) ’ 800

where f(Q) is the Cu magnetic form factor, ang, =
0.291 is the distance between nearest-neighbor Cu spins
within one bilayer (forx = 1), expressed as a fraction
of the lattice constant. w(q) is the spin wave energy.
Magnetic excitations similar in character to acoustic spin

Intensity (counts / 10 min)
2
o

waves in insulating YBgCuyOg+x, albeit with shorter 300 ' 0 05 1.0
correlation lengths and reduced low-energy weight, have H (rlu.)
also been observed in the 60 K superconductorss <

< 0.7) [5] FIG. 1. Constant-energy scans withow = 41 meV along
r=v : (@) Q = (3.3.L) and (b)Q = (H,H,L) with fixed L. The

While the magnetic inelastic scattering intensity genersgjiq jines are predictions of a lattice dynamical calculation

ally decreases witlQ due to the presence of the mag- for scattering from the 42.7 meV oxygen vibration. Only the
netic form factor, the phonon intensity increases becausegackground and the overall scale were adjusted. The arrows in
of the Q - # polarization factor in Eq. (1). In order to (@) indicate the maxima of sifrzc.L) [Eq. (2) in the text].
distinguish both sources of scattering, a survey of the
scattering intensity over a wide range ¢f is there- A phonon mode of energy 42.7 meV which involves,
fore essential. For a given sample orientation a tripleprimarily, vibrations of the in-plane oxygen is observed
axis spectrometer allows scans in a two-dimensional se®y Raman scattering aj = 0 [3]. In neutron scatter-
tion of reciprocal space. We first mounted our sampléng experiments with high-energy resolution we have ex-
in the standard orientation for magnetic scattering experimentally established that the phonon dispersion is
periments for which reciprocal space points of the formless than 0.2 meV throughout the entire Brillouin zone.
(H,H,L) are accessible. Figure 1(a) shows a scan ifThe same measurements also show a superconductivity-
the normal state af = 100 K for which the energy and induced softening of about 1 meV fay = 0 [6]. Ra-
in-plane momentum transfers are held fixed at 41 mevnan [3] and neutron [7] scattering measurements indicate
and Q,p = (%, %), respectively, and. is scanned over that such large effects only occur in the highest-quality,
the maximum range allowed by the spectrometer confully oxygenated samples.) Because of the broad energy
figuration. The scan reveals a sinusoidal modulation ofesolution used in all magnetic neutron scattering exper-
the scattering intensity wittL, reminiscent of Eq. (2). iments, this phonon therefore contributes to the1 slcatter-
Scans for fixedL [Fig. 1(b)] show a broad peak around ing intensity measured diw = 41 meV, Q,p = (3,3)
Q.p = (%,%)_ Scans taken for small in the normal state unless the dynamicgl structure factor, Eqg. (1), vanishes.
have therefore been interpreted as evidence for antiferrs3ince Eq. (1) contains the phonon eigenvector, we have
magnetic spin excitations characterized by short in-planéarried out a lattice dynamical calculation of the eigenvec-
correlation lengths and strong bilayer coupling [1,2]. tors of this and other phonons for nonzego For simplic-
However, inspection of Fig. 1 shows that this inter-ity we adopted a nearest-neighbor force constant model,
pretation is untenable. First and most importantly, the@king the force constants of Bates and Eldridge [8] as
scattering intensity increases wiil, inconsistent with starting values and adjusting them until good agreement
magnetic inelastic scattering, Second, as indicated iMith present knowledge of the = 0 eigenvectors [9] was
the figure, the periodicity of the modulation alodgis  reached. The eigenvectolrslof the 42.7 meV oxygen vibra-
longer than predicted by Eq. (2). In fact, replacing,  tion atq = 0 andqyp = (3, ;) are shown in Fig. 2. The
by zo = 0.244, the reduced distance between nearestpredictions of this model obtained by inserting the calcu-
neighbor oxygens within one bilayer, produces the corredated eigenvector into Eq. (1) are in excellent agreement
periodicity. ¢c, andzo are different because of a slight with our data, as shown in Fig. 1. In particular, the model
buckling of the CuQ layers.) explicitly predicts a broad peak @,p = (%, %) which is

317



VOLUME 75, NUMBER 2 PHYSICAL REVIEW LETTERS 10UJLy 1995

phonon dynamical structure factor is clearly discernible,
while the first peak is suppressed by the polarization
factor, as predicted by the model calculation.

A new contribution to the neutron cross section appears
below T.. This additional intensity is modulated along
L with a smaller periodicity consistent with:, (or a
weighted average ofc, andzo'), and the peak inten-
sity decreases with increasiilg as expected for magnetic
scattering. Our measurements therefore confirm the mag-
netic origin of the additional scattering Atv = 41 meV
below T.. Because of the near-absence of one-phonon
q=0 q = (1/2, 1/2) scattering aQ = (%, % 1.7), we can now study the mo-
mentum and energy dependence of the magnetic scatter-
ing in detail without polarization analysis. (Because of

FIG. 2. Calculated eigenvectors of the 42.7 meV phonon forthe extremelv large size of our samole. a sizable mul-
q=0andq = (%,%,0). Only one CuQ bilayer is shown. y larg Pe,

The arrows indicate the displacements of the in-plane oxygerhonor_‘ background _iS present. However, this back-
ions. For clarity, smaller displacements of the Cu and Y ionsground is featureless in both energy and momentum and
are not indicated. In order to display the full symmetry of thecan be readily subtracted from the data.) Figure 4 shows

mode, av/2a X +/2a cell is shown forq = (3, 3,0). constantQ and constant-energy scans through this posi-

robust against substantial variations of the relevant forcgon' _The energy W'd.th of thg peak IS reiolunon limited
éven in a high resolution configuratioA £ = 5.4 meV),

constants. We stress that the predictions of the model in=, 7 " — S

volve no fits to the data, and by implementing the mode hich |mpI|es_an |ntr|nS|C_W|dth of at most about 3 meV.
! . L A deconvolution of the line shape in momentum space

of Chaplot [10] we have checked that its qualitative fea- ields an intrinsic width 0f~037 A-L (full width at half

tures are unaltered when long-range Coulomb forces aréaximum) )

included in the calculation. We thué refute previous evidence for an enhance-

Since this phonon is polarized predominately in the ment of the ma netiF(): cross sectiona — 41 meV and
axis direction, the facto - # in Eq. (1) suppresses the 9

— (L Ly
cross section for small. On the other hand, the magnetic 920 ~ (3,3) in the normal state. Of course, our datg d(.)
form factor increases for small. In order to isolate NOt imply the complete absence of magnetic scattering in

magnetic excitations contributing to the neutron crosd"€ normal state, especially scattering that is either very

section at 41 meV, it would therefore seem preferable tqveak ﬁ'r distributtehd ?ro?(ilﬁ/ intr?otglener\g/;y an_(tj ;T“’me”'
conduct experiments @ = (%, % 1.7), where our model um. However, the Tact that the Mev excitation ap-

predicts the phonon scattering intensity to be very smalPsars the s_upercondu_ctmg Statdy ha_ls Important im-
(Fig. 1). Unfortunately, this point is inaccessible due toPications for its theoretical interpretation. For high ex-
kinematic constraints. We therefore reoriented the salmpl‘(g)'t"’ltIon energies and low temperatures, creation of quasi-

® Cu
%0

such that reciprocal space points of the fo{®#/, H, L) = 900
were in the scattering plane, which allowed us to reachthe £ 850} 9) 10K 1 100K
. . [ 2d
equivalentQ = (%% 1.7) point. (%,%,L) scans atiw = Z ! 5
41 meV above and below. are shown in Fig. 3. Above o 790 s 3 é§
T. the second peak of the sinusoidablependence of the 5 700 3 i 3
o
N — 0 o5 o6 o4 05 08
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FIG. 4. (a) Constant-energy scans wiitkh = 41 meV along
L (r.lu) (3H,H,1.7) and (b) constan® scans withQ = (%, % 1.7). In
) (b) the difference between 10 K (70 K) and 100 K is plotted.
FIG. 35 Constant-energy scans witho = 41 meV along  The raw data also show a contribution of a phonon centered
Q=(, %,L) in the normal and superconducting states. Theat iw ~ 30 meV. The instrumental momentum and energy
solid line is the prediction of the lattice dynamical calculation resolutions are indicated by bars. The solid lines are guides to
for scattering from the 42.7 meV phonon. the eye.
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electron/quasihole pairs gives the dominant contributiorsurface. Neutron spectroscopy is thus an important probe
to x(q, w). The coherence factor for this process is [11] of the microscopic nature of the superconducting state of
YBa,Cu;0-, and possibly a direct probe of the magnitude
eklek + q) + AKAk + q) . (3) and phase of the superconducting energy gap. Detailed
E(K)E(Kk + q) calculations are necessary to elucidate the role of band
Here, k and k + q are two-dimensional momenta, structure, final-state interactions, and interlayer hopping.
A(k) is the energy gape(k) is the single-particle We are very grateful to the Brookhaven neutron scat-
energy measured from the Fermi surface, andering group, in particular, G. Shirane, J.D. Axe, B.J.
E(k) = ye(k)? + A(k)? is the quasiparticle en- Sternlieb, and J.M. Tranquada for their hospitality and
ergy. The minus sign reflects the fact that the magnetiecnany helpful conversations. We also acknowledge stim-
neutron scattering cross section is odd under time reversalating discussions with P. Bourges, M. Cardona, S.
symmetry. The coherence factor is appreciable onl\Chakravarty, V.J. Emery, R. Joynt, M. V. Klein, P.A.
if the energy gap has opposite sign at the points atee, K. Levin, I.1. Mazin, N.P. Ong, D.J. Scalapino,
which the two quasiparticles are created. In particularP. van der Marel, and V.M. Yakovenko. The work at
d-wave symmetry of the energy gap (or a generalizatioPrinceton was supported by the MRSEC program of the
appropriate for orthorhombic structures [12]) would National Science Foundation under Grant No. DMR94-
explain why magnetic scattering is enhanced in theéd0362. The work at the HFBR at Brookhaven was sup-
superconducting state for scattering between adjacemorted by Contract No. DE-AC02-76CH00016, U. S. De-
lobes of the gafgq = (kr, kr)], but not forq = 0 [13].  partment of Energy, Division of Materials Science.
The overall intrinsic momentum width of the 41 meV
peak is consistent with four unresolved equivalent peaks
at the positions expected in this scenaridz (etermined
by photoemission experiments [14] is close #¢/a on
the scale of our vertical and in-plane momentum resolu-
tions [5].) Theoretical calculations which include band  *Present address: Department of Materials Science and
structure effects and/or final-state interactions between Engineering, University of Washington, Seattle, WA
quasiparticles are necessary to explain the experimental 98195. .
observations in detail, especially the sharpness of thelll J- Rossat-Mignocet al., Physica (Amsterdam)85-189G
peaks in both momentum and energy [15]. Other gap 86 (1991).
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excitation close t@".. [4] J.M. Tranquadat al., Phys. Rev. B40, 4503 (1989).
The sinusoidal dependence of the measupédy, w) [5] J.M. Tranquadat al., Phys. Rev. B46, 5561 (1992).
on L indicates a strong coupling between adjacent €uO [6] D. Rezniket al. (to be published).
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