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High-energy spin excitations in YBgCu;Og 5
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Inelastic neutron scattering has been used to obtain a comprehensive description of the absolute dynamical
spin susceptibilityy” (g, ) of the underdoped superconducting cuprate XBg0g 5 (T.=52 K) over a wide
range of energies and temperatu(@sneV <Ao< 120 meV and 5 KT<200 K). Spin excitations of two
distinct symmetriegeven and odd under the exchange of two adjacent,Cay@r9 are observed which exhibit
two differentgaplike featuregrather than a single “spin pseudogadp'The excitations show dispersive be-
havior at high energie$S0163-18207)51142-9

The magnetic excitation spectra of doped cuprates contaiaver, theoreticdlas well as experimentaévidence indicates
incisive and highly specific information about theories forthat these predictions do not generally hold for low-
high-temperature superconductivity. Many models based odimensional systems in the presence of strong correlations.
strong Coulomb correlations between charge carriers, for inHere we report neutron-scattering measurements that evi-
stance, predict that at high energies the spin dynamics shoulttnce a magnon dispersionlike behavior at energies of the
resemble those of the parent antiferromagnetic insulator. Urerder ofJ;;. Moreover, the spin excitation spectrum is char-
til recently, neutron experiments on metallic and superconacterized by two different gaplike features. These features
ducting cuprates were confined to excitation energies belowrovide fundamental insights into the “spin pseudogap”
~50 meV, larger than the superconducting energy gap buthenomenon in metallic underdoped cuprates as well as es-
smaller than the intralayer nearest-neighbor superexchangential information about the interlayer interactions.

J;~100 meV which sets the energy scale for spin excitations Transitions between states of the same tgtpending-to-

in the undoped antiferromagnetic precursor compounds. Réonding or antibonding-to-antibondin@nd those of oppo-
cent pioneering studies of the single-layer superconductosite types are characterized by even or odd symmetry, re-
Lay gSry 14CuQ, extended these measurements to higher enspectively, under the exchange of two adjacent Cla@ers.
ergies and established the presence of significant spectrdl the cross section for inelastic magnetic neutron scattering,
weight at energies comparable 19_1'2 Analogous data for these transitions can be distinguished according to their dis-
metallic and superconducting YB2u,04,, (YBCO) have tinct dependences on the wave-vector compoheperpen-
thus far not been reported. dicular to the Cu@sheets:® The odd component of the spin

As YBCO is a bilayer system, such experiments can alssusceptibility displays a sftmzc,L) dependence whereas the
answer questions about the nature and strength of the coeven component has the complementarydependence,
pling between two directly adjacent Cydayers, a problem cog(mzeL). [Here, zc,=0.285 is the reduced distance be-
of intense current research. As there are two Cu atoms péween nearest-neighbor Cu spins within one bilayer, and the
unit cell of YBCO, one generally expects the formation of wave vectorQ=(H,K,L) is measured in units of the recip-
bonding and antibonding electronic states. Conventionalocal lattice vectors 2/a~2m/b~1.63 A™! and 2m/c
band theory predicts the formation of two Fermi surfaces in~0.53 A]. In previous low-energy neutron experiments
bands composed of bonding and antibonding states. Hown the metallic regim&;® only spin excitations of odd sym-
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metry were found over the entire doping range. Does thishe wave vectoiQ while keeping the energy transfer con-
reflect a fundamental selection rule, or is there a differenstant. Two different scattering geometries were chosen in
(highen energy scale associated with the first type of transiwhich wave vectors of the form®Q=(H,H,L) or Q

tion? In the latter case, a comparison between the energies(3H,H,L), respectively, were accessibifeThe results ob-
and susceptibilities associated with the two excitation modegained on both instruments and in both geometries are in
would yield quantitative information on the strength of the good agreement.

bilayer coupling, obviously an important parameter in mod- " previous experimerts'® have established that the low

els of high-temperature superconductivity. This issue alsQerqy magnetic cross section is peaked around the in-plane
bears directly on the interpretation of other experiments that

are sensitive to this coupling. Our measurements of high'ave vectomp=(m/a,m/b), orH=K= 2 in reciprocal lat-
energy spin excitations in underdoped metallic Y804 s t|ce_u_n|ts(r.l.y.). The cross section for odd spin excitations
have much better resolution and counting statistics than th@xhibits maxima at. oq4~1.7+3.5n (n = integey, and that
initial studies on LagSr, 1:Cu0,. »2 Excitations ofbothodd ~ for even excitations is maximum fdre e~ 3.5n. We there-
and even symmetries are observed; the even excitations affere performed constant-energy scans al@w(H,H,L 49
characterized by a 53 meV energy gap, the odd excitations and H,H,Lc.e), shown in Fig. 1. There are numerous opti-
show a gaplike feature at 23 meV!® Both excitations ex- cal phonon modes in the energy range covered by these data.
hibit large temperature dependences, and a dispersionlike belowever, scans in different diffraction zones as well as
havior at high energies. checks against phonon structure factor calculatfoestab-
Our sample was a high-quality YB&u; O s single crys-  lished the magnetic origin of the peaks. The strong tempera-
tal of volume~2.5 cm® and superconducting transition tem- ture dependence of the peak intensitisse below is also
perature(midpoint) T.=52 K. Its preparation and character- inconsistent with phonon Scattering. This methodology has
ization have been described elsewhtrein particular, Ppreviously been applied to neutron data at lower
susceptibility measurements shown in Fig. 2 of Ref. 13 indi-energies, "*~***and the results were found to be consistent
cate a sharp superconducting transititfinll width 5 K)  with polarized beam experiments wherever such checks
which rules out significant inhomogeneities in oxygen con-proved feasiblé:'> The temperature dependence of the uni-
tent. The neutron experiments were performed on the tripléorm background presumably arises from multiphonon scat-
axis spectrometers IN@nstalled on a thermal begnand  tering.
IN1 (installed on the hot neutron soujaa the Institut Laue- The scans were fitted to Gaussian profiles convoluted with
Langevin(ILL). The incident beam was monochromated bythe instrumental resolution function, corrected for the Cu
the (112) reflection of a flat copper crystal on IN8, and by the Magnetic form factot] and converted to the dynamical spin
(200) or (220) reflections of a vertically curved copper crys- susceptibility x” (Ref. 18 by adjusting for the thermal
tal on IN1. On both spectrometers, we used a gragbi®®  population factor. Figure 2  Shows xguq;evef @)
analyzer with fixed vertical and adjustable horizontal curva-= [ d0px”(02p:Lodd/even @)/ d0zp, the susceptibility av-
tures. On IN8, higher-order contamination was eliminatederaged over the two-dimensional Brillouin zone in both odd
using a pyrolytic graphitéPG) filter on the scattered beam and even channelfWe assume an isotropécdependence of
for different fixed final energiesE;=14.7, 30.5, and 35 the spin susceptibility around=( ). This assumption is
meV. On IN1, we worked with a fixed final energy of consistent with the data alongl(H) and a more limited data
E;=62.6 meV, and a nuclear resonance Er filter was placedet along (8,H).] While odd excitations are observed over
on the scattered beam to suppress contaminations frothe entire energy range probed by our experiments, an en-
higher energy neutrons. In all the measurements we scannedgy gap ofA..~53 meV exists for even excitations. Both
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FIG. 2. Odd(a) and even(b) spin susceptibilities af=5 K, T=60 K shape of these profil}a%g Figure 1 shows that at high ener-

(just aboveT.) and T=200 K in absolute unit§see text Measurements . _ -1 .
using different final neutron energi&s obtained on the two different spec- gies the peak broadens 02p~0.3 A and dISpeI’SGS

trometers have been rescaled to the same units. The error bars do not inclugigvay from g,p= (% , %), so that a double-peak structure
a~30 % normalization error. emerges. For the sake of simplicity, we have fitted the
scans to the sum of two displaced peaks only when a single
peak did not give a satisfactory fit. The positions and intrin-
sic widths of the peaks inyggd2p, @) and xayedd2o, )
resulting from this procedure are shown in Fig. 3.

It is instructive to compare these data to previous high-

Xoad @) at low energies and the gap fgf,.{w) are consis-
tent with previous measurements in this doping regifrie
which established a lower bound on the gap. Further, previ

ous studies had given the neutron cross section in arbitrar herav measurements on the bilaver antiferromaanetic parent
units, but many quantitative models now require an absolut gy y 9 P

unit scale fory”. We have therefore calibrated the magneticCornpound YBEU,O;, and on the single-layer, optimally

. . : : oped compound LaeSry 14CuQO,. Clearly, the basic struc-
intensity against the phonon spectrum, both against acousti%re of the spin excitation spectrum of YEZLOs s bears

honons at low energies and against an optical phonon .
b g g P b ome resemblance to the spin-wave spectrum of the

hw=42.5 meV according to a procedure discusse 6,17.20-22. -
elsewheré? Both normalization procedures are in good Ba,Cs0s 2, with the ungapped oddjapped even
excitations corresponding to acoustigptica) spin waves,
agreement. o . ; " L
" that is, in-phaséantiphasg precessions of localized spins in

.T.he temperature ”dependences of bethy and xeyen are adjacent layers. The dynamical susceptibility of the acoustic
striking. At 200 K, x.q¢f @) shows a broad peak around 30 spin-wave mode is

meV which sharpens and shifts to lower energy with de-

creasing temperature. The50 meV dip inygqf @) at low 1+ ¥(dop)

temperatures had not been observed before and may be re- ngu(Q,w)=4STrZXZC,u§ > irP(mzell)
lated to the gap inyeye{ ®). Much of the temperature evo- 1= 7%(Q20)

lution of yoqf @) takes place in the normal state; however, % 5[ﬁw—4343||m]. 1)

there is also an additional enhancement of the peak intensity

at T, ™2 which is presumably related to the magnetic reso-wherey(q,p) = 3 [cos(,a) +cos@y,b)], and the quantum cor-

nance peak in the superconducting state dominating the magections for the spin-wave velocity and the spin susceptibility

netic spectra of more heavily doped samples-0.9.°*°  are taken into account, respectively, Zs=1.18 andZ,

While xi4f{w) is little affected by temperature abova =0.51 following theoretical predictioAin agreement with

~60 meV, at these energiad,. () increases by almost a experiment An analogous equation holds for even excita-

factor of 2 between 200 and 5 K. In the same temperaturéions, with cod(nz- L) instead of the sfhfactor and a dis-

interval A gen SOftens from~59 to ~53 meV. This parallels persion with a gap of 67 me¥. The average of Eq1) over

the enhancement and softening of the peakyip(w) at  the 2D Brillouin zone is finite, $ZX/JW§, and approxi-

lower energies. mately independent of energy in the energy range probed by
We now turn to the wave-vector dependence of the spiour experiment. For comparison this quantity is shown as the

susceptibility. At low energiegbelow ~30 meV), the scans dashed line in Fig. 2as 10,u§/ev with J;=102 meV after

are peaked around,p with an intrinsic width of Ag,p  quantum corrections’ Clearly, the spectral weights of spin
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excitations in antiferromagnetic YB@u;Og , and supercon- peaked near 25 meV. However, the maximumdf per
ducting YBaCu;Og 5 are comparable. Finally, the spin-wave CuO; layer is almost twice as large in absolute units in
dispersions of YBgu,04 , are superimposed on the data of YBaCwOs 5 (If given per formula unit, as in Fig. 2, the
Fig. 3. Heuristically, the odd excitation spectrum of Susceptibility of the bilayer compound exceeds the one of the
YBa,CuOg 5 can be fitted to a dispersive mode with a Single-layer compound by about a factor of By contrast,
pseudogap of 23 metf.and a dispersion of- 420 meV A, fully oxygenated YBaCu;O; has a much smaller normal-

smaller than the antiferromagnetic spin wave velocity of e50°tate susceptibility and a sharp resonance peak in the super-

- 12
meV A1722 However, this analysis requires a very large €onducting staté.

damping parameter comparable to the gap. This pseudo-ga In summary, we have reported the observation of the even
is characteristic of the normal state; at this doping level, thé%rt of the dynamical spin susceptibility of the bilayer super-

dynamical susceptibility is only weakly modified by super- conductqr YB@C%O‘?E” an impprtan_t part of the experimen-
conductivity. Other features of the spin excitations 0ftal description of spin fluctuations in the cuprates. Both the

YBa,Cu;Og 5, such as the strong temperature dependencé’,dg and thel ;aven cotmpor:jents 3re characgerg)zed zy S”Of‘g
the pronounced peak-dip structure at low temperatures, arﬁf; unusual temperature dependences and Dy a CISpersive

the energy-dependent broadening of thewidth are also havior at high energies. Our observation of two different
very different from spin waves in YBEW,O » An explana- gaplike features in the dynamical spin susceptibility demon-

tion of these features presents a challenge to theories of t rates that the spin-gap phenomenon, a ha””.‘a”‘ of the un-
spin dynamics in the cuprat@s. erdoped cuprates, is more complex than previously thought.

The reports on LagSt, 1:CuO; (Refs. 1 and 2did not Our measurements of the spin correlations in absolute units
Agso00.1 4 . : H
contain information about the temperature evolution ofovera wide range of energies, wave vectors, and tempera-

¥"(), and the measurements did not have sufficient resolut_ures provide an excellent basis for theories of this phenom-

tion to establish the presence or absence of a dip feature fon-:

the spectrum. However, the general shape ofjZbtegrated Invaluable technical assistance was provided by P. Pal-
x"(w) in deeply underdoped YB&usOg., and optimally leau, D. Puschner, and B. Roessli. We wish to thank P.W.
doped La_,Sr,CuQ, are substantially similar. Despite the Anderson, S. Aubry, A.J. Millis, F. Onufrieva, S. Petit, Y.
different g dependences of”(q,w) at low energiedfour  Sidis, and C.M. Varma for stimulating discussions. The work
sharp incommensurate peaks in kgr, 1:CuQ,, one broad at Princeton University was supported by NSF Grant No.
commensurate peak in YBauOgs), both spectra are DMR94-00362.
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