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Midinfrared absorption in YBa ,Cu3;Og4: Evidence for a failure of spin-wave theory for spin;
in two dimensions
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The optical conductivityo(w) of undoped and very low doped YBau;Og o5 is studied in detail in the
midinfrared range. We collect experimental evidence for a magnetic origin of the observed absorption. The
main resonance peak is well described by a bimagnon-plus-phonon absorption spectrum calculated within
spin-wave theory. But spin-wave theory fails to describe further resonances at higher frequencies with signifi-
cant spectral weight, which grows with both temperature and doping. This underlines the importance of
quantum fluctuations for the description of short-wavelength magnetic excitations in a two-dimensional spin-
1/2 system.

The undoped parent compounds of the higheuprates whose line shape and weight are in agreement with spinon
are regarded as an almost ideal realization of a twotheory. The large-weight high-energy resonances are only
dimensional(2D) spin-1/2 Heisenberg antiferromagnet. De- found in theS=1/2 2D systems. Interpretations in terms of
spite the low dimensionality and the low spin the excitationsmulti-magnon-plus-phonon absorptidngd-d transitions:*
are thought to be spin waves with a well-defined dispersion,and charge transfer excitdfihave been proposed. We chal-
as opposed to, e.g., 1D systems, where a spinon continuumlesnge these approaches and suggest that a full account of our
observed in neutron scatteriAgn the cuprates, a spin-wave MIR data in the undoped cuprates has to include quantum
dispersion has been extracted throughout the whole Brillouifluctuationsbeyondspin-wave theory. This might provide an
zone from neutron scattering data, but energies are rathé@mnportant contribution to the basic picture of magnetic exci-
high, large backgrounds are observed, and the magnitude tdtions in the undoped cuprates. Detailed knowledge about
quantum corrections is uncleiin principle, two-magnon the character of magnetic excitations is particularly impor-
(2M) Raman scattering should allow one to decide whethetant for the physics at finite doping concentrations, since the
the magnetic excitations are well described by spin-waveharge dynamics in the doped cuprates are mainly deter-
theory. The data show several anomalies in the cuprates, imined by interactions with the magnetic background. The
particular a very broad line shape, spectral weight at higrassumption that magnons aret well-defined particles at the
energies, and a finite signal Ay geometny? Interpretations  Brillouin zone boundary was a key point in the successful
in terms of an interaction with phonchand extensions of description by Chubukov and Mdrrof the photoemission
the Heisenberg modehave been proposed. Their relevancedata of insulating SICUO,Cl,. Laughlin interpreted the same
is limited, since they neglect the dominant influence of thephotoemission data as evidence for the existence of spinons
charge transfer resonariaen the data, which does not allow in 2D.*

a decision on the nature of magnetic excitations at the Single crystals of Y_ R/BaCu;0, (y=0 and 0.8;R
present stage. =Pr, GJ were grown in %O;-stabilized ZrQ crucibles!’

Optical spectroscopy probes the magnetic excitationgn order to obtain an O content of 65x<6.05 we annealed
more directly. The main midinfrared absorpti@MIR) peak the samples in ultrahigh vacuum at 700 °C or for 2—-5 days in
of La,CuQ, and other single-layer cuprafdsas been inter- a flow of high-purity argon (99.998%) at 750 °C. The full
preted by Lorenzana and SawatZky terms of bimagnon- exchange of the O isotope in a sample grown in BaZrO
plus-phonon(BIMP) absorption. A similar feature was re- (Ref. 18§ was described in Ref. 19. We calculatefw) by
ported in the bilayer system YB&u,Og (YBCOg).2° Above  inverting the Fresnel equations for the measured transmis-
the main BIMP peak, the experimental spectra of bothsion and reflection data.
single-layer and bilayer cuprates show further resonances In Fig. 1 we displayr(w) of YBCOg for T=4 and 300 K
with considerable spectral weight, in disagreement with spinin the midinfrared range. The onset of charge transfer ab-
wave theory. These high-energy excitations have not beesorption is observed at about 10 000 ¢mSince phonons
seen in theS=1 system LaNiO, (Refs. 9 and 1jlwhere  are limited in the cuprates to frequencies below 700~ tm
excellent agreement is achieved between spin-wave theotiyere are only three possibilities to explain the midinfrared
and experiment because fluctuations beyond spin-waveabsorption depicted in Fig. 1: magnetic excitations, crystal
theory are small foB=1. Neither does thene-dimensional field transitions, or finite doping. The latter can be excluded
S=1/2 system SICuO; (Refs. 12 and 1Bdisplay additional ~since the same absorption occurs iBGIO,Cl,,22° which
high-energy resonances beyond the main BIMP resonanaannot be doped. Both other processes are symmetry forbid-
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% FIG. 2. Effect of rare earth and O isotope substitutions on the
T=4K main bimagnon-plus-phonon peak.
?500 ' 30'00 “s00 10(')00 evident from the frequency shift induced by oxygen isotope

substitution in YBCQ (right panel of Fig. 2 The measured
isotope shift of 288 cm ! is consistent with the BIMP
FIG. 1. Optical conductivityr(w) of YBCOg at 4 and 300 K. interpretation, assuming that the longitudinal stretching pho-
Inset: experimental temperature dependence of the spectral weighbn of approximately 550—-600 cm is excited. With in-
of the 2800 and 3800 cnt peaks. creasing temperature the absorption increéSis 1), in par-
ticular at high frequencies, where the spectral weight grows
den and can be weakly allowed due to a coupling to_by a facto.r of more.than 2 from.4 to 300 (solid circles in
phonong! In case of the crystal field-d exciton suggested inset of Fig. 1. A similar behavior can be dEtggted In the
by Perkinset al, ! there is theoretic&?3and experimenté  temperature dependence o{w) of SLCUG,CL,."" An in-

evidence that its energy is a factor of 2—3 too high to account'®ase .Of magnetic abso'rp.tion is' also obs.erved upon very
for the dat&> Moreover, quantum chemistry calculations low doping x<6.05), again in particular at high frequencies

show that also the dependence of the peak position on th(é:ig' 3. The finite background conductivity is discussed in

different ligand configurations of L&uQ,, SLCuO,Cl,, Ref. 25.

and YBCQ is not_consistent with an exciton i_nterpretatﬁ?n. Weli;c;]rt aemggﬁ:uﬁgpec?rl] eag?msc (?rfltrl:gﬁtizrrllat?;(a w?r}griﬁgctral
Wang et Eil'l predlct_ a charge transfer exciton at 0.8 eV bilayer case. In order to obtain the coupling to light we start
(6500 cm ) from fits to electron energy-loss spectroscopyfrom a Heisenberg Hamiltonian which takes into account a
(EE.LS) data between 2.5 and 4 elf‘/.A_charge transfer dependence of the in-plane and interplane exchange con-
exciton should follow the strong redshift of the onset of g4 andJ,, on the external electric fiel# and the pho-
charge transfer absorption with increasing temperature o rdinated:
(10500-9000 cm?; see Fig. 1, which is not observed. ’

Therefore we follow the interpretation af(w) of the
single-layer compoundsand ascribe the main peak at H= 2 > JEWS S+ JiAEWS;Sy;,
2800 cm' to bimagnon-plus-phonon absorption. The L=124) '
lowest-order magnetic excitation contaitygo magnons in  wherei andj label nearest-neighbor Cu sites in a 2D square
order to conserve spin. The single-magnon dispersion exXattice, L labels the two planes in a single bilayer, and
tends up tovSZJ, where v=4 is the number of nearest
neighbors,Z.=1.158 is a quantum correction, adds the 14
exchange constant. Therefore the two-magnon continuum
has a cutoff at Z.J. A rough estimate of the MIR and Ra-
man peak frequency has to include the two-magnon binding
energy. This is obtained by flipping two spins on neighbor-
ing sites in the Ising limit, which yields A.J. Spin-wave
theory gives 3.38 for the 2M Raman peak and 2.7®lus
the phonon frequency for the MIR absorption péaiset of
Fig. 4). The difference arises because Raman spectroscopy is
only sensitive to two magnons with total momentus),
=0, whereas the MIR absorption is dominated by two-
magnon bound statdbimagnong with kg, from the Bril-
louin zone boundary ankiB,M+kph=O.9 The experimental
spectra of the substituted samples corroborate this assign-
ment. Substitution of Y by Pr or Gd leads to a significant
frequency shift of the main pedleft panel of Fig. 2. Simi- FIG. 3. Solid lines: very low dopingk<6.05 causes a finite
lar shifts were observed in 2M Raman scattefirf§ and background ino(w) and an increase of magnetic absorption com-
were explained by the dependencelain the lattice param- pared to the lowest curv@indoped, same as Fig). Dashed lines:
eter a. A finite phonon contribution to the BIMP peak is same data after subtraction of the undojpda).
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3.6} Raman in-plane x_ =0 TABLE I. Measured frequencies of the two main MIR absorp-
s 33 | M - inter-plane M tion peaks, their ratio, and the 2M cutd#ll frequencies in cm?).
8
1" 30}IR-BIM
as Peak A Peak B A/B 2M cutoff

YBa,Cu;0g 2800 3800  0.74  37004.72
,,,,,, La,CuO, 3300°  4500°  0.73  4500-4.63
of SK,CuO,Cl, 2900°  4000°  0.73  4000-4.63)

&Taken from Ref. 8.

(solid ling). In a bhilayer we have to distinguish an in-plane
(dashed ling and an interplane contributio(dotted ling.
Due to the small value ad;»,/J=0.1, the interplane contri-
bution has only a minor effect on the spectrum with an esti-
mated relative spectral weight of only 0.06—0.3 of the in-
plane contribution. Therefore we only consider the in-plane
contribution below, and our analysis applies to both single-
layer and bilayer materials. The total spectral weight is simi-
lar in the bilayer YBCQ and in single-layer LgCuQ, both
experimentally and theoretically. The perturbatively esti-
mated spectral weight is a factor of 4—7 too small compared
to experiment, which in the case of the spectral weight
should be considered as reasonable for a perturbative

FIG. 4. Comparison of experimental and theoretical results fO,resuIt.3'4 . . .
J=780 cm'}, J3,/3=0.1, andfiw,,=530 cm * (stretching pho- As in the single-layer cuprates, the real problem is obvi-
non modg. A small constant background of 0.12(cm) ! has  ously at higher frequencies: the large amount of spectral
been added to all theoretical curves. Top panel, solid line: experiweight at high frequencies with a strong peak at 3800 tm
mental data, same as Fig. 1. Dashed and dotted lines: in-plane a@d its increase with both temperature and doping remain
interplane contributions to BIMP absorption far,y=0. Open  unexplained. The frequency ratio of the two dominant MIR
squares: sum of the two. Midpanel: comparison with experimenpeaks is about 0.73 in several cuprates and the second peak is
(solid ling) for finite A oy . Diamonds depict the sum of the dashed located close to the 2M cutoffTable |), strongly suggesting
and the dotted linesRef. 33 See text for details. Bottom panel: a common magnetic origin. It is likely that the high-energy
influence of a repulsive phonon-magnon couplijgy on the line  anomaly has the same origin in both MIR and Raman spec-
shape for the in-plane contribution of the stretching phonon modetra. Phonon-magnon scattering processes were considered for
Inset: 2M Raman and infrared bimagnon peak frequencies as ghe explanation of the width of the 2M Raman resonatfce.
function of J,,/J. In the infrargd case, the phpnon frequency still The adiabatic approach models static disorder which en-
has to be added for a comparison with experimental data. hances the width but does not result in a second resonance.

For this to appear we include multiple phonon-2M scattering
denotes the displacements of O ions. Only Einstein phononsrocesses which are generated by the modulations
are considered. The different phonons modulate the intersite d?J/du? in the Hamiltonian. Details will be published
hopping and the on-site energies on both Cu and O sites. Welsewheré® The coupling between phonons and two mag-
expandJ(E,u) to orderd2J/dudE which entails the cou- nons,
pling of a photon to a phonon and two neighboring spins. We
calculates(w) in spin-wave theory and treat interactions in 1)/d3 )
the random phase approximatioRPA). This goes beyond )‘pZM:(ﬁ du? (u),

Ref. 9 where a high-energy approximation had been used.

Since it is not possible to determine balhand J;, from is estimated perturbatively,poy~—0.02 . . .+0.01, for the
o(w), we have also calculated the 2M Raman spectrunstretching phonon mod@:3>% A negative value of\
within the nonresonant approach. From the calculated specranslates into a repulsive phonon-2M interaction and shifts
tra both the Raman and infrared peak frequencies were d&pectral weight to higher frequenciésottom panel of Fig.
rived as a function of) and J;, (inset of Fig. 4. At T  4). A way to test the reliability of our estimate afop is to

=4 K the experimental BIMP and 2M Ranfaspectra peak compare thdinear coupling dJ/du with the experimental

at 2795 and 272810 cm!, respectively. From pressure dependenced?’ There, our estimate is 1-2 times
these we obtaild=790+10 cm ! and J;,/J=0.08+0.04  smaller. However, in order to reproduce the experimentally
for fiw,,~550=25 cm . Neutron dat¥f—3? suggest observed high-frequency spectral weight we need a very
J=870+35 cm!,  J;,/J=0.09-0.02, and fiwp,  large coupling constant of ;= —0.2 (dashed line in the
~550-600 cm? for the relevant longitudinal stretching midpanel of Fig. 432 In this scenario, a reasonable fit of the
phonon mode. experimental line shape is obtained up to the 2M cutoff if we

In the top panel of Fig. 4 the calculated BIMP absorptionadd the BIMP contribution of the apical stretching phonon
(open squaresfor J=780 cm !, J;,=0.1), and fiwp,  (dotted line in the midpanel of Fig.)Awhich is expected to
=530 cm !is plotted together with the experimental curve have a 5 times smaller weight and a negligible phonon-2M
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coupling. The sum is depicted by the diamonds in the midminor contribution to MIR absorption at high frequenc8s.
panel of Fig. 4. The one order of magnitude too large valueA slight increase of this high-energy weight was observed if
of Apow= —0.2 for the stretching phonon makes such a scefour-spin terms and interactions between more distant sites
nario unlikely. This is substantiated by the absence of thavere included in the Hamiltonial!. These additional terms
anomaly in both MIR and Raman spectraSe1 L&NiO;  are known to enhance quantum fluctuatiShsHowever,
(Refs. 11 and 3Bwhere one would not expect a phonon- finite-size scaling is not reliable for these cluster sizes of
magnon coupling one order of magnitude smaller. 16—26 sites as, e.g., the Raman spectrum varied strongly in

We propose that these findings support the notion of @yact diagonalization and quantum Monte Carlo studies even
strong local deviation from the Néstate. Whereas the bro- t5r much larger cluster¥ Furthermore, it is questionable

ken symmetry of the antiferromagnetic state will still supportyyhether cyclic four-spin exchange terms can explain the in-
long-wavelength spin-wave excitations, the character of th@rease of absorption with finite doping, as observed in our

short-wavelengthmagnetic excitations reflects the strong gata, because doping reduces the number of plaguettes with
quantum fluctuations in th8=1/2 system and consequently {oyr gpins.

the excitations are insufficiently represented by spin waves. \ye conclude that present day understanding of magnetic
The MIR absorption is dominated by short-wavelength mageycitations in undoped cuprates is not sufficient to explain
netic excitations which prohibits a full understanding within y5th MIR and Raman data. Only a more appropriate treat-
spin-wave theory. With increasing temperature the systerfhent of the short-wavelength excitations of a 2D spin-1/2

loses the 3D correlations and becomes more two d'me_r‘System — one of the outstanding problems of quantum mag-
sional, which enhances quantum fluctuations and explaingetism — will explain the observed anomalies. Any success-
the observed temperature dependence. This scenario also efyr jnterpretation will not only have to describe the large

cidates the observed doping dependelfiég. 3), since quan-  amount of high-frequency spectral weight observed at 4 K,

tum fluctuations are enhanced by carrier doping. We emphast aiso its strong increase with increasing temperature and
size that this interpretation does not contradict the goo@oping concentration.

agreement of neutron scattering results with spin-wave
theory for small momenta. Note that even in 1D the inappli- We want to thank G.A. Sawatzky, R. Eder, P Mi& and
cability of a spin-wave picture to neutron data was not realdJ. Brinckmann for helpful discussions. This project was sup-
ized for many yeard’ ported by the Netherlands Foundation for Fundamental Re-
Our treatment neglects four- or six-magnon processes, fasearch on Matte(FOM) with financial aid from the Neder-
which an interacting spin-wave calculation is beyond reachlandse Organisatie voor Wetenschappelijk Onderzoek
Very recently, exact diagonalization studies of the Heisen{NWO) and by the DFG, SFB 484, DFG-GK, and BMBF
berg model on clusters of up to 32 sites produced only a3N6918/1.
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