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Midinfrared absorption in YBa2 Cu3 O6 : Evidence for a failure of spin-wave theory for spin
in two dimensions
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The optical conductivity  (  ) of undoped and very low doped YBa2 Cu3 O6.0␦ 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 significant 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 spin1/2 system.

The undoped parent compounds of the high-T c cuprates
are regarded as an almost ideal realization of a twodimensional 共2D兲 spin-1/2 Heisenberg antiferromagnet. Despite the low dimensionality and the low spin the excitations
are thought to be spin waves with a well-defined dispersion,1
as opposed to, e.g., 1D systems, where a spinon continuum is
observed in neutron scattering.2 In the cuprates, a spin-wave
dispersion has been extracted throughout the whole Brillouin
zone from neutron scattering data, but energies are rather
high, large backgrounds are observed, and the magnitude of
quantum corrections is unclear.3 In principle, two-magnon
共2M兲 Raman scattering should allow one to decide whether
the magnetic excitations are well described by spin-wave
theory. The data show several anomalies in the cuprates, in
particular a very broad line shape, spectral weight at high
energies, and a finite signal in A 1g geometry.4 Interpretations
in terms of an interaction with phonons5 and extensions of
the Heisenberg model6 have been proposed. Their relevance
is limited, since they neglect the dominant influence of the
charge transfer resonance7 on the data, which does not allow
a decision on the nature of magnetic excitations at the
present stage.
Optical spectroscopy probes the magnetic excitations
more directly. The main midinfrared absorption 共MIR兲 peak
of La2 CuO4 and other single-layer cuprates8 has been interpreted by Lorenzana and Sawatzky9 in terms of bimagnonplus-phonon 共BIMP兲 absorption. A similar feature was reported in the bilayer system YBa2 Cu3 O6 (YBCO6 ).10 Above
the main BIMP peak, the experimental spectra of both
single-layer and bilayer cuprates show further resonances
with considerable spectral weight, in disagreement with spinwave theory. These high-energy excitations have not been
seen in the S⫽1 system La2 NiO4 共Refs. 9 and 11兲 where
excellent agreement is achieved between spin-wave theory
and experiment9 because fluctuations beyond spin-wave
theory are small for S⫽1. Neither does the one-dimensional
S⫽1/2 system Sr2 CuO3 共Refs. 12 and 13兲 display additional
high-energy resonances beyond the main BIMP resonance
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whose line shape and weight are in agreement with spinon
theory. The large-weight high-energy resonances are only
found in the S⫽1/2 2D systems. Interpretations in terms of
multi-magnon-plus-phonon absorption,9 d-d transitions,11
and charge transfer excitons14 have been proposed. We challenge these approaches and suggest that a full account of our
MIR data in the undoped cuprates has to include quantum
fluctuations beyond spin-wave theory. This might provide an
important contribution to the basic picture of magnetic excitations in the undoped cuprates. Detailed knowledge about
the character of magnetic excitations is particularly important for the physics at finite doping concentrations, since the
charge dynamics in the doped cuprates are mainly determined by interactions with the magnetic background. The
assumption that magnons are not well-defined particles at the
Brillouin zone boundary was a key point in the successful
description by Chubukov and Morr15 of the photoemission
data of insulating Sr2 CuO2 Cl2 . Laughlin interpreted the same
photoemission data as evidence for the existence of spinons
in 2D.16
Single crystals of Y1⫺y R y Ba2 Cu3 Ox (y⫽0 and 0.8; R
⫽Pr, Gd兲 were grown in Y2 O3 -stabilized ZrO2 crucibles.17
In order to obtain an O content of 6.0⭐x⭐6.05 we annealed
the samples in ultrahigh vacuum at 700 °C or for 2–5 days in
a flow of high-purity argon (99.998%) at 750 °C. The full
exchange of the O isotope in a sample grown in BaZrO3
共Ref. 18兲 was described in Ref. 19. We calculated  (  ) by
inverting the Fresnel equations for the measured transmission and reflection data.
In Fig. 1 we display  (  ) of YBCO6 for T⫽4 and 300 K
in the midinfrared range. The onset of charge transfer absorption is observed at about 10 000 cm⫺1 . Since phonons
are limited in the cuprates to frequencies below 700 cm⫺1 ,
there are only three possibilities to explain the midinfrared
absorption depicted in Fig. 1: magnetic excitations, crystal
field transitions, or finite doping. The latter can be excluded
since the same absorption occurs in Sr2 CuO2 Cl2 ,8,20 which
cannot be doped. Both other processes are symmetry forbid12 422
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FIG. 2. Effect of rare earth and O isotope substitutions on the
main bimagnon-plus-phonon peak.

FIG. 1. Optical conductivity  (  ) of YBCO6 at 4 and 300 K.
Inset: experimental temperature dependence of the spectral weight
of the 2800 and 3800 cm⫺1 peaks.

den and can be weakly allowed due to a coupling to
phonons.21 In case of the crystal field d-d exciton suggested
by Perkins et al.,11 there is theoretical22,23 and experimental24
evidence that its energy is a factor of 2–3 too high to account
for the data.25 Moreover, quantum chemistry calculations
show that also the dependence of the peak position on the
different ligand configurations of La2 CuO4 , Sr2 CuO2 Cl2 ,
and YBCO6 is not consistent with an exciton interpretation.26
Wang et al. predict a charge transfer exciton at 0.8 eV
(6500 cm⫺1 ) from fits to electron energy-loss spectroscopy
共EELS兲 data between 2.5 and 4 eV.14 A charge transfer
exciton should follow the strong redshift of the onset of
charge transfer absorption with increasing temperature
(10 500–9000 cm⫺1 ; see Fig. 1兲, which is not observed.
Therefore we follow the interpretation of  (  ) of the
single-layer compounds9 and ascribe the main peak at
2800 cm⫺1 to bimagnon-plus-phonon absorption. The
lowest-order magnetic excitation contains two magnons in
order to conserve spin. The single-magnon dispersion extends up to  SZ c J, where  ⫽4 is the number of nearest
neighbors, Z c ⫽1.158 is a quantum correction, and J is the
exchange constant. Therefore the two-magnon continuum
has a cutoff at 4Z c J. A rough estimate of the MIR and Raman peak frequency has to include the two-magnon binding
energy. This is obtained by flipping two spins on neighboring sites in the Ising limit, which yields 3Z c J. Spin-wave
theory gives 3.38J for the 2M Raman peak and 2.73J plus
the phonon frequency for the MIR absorption peak 共inset of
Fig. 4兲. The difference arises because Raman spectroscopy is
only sensitive to two magnons with total momentum k 2M
⫽0, whereas the MIR absorption is dominated by twomagnon bound states 共bimagnons兲 with k BIM from the Brillouin zone boundary and k BIM⫹k ph⫽0.9 The experimental
spectra of the substituted samples corroborate this assignment. Substitution of Y by Pr or Gd leads to a significant
frequency shift of the main peak 共left panel of Fig. 2兲. Similar shifts were observed in 2M Raman scattering27,28 and
were explained by the dependence of J on the lattice parameter a. A finite phonon contribution to the BIMP peak is

evident from the frequency shift induced by oxygen isotope
substitution in YBCO6 共right panel of Fig. 2兲. The measured
isotope shift of 28⫾8 cm⫺1 is consistent with the BIMP
interpretation, assuming that the longitudinal stretching phonon of approximately 550–600 cm⫺1 is excited. With increasing temperature the absorption increases 共Fig. 1兲, in particular at high frequencies, where the spectral weight grows
by a factor of more than 2 from 4 to 300 K 共solid circles in
inset of Fig. 1兲. A similar behavior can be detected in the
temperature dependence of  (  ) of Sr2 CuO2 Cl2 .20 An increase of magnetic absorption is also observed upon very
low doping (x⭐6.05), again in particular at high frequencies
共Fig. 3兲. The finite background conductivity is discussed in
Ref. 25.
For a more critical analysis of line shape and spectral
weight we calculate the BIMP contribution to  (  ) for the
bilayer case. In order to obtain the coupling to light we start
from a Heisenberg Hamiltonian which takes into account a
dependence of the in-plane and interplane exchange constants J and J 12 on the external electric field E and the phonon coordinates:9
H⫽

兺 兺

L⫽1,2 具 i, j 典

J 共 E,u兲 SL,i SL, j ⫹

兺i J 12共 E,u兲 S1,i S2,i ,

where i and j label nearest-neighbor Cu sites in a 2D square
lattice, L labels the two planes in a single bilayer, and u

FIG. 3. Solid lines: very low doping x⭐6.05 causes a finite
background in  (  ) and an increase of magnetic absorption compared to the lowest curve 共undoped, same as Fig. 1兲. Dashed lines:
same data after subtraction of the undoped  (  ).
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TABLE I. Measured frequencies of the two main MIR absorption peaks, their ratio, and the 2M cutoff 共all frequencies in cm⫺1 ).

YBa2 Cu3 O6
La2 CuO4
Sr2 CuO2 Cl2
a

FIG. 4. Comparison of experimental and theoretical results for
J⫽780 cm⫺1 , J 12 /J⫽0.1, and ប  ph ⫽530 cm⫺1 共stretching phonon mode兲. A small constant background of 0.1 (⍀ cm) ⫺1 has
been added to all theoretical curves. Top panel, solid line: experimental data, same as Fig. 1. Dashed and dotted lines: in-plane and
interplane contributions to BIMP absorption for  p2M⫽0. Open
squares: sum of the two. Midpanel: comparison with experiment
共solid line兲 for finite  p2M . Diamonds depict the sum of the dashed
and the dotted lines 共Ref. 33兲 See text for details. Bottom panel:
influence of a repulsive phonon-magnon coupling  p2M on the line
shape for the in-plane contribution of the stretching phonon mode.
Inset: 2M Raman and infrared bimagnon peak frequencies as a
function of J 12 /J. In the infrared case, the phonon frequency still
has to be added for a comparison with experimental data.

denotes the displacements of O ions. Only Einstein phonons
are considered. The different phonons modulate the intersite
hopping and the on-site energies on both Cu and O sites. We
expand J(E,u) to order d 2 J/dudE which entails the coupling of a photon to a phonon and two neighboring spins. We
calculate  (  ) in spin-wave theory and treat interactions in
the random phase approximation 共RPA兲. This goes beyond
Ref. 9 where a high-energy approximation had been used.
Since it is not possible to determine both J and J 12 from
 (  ), we have also calculated the 2M Raman spectrum
within the nonresonant approach. From the calculated spectra both the Raman and infrared peak frequencies were derived as a function of J and J 12 共inset of Fig. 4兲. At T
⫽4 K the experimental BIMP and 2M Raman4 spectra peak
at 2795 and 2720⫾10 cm⫺1 , respectively. From
these we obtain J⫽790⫾10 cm⫺1 and J 12 /J⫽0.08⫾0.04
for ប  ph ⬇550⫾25 cm⫺1 . Neutron data30–32 suggest
J 12 /J⫽0.09⫾0.02,
and
ប  ph
J⫽870⫾35 cm⫺1 ,
⬇550–600 cm⫺1 for the relevant longitudinal stretching
phonon mode.
In the top panel of Fig. 4 the calculated BIMP absorption
共open squares兲 for J⫽780 cm⫺1 , J 12⫽0.1J, and ប  ph
⫽530 cm⫺1 is plotted together with the experimental curve

Peak A

Peak B

A/B

2M cutoff

2800
3300 a
2900 a

3800
4500 a
4000 a

0.74
0.73
0.73

3700⫽4.72J
4500⫽4.63J
4000⫽4.63J

Taken from Ref. 8.

共solid line兲. In a bilayer we have to distinguish an in-plane
共dashed line兲 and an interplane contribution 共dotted line兲.
Due to the small value of J 12 /J⫽0.1, the interplane contribution has only a minor effect on the spectrum with an estimated relative spectral weight of only 0.06–0.3 of the inplane contribution. Therefore we only consider the in-plane
contribution below, and our analysis applies to both singlelayer and bilayer materials. The total spectral weight is similar in the bilayer YBCO6 and in single-layer La2 CuO4 both
experimentally and theoretically. The perturbatively estimated 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
result.34
As in the single-layer cuprates, the real problem is obviously at higher frequencies: the large amount of spectral
weight at high frequencies with a strong peak at 3800 cm⫺1
and its increase with both temperature and doping remain
unexplained. The frequency ratio of the two dominant MIR
peaks is about 0.73 in several cuprates and the second peak is
located close to the 2M cutoff 共Table I兲, strongly suggesting
a common magnetic origin. It is likely that the high-energy
anomaly has the same origin in both MIR and Raman spectra. Phonon-magnon scattering processes were considered for
the explanation of the width of the 2M Raman resonance.5,6
The adiabatic approach models static disorder which enhances the width but does not result in a second resonance.
For this to appear we include multiple phonon-2M scattering
processes which are generated by the modulations
⬃d 2 J/du2 in the Hamiltonian. Details will be published
elsewhere.29 The coupling between phonons and two magnons,
 p2M⫽

冉 冊冓 冔
1
2J

d 2J
具 u 2典 ,
du 2

is estimated perturbatively,  p2M⬇⫺0.02 . . . ⫹0.01, for the
stretching phonon mode.25,35,36 A negative value of  p2M
translates into a repulsive phonon-2M interaction and shifts
spectral weight to higher frequencies 共bottom panel of Fig.
4兲. A way to test the reliability of our estimate of  p2M is to
compare the linear coupling dJ/du with the experimental
pressure dependence of J.37 There, our estimate is 1–2 times
smaller. However, in order to reproduce the experimentally
observed high-frequency spectral weight we need a very
large coupling constant of  p2M⫽⫺0.2 共dashed line in the
midpanel of Fig. 4兲.33 In this scenario, a reasonable fit of the
experimental line shape is obtained up to the 2M cutoff if we
add the BIMP contribution of the apical stretching phonon
共dotted line in the midpanel of Fig. 4兲, which is expected to
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 midpanel of Fig. 4. The one order of magnitude too large value
of  p2M⫽⫺0.2 for the stretching phonon makes such a scenario unlikely. This is substantiated by the absence of the
anomaly in both MIR and Raman spectra in S⫽1 La2 NiO4
共Refs. 11 and 38兲 where one would not expect a phononmagnon coupling one order of magnitude smaller.
We propose that these findings support the notion of a
strong local deviation from the Néel state. Whereas the broken symmetry of the antiferromagnetic state will still support
long-wavelength spin-wave excitations, the character of the
short-wavelength magnetic excitations reflects the strong
quantum fluctuations in the S⫽1/2 system and consequently
the excitations are insufficiently represented by spin waves.
The MIR absorption is dominated by short-wavelength magnetic excitations which prohibits a full understanding within
spin-wave theory. With increasing temperature the system
loses the 3D correlations and becomes more two dimensional, which enhances quantum fluctuations and explains
the observed temperature dependence. This scenario also elucidates the observed doping dependence 共Fig. 3兲, since quantum fluctuations are enhanced by carrier doping. We emphasize that this interpretation does not contradict the good
agreement of neutron scattering results with spin-wave
theory for small momenta. Note that even in 1D the inapplicability of a spin-wave picture to neutron data was not realized for many years.39
Our treatment neglects four- or six-magnon processes, for
which an interacting spin-wave calculation is beyond reach.
Very recently, exact diagonalization studies of the Heisenberg model on clusters of up to 32 sites produced only a
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P. Kuiper, J.-H. Guo, C. Såthe, L.-C. Duda, J. Nordgren, J.J.M.

12 426
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