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Singularities in Optical Spectra of Quantum Spin Chains
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The midinfrared optical absorption spectrum is reported of the one-dimensional Mott insu
Sr2CuO3. The spectrum has an asymmetric cusplike structure at 0.48 eV and is analyzed in te
the phonon-assisted absorption in the one-dimensional quantum spin chain model. A good agr
is obtained between experiment and theory, and the exchange energyJ is estimated to beJ ø 0.26 eV,
which is consistent with the magnetic susceptibility measurement.

PACS numbers: 75.40.Gb, 75.50.Ee, 78.30.Hv
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Infrared optical spectra of the undoped high-Tc cuprates
have recently attracted great attention because they ar
pected to offer detailed information on the spin dynam
of these materials, which is believed to be essentia
the understanding of the high-Tc superconductivity. The
interpretation of the midinfrared optical properties, ho
ever, is still controversial. Since the ordinary optical tra
sition due to a dipole interaction between an electron
a photon does not couple with electrons’ spin degree
freedom, other mechanisms are needed for explaining
sorption spectra involving spin excitations. Perkinset al.
[1] interpreted their midinfrared optical data in terms
the exciton at 0.4 eV fromdx22y2 ! d3z22r2 transition ac-
companied by the higher energy structures of the mu
magnon sidebands [2].

On the other hand, Lorenzana and Sawatzky (L
[3] proposed another mechanism, i.e., phonon-assi
multimagnon absorption, and ascribed the peak struc
at 0.4 eV to the two-magnon virtual bound state. Fo
CuO layer, they considered a three-band Peierls-Hubb
model in the presence of an electric field, in which only
ions can move. They perturbatively derived an effect
dipole moment for processes involving one phonon a
spin excitations:

Pa  m
X
n

un1ay2Sn ? Sn1a sa  x̂, ŷd , (1)

where m is an effective charge associated with tho
processes andun1ay2 displacement of the O ion betwee
nth andsn 1 adth Cu sites.

In their recent experiment Perkinset al. measured
optical spectra of La2NiO4 [4]. In this material the
configuration of Ni ions isd8, and the two spins in
the two eg orbitals are parallel due to the strong Hun
coupling. The transition fromdx22y2 to d3z22r2 is thus
forbidden by the Pauli exclusion principle. They observ
a peak at 0.25 eV, which is attributed to the LS
phonon-assisted creation of the two-magnon virtual bo
state. Unlike La2CuO4, no higher energy structures a
observed, suggesting that the structures from 0.4 to 1.0
observed in La2CuO4 are due to sidebands to the crys
field excitons, as originally proposed in Ref. [1].
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There exist one-dimensional (1D) analogs of the
materials, e.g., Sr2CuO3 and Ca2CuO3, which have 1D
CuO chains. In these compounds the interchain excha
interaction is very weak compared with the intracha
exchange energyJ , 103 K, and the three-dimensiona
antiferromagnetic long-range order is absent down
very low temperature (TN ø 5 K in Sr2CuO3). Therefore
they are ideal systems for studying 1D quantum sp
liquid, where the spin wave or magnon is no long
a useful concept. Thus it is particularly interesting
study by optical measurements the dynamics of sp
liquids which have quantum coherency in contrast to t
thermally disordered classical liquid. This coherency w
manifest itself as a well-defined singular structure in t
optical spectrum, which cannot be observed in incoher
classical liquids.

In this Letter we report the midinfrared optical absorp
tion spectra of Sr2CuO3. We found for the first time a
cusplike singularity in the line shape which is of magnet
origin and unique to the 1D system. The detailed analy
of the line shape in terms of the quantum spin chain mo
reproduces the observed spectrum very well and gives
accurate estimation of the exchange energyJ. These re-
sults prove the usefulness of the optical means to stu
the coherent quantum dynamics of the one-dimensio
spin liquid.

Single crystals of Sr2CuO3 and Ca2CuO3 with the 1D
CuO chain structure were grown by the traveling-solve
floating-zone method, the details of which will be pub
lished elsewhere [5]. A thin plate of the specimen wi
the developed (100) face was cleaved out from the crys
ingot and then further polished to a prescribed thickne
(about 50mm) for measurements of optical transmittanc
by Fourier transformation spectroscopy (for,0.7 eV) and
grating spectroscopy (for.0.4 eV). We show in Fig. 1
the optical absorption spectra of Sr2CuO3 in the midin-
frared region below the onset of the strong charge-trans
s2p-3dd gap excitation band peaking atø2 eV [6]. The
frequency of the optical phonon mode due to the m
tion of an O atom between Cu ions is 0.07 eV, abo
which we observe the broad absorption band polariz
along the chain axissEkbd and extending to 0.9 eV with a
© 1996 The American Physical Society 2579
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FIG. 1. Midinfrared absorption spectra of a Sr2CuO3 crystal
for Ekb (parallel to the CuO chain axis) and forEkc
(perpendicular to the chain axis).

characteristic cusplike structure at 0.48 eV. Incidenta
spiky structures at 0.11 and 0.21 eV are due to mu
phonon absorption. The weak, structureless spectrum
Ekc (perpendicular to the chain axis) confirms the o
dimensionality and that the electric polarization of t
absorption band is along the chain. The isostructural c
pound, Ca2CuO3, was observed to show a nearly ide
tical midinfrared spectrum accompanied by the cusp
0.47 eV.

To interpret the experimental result, we apply LS
idea of phonon-assisted absorption, Eq. (1), to the o
dimensional Mott insulators, whose spin dynamics
known to be well described by the antiferromagne
Heisenberg model,

Hspin 
X
n

JSn ? Sn11 . (2)

The absorption coefficient can be obtained with Ferm
p
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golden rule as

Isvd 
2p

"

X
f

jk fjPjglj2dsv 2 Eg!f d , (3)

where Eg!f is the excitation energy from the groun
state jgl to the final statejfl. In the lowest order
approximation, the final states are eigenstates of the
Hamiltonian

Htot  Hspin 1
X
n

"v0a
y
n11y2an11y2 , (4)

where the phonon and spin degrees of freedom are
arated, anda

y
n11y2 san11y2d are the phonon creation (an

nihilation) operators. For simplicity, we use the Einste
model for phonons with frequencyv0, neglecting the dis-
persion. This can be justified because the dispersio
the phonon is much smaller than the typical energy s
of the spin system,J. In terms of the phonon opera
tors, the displacementsun11y2 of O ions can be given byp

"y2Mv0 say
n11y2 1 an11y2d with M the reduced mas

of the O ion. After taking the summation over the phon
states Eq. (3) becomes

Isvd 
pjmj2

Mv0

X
f,n

jk fjSn ? Sn11jglj2dsv 2 Eg!fd ,

(5)

where jfl and jgl now involve only the spin degree o
freedom.

We first evaluate Eq. (5) for theXY spin chain, ne-
glecting the SzSz terms in Hspin and P; the Heisen-
berg case will be discussed later. As is well known,
XY model can be mapped to the noninteracting spin
fermion model via Jordan-Wigner transformation. T
spinless fermion, which we call spinon, has the dispers
´k  2J cosk, and the ground state is the filled Fermi s
with the Fermi level at́  0 [Fig. 2(a)]. Since the opera
tor Sx

nSx
n11 1 S

y
nS

y
n11 becomes1

2 scy
n cn11 1 c

y
n11cnd in

the fermion representation, the final states excited by
polarization operator should have a particle-hole exc
tion, whose continuum spectrum is shown in Fig. 2(
We note that the relative wave numberq of the particle-
hole excitation needs not be zero because of the pho
recoil. A straightforward calculation gives the absorpti
rate per spin
IXY svd 
pjmj2

Mv0
kgjSx

nSx
n11 1 Sy

nS
y
n11jgl2dsv 2 v0d

1
2jmj2

pMv0

Z py2

0
dk1

Z p

py2
dk2s1 1 cosk1 cosk2ddsv 2 v0 1 ´k1 2 ´k2 d . (6)
i
i
s

nd

t

The first term represents the one-phonon line without s
excitations, and the second term, plotted in Fig. 3 (so
line), is the contribution from the particle-hole excitatio
of spinons. Since the particle-hole excitations are poss
n
d

le

for the shaded region of Fig. 2(b), the absorption ba
extends fromv0 to v0 1 2J. The absorption coefficient
increases linearly inv at v * v0 and has a cusp a
v  vs ; v0 1 J. Note that the overall feature is



VOLUME 76, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 1 APRIL 1996

f

,

e

m
l

h

n
v
n

m
g a
ult
for

in
on
g-

ss
tly

e
ar-
e
on

-

e
de

a

he

-
l

].
the
g

a
e

e

s

FIG. 2. (a) Dispersion of spinons in theXY model. (b)
Particle-hole excitation spectrum of spinons in theXY model.
The upper (lower) edge of the spectrum isEq  2J sinsqy2d
sEq  J sinqd, where q is the relative wave number o
particle-hole excitations. The two-particle (two-kink) excitatio
spectrum in the Heisenberg model has the same shape
with the lower (upper) edge given byEq 

p

2 J sinq fEq 
pJ sinsqy2dg.

very similar to the experimental result (Fig. 1). Th
position of the cusp coincides with the top of the low
edge of the particle-hole excitation,Eq  J sinq, and the
corresponding processes are the transition from the Fe
point to the top of the spinon band [Fig. 2(a)] and fro
the bottom of the band to the Fermi point. The singu
behavior ofIXY svd around the cusp,

IXY svd 2 IXY svsd 

Ω
2C2

p
vs 2 v , v & vs ,

2C1sv 2 vsd, v & vs ,

(7)
where C6 are positive constants, is the result of t
square-root divergence in the single-particle density
states (DOS) at the top and bottom of the spinon ba
Therefore this cusp structure arising from the Van Ho
singularity of spinons is a characteristic feature of the o
dimensional Mott insulators.
n
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FIG. 3. Absorption coefficient of one-dimensional quantu
spin chains due to the phonon-assisted absorption involvin
particle-hole excitation of spinons. The solid line is the res
for the XY model, and the dotted line is the one expected
the Heisenberg model.

Now we turn to the Heisenberg case of our ma
concern. The dotted line in Fig. 3 shows the absorpti
coefficient for the Heisenberg model. In the antiferroma
netic Heisenberg model, the Ising type couplingSz

nSz
n11

introduces repulsive interaction between the spinle
fermions, which makes the absorption spectrum sligh
different from IXY svd. Although we cannot evalu-
ate Eq. (5) for the Heisenberg model analytically, w
can still deduce the exact position of the cusp singul
ity from the Bethe ansatz solution. In this model th
one-particle excitation, corresponding to the free spin
in the XY model, is a doublet of spin-1

2 domain wall
(kink) with the dispersion,́ k 

p

2 J sink s0 # k # pd
[7]. The two-particle excitations giving the main con
tribution to Isvd form a continuum spectrum similar to
the XY case [Fig. 2(b)]. In particular, the lower edg
of the continuum, the des Cloizeaux–Pearson mo
[8], is given by Eq 

p

2 J sinq. It is clear from the
argument given for theXY case that there appears
cusp in Isvd, due to the Van Hove singularity in the
DOS, at the energy corresponding to the top of t
des Cloizeaux–Pearson mode, i.e., atv  v0 1

p

2 J
[9]. With this information we can estimate the ex
change energyJ from Fig. 1. Using the experimenta
values v0  0.07 eV and v0 1

p

2 J  0.48 eV, we
obtain J  0.26 eV. This value is consistent with
the estimation from the magnetic susceptibility [10
For the Heisenberg case, we could not exclude
possible contributions from spin excitations involvin
more than two kinks. This means that there can be
nonzero contribution toIsvd even above the upper edg
sv  v0 1 pJd of the two-particle contribution drawn
in Fig. 3 (dotted line). Experimentally, however, th
upper edgesv ø 0.9 eVd of the absorption band in Fig. 1
coincides well with that of the two-particle excitation
v  v0 1 pJ  0.89 eV, implying that the dominant
2581
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contribution toIsvd indeed comes from the two-particl
excitations.

In addition to the shift of the cusp, the repulsiv
interaction between the fermions changes the low-ene
part of the absorption band. Using the bosonizat
method [11], we find that the long-time behavior
the correlation function ofP is kPstdPs0dl 2 kPl2 ,
t21, since the scaling dimension of the operatorSn ?

Sn11 is 1y2 [12]. This implies that the absorption
coefficient is constant just above the absorption ed
in contrast to theXY case,IXY svd ~ v 2 v0. Clearly
the theoretical curve in Fig. 3 reproduces the essen
feature of the experimental data, and we can concl
that the absorption spectra in Sr2CuO3 is explained by the
phonon-assisted absorption process involving the spi
particle-hole excitations in the 1D Heisenberg model.

Now we briefly discuss the phonon-assisted absorpt
in a Heisenberg ladder system [13] which can be realiz
in two coupled CuO chains. To calculateIsvd we
use ap-flux mean-field approximation of the resonatin
valence bond which reproduces the essential feature
the ladder system, i.e., the presence of a spin gap.
this mean-field state the fermions (spinons) have t
kinds of dispersions,́k  6fsJk coskd2 1 J2

'g1y2, where
Jk and J' denote the effective intrachain and intercha
exchange energy, respectively, andk the wave number
in the direction parallel to the chain. In the groun
state the lower band is completely filled. As in th
single-chain case, the main contribution to the absorpt
coefficient comes from the particle-hole excitations of t
spinons. The presence of the spin gap, however, le
to a qualitatively different behavior ofIsvd. First, Isvd
is zero in the spin gap region,v0 , v , v0 1 J'.
Second, just above the spin gap the spectrum ha
nonzero oscillator strength like the single Heisenbe
chain, i.e.,Isvd ~ Qsv 2 v0 2 J'd. Finally, the Van
Hove singularity in the DOS of the spinon bands leads
a logarithmic divergence atv  v0 1 J' 1

p
J2

k
1 J2

',
instead of the cusp in the single-chain case. This
because, for the transition, say, from the top of the low
band to the top of the upper band, both the initial a
the final state have the1

p
´ -type DOS, leading to the

logarithmic divergence upon integrating the product of t
DOS over the energy. Thus the opening of the spin g
2582
gy
n

e,

ial
de

on

n
d

of
In
o

n
e
ds

a
g

o

is
r

d

e
p

enhances the singular structure in the absorption spe
from the cusp to the logarithmic divergence.

In summary, we have measured the midinfrared opti
absorption spectra of a one-dimensional Mott insula
Sr2CuO3. The spectra have been successfully analyz
in terms of the phonon-assisted absorption mechanism
the quantum spin chain model. The observed cuspl
singularity is shown to be due to the Van Hove singular
in the spinon band.
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