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Quantum Spin Excitations in the Spin-Peierls System CuGeO3
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The complete spectrum of the double spinon excitation in the spin-Peierls system CuGeO3 is mapped
as a function of temperature for the first time. The spin dynamics of the lower boundary and the
excitation continuum evolve quite differently. Moreover, the dimerization of the lattice produces a
sharp excitation in the lower energy boundary at the edge of the Brillouin zone, as well as the wel
known spin-gap opening at the zone center. [S0031-9007(96)01457-3]

PACS numbers: 75.40.Gb, 61.12.Ex, 75.10.Jm, 75.30.Ds
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Intense research activity by several research grou
[1] in recent years has proved that the magnetic pha
transition, which is characterized by an abrupt decrea
in the susceptibility along each of the crystallograph
axes [2], can be explained by a spin-Peierls transiti
at tsP  14 K. However, the broad feature that is als
observed in the susceptibility cannot be explained
the theory for one-dimensional antiferromagnets propos
by Bonner and Fisher [3]. It is necessary to includ
a competing interaction between the nearest and sec
nearest neighbors [4]. Kamimuraet al. [1] reported
superlattice Bragg scattering atshy2, k, ly2d with h, k, l
equal to odd integers, caused by the lattice dimerizat
and the formation of the spin-singlet pairs. CuGeO3 is
then the first inorganic material found to possess a sp
Peierls transition.

The spin wave excitation has been studied by Nishiet al.
[5]. They reported the spin-gap energy to be abo
2.1 meV ats0, 2p, pd at 0 K. They also estimated the
exchange interaction from the zone boundary energy
16.3 meV to beJc  10.4 meV in the c direction and
Jb  0.1Jc andJa  20.01Jc in the b anda directions,
respectively. Hence the system cannot be thought of
entirely one dimensional.

The existence of the anomalous spin dynamics in on
dimensional Heisenberg antiferromagnets (1D-HB-A
was first reported experimentally by Endohet al. in 1974
using a triple-axis spectrometer [6]. However, the mo
recent development of pulsed neutron techniques
made it much easier to observe spin excitations in the
low-dimensional antiferromagnets, as has been dem
strated in experiments on various systems such as KF2

[7], KCuF3 [8,9], CsVCl3 [10], and La22xSrxCuO4 [11].
The quantum spin excitations of 1D-HB-AF systems a
characterized by a spin excitation continuum, the low
boundary of which is formed by the des Cloizeaux an
Pearson result [12] and the upper, by a boundary w
twice the energy and periodicity (inQ space). This spin
continuum (or double spinon continuum) can be explain
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by several different theories and is either the excitation o
pairs of interacting spinons [9], a pair of solitons [13], o
a pair of kinks [14]. In the spinon explanation, the lowe
boundary corresponds to a spinon pair excitation, b
with one of the pair having zero momentum, and uppe
boundary from two spinons each with a momentum o
qy2, whereq is the total momentum. In the continuum
region a pair of interacting spinons can propagate free
along the one-dimensional chain with a total momentum
of q.

The spin-Peierls transition is a characteristic feature
a one-dimensional antiferromagnet that couples strong
with the lattice. It is likely that the quantum spin
fluctuations in such systems are different from thos
where the coupling is weak [15]. Therefore the inelasti
neutron scattering measurements described in this Let
provide a realistic test of the recent theoretical studie
[16,17] that have been made of the spin excitations
spin-Peierls systems.

The sample was synthesized using a standard traveli
floating zone method. We prepared five single crysta
with a total mass of 15.0 g (about 3 cm3). The crystals
were aligned using x-ray Laue measurements to give
effective mosaic spread of about 3 deg full width at ha
maximum. The neutron scattering experiment was pe
formed on the MARI spectrometer at the ISIS pulsed neu
tron facility of the Rutherford Appleton Laboratory [18].
MARI is a direct geometry spectrometer that uses a Ferm
chopper to monochromate the incident beam, and has
vertical scattering geometry. In this experiment a low
resolution high flux chopper was used with an incident en
ergy of 45 meV. This gives an energy resolution of abou
3 meV for elastically scattered neutrons and 1 meV at a
energy transfer of 45 meV. The crystal was aligned so th
thec axis was in the scattering plane and perpendicular
the incident beamskid, i.e., thec axis was in the vertical
direction, while theb axis was parallel toki .

Figure 1(a) shows the dynamical structure factor of th
spin excitation belowTsP at a temperature of 10 K. For
© 1996 The American Physical Society 3649
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FIG. 1(color). A color contour map of the dynamical structure factor at 10 K (a) and 50 K (b).
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the first time it is possible to see the image of the who
quantum spin excitation spectrum of a one-dimension
antiferromagnet. The data are plotted as a function
the c component of the momentum transfersQcd in
reduced lattice units [10]. This makes the assumptio
that the magnetic correlations are one dimensional a
along thec axis. Hence1.06 Å21 corresponds to the
zone center of the antiferromagnetic correlation, i.e.,
s0, 0, pd. The spin-wave dispersion proposed by de
Cloizeaux and Pearson [12] can be clearly seen at t
lower boundary of the continuum. The maximum energ
at the zone boundariess0, 0, py2d and s0, 0, 3py2d is
about 16 meV. The intense band at the elastic positi
is due to incoherent elastic scattering from the samp
as well as the background from the cryostat. The sp
gap can also be seen to be 5.0 meV, which is consist
with the results published by Nishiet al. [5] at the
same reciprocal point. There is a nuclear Bragg pe
at s0, 0, 2pd and obvious phonon scattering around it.
is also possible to see the spin excitations in the seco
zone aboves0, 0, 2pd, although it is too contaminated by
the phonon scattering to be useful. The double spin
scattering can also be clearly seen extending up to t
upper boundary at 32.0 meV ats0, 0, pd. The origin of
the intensity above 32 meV is not clear in this experimen
It may come from phonon scattering or a spin excitatio
of higher order. Further measurements are necessary
investigate this.
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There should also be a contribution from phono
scattering in the first zone. However, the phonons a
fully three dimensional which will produce asymmetri
scattering that will be suppressed by the summation us
when plotting the data as a function ofQc. We can safely
assume that the scattering from the phonons is negligi
in the first zone, particularly at low temperatures.

Figure 1(a) shows two significant differences from th
theoretical results. First, there exists a peak in intens
on the lower boundary of the continuum at the zon
boundariess0, 0, py2d ands0, 0, 3py2d and, second, there
is a “rampart” or ridge of scattering surrounding a valle
in the spin continuum.

It has been suggested that the intense peak at the z
boundary at 16 meV is caused by a resolution effe
due to the spectroscopic technique. If this is the ca
the intensity should change dramatically as the geome
configuration of the measurement changes. In a sepa
experiment the peak could also be seen despite the
that the crystal was rotated by 90±.

The dispersion of the lower boundary can be fitte
by employing the exact solution of theXY model,
but with coefficients multiplied bypy2 for the 1D-
HB-AF model [19]. The exchange energyJ  sJ1 1

J2dy2 is estimated to be about 9.8 meV withJ2yJ1 
0.51, which is very similar to the Nishiet al. results
[5] of 10.4 meV. However, it conflicts with Castilla’s
estimation of 13.0 meV (at 150 K), used to explai



VOLUME 77, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 21 OCTOBER 1996

o

g

e

r

e

he

i-
a-
me.
or-

s,
en

e
m

ely
FIG. 2. The static structure factorSsQd of the spin dynam-
ics found by integrating in energy from 3 to 32 meV in
the first Brillouin zone. There is very little change with
temperature. The theoretical results show a sharp rise
the intensity at the zone center that does not correspond
observedSsQd.

the broad susceptibility [4]. HereJ1 is the interaction
between the spins in a singlet pair andJ2 is the interaction
between neighboring spins in different pairs.

Figure 1(b) shows the same spectrum at 50 K. T
phonon scattering originating froms0, 0, 2pd becomes sig-
nificantly more intense. Surprisingly the spin continuu
does not change very much and maintains its outlin
However, the lower boundary broadens dramatically. Th
implies a large change in the dynamical spin correlati
with temperature.

The static structure factorSsQd is depicted in Fig. 2.
This is obtained by integrating the spectrum in ener
from 3.0 to 32.0 meV withins0, 0, 0d and s0, 0, 2pd.
SsQd seems to conserve its shape independent of te
perature and the formation of the spin singlet pairs b
low TsP . The only observable change is in the intensi
arounds0, 0, pd, which is caused by the merging of th
excitation spectra with the elastic line scattering as t
spin gap closes. Figure 2 also shows the analytical res
from the Néel states, and from a 1D-HB-AF system [19
and from the recent numerical results on spin-Peierls s
tems [17]. All the calculations show a sharp rise or si
gular pole at the zone centers0, 0, pd. However, this is
not observed in these measurements.

Figure 3 shows the spectrum at the zone boun
ary, s0, 0, py2d, obtained by integratingSsQ, Ed in the
rangeQ  s0, 0, py2 6 Dd with D  0.05p; i.e., it is a
constant-Q scan ofSsQ, Ed. There is a large change in
the intensity at the lower boundary belowTsP but very
little in the high energy region. The sharp rise in th
intensity at the zone boundary cannot be explained
quantum field theory with the bosonization method us
for the 1D-HB-AF [9]. A recent Raman scattering mea
surement has also confirmed the presence of the sh
peak belowTsP in a double magnon scattering proces
[20]. However, it could arise from the three-dimension
effect in the spin correlation. Interestingly, this peak
reminiscent of the sharp feature in the spectral functi
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FIG. 3. A constant-Q scan of the dynamical structure facto
at the zone boundarys0, 0, py2d. A large increase in the peak
intensity belowTsP can be seen at the lower boundary of th
continuum.

reported by Haas and Dagotto [17], which is due to t
halving of the Brillouin zone.

Figures 2 and 3 clearly show that although the dynam
cal spin correlation changes dramatically with temper
ture, the static arrangement of the spins remains the sa
Moreover, most of the changes in the dynamical spin c
relation occur belowTsP where the lattice dimerizes and
the spin-singlet pairs are created.

Figure 4 shows theSsQ, Ed map at 300 K. Although
it is clearly contaminated by the populated phonon
surprisingly the spin continuum seems to persist ev

FIG. 4(color). The dynamical structure factor at 300 K. Th
spin continuum persists, but with the maximum reduced fro
32 to 30 meV. The lower boundary has changed complet
with no evidence for antiferromagnetic coupling.
3651
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though the temperature is now much greater than t
coupling energy ofJ  9.8 meV (110 K). However, its
form is slightly different; it is broader and its maximum
is shifted down to 30 meV. At these temperatures the
is no evidence of the antiferromagnetic spin correlation
at the lower boundary, although a new dispersive featu
appears which bridgess0, 0, 0d ands0, 0, 2pd. This could
be the dispersion relation of an acoustic phonon [21
Interestingly the shape of the spectrum of the phono
dispersion is about a half in energy of that of th
broadened spin continuum.

In summary, for the first time it has been possible to ob
serve the complete spectrum of the spin excitations in
one-dimensional Heisenberg antiferromagnet with a spi
Peierls transition. The evolution of these excitations ha
been studied as a function of temperature. A sharp pe
is seen at the zone boundary below the spin-Peierls tran
tion that is at variance with the current theoretical mode
for these systems. The spin-Peierls transition involves
strong lattice instability that results in the formation of sin
glet pairs. An understanding of these data may also supp
important information about the spin dynamics in strongl
correlated electron systems [22] as well as the high-Tc su-
perconductors. Recently we have been made aware t
a magnetic continuum has also been observed by Mar
et al. on triple-axis spectrometers [23].

The authors are indebted to Professor D. Mck. Pa
and Dr. A. Boothroyd for their help in assembling the
crystals prior to the neutron scattering experiment an
the indispensable help of Dr. A. D. Taylor during the
experiment at the ISIS Facility. The present research
supported by the Grant-in-Aid for Scientific Research o
Priority Areas of the Ministry of Education, Science and
Culture in Japan.
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