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We have studied magnetic excitations in the spin-Peierls phase of CuGeO3 by inelastic neutron
scattering. There is a dispersive mode which is gapped throughout the Brillouin zone. This mode is
separated by an unexpected second gap ofø2 meV, from a continuum of magnetic excitations. The
first gap (or “triplet gap”) and its associated dispersive mode are due to the breaking of a singlet dimer
into a delocalized triplet. We propose that the second gap (or “solitonic gap”) and the continuum
correspond to dissociation of that triplet into two unbound spin-1

2
solitons that are separated by a

dimerized region of arbitrary length. [S0031-9007(97)02400-9]

PACS numbers: 75.10.Jm, 64.70.Kb, 75.40.Gb
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The recent observation by Hase [1] of a characteris
magnetic susceptibility in CuGeO3, dropping abruptly to
zero belowTSP ­ 14.3 K, clearly suggested that it was
a new one-dimensional spin-Peierls compound. This w
confirmed by x-ray photographs [2,3] that revealed, belo
TSP , superlattice peaks indexing according to the propag
tion vectorkSP ­ s0.5, 0, 0.5d. These two experimental
evidences indicate that: (1) A gap has opened over a n
magnetic singlet ground state as demonstrated by neut
studies [4,5], and (2) that the crystal was undergoing
magnetoelastic distortion where copper ions dimerize w
their left or right nearest neighbor along the chains. A
a result, the initially uniform exchange coupling become
staggered.

In this Letter we present experimental evidence th
there are in fact two gaps in this system and not only o
as predicted by the classical approach [6,7]. Although th
observation could fit in the framework of Cross-Fisher th
ory [7], we shall use a solitonic approach to elaborate
explanation which accounts for two gaps. A dimerize
system has an obvious excitation which consists of brea
ing a dimer bond into a triplet at a cost of a certain magn
toelastic energy. The triplet will be delocalized along th
chain generating eigenstates of definite momentum. Ho
ever, there is another possible excitation in this system
cause the triplet can absorb a second amount of ene
corresponding to a second gap and thus dissociate into
S ­

1
2 traveling solitons that generate the continuum. Th

has some analogies to the well known two-spinon cont
uum of the uniform (undimerized) HeisenbergS ­

1
2 AF

chain (HAFC) that has been investigated extensively
KCuF3 (see Fig. 6 of Ref. [8]). AboveTSP the analogy is
even more complete as we shall see in Fig. 3. On the ot
hand, it has been suggested that competing next-near
neighbor exchange (NNNE) was the driving mechanis
560 0031-9007y97y78(8)y1560(4)$10.00
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in the dimerization process of CuGeO3 instead of magne-
toelastic coupling as generally admitted. In support of th
idea were satisfactory fits [9–11] of the magnetic susce
tibility of CuGeO3 aboveTSP . Since this susceptibility
was not well reproduced by the Bonner-Fisher curve [12
which is appropriate to the isolatedS ­

1
2 AF NNE chain,

incorporation of NNNE gave better results. Yet in the fin
part of section II of our discussion we express some res
vation with respect to this interpretation based on comp
ing NNNE.

Single crystals of CuGeO3 belong to the orthorhombic
space groupPbmm. Magnetic chains of Cu11, S ­

1
2

ions are parallel to thec axis. The spin-Peierls gap is
observable atkAF ­ s0, 0, 0.5d or equivalent points, but
there are no magnetic Bragg peaks. Dispersion curves
magnetic excitations along the three principal directio
a, b, andc are of simple sinusoidal shape [4,5]; estimate
for intrachain nearest-neighbors exchange (NNE) alongc
gaveJ1 ø 120 K, as derived from fits to classical magno
theory in Ref. [4] or to Bonner-Blöte relation in Ref. [5]
Fits to classical magnon theory [4,5] indicate that NN
between chains are only 1 and 2 orders of magnitu
smaller along theb anda directions, respectively.

Inelastic neutron scattering measurements have b
performed on two triple-axis spectrometers: (1) 4F
(Orphée reactor, LLB Saclay), which was operated
constantkf ­ 1.55 Å21 (5.01 meV) with a horizontally
focusing graphite analyzer and a beryllium filter to cut o
higher-order components of the diffracted beam, (2) IN1
(HFR, ILL Grenoble) with a similar set up as on 4F1
Resolution on both apparatus was of the order of 0.2 m
(FWHM) as deduced from the incoherent peak at ze
energy transfer. In both experiments the same sin
crystal (nearly1 cm3) was oriented with theb andc crys-
tallographic axes in the scattering plane. Two series
© 1997 The American Physical Society
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inelastic scans were recorded for neutron energy transf
ranging from20.3 meV to 11.5 meV. All scans are cor-
rected forly2 contamination in the incident beam [13].

Figure 1 shows three energy scans atT ­ 2.6 K. They
correspond to excitations near the zone boundary alo
cp, the direction of the chains. Five elements are visib
on the scan atQ ­ s0, 1, 0.5d: (1) the zero-energy inco-
herent peak showing the spectrometer resolution; (2)
first gap, called hereafter the “triplet gap” with a value o
D ­ 2 meV atQ ­ s0, 1, 0.5d; (3) a well-defined magnon-
like mode first observed by Nishiet al. [4]. This mode is
in fact a spin-triplet mode as shown by measurements i
magnetic field [5]. Its asymmetric shape is due to conv
lution of instrumental resolution and steep curvature of t
dispersion curve in the vicinity ofQ ­ s0, 1, 0.5d. (4) The
intensity between the middle peak (or triplet mode) an
the plateau, falls to the background level. This is clear
a new gap in energy that we call hereafter the “soliton
gap.” At Q ­ s0, 1, 0.5d, this solitonic gap is close to

FIG. 1. (IN14–ILL) Three energy scans forQ ­ s0, 1, Qcd
with Qc [ h0.5, 0.48, 0.46j, at T ­ 2.6 K. They are vertically
shifted apart for clarity. The horizontal graduation is commo
to all scans; the left vertical axis is for theQ ­ s0, 1, 0.5d
scan only. Each horizontal arrow indicates the zero intens
level for the scan above it. In the inset is a general vie
of the first scan displaying the five elements described in t
text. Now labeling a dimer in its singlet state by≤ ≤, the
triplet state by*, and a spin 1

2
on a copper site by", we

can represent the peak of the magnonlike mode as a trave
triplet ≤ ≤ ≤ ≤ * ≤ ≤ ≤ ≤, then after the solitonic gap
the continuum would correspond to delocalized spins

1

2
such as

≤ ≤ " ≤ ≤ ≤ ≤ " ≤ ≤.
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2 meV. Defining the background in this experiment i
an issue that will be addressed when presenting Fig.
(5) Finally, brought out by the solitonic gap, we find
some intensity (low but clearly present) which constitute
the expected continuum that extends at least up to t
maximum energy transfer of our study, i.e.,11.5 meV.
Scans forQ ­ s0, 1, 0.48d and Q ­ s0, 1, 0.46d display
the same structure as that forQ ­ s0, 1, 0.5d except that
the incoherent peak is not shown. We recall that ne
tron [5,15] and Raman [14] scattering have already give
clear evidence for the existence of such a continuum.

Figure 2 shows a series of six energy scans reg
larly spaced alongbp betweenQ ­ s0, 1, 0.5d and Q ­
s0, 2, 0.5d at T ­ 1.7 K. No incoherent peak here, only
the peak of the dispersive mode followed again by th
solitonic gap and the continuum are visible in this serie
of scans. Note that owing to coupling between chains,
already mentioned, there is dispersion alongQb and there-
fore the positions of the peaks are not constant in ener
as they would be for a pure one-dimensional system.

Figure 3 provides a more detailed picture of the energ
scans atQ ­ s0, 1, 0.5d. It shows that when the tempera-
ture is raised toT ­ 29 K the peak of the dispersive mode
drops and widens, filling in the double gap region an
merging with the continuum. We have recovered, the

FIG. 2. (4F1–LLB) Six energy scans forQ ­ s0, Qb , 0.5d
with Qb [ h1, 1.2, 1.4, 1.6, 1.8, 2j, at T ­ 1.7 K. Same con-
vention for axes as in Fig. 1. Maximum peak position is indi
cated by a vertical arrow, the intensity reached is written below
The sharp peak of the magnonlike mode, the solitonic gap, a
the continuum are clearly visible in all scans.
1561
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FIG. 3. (4F1–LLB) Three energy scans atQ ­ s0, 1, 0.5d.
(1) At 1.7 K (circles) we have, successively, the incohere
peak, the triplet gap, the magnonlike mode that reaches 19
counts at 2 meV, the solitonic gap, and the continuum. (2)
29 K (diamonds) the continuum, similar to that of theS ­ 1

2
HAFC. (3) At 150 K (squares) the purely paramagnetic regio
In the inset, subtraction of the scan at 1.7 K from the one
150 K showing the magnonlike mode and the continuum.

the continuum of the uniform HAFC. When we reac
T ­ 150 K, the magnonlike mode and the continuum hav
totally disappeared, we are then in the truly paramagne
region; note that the intensity falls to the level of what wa
measured atT ­ 1.7 K in either gap; this level is consid-
ered as the background of our experiment. In the ins
we subtracted the scan at 150 K from the scan at 1.7
Both were corrected for Bose factor after subtraction of
background of 15 counts on each. What remains is t
dispersive mode, the solitonic gap, and the continuum.
phonon is distinguishable near 11 meV in the 150 K da

The fact that the double gap has been overlooked
previous experiments [4,5,15] is due to poorer resoluti
of the instruments used before. In these former expe
ments, the high energy tail of the incompletely resolve
dispersive mode precluded observation of the soliton
gap by causing a smooth crossover to the higher ene
continuum. In the present experiment high resolution w
obtained through the use of a smallkf ­ 1.55 Å21.

It has been impossible to detect acoustic phon
branches aroundkSP , and moreover, preliminary polar-
ized neutron measurements atQ ­ s0, 1, 0.5d and Q ­
s0.5, 5, 0.5d indicate that all of the intensity in the peak o
the dispersive mode is magnetic, as is the major part
1562
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not all, of the intensity in the continuum. The absenc
of an inelastic nuclear contribution is consistent with the
fact that in the dimerized phase of CuGeO3, intensities
of nuclear superlattice peaks athkSP j are very weak and
displacements of atoms extremely tiny. Nonetheless, s
perlattice nuclear peaks are sensitive to a magnetic fie
as proved by the commensurate-incommensurate tran
tion that occurs at 12.5 T [16]. All this suggests that ther
could exist a magnetoelastic coupling through spin-charg
hybridization [17].

Haldane [18] analyzed three models that are related
CuGeO3: (I) the AF chain with NNEJ1 and NNNEJ2,
(II) the AF chain with NNE only but with imposed stag-
gering of the exchange, (III) the AF chain coupled to a
phonon fieldusxd [7]. Although all three models predict a
gap, only model III predicts a double gap which is consis
tent with our experimental results on the excitation spec
trum of CuGeO3.

Model I.—In the case of NNEJ1 and NNNEJ2, the
Hamiltonian of the chain has full translational invari-
ance. If J2 is smaller than a critical couplingfJ2yJ1 ,

0.2412s1dg, the ground state is a spin liquid but ifJ2 is
larger, the ground state is dimerized and twice degenera
We will refer to this situation as “spontaneous dimers.
The effective long-wavelength, low-energy theory is de
scribed by a sine-Gordon model [19]:

H ­
Z

dx
1
2 fP2 1 s=fd2g 1 a cossbfd . (1)

In this equation,P is the momentum conjugate tof which
is related to thez component of the spin at positionx by
Szsxd ­ 2=fsxdy

p
2p 1 Cs2dx cosf

p
2p fsxdg. When

J2 fi 0, the value of the sine-Gordon coupling isb ­
2
p

2p. If J2 is larger than the critical value, one is in the
massive (or gapped) phase of the theory of Eq. (1). Th
b ­ 2

p
2p sine-Gordon theory has no bound states [20

and the elementary excitations are kinks that correspon
to a 62p variation of the argument of the cosine term in
Eq. (1) over a localized region of space. These soliton
therefore have spinS ­

1
2 . The picture is simple: An ex-

citation means that a singlet in the dimerized ground state
broken into a triplet that immediately disintegrates into two
free solitons. As a consequence, the magnetic excitatio
form a continuum above some threshold and there is n
well-defined mode below. This is not what we observe i
our experiments.

Model II.—The externally dimerized chain has an ex
plicit doubling of the unit cell by the additional term
d

P
ns2dn $Sn ? $Sn11. This also leads to a sine-Gordon

model Eq. (1) but now with a couplingb ­
p

2p. The
kinks that still correspond to a62p variation of the ar-
gument of the cosine in Eq. (1) have now spinSz ­ 61.
The sine-Gordon theory withb ­

p
2p has two breather

bound states [20], one of which is degenerate with the kin
states. This state completes theS ­ 1 triplet which is
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expected due to the full rotational invariance of the the
ory. The other bound state is a singlet and thus plays
role in the magnetic excitation spectrum. Here the pi
ture is quite different from that of model I. The single
bonds are pinned to the lattice by the dimerizing pote
tial. The elementary excitation corresponds to breakin
a singlet bond in a triplet and then this triplet will move
along the chain. This triplet state is not a domain wall an
cannot disintegrate as has been seen in numerical simu
tions [9,10,21]. There are continua above this well-define
mode that are due to excitations of several triplets. Ha
and Dagotto have recently performed a study [21] of th
dynamical properties of an externally dimerized chain in
cluding a NNNEJ2. They have shown that there is a con
tinuum starting immediately above the spin triplet mod
contrary to our finding of a solitonic gap in CuGeO3.

To the extent that NNNE should be visible on the shap
of the dispersion curve it becomes informative to calcula
the dynamics of a colinearS ­

1
2 Heisenberg AF model

with J1 , 0 and J2, and lattice spacingc. It yields the
following dispersion relation:

hnsqd ­ 2j sinqcj
p

J1sJ1 2 4J2d 1 4J2
2 sin2 qc , (2)

which is valid only forJ2yJ1 , 0.25 (Villain’s criterion.
If J2 . 0 and J2yJ1 . 0.25 the calculation ought to be
conducted differently as appropriate for helimagnetic AF
We see that the curvensqd is narrowed by the last term
with the J2 factor, which makes it depart markedly from
a sinusoidal shape in contrast to our observations
CuGeO3. The relevance to CuGeO3 is enforced by noting
that the underlying AF system in CuGeO3 would have
AF Bragg peaks atkAF ­ s0, 0, 0.5d as verified in Cu-
Ge0.993Si0.007O3 [22] where AF and dimerization coexist.

Model III.—A more realistic model [7,23] would in-
corporate an additional coupling of the sine-Gordon fie
with an elastic field of the formusxd cosf

p
2p fsxdg. The

Hamiltonian Eq. (1) again has full translational invariance
This invariance is spontaneously broken and there are th
domain walls: The displacementusxd in a domain wall
goes from1u0 on one side of the chain to2u0 on the
other side, or vice versa. The spin soliton involves only
variation ofp of the argument of the cosine and thus ha
spinS ­

1
2 , as in the case of the spontaneously dimerize

chain. This elementary soliton can be visualized as an is
latedS ­

1
2 copper spin that separates two regions of th

chain that are dimerized. These solitons have been stud
in the past [23]. No detailed information is available on th
sine-Gordon theory coupled to an additional scalar fiel
however, since the coupling is well in the massive regim
it is clear that we expect bound states of these soliton
The most likely candidate is a triplet of the same natu
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as in the externally dimerized chain. If enough energy i
available to overcome the binding energy, this triplet stat
can then disintegrate into two solitons. We expect then
triplet mode that is well-defined below the solitonic con-
tinuum. This is consistent with what we observe.

To summarize, we have shown by high resolution in
elastic neutron measurements that there is a mid-gap d
persive mode and confirmed the existence of a continuu
of excitations. We have proposed that this continuum i
made of unboundS ­

1
2 domain walls.

It is a pleasure to thank S. Aubry, M. Azzouz, A. R.
Bishop, G. J. McIntyre, M. Poirier, H. Schulz, and
A. Tsvelik for interesting discussions and M. Geoghega
for reading the manuscript.

*Electronic address: ain@cea.fr
[1] M. Haseet al., Phys. Rev. Lett.70, 3651 (1993).
[2] J. P. Pougetet al., Phys. Rev. Lett.72, 4037 (1994). See

also J. E. Lorenzoet al., Phys. Rev. B50, 1278 (1994);
Q. J. Harriset al., Phys. Rev. B50, 12 606 (1994).

[3] K. Hirota et al., Phys. Rev. Lett.73, 736 (1994).
[4] M. Nishi et al., Phys. Rev. B50, 6508 (1994).
[5] L. P. Regnaultet al., Phys. Rev. B53, 5579 (1996), and

references therein; Physica (Amsterdam)213B–214B, 278
(1995). See also M. Martinet al.,Phys. Rev. B53, 14 713
(1996); J. E. Lorenzo (unpublished).

[6] J. Bonneret al., Phys. Rev. B25, 6959 (1982).
[7] M. C. Crosset al., Phys. Rev. B19, 402 (1979).
[8] D. A. Tennantet al., Phys. Rev. B52, 13 368 (1995).
[9] G. Castillaet al., Phys. Rev. Lett.75, 1823 (1995).

[10] J. Rieraet al., Phys. Rev. B51, 16 098 (1995); J. Riera
et al., Report No. cond-maty9509160.

[11] J. Zanget al., Phys. Rev. B51, 16 098 (1995).
[12] J. C. Bonneret al., Phys. Rev.135, A640 (1964).
[13] B. Fåk et al., ILL Report No. 91FA09T (1991); N. Pyka

(private communication).
[14] P. H. M. van Loosdrechtet al., Phys. Rev. Lett.76, 311

(1996).
[15] M. Arai et al., Phys. Rev. Lett.77, 3649 (1996).
[16] V. Kiryukhin et al., Phys. Rev. Lett.76, 4608 (1996).
[17] M. Bradenet al., Phys. Rev. B54, 1105 (1996).
[18] F. D. M. Haldane, Phys. Rev. B25, 4925 (1982).
[19] I. Affleck, in Fields, Strings and Critical Phenomena,

edited by E. Brézin and J. Zinn-Justin (North-Holland,
Amsterdam, 1990).

[20] R. F. Dashenet al., Phys. Rev. D11, 3424 (1975).
[21] S. Haas and E. Dagotto, Phys. Rev. B52, 14 396 (1995).
[22] L. P. Regnaultet al., Europhys. Lett.32, 579 (1995).

And experiments, not published yet, showing that the
dispersion curves of CuGeO0.993Si0.007O3 and CuGeO3 are
identical above 3 meV.

[23] T. Nakano and H. Fukuyama, J. Phys. Soc. Jpn.49, 1679
(1980);50, 2489 (1981).
1563


