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We have studied magnetic excitations in the spin-Peierls phase of Gu@gnelastic neutron
scattering. There is a dispersive mode which is gapped throughout the Brillouin zone. This mode is
separated by an unexpected second gap-dimeV, 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 spiselitons 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

The recent observation by Hase [1] of a characteristién the dimerization process of CuGe@stead of magne-
magnetic susceptibility in CuGeQdropping abruptly to toelastic coupling as generally admitted. In support of this
zero belowTsp = 14.3 K, clearly suggested that it was idea were satisfactory fits [9—11] of the magnetic suscep-
a new one-dimensional spin-Peierls compound. This washility of CuGeO; aboveTsp. Since this susceptibility
confirmed by x-ray photographs [2,3] that revealed, belowwas not well reproduced by the Bonner-Fisher curve [12],
Tsp, superlattice peaks indexing according to the propagawhich is appropriate to the isolated= % AF NNE chain,
tion vectorksp = (0.5,0,0.5). These two experimental incorporation of NNNE gave better results. Yet in the final
evidences indicate that: (1) A gap has opened over a noipart of section Il of our discussion we express some reser-
magnetic singlet ground state as demonstrated by neutramtion with respect to this interpretation based on compet-
studies [4,5], and (2) that the crystal was undergoing @ng NNNE.
magnetoelastic distortion where copper ions dimerize with Single crystals of CuGeQbelong to the orthorhombic
their left or right nearest neighbor along the chains. Asspace grougPbmm Magnetic chains of Cti*, § = %

a result, the initially uniform exchange coupling becomesions are parallel to the axis. The spin-Peierls gap is
staggered. observable akr = (0,0,0.5) or equivalent points, but

In this Letter we present experimental evidence thathere are no magnetic Bragg peaks. Dispersion curves of
there are in fact two gaps in this system and not only ongnagnetic excitations along the three principal directions
as predicted by the classical approach [6,7]. Although thig, b, andc are of simple sinusoidal shape [4,5]; estimates
observation could fit in the framework of Cross-Fisher the-for intrachain nearest-neighbors exchange (NNE) abng
ory [7], we shall use a solitonic approach to elaborate agaves, ~ 120 K, as derived from fits to classical magnon
explanation which accounts for two gaps. A dimerizedtheory in Ref. [4] or to Bonner-Bléte relation in Ref. [5].
system has an obvious excitation which consists of breakgits to classical magnon theory [4,5] indicate that NNE
ing a dimer bond into a triplet at a cost of a certain magnepetween chains are only 1 and 2 orders of magnitude
toelastic energy. The triplet will be delocalized along thesmaller along thé anda directions, respectively.
chain generating eigenstates of definite momentum. How- |nelastic neutron scattering measurements have been
ever, there is another possible excitation in this system bgyerformed on two triple-axis spectrometers: (1) 4F1
cause the trlplet can absorb a second amount of enerqmrphée reactor, LLB Saclay)1 which was Operated at
corresponding to a second gap and thus dissociate into Wednstantk; = 1.55 A~! (5.01 meV) with a horizontally
§ = 5 traveling solitons that generate the continuum. Thisfocusing graphite analyzer and a beryllium filter to cut out
has some analogies to the well known two-spinon continhigher-order components of the diffracted beam, (2) IN14
uum of the uniform (undimerized) Heisenbefg= %AF (HFR, ILL Grenoble) with a similar set up as on 4F1.
chain (HAFC) that has been investigated extensively irResolution on both apparatus was of the order of 0.2 meV
KCuF; (see Fig. 6 of Ref. [8]). Abov&sp the analogy is (FWHM) as deduced from the incoherent peak at zero
even more complete as we shall see in Fig. 3. On the oth@nergy transfer. In both experiments the same single
hand, it has been suggested that competing next-nearestystal (nearlyl cm’) was oriented with th& andc crys-
neighbor exchange (NNNE) was the driving mechanisntallographic axes in the scattering plane. Two series of
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inelastic scans were recorded for neutron energy transfeismeV. Defining the background in this experiment is
ranging from—0.3 meV to11.5 meV. All scans are cor- an issue that will be addressed when presenting Fig. 3.
rected forA/2 contamination in the incident beam [13].  (5) Finally, brought out by the solitonic gap, we find
Figure 1 shows three energy scangat 2.6 K. They  some intensity (low but clearly present) which constitutes
correspond to excitations near the zone boundary alonthe expected continuum that extends at least up to the
c*, the direction of the chains. Five elements are visiblemaximum energy transfer of our study, i.¢1.5 meV.
on the scan aQ = (0,1,0.5): (1) the zero-energy inco- Scans forQ = (0,1,0.48) and Q = (0, 1,0.46) display
herent peak showing the spectrometer resolution; (2) the same structure as that f@r = (0, 1,0.5) except that
first gap, called hereafter the “triplet gap” with a value ofthe incoherent peak is not shown. We recall that neu-
A =2 meVatQ = (0, 1,0.5); (3) awell-defined magnon- tron [5,15] and Raman [14] scattering have already given
like mode first observed by Niskt al. [4]. This mode is clear evidence for the existence of such a continuum.
in fact a spin-triplet mode as shown by measurements in a Figure 2 shows a series of six energy scans regu-
magnetic field [5]. Its asymmetric shape is due to convoiarly spaced along* betweenQ = (0,1,0.5) andQ =
lution of instrumental resolution and steep curvature of th€0,2,0.5) at T = 1.7 K. No incoherent peak here, only
dispersion curve in the vicinity @ = (0,1,0.5). (4) The the peak of the dispersive mode followed again by the
intensity between the middle peak (or triplet mode) andsolitonic gap and the continuum are visible in this series
the plateau, falls to the background level. This is clearlyof scans. Note that owing to coupling between chains, as
a new gap in energy that we call hereafter the “solitonicalready mentioned, there is dispersion aléhgand there-

gap.” At Q = (0,1,0.5), this solitonic gap is close to fore the positions of the peaks are not constant in energy
as they would be for a pure one-dimensional system.
» T , « ' ‘ ] Figure 3 provides a more detailed picture of the energy
T scans aQ = (0, 1,0.5). It shows that when the tempera-
Bl . 1 ture is raised t@ = 29 K the peak of the dispersive mode
- ? 1 drops and widens, filling in the double gap region and
1400 | Lgosof T 1 ] merging with the continuum. We have recovered, then,
5 U I R —
1200 W 2
- | B OSwf: T 1] a4 - ]
g ? Ly o ‘{’ : i q Q=(02,05) 100
1000 | ATV, SRR IEE. q B wﬂmﬂ‘ﬂw«
z % O 0 12345678 1000 | 5 é‘ﬂ 0
§ - i % meV 1
S s i @ § 5 Q=01805) {100
2 : ¢ DU S e Y
IR S R ol o
600 | { & n{ % =
‘ Q=(0,1,046) {100 é Q=(0,1.605) {100
ﬁhnm"m“mm“m"“m E 900000500000
400 | 0 8 600 | 0
12 &50:1,048) 100 ;;,
200 I PPy el . 0 i b Q=(0,1405) 100
= L Bon,
[ o | . Q=0.105) 1 400 | Onggoa™ O EEEgoe e .
e R |
Energy Transfer (meV) I |§ Q=01205) {100
FIG. 1. (IN14-ILL) Three energy scans fd@ = (0,1, Q.) 200 | oPPERRR 0
with Q. € {0.5,0.48,0.46}, atT = 2.6 K. They are vertically q)
shifted apart for clarity. The horizontal graduation is common : o Q=(0,1,0.5)
to all scans; the left vertical axis is for th@ = (0,1,0.5) 9._(
scan only. Each horizontal arrow indicates the zero intensity 0 @fm — %8005000%0%%° ***%000g%0%%

level for the scan above it. In the inset is a general view 0 2 3 4 5 6 7 8 9 10 11
of the first scan displaying the five elements described in the Energy transfer (meV)

te_xt. Now labeling a dlmer. I? its singlet state. e, the FIG. 2. (4F1-LLB) Six energy scans fo@ = (0,0;,0.5)
riplet state byf, and a spin; on a copper site by, We it ¢, €{1,12,1.4,16,18,2}, at T = 1.7 K. Same con-
can represent the peak of the magnonlike mode as a travelingsntion for axes as in Fig. 1. Maximum peak position is indi-
triplet e~ o e—e fl o~ ¢ e—e, then after the solitonic gap cated by a vertical arrow, the intensity reached is written below.
the continuum would correspond to delocalized sgirsich as  The sharp peak of the magnonlike mode, the solitonic gap, and
e—eole—9o o—0ole—se, the continuum are clearly visible in all scans.
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not all, of the intensity in the continuum. The absence
of an inelastic nuclear contribution is consistent with the

80 ‘f fact that in the dimerized phase of CuGg@ntensities

60 %‘ of nuclear superlattice peaks @sp} are very weak and
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perlattice nuclear peaks are sensitive to a magnetic field

E 20 A &%ﬁ%@ %’ﬁ‘f‘# as proved by the commensurate-incommensurate transi-
: h o 7
)

Counts

tion that occurs at 12.5 T [16]. All this suggests that there

-20 could exist a magnetoelastic coupling through spin-charge

01234567891011 hybridization [17].
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Haldane [18] analyzed three models that are related to
CuGeQ: (I) the AF chain with NNEJ; and NNNE /5,
(1) the AF chain with NNE only but with imposed stag-
gering of the exchange, (lll) the AF chain coupled to a
0T=17K phonon fieldu(x) [7]. Although all three models predict a

©T=29K gap, only model lll predicts a double gap which is consis-
OT=150K

200

Intensity (Counts/8 min)

tent with our experimental results on the excitation spec-
trum of CuGeQ.

Model |.—In the case of NNE/; and NNNE J,, the
Hamiltonian of the chain has full translational invari-
ance. IfJ, is smaller than a critical coupling/,/J; <
T - s s s o 0.2412(1)], the ground state is a spin liquid butJs is

Energy transfer (meV) larger, the ground state is dimerized and twice degenerate.
We will refer to this situation as “spontaneous dimers.”

FIG. 3. (4F1-LLB) Three energy scans & = (0,1,0.5). ; _ _ ; _
(1) At 1.7 K (circles) we have, successively, the incoherentThe effective long-wavelength, low-energy theory is de

peak, the triplet gap, the magnonlike mode that reaches 198§C”be‘j by a sine-Gordon model [19]:
counts at 2 meV, the solitonic gap, and the continuum. (2) At

29 K (diamonds) the continuum, similar to that of the= % H = [ dx l[H2 + (V$)*] + acodB¢). (1)
HAFC. (3) At 150 K (squares) the purely paramagnetic region. 2

In the inset, subtraction of the scan at 1.7 K from the one at
150 K showing the magnonlike mode and the continuum. In this equation]I is the momentum conjugate #hwhich
is related to the component of the spin at positionby

the continuum of the uniform HAFC. When we reach $°(x) = —V¢(x)/v2m + C(-)* co§v/27 ¢ (x)]. When
T = 150 K, the magnonlike mode and the continuum have/> # 0, the value of the sine-Gordon coupling & =
totally disappeared, we are then in the truly paramagnetiév2. If J is larger than the critical value, one is in the
region; note that the intensity falls to the level of what wasmassive (or gapped) phase of the theory of Eq. (1). The
measured af' = 1.7 K in either gap; this level is consid- B = 2v2 sine-Gordon theory has no bound states [20],
ered as the background of our experiment_ In the inseﬁ_lnd the elementary excitations are kinks that Correspond
we subtracted the scan at 150 K from the scan at 1.7 K0 a =27 variation of the argument of the cosine term in
Both were corrected for Bose factor after subtraction of &0- (1) over a localized region of space. These solitons
background of 15 counts on each. What remains is théherefore have spifi = 5. The picture is simple: An ex-
dispersive mode, the solitonic gap, and the continuum. Aitation means that a singlet in the dimerized ground state is
phonon is distinguishable near 11 meV in the 150 K databroken into a triplet that immediately disintegrates into two

The fact that the double gap has been overlooked ifree solitons. As a consequence, the magnetic excitations
previous experiments [4,5,15] is due to poorer resolutiorform a continuum above some threshold and there is no
of the instruments used before. In these former experiwell-defined mode below. This is not what we observe in
ments, the high energy tail of the incompletely resolvedour experiments.
dispersive mode precluded observation of the solitonic Model Il.—The externally dimerized chain has an ex-
gap by causing a smooth crossover to the higher energglicit doubling of the unit cell by the additional term
continuum. In the present experiment high resolution was > ,(—)"S, - S,+;. This also leads to a sine-Gordon
obtained through the use of a smajl = 1.55 A1, model Eq. (1) but now with a coupling = +27. The

It has been impossible to detect acoustic phonorkinks that still correspond to &2 variation of the ar-
branches around&sp, and moreover, preliminary polar- gument of the cosine in Eq. (1) have now spin= *1.
ized neutron measurements @t= (0,1,0.5) andQ =  The sine-Gordon theory witB = /27 has two breather
(0.5,5,0.5) indicate that all of the intensity in the peak of bound states [20], one of which is degenerate with the kink
the dispersive mode is magnetic, as is the major part, iftates. This state completes the= 1 triplet which is

100
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expected due to the full rotational invariance of the the-as in the externally dimerized chain. If enough energy is
ory. The other bound state is a singlet and thus plays navailable to overcome the binding energy, this triplet state
role in the magnetic excitation spectrum. Here the piccan then disintegrate into two solitons. We expect then a
ture is quite different from that of model I. The singlet triplet mode that is well-defined below the solitonic con-
bonds are pinned to the lattice by the dimerizing potentinuum. This is consistent with what we observe.
tial. The elementary excitation corresponds to breaking To summarize, we have shown by high resolution in-
a singlet bond in a triplet and then this triplet will move elastic neutron measurements that there is a mid-gap dis-
along the chain. This triplet state is not a domain wall andpbersive mode and confirmed the existence of a continuum
cannot disintegrate as has been seen in numerical simulaf excitations. We have proposed that this continuum is
tions [9,10,21]. There are continua above this well-definegnade of unbound = % domain walls.
mode that are due to excitations of several triplets. Haas It is a pleasure to thank S. Aubry, M. Azzouz, A.R.
and Dagotto have recently performed a study [21] of theBishop, G.J. Mcintyre, M. Poirier, H. Schulz, and
dynamical properties of an externally dimerized chain in-A. Tsvelik for interesting discussions and M. Geoghegan
cluding a NNNE/,. They have shown that there is a con- for reading the manuscript.
tinuum starting immediately above the spin triplet mode
contrary to our finding of a solitonic gap in CuGgO
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