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The complete spectrum of the double spinon excitation in the spin-Peierls system CisGe&pped
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 well
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

Intense research activity by several research groupsy several different theories and is either the excitation of
[1] in recent years has proved that the magnetic phaspairs of interacting spinons [9], a pair of solitons [13], or
transition, which is characterized by an abrupt decreasa pair of kinks [14]. In the spinon explanation, the lower
in the susceptibility along each of the crystallographicboundary corresponds to a spinon pair excitation, but
axes [2], can be explained by a spin-Peierls transitionwith one of the pair having zero momentum, and upper
at r,p = 14 K. However, the broad feature that is also boundary from two spinons each with a momentum of
observed in the susceptibility cannot be explained by /2, wheregq is the total momentum. In the continuum
the theory for one-dimensional antiferromagnets proposeregion a pair of interacting spinons can propagate freely
by Bonner and Fisher [3]. It is necessary to includealong the one-dimensional chain with a total momentum
a competing interaction between the nearest and secomd g.
nearest neighbors [4]. Kamimurat al.[1] reported The spin-Peierls transition is a characteristic feature of
superlattice Bragg scattering @t/2,k,[/2) with i, k, I  a one-dimensional antiferromagnet that couples strongly
equal to odd integers, caused by the lattice dimerizatiowith the lattice. It is likely that the quantum spin
and the formation of the spin-singlet pairs. CuGd® fluctuations in such systems are different from those
then the first inorganic material found to possess a spinwhere the coupling is weak [15]. Therefore the inelastic
Peierls transition. neutron scattering measurements described in this Letter

The spin wave excitation has been studied by Néslal.  provide a realistic test of the recent theoretical studies
[5]. They reported the spin-gap energy to be aboufl6,17] that have been made of the spin excitations in
2.1 meV at(0,27,7) at 0 K. They also estimated the spin-Peierls systems.
exchange interaction from the zone boundary energy of The sample was synthesized using a standard traveling
16.3 meV to beJ. = 10.4 meV in the ¢ direction and floating zone method. We prepared five single crystals
Jy, = 0.1J. andJ, = —0.01J. in the b anda directions, with a total mass of 15.0 g (about 3 &n The crystals
respectively. Hence the system cannot be thought of asere aligned using x-ray Laue measurements to give an
entirely one dimensional. effective mosaic spread of about 3 deg full width at half

The existence of the anomalous spin dynamics in onemaximum. The neutron scattering experiment was per-
dimensional Heisenberg antiferromagnets (1D-HB-AF)formed on the MARI spectrometer at the ISIS pulsed neu-
was first reported experimentally by Endehal.in 1974  tron facility of the Rutherford Appleton Laboratory [18].
using a triple-axis spectrometer [6]. However, the moreMARI is a direct geometry spectrometer that uses a Fermi
recent development of pulsed neutron techniques hashopper to monochromate the incident beam, and has a
made it much easier to observe spin excitations in theseertical scattering geometry. In this experiment a low
low-dimensional antiferromagnets, as has been demomesolution high flux chopper was used with an incident en-
strated in experiments on various systems such as KFe®rgy of 45 meV. This gives an energy resolution of about
[7], KCuF; [8,9], CsVCE [10], and La—,Sr,CuQ, [11]. 3 meV for elastically scattered neutrons and 1 meV at an
The quantum spin excitations of 1D-HB-AF systems areenergy transfer of 45 meV. The crystal was aligned so that
characterized by a spin excitation continuum, the lowethe ¢ axis was in the scattering plane and perpendicular to
boundary of which is formed by the des Cloizeaux andhe incident beanfk;), i.e., thec axis was in the vertical
Pearson result [12] and the upper, by a boundary witldirection, while theb axis was parallel td;.
twice the energy and periodicity (i@ space). This spin Figure 1(a) shows the dynamical structure factor of the
continuum (or double spinon continuum) can be explainedpin excitation belowlsp at a temperature of 10 K. For
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FIG. 1(color). A color contour map of the dynamical structure factor at 10 K (a) and 50 K (b).

the first time it is possible to see the image of the whole There should also be a contribution from phonon
quantum spin excitation spectrum of a one-dimensionascattering in the first zone. However, the phonons are
antiferromagnet. The data are plotted as a function ofully three dimensional which will produce asymmetric
the ¢ component of the momentum transfé@.) in  scattering that will be suppressed by the summation used
reduced lattice units [10]. This makes the assumptionvhen plotting the data as a function@f. We can safely
that the magnetic correlations are one dimensional andssume that the scattering from the phonons is negligible
along thec axis. Hencel.06 A~! corresponds to the in the first zone, particularly at low temperatures.

zone center of the antiferromagnetic correlation, i.e., at Figure 1(a) shows two significant differences from the
(0,0,7). The spin-wave dispersion proposed by desheoretical results. First, there exists a peak in intensity
Cloizeaux and Pearson [12] can be clearly seen at then the lower boundary of the continuum at the zone
lower boundary of the continuum. The maximum energyboundarie0, 0, 77 /2) and (0, 0, 37 /2) and, second, there

at the zone boundarie®),0,7/2) and (0,0,37/2) is is a “rampart” or ridge of scattering surrounding a valley
about 16 meV. The intense band at the elastic positioim the spin continuum.

is due to incoherent elastic scattering from the sample It has been suggested that the intense peak at the zone
as well as the background from the cryostat. The spifboundary at 16 meV is caused by a resolution effect
gap can also be seen to be 5.0 meV, which is consistemlue to the spectroscopic technique. If this is the case,
with the results published by Nishet al.[5] at the the intensity should change dramatically as the geometric
same reciprocal point. There is a nuclear Bragg peakonfiguration of the measurement changes. In a separate
at (0,0, 27) and obvious phonon scattering around it. Itexperiment the peak could also be seen despite the fact
is also possible to see the spin excitations in the seconithat the crystal was rotated by 90

zone abovd0, 0, 27), although it is too contaminated by = The dispersion of the lower boundary can be fitted
the phonon scattering to be useful. The double spinoby employing the exact solution of th&Y model,
scattering can also be clearly seen extending up to thieut with coefficients multiplied byz/2 for the 1D-
upper boundary at 32.0 meV &,0,7). The origin of HB-AF model [19]. The exchange energy= (J; +

the intensity above 32 meV is not clear in this experimentJ,)/2 is estimated to be about 9.8 meV with/J; =

It may come from phonon scattering or a spin excitation0.51, which is very similar to the Nishiet al.results

of higher order. Further measurements are necessary [b] of 10.4 meV. However, it conflicts with Castilla’s
investigate this. estimation of 13.0 meV (at 150 K), used to explain
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FIG. 2. The static structure factdi(Q) of the spin dynam- FIG. 3. A constan® scan of the dynamical structure factor

ics found by integrating in energy from 3 to 32 meV in & the zone boundarp), 0, /2). A large increase in the peak
the first Brillouin zone. There is very little change with intensity below7, can be seen at the lower boundary of the

temperature. The theoretical results show a sharp rise igontinuum.

thzé?égr&gszg)ét the zone center that does not correspond tPeported by Haas and Dagotto [17], which is due to the

halving of the Brillouin zone.

Figures 2 and 3 clearly show that although the dynami-
cal spin correlation changes dramatically with tempera-
ture, the static arrangement of the spins remains the same.
é\/loreover, most of the changes in the dynamical spin cor-
relation occur belowl'sp where the lattice dimerizes and

the broad susceptibility [4]. Herd, is the interaction
between the spins in a singlet pair aids the interaction
between neighboring spins in different pairs.

Figure 1(b) shows the same spectrum at 50 K. Th
phonon scattering originating froff, 0, 277) becomes sig- L .
nificantly more intense. Surprisingly the spin continuumthe _spln-smglet pairs are created.
does not change very much and maintains its outline Figure 4 shows theé(Q, E) map at 300 K. Although

However, the lower boundary broadens dramatically. Thiét IS 'cl_ealrly tﬁontammatectj_ by the popultated phct)nons,

implies a large change in the dynamical spin correlatiorr"PMSINGly e Spin-continuum seems 1o persist even

with temperature.

The static structure factas(Q) is depicted in Fig. 2.

This is obtained by integrating the spectrum in energy

from 3.0 to 32.0 meV within(0,0,0) and (0,0,27).

S(Q) seems to conserve its shape independent of ten

perature and the formation of the spin singlet pairs be 30

low Tsp. The only observable change is in the intensity.";‘

around(0,0, 7), which is caused by the merging of the ",

excitation spectra with the elastic line scattering as the

spin gap closes. Figure 2 also shows the analytical resu=—9()

from the Néel states, and from a 1D-HB-AF system [19], 5

and from the recent numerical results on spin-Peierls sys"';;'

tems [17]. All the calculations show a sharp rise or sin- g

gular pole at the zone centé, 0, 7). However, this is =

not observed in these measurements. =

Figure 3 shows the spectrum at the zone bound E

E
88

ary, (0,0, 7/2), obtained by integratings(Q, E) in the
rangeQ = (0,0, 7 /2 = A) with A = 0.057; i.e.,itis a
constant9 scan ofS(Q,E). There is a large change in
the intensity at the lower boundary beldiyp but very
little in the high energy region. The sharp rise in the
intensity at the zone boundary cannot be explained b 10 -
quantum field theory with the bosonization method usec =

for the 1D-HB-AF [9]. A recent Raman scattering mea- 0 n 2n

surement has also confirmed the presence of the sha Reduced Momentum Transfer
peak belowTp In a dOUb.Ie magnon Scatte”ng pro.ceSSFIG. 4(color). The dynamical structure factor at 300 K. The
[20]. However, it could arise from the three—dlmensmnalspin continuum persists, but with the maximum reduced from

effect in the spin correlation. Interestingly, this peak is32 to 30 meV. The lower boundary has changed completely
reminiscent of the sharp feature in the spectral functiorwith no evidence for antiferromagnetic coupling.

L1 b o 0 i
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