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Inelastic Light Scattering from Magnetic Fluctuations in CuGeOs3
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Magnetic fluctuations in CuGeQare studied using inelastic light scattering experiments over a
broad temperature range. In the dimerized pHase: 14 K), scattering resulting from maxima in the
magnonlike density of states and from spin-phonon coupled modes are reported. In the short-range
order regime of the uniform phasd4 < T < 60 K) the results confirm the existence of a spin-
wave continuum, as expected for a one-dimensional quantum Heisenberg chain. At high temperatures
(T > 60 K) clear evidence is given for the existence of low-dimensional diffusive fluctuations.

PACS numbers: 75.40.Gb, 75.50.Ee, 78.30.Hv

The static and dynamic properties of low-dimensionaltion is made between the short-range order (SRO) regime,
systems show many unusual phenomena resulting frofor 7, < T' < Ty (=60 K) and the high-temperature
quantum effects and nonlinearity. In particular, an(HT) regime forT > Ty.x, Where Ty, corresponds to
isotropic one-dimensional (1D) antiferromagnetic (AF)the maximum observed iy (7T) [3]. Strikingly differ-
system has a gapless excitation spectrum for the casmt behaviors are observed in the spectra recorded in the
of half-integer spins, while it shows a gap in the casehree temperature ranges defined here. These observations
of integer spins [1]. However, due to the presence ofire analyzed in terms of the magnetic fluctuation spec-
small magnetoelastic couplings which always exist in reatra expected for an antiferromagnetic quantum Heisenberg
systems, a gap is also expected in the case of half-integehain, i.e., a magnonlike dispersion in the D phase, spin-
spins. This gap is the result of a dimerization of the lat-wave continuum fluctuations in the SRO regime, and a
tice, directly induced by the magnetic fluctuations. Suchdiffusive behavior at high temperatures.

a structural transition is the magnetic analog of the Peierls CuGeQ has an orthorhombic structure with space
transition in metals, and, for that reason, has been dubbegtoupPbmm[8]. The magnetic chains are formed by the
the spin-Peierls transition. That remarkable phenomeno§ = 1/2 CW" ions running along the axis of the crys-
was first observed in organic materials and was widely intal. The magnetic interaction is described by the isotropic
vestigated in the 1980s [2]. Recently such a dimerizatioHeisenberg Hamiltoniar = >, 2J;S; - S;+1, with an
effect was observed in the inorganic compound CugeOintrachain exchange coupling= J. = 60 K, and in the

[3]. In this compound, the spin-Peierls transition occursD phase a small interchain interaction in tbedirec-
atT,, = 14 K. Below Tp, it is characterized by a rapid tion J, = 0.1J. (the coupling along the axis is much
drop of the magnetic susceptibilify(7), which is the sig- smaller and will be neglected hereafter) [4]. Samples
nature of the opening of a gap in the magnetic excitatiorused in this study were grown from the melt by a floating
spectrum. In the dimerized (D) phase, i.e., fox< Ty,,  zone technique [9]. Cleaved perpendicular to the (100)
this gap has been directly observed by neutron inelastidirection, they show a very good optical quality. Sam-
scattering (NIS) [4]. The associated dimerization of theples were mounted in a cold finger flow cryostat provid-
lattice has been verified by x-ray and elastic neutroring a temperature accuracy of about 1 K. Raman spectra
scattering [5,6]. Exchange interaction Raman scatteringave been recorded in a backscattering geometry using a
from spin fluctuations provides a suitable technique tacharge coupled device equipped spectrometer (DiMr
study magnetic fluctuations in AF systems. This type ofThe 514 nm line of an Ar-ion laser was used for exci-
two-spin scattering is highly sensitive to structure in thetation, keeping the intensity belo200 W/cn? to mini-
density of states. For the spin-Peierls gap in CugeO mize local heating. Experiments have been performed in
this has recently been shown by Kureieal. [7]. a (uv) scattering geometry, where, v denote the po-

The present Letter reports on polarized Raman scattefarization of the incident and scattered light, respectively.
ing experiments performed in a wide temperature rangdylagnetic scattering is observed only in the)) geom-
from 300 K down to a few kelvin. Pronounced featuresetry, with z || c. Examples of the experimental obser-
associated with magnetic fluctuations are observed notations are given in Fig. 1. In the D phase [Fig. 1(a)],
only in the D phasdT < T,, = 14 K), but also in the four distinct peaks are clearly seen, in addition to the
uniform (U) phase€T > T,). In this U phase, a distinc- phonon peaks at 184 ar330 cm™!. In the SRO regime
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L S B S In the following, the wave vectors are defined within the
AF Brillouin zone, and the interatomic distances are taken
to be unity (a = b = 1). In Eq. (1), fq = cos(q/2)
appears as a “filtering” function which emphasizes the
contributions of fluctuations in the first half of the
Brillouin zone.

Consider first the results obtained in the D phase
[Fig. 1(a)]. Several well-defined features are observed
which disappear aboVE,,. First, a narrow peak (peak 1)
is observed around2 cm™!, with a sharp cutoff at the
lower energy side and a tail towards higher energy.
Second, a strongly asymmetric peak (peak 2) is observed
around106 cm™!. Third, a broad continuum is observed,
peaking nea230 cm™! (peak 3), with a relatively sharp
cutoff on the high energy side. Fourth, a relatively strong
almost-Lorentzian-shaped peak (peak 4) is observed near
369 cm !,

The analysis of this rich spectrum is made in two
steps, the first step considering only purely magnetic
. contributions. The magnetic excitation spectrum in the
0 100 200 300 400 500 D phase of CuGe© is relatively well known from
NIS experiments [4,11]. It is characterized by well-
defined propagative modes with marked dispersiogs
FIG. 1. Raman spectra of CuGe@corded in(zz) geometry A sketch of the dispersion curves is given in the left
at(@)7 = 9K, (b) T =17 and 60 K (scaled up by a factor 4), jnget of Fig. 2. Because of the interchain couplifig

and (c)T = 80, 150, and 300 K. The insets show a detailed . . o
temperature dependencg = (a) 9, (b) 11, (¢) 13, (d) 15, () two different gaps occur due to the dimerization of the

17 K] of the features observed at low temperatures around 3Attice, at different points of the reciprocal space [12].
and106 cm™!. The lowest gap(E,; = 16 cm™!) is found at(q, k) =

(7, 7) and(0, ), while the highest onét,, = 45 cm™!)

is located at(q,k) = (0,0) and (0, 7). Although the
[Fig. 1(b)], the magnetic fluctuations give rise to broadMagnetic modes are not purely elementary excitations
maxima at relatively high energy-230 cm™!), while in (they are certalnly_be.tter described in terms of continua
the HT regime [Fig. 1(c)] these fluctuations are observe®f elementary excitations [2]), one may apply here the
to be transferred toward low energy to form a quasidi-description given for magnon modes. This allows one
verging central peak. to rewrite Eq. (1) ad(w) = >4 f¢8(@ — 2wg). In the

For the exchange scattering process, the matrix elemeft Phase, the Raman scattering intensity then results

M for the interaction of light with the magnetic system is from processes involving two magnonlike excitations of
of the formM =3, 3, A,S; - Si+,, Wherei labels the equal energy and opp05|_te wave veqtor. Replacing .the
spins ands their nearest neighborsA, depends on the delta functions by Lorer_1t2|ans to Qescrlbe the magnonlike
magnitude and polarization of the light, and on the symmodes akw, one numerically obtains spectrum (&) shown
metry of the magnetic fluctuations [10]. For crossed podn Fig. 2. In this evaluation, the limited short-range
larization of the incoming and scattered light, vanishes ~order—of the order of 3 and 1 lattice units along the
by symmetry in CuGeQ For parallel polarizationd, is fsmd b directions, respectlvel_y [4,11]—have been taken
proportional to the squared exchange interaction betweet0 account. The only adjustable parameters are the
nearest neighbors along the polarization direction. Oné&nergy widths of each Lorentzian. They are of the order
thus expects the strongest contribution to inelastic ligh®f 0.7 cm™! for modes withg ~ 0, and of the order of
scattering in(zz) geometry, as is the case experimentally.2 cm™ ' for those withg ~ /2. Clearly, the simulated

Accordingly, the Raman scattering intensity can be writ-SPectrum reproduces peaks 1 and 3 fairly well. The peaks
ten as in the model calculation correspond to maxima in the

magnonlike density of states. Using this simple model,
o @) qa a a one can now assign peak 1 to the gagetk) = (0, 7),
l@) %fq@q (05%4(1)Sq 0)5%4 000, (1) and peak 3 to the maximum of the dispersion curves
observed ay = 7/2. One could also assign peak 2 to
wherea = x,y,z, andq = (g, k) are the wave vectors the gap at(g, k) = (0,0). The temperature dependence
associated with the two-dimensional reciprocal spacef this peak, however, does not correspond to what one
spanned by the* andb™ axes of the crystal, respectively. expects for a spin-Peierls gap. Approachifig from
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1 T T eters. In this simulation, the phonon aroun@7 cm™!

has been coupled only to part of the continuum (30%)
to account for the fact that the calculated magnetic con-
tributions in this energy range overestimate the observed
intensity.

As peak 2, peak 4 may also be attributed to a zone
boundary phonon which is activated due to the dimeriza-
tion. Including a simple Lorentzian to account for this
mode, the simulated spectrum of Fig. 2(b) shows a good
overall agreement with the experimental result.

Now consider the results obtained in the uniform
phase. Obviously, the features described above have
completely disappeared. In the SRO regime [Fig. 1(b)],
only a broad continuum is observed, which extends from
(nearly) zero up to abowt50 cm™! [Fig. 1(c)]. These
spectra can be understood in terms of the description
usually given forS = 1/2 Heisenberg chains [15]. For
such a quantum spin system, important fluctuations are

a present even af' = 0. They are expected to form a
T T ey continuum of elementary excitations between the limits
0 100 200 300 400 500 E, = wJ|sin(g)| andE, = 27 J|sin(¢/2)|. Such a spin-
wave continuum—the intensity of which is characterized
by a square root divergence at its lowest limit—is
FIG. 2. Model simulations of the scattered Raman intensity i”represented by the hatched area in the inset of Fig. 2

a), (b) the D phase, and in (c) the SRO and (e) HT [(e) 80 K,, . .
gf)) 1&3 K, andp(g) 300 K] reéi%es of the U ph(as)e in gu)geo (right). The most intense and extended modes are located

as discussed in the text. For comparison the experiment@foundg = . However, due to the filtering function
spectrum forT = 17 K [Fig. 1(b)] is replotted here [curve (d)]. (shown as the dashed line in the same inset), these
Insets: Sketch of the dispersion of magnonlike excitations inmodes are not observed in Raman scattering. TAt
”}ehD %ha%e (Ileft) ah”td C%‘]ti”g“”;l Oé states in ”t‘r? S_RotrengQ one expects these magnetic modes to be damped
?hetfitlaterin% ﬁr?ct(ig?] d)e.finedein?ﬁe?ex(t;.urves N e Insets s O\gy thermal fluctuations. Introducing sgch a damping
(through a single parameter = 3 cm™!) in the above
description, and assuming two-mode processes as has
below, this peak should broaden and shift to zero, as ibeen done before for the D phase, their contribution
observed for peak 1. This is not the case (compare thi®® the Raman scattering intensity is calculated using
insets in Fig. 1), however, and an alternative interpretatiofitq. (1). The resulting spectrum [Fig. 2(c)] shows a
is given below. Similarly, it is clear that peak 4 cannot bebroad maximum aroun@30 cm™!, in good agreement
explained in this purely magnetic model. with the experimental spectrum f@r = 17 K, which for
The second step of the analysis therefore considers thmmparison is replotted in the same figure [curve (d)].
possibility of vibrational scattering together with spin- The position of the peak, which is due to modes around
phonon coupling. Peak 2 may result from a zone boundg = /2, gives, throughE;, a direct estimate of the
ary phonon, whose activity is induced in the D phaseexchange coupling. The value deduced hdres= 60 K,
by the zone folding due to the dimerization, while theis found to be in good agreement with the determination
typical asymmetry strongly suggests a Fano type of coufrom y(7) measurements [3]. The additional scattering
pling [13] to the magnonlike continuum of states. In aobserved at the high energy side of the maximum is due
simple approximation the line shape for such a coupledo higher order processes involving two spin excitations
spin-phonon process can be expressefias = I.(A +  and a phonon, as is strongly indicated by recent pressure
€)’/(1 + €%), wherel. is the scattered intensity of the dependent experiments [16].
uncoupled continuumj is the Fano parameter denoting The strongest fluctuations are definitely observed in the
the spin-phonon coupling, and = (0 — wp)/y, with  HT regime, i.e., forl > T,.«. In Fig. 1(c) they are seen
w( the unperturbed phonon frequency anthe linewidth  to develop at low energy, and to increase witincreasing.
parameter. A satisfactory fit of this equation to the datarhese fluctuations can be understood in terms of a diffusive
of Fig. 1(a) yieldswg = 107 cm™!, A = —1.5,andy =  behavior, which, in low-dimensional systems, is known
3 cm~!. Recent NIS investigations indeed found severato yield a divergence in the energy spectrumias~ 0
modes at thec* zone boundary around07 cm™' [14].  [17]. In the experiments, the diffusion is that of the
Figure 2(b) shows a simulation which includes such &our-spin correlation functions involved in Eq. (1). For
Fano mode with the experimentally determined paramsuch functions, the conserved quantity which justifies a
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