
VOLUME 76, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JANUARY 1996

erche
Inelastic Light Scattering from Magnetic Fluctuations in CuGeO3
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Magnetic fluctuations in CuGeO3 are studied using inelastic light scattering experiments over a
broad temperature range. In the dimerized phasesT , 14 Kd, 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 phases14 , T , 60 Kd the results confirm the existence of a spin-
wave continuum, as expected for a one-dimensional quantum Heisenberg chain. At high temperatures
sT . 60 Kd clear evidence is given for the existence of low-dimensional diffusive fluctuations.

PACS numbers: 75.40.Gb, 75.50.Ee, 78.30.Hv
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The static and dynamic properties of low-dimension
systems show many unusual phenomena resulting f
quantum effects and nonlinearity. In particular, a
isotropic one-dimensional (1D) antiferromagnetic (A
system has a gapless excitation spectrum for the c
of half-integer spins, while it shows a gap in the ca
of integer spins [1]. However, due to the presence
small magnetoelastic couplings which always exist in r
systems, a gap is also expected in the case of half-inte
spins. This gap is the result of a dimerization of the l
tice, directly induced by the magnetic fluctuations. Su
a structural transition is the magnetic analog of the Peie
transition in metals, and, for that reason, has been dub
the spin-Peierls transition. That remarkable phenome
was first observed in organic materials and was widely
vestigated in the 1980s [2]. Recently such a dimerizat
effect was observed in the inorganic compound CuGe3

[3]. In this compound, the spin-Peierls transition occu
at Tsp  14 K. Below Tsp, it is characterized by a rapid
drop of the magnetic susceptibilityxsTd, which is the sig-
nature of the opening of a gap in the magnetic excitat
spectrum. In the dimerized (D) phase, i.e., forT , Tsp ,
this gap has been directly observed by neutron inela
scattering (NIS) [4]. The associated dimerization of t
lattice has been verified by x-ray and elastic neutr
scattering [5,6]. Exchange interaction Raman scatter
from spin fluctuations provides a suitable technique
study magnetic fluctuations in AF systems. This type
two-spin scattering is highly sensitive to structure in t
density of states. For the spin-Peierls gap in CuGe3,
this has recently been shown by Kuroeet al. [7].

The present Letter reports on polarized Raman scat
ing experiments performed in a wide temperature ran
from 300 K down to a few kelvin. Pronounced featur
associated with magnetic fluctuations are observed
only in the D phasesT , Tsp  14 Kd, but also in the
uniform (U) phasesT . Tspd. In this U phase, a distinc-
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tion is made between the short-range order (SRO) regi
for Tsp , T , Tmax sø60 Kd and the high-temperature
(HT) regime for T . Tmax, where Tmax corresponds to
the maximum observed inxsT d [3]. Strikingly differ-
ent behaviors are observed in the spectra recorded in
three temperature ranges defined here. These observa
are analyzed in terms of the magnetic fluctuation sp
tra expected for an antiferromagnetic quantum Heisenb
chain, i.e., a magnonlike dispersion in the D phase, sp
wave continuum fluctuations in the SRO regime, and
diffusive behavior at high temperatures.

CuGeO3 has an orthorhombic structure with spac
groupPbmm[8]. The magnetic chains are formed by th
S  1y2 Cu21 ions running along thec axis of the crys-
tal. The magnetic interaction is described by the isotro
Heisenberg HamiltonianH 

P
i 2JiSi ? Si11, with an

intrachain exchange couplingJ  Jc ø 60 K, and in the
D phase a small interchain interaction in theb direc-
tion Jb ø 0.1Jc (the coupling along thea axis is much
smaller and will be neglected hereafter) [4]. Sampl
used in this study were grown from the melt by a floatin
zone technique [9]. Cleaved perpendicular to the (10
direction, they show a very good optical quality. Sam
ples were mounted in a cold finger flow cryostat provi
ing a temperature accuracy of about 1 K. Raman spe
have been recorded in a backscattering geometry usin
charge coupled device equipped spectrometer (DilorXY).
The 514 nm line of an Ar-ion laser was used for exc
tation, keeping the intensity below200 Wycm2 to mini-
mize local heating. Experiments have been performed
a smnd scattering geometry, wherem, n denote the po-
larization of the incident and scattered light, respective
Magnetic scattering is observed only in theszzd geom-
etry, with z k c. Examples of the experimental obse
vations are given in Fig. 1. In the D phase [Fig. 1(a
four distinct peaks are clearly seen, in addition to t
phonon peaks at 184 and330 cm21. In the SRO regime
© 1996 The American Physical Society 311
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FIG. 1. Raman spectra of CuGeO3 recorded inszzd geometry
at (a)T  9 K, (b) T  17 and 60 K (scaled up by a factor 4
and (c)T  80, 150, and 300 K. The insets show a detaile
temperature dependence [T  sad 9, (b) 11, (c) 13, (d) 15, (e)
17 K] of the features observed at low temperatures around
and106 cm21.

[Fig. 1(b)], the magnetic fluctuations give rise to bro
maxima at relatively high energys,230 cm21d, while in
the HT regime [Fig. 1(c)] these fluctuations are observ
to be transferred toward low energy to form a quasi
verging central peak.

For the exchange scattering process, the matrix elem
M for the interaction of light with the magnetic system
of the form M 

P
i

P
s AsSi ? Si1s, where i labels the

spins ands their nearest neighbors.As depends on the
magnitude and polarization of the light, and on the sy
metry of the magnetic fluctuations [10]. For crossed p
larization of the incoming and scattered light,As vanishes
by symmetry in CuGeO3. For parallel polarization,As is
proportional to the squared exchange interaction betw
nearest neighbors along the polarization direction. O
thus expects the strongest contribution to inelastic li
scattering inszzd geometry, as is the case experimenta
Accordingly, the Raman scattering intensity can be w
ten as

Isvd ~
X
q

fqkSa
q stdSa

2qstdSa
q s0dSa

2qs0dlv , (1)

where a  x, y, z, and q  sq, kd are the wave vectors
associated with the two-dimensional reciprocal sp
spanned by thecp andbp axes of the crystal, respectively
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In the following, the wave vectors are defined within th
AF Brillouin zone, and the interatomic distances are tak
to be unity sa  b  1d. In Eq. (1), fq  cos2sqy2d
appears as a “filtering” function which emphasizes t
contributions of fluctuations in the first half of the
Brillouin zone.

Consider first the results obtained in the D pha
[Fig. 1(a)]. Several well-defined features are observ
which disappear aboveTsp. First, a narrow peak (peak 1
is observed around32 cm21, with a sharp cutoff at the
lower energy side and a tail towards higher energ
Second, a strongly asymmetric peak (peak 2) is obser
around106 cm21. Third, a broad continuum is observed
peaking near230 cm21 (peak 3), with a relatively sharp
cutoff on the high energy side. Fourth, a relatively stro
almost-Lorentzian-shaped peak (peak 4) is observed n
369 cm21.

The analysis of this rich spectrum is made in tw
steps, the first step considering only purely magne
contributions. The magnetic excitation spectrum in t
D phase of CuGeO3 is relatively well known from
NIS experiments [4,11]. It is characterized by wel
defined propagative modes with marked dispersionsvq.
A sketch of the dispersion curves is given in the le
inset of Fig. 2. Because of the interchain couplingJb ,
two different gaps occur due to the dimerization of th
lattice, at different points of the reciprocal space [12
The lowest gapsEg1  16 cm21d is found at sq, kd 
sp , pd ands0, pd, while the highest onesEg2  45 cm21d
is located atsq, kd  s0, 0d and s0, pd. Although the
magnetic modes are not purely elementary excitatio
(they are certainly better described in terms of contin
of elementary excitations [2]), one may apply here t
description given for magnon modes. This allows o
to rewrite Eq. (1) asIsvd ~

P
q fqdsv 2 2vqd. In the

D phase, the Raman scattering intensity then res
from processes involving two magnonlike excitations
equal energy and opposite wave vector. Replacing
delta functions by Lorentzians to describe the magnonl
modes atvq one numerically obtains spectrum (a) show
in Fig. 2. In this evaluation, the limited short-rang
order—of the order of 3 and 1 lattice units along thec
and b directions, respectively [4,11]—have been tak
into account. The only adjustable parameters are
energy widths of each Lorentzian. They are of the ord
of 0.7 cm21 for modes withq , 0, and of the order of
2 cm21 for those withq , py2. Clearly, the simulated
spectrum reproduces peaks 1 and 3 fairly well. The pe
in the model calculation correspond to maxima in t
magnonlike density of states. Using this simple mod
one can now assign peak 1 to the gap atsq, kd  s0, pd,
and peak 3 to the maximum of the dispersion curv
observed atq  py2. One could also assign peak 2 t
the gap atsq, kd  s0, 0d. The temperature dependenc
of this peak, however, does not correspond to what o
expects for a spin-Peierls gap. ApproachingTsp from
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FIG. 2. Model simulations of the scattered Raman intensity
(a), (b) the D phase, and in (c) the SRO and (e) HT [(e) 80
(f) 150 K, and (g) 300 K] regimes of the U phase in CuGeO3,
as discussed in the text. For comparison the experimen
spectrum forT  17 K [Fig. 1(b)] is replotted here [curve (d)].
Insets: Sketch of the dispersion of magnonlike excitations
the D phase (left) and continuum of states in the SRO regi
of the U phase (right). The dashed curves in the insets sh
the filtering function defined in the text.

below, this peak should broaden and shift to zero, as
observed for peak 1. This is not the case (compare
insets in Fig. 1), however, and an alternative interpretati
is given below. Similarly, it is clear that peak 4 cannot b
explained in this purely magnetic model.

The second step of the analysis therefore considers
possibility of vibrational scattering together with spin
phonon coupling. Peak 2 may result from a zone boun
ary phonon, whose activity is induced in the D pha
by the zone folding due to the dimerization, while th
typical asymmetry strongly suggests a Fano type of co
pling [13] to the magnonlike continuum of states. In
simple approximation the line shape for such a coupl
spin-phonon process can be expressed asIsvd  Icsl 1

ed2ys1 1 e2d, where Ic is the scattered intensity of the
uncoupled continuum,l is the Fano parameter denotin
the spin-phonon coupling, ande  sv 2 v0dyg, with
v0 the unperturbed phonon frequency andg the linewidth
parameter. A satisfactory fit of this equation to the da
of Fig. 1(a) yieldsv0  107 cm21, l  21.5, andg 
3 cm21. Recent NIS investigations indeed found sever
modes at thecp zone boundary around107 cm21 [14].
Figure 2(b) shows a simulation which includes such
Fano mode with the experimentally determined para
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eters. In this simulation, the phonon around107 cm21

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

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

Now consider the results obtained in the uniform
phase. Obviously, the features described above ha
completely disappeared. In the SRO regime [Fig. 1(b
only a broad continuum is observed, which extends fro
(nearly) zero up to about450 cm21 [Fig. 1(c)]. These
spectra can be understood in terms of the descript
usually given forS  1y2 Heisenberg chains [15]. For
such a quantum spin system, important fluctuations a
present even atT  0. They are expected to form a
continuum of elementary excitations between the limi
E1  pJj sinsqdj andE2  2pJj sinsqy2dj. Such a spin-
wave continuum—the intensity of which is characterize
by a square root divergence at its lowest limit—i
represented by the hatched area in the inset of Fig
(right). The most intense and extended modes are loca
around q  p . However, due to the filtering function
(shown as the dashed line in the same inset), the
modes are not observed in Raman scattering. AtT .

0, one expects these magnetic modes to be dam
by thermal fluctuations. Introducing such a dampin
(through a single parameterg  3 cm21) in the above
description, and assuming two-mode processes as
been done before for the D phase, their contributio
to the Raman scattering intensity is calculated usi
Eq. (1). The resulting spectrum [Fig. 2(c)] shows
broad maximum around230 cm21, in good agreement
with the experimental spectrum forT  17 K, which for
comparison is replotted in the same figure [curve (d
The position of the peak, which is due to modes arou
q  py2, gives, throughE1, a direct estimate of the
exchange coupling. The value deduced here,Jc  60 K,
is found to be in good agreement with the determinatio
from xsT d measurements [3]. The additional scatterin
observed at the high energy side of the maximum is d
to higher order processes involving two spin excitation
and a phonon, as is strongly indicated by recent press
dependent experiments [16].

The strongest fluctuations are definitely observed in t
HT regime, i.e., forT . Tmax. In Fig. 1(c) they are seen
to develop at low energy, and to increase withT increasing.
These fluctuations can be understood in terms of a diffus
behavior, which, in low-dimensional systems, is know
to yield a divergence in the energy spectrum asE ! 0
[17]. In the experiments, the diffusion is that of th
four-spin correlation functions involved in Eq. (1). Fo
such functions, the conserved quantity which justifies
313



VOLUME 76, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JANUARY 1996

y

b

v
o
rs

].
n

l

lt

u
g
u

in
o

a
b
a
-

i

ı
t

té
by
lly

,
),

tt.

.

-

s.

s.
diffusive behavior is constructed from the operatorN P
i Sa

i Sa
i1n, which, after summation overn,can be checked

to commute with the isotropic Heisenberg Hamiltonia
[18]. In the infinite T limit, several important results
have been established: The diffusion coefficientD4 is
about twice the corresponding coefficientD2 of the two-
spin correlation functions, and the quantityD2yJSsS 1

1d depends little on the spin value [19]. Accordingl
one can use, as a first approach, the results known
classical spins. The experiments do not really pro
the purely diffusive regime forE ! 0. Rather, they
cover a region higher in energy than the purely diffusi
regime, which can be described by the “memory functi
approach”—in its simplest Gaussian limit—proposed fi
by Tahir-Kheli and McFadden [20]. This approach allow
one to construct any individual magneticq modes in
terms of their frequency moments, theT dependence
of which is known for classical spin chains only [21
Using the above formalism curves, Figs. 2(e), 2(f), a
2(g), we obtainT  80, 150, 300 K, respectively. This
simple model qualitatively reproduces the experimenta
observed increase of intensity towards lower energy a
the temperature dependence. This behavior is a resu
a transfer of intensity from the AF fluctuations atq , p

to diffusive modes atq , 0 asT increases.
To summarize, in the D phase the magnetic fluctuatio

are found to be magnonlike, in agreement with previo
NIS experiments. Additionally, it is shown that stron
spin-phonon couplings exist in the D phase. This res
is of particular interest in view of the magnetoelastic sp
Peierls transition in this compound. In the SRO regime
the U phase the existence of a spin-wave continuum, ch
cteristic for a uniform Heisenberg system, is evidenced
the broad structure observed in the spectra which pe
around230 cm21. The quasidiverging central peak ob
served in the HT regime of the U phase clearly demo
strates a low-dimensional diffusive behavior of the sp
fluctuations.
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