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Effects of in-chain and off-chain substitutions on spin fluctuations
in the spin-Peierls compound CuGeO3
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The effect of in-chain and off-chain substitutions on one-dimensional~1D! spin fluctuations in the spin-
Peierls compound CuGeO3 has been studied using Raman scattering in order to understand the interplay
between defect induced states, enhanced spin-spin correlations, and the ground state of low-dimensional
systems. In-chain and off-chain substitutions quench the spin-Peierls state and induce 3D antiferromagnetic
order atT<5 K. Consequently the suppression of a 1D gap-induced mode as well as a constant intensity of a
spinon continuum are observed at low temperatures. A 3D two-magnon density of states now gradually extends
to higher temperaturesT<60 K compared with pure CuGeO3. This effect is more pronounced in the case of
off-chain substitutions~Si! for which a Néel state occurs over a larger substitution range, starting at very low
concentrations. Besides, additional low energy excitations are induced. These effects, i.e., the shift of a dimen-
sional crossover to higher temperatures are due to an enhancement of the spin-spin correlations induced by a
small amount of substitutions. The results are compared with recent Monte Carlo studies on substituted spin
ladders, pointing to a similar instability of coupled, dimerized spin chains and spin ladders upon substitution.
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I. INTRODUCTION

Quantum effects in low-dimensional antiferromagne
spin systems have attracted an intensive theoretical and
perimental interest in recent years. One of these effects is
formation of a continuum of spin fluctuations in on
dimensional~1D! spin-1/2 chains.1 The magnetic excitations
of the uniform s51/2 Heisenberg antiferromagnetic cha
are indeed dominated by strong fluctuations derived us
the Bethe ansatz. They consist of delocalized or unbo
solitonlike spinon excitations prohibiting a magnetically o
dered state. The spinon continuum is enclosed by an u
and lower dispersion relation of the formEq

25

pJusin(qc/2)u andEq
15(p/2)Jusin(qc)u, respectively.

1,2 The
existence of this continuum was verified in neutron expe
ments on the compound KCuF3 ~Ref. 3! and later in
CuGeO3.

4 Of particular importance in this sense is the sp
Peierls~SP! transition leading to a singlet ground state of t
formed dimers and the opening of a spin gap near the lo
boundary of the continuum. The modification of the exci
tion scheme in the dimerized state is theoretically not co
pletely settled. The change under dimerization from spin
with s51/2 to excitations withs51 should lead to a redis
tribution of density of states from the spinon continuum in
its lower dispersing limit. This may be understood as a
calizing, pair-binding effect of the excitation gap5 that leads
550163-1829/97/55~22!/15076~8!/$10.00
x-
he

g
d

er

i-

-

er
-
-
s

-

to enhanced spinon-spinon interaction. The spin-spin co
lation length changes from an algebraic to an exponen
decay.

The compound CuGeO3 initially appeared as an idea
spin-Peierls compound with a highTSP514 K and a stable
lattice which allows for several types of substitutions.6–9

Later, however, evidence appeared that its behavior is c
plicated due to competing exchange interactions.10,11 The
strong frustration of the spin system may drive or at le
stabilize the dimerization transition in this compound. C
GeO3 consists of chains of spin-1/2 Cu21 ions along thec
axis coupled by antiferromagnetic 98° superexchan
through oxygen orbitals.6,7,12This special superexchange g
ometry causes a strong sensitivity of the exchange
changes of the Cu-O-Cu bond angle. A bond angle clos
the critical 90° leads to a comparatively small antiferroma
netic nearest-neighbor~NN! exchange,Jc1, and a frustrated
next-nearest-neighbor~NNN! exchange,Jc2, that strongly
depends on the local surrounding of the oxygen.13

The exchange along the Cu-O-Cu chains can be mod
by a 1D Hamiltonian including the competing NN and NN
interactions (;a) and the dimerizationd:10

H5Jc1(
i

$@11d~21! i #Si•Si111aSi•Si12%. ~1!
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55 15 077EFFECTS OF IN-CHAIN AND OFF-CHAIN . . .
Using neutron scattering results7 the following exchange
constants were derived:Jc15150 K, Jc2'36 K, with the
frustration parametera5Jc2 /Jc150.24–0.36 close to o
larger than a criticalacr50.2411.10 For increasinga>acr an
exponentially small excitation gap exists which evolves
D5Jc1/4 in a valence bond solid witha50.5.14 For
CuGeO3 a singlet-triplet gapDSP524–30 K~Refs. 7 and 15!
and a successive gap of similar size, separating the sin
triplet excitation from a continuum of unbound spinons, we
found in neutron scattering belowTSP.

16 Additionally, well-
behaved quasimagnon branches were observed belowTSP
~Ref. 7! that clearly mark the change of the magnetic
sponse from the uniform to the dimerized state.

Due to the non-negligible interchain exchange w
Jb50.1Jc1,

7 comparable to and competing with the fru
trated NNN exchange, the compound develops 3D magn
correlations below 15 K. This may also be the origin of t
Néel ordering observed forT<5 K in substituted samples i
the coherent singlet ground state is locally destroyed. In
pendent of the type of substitution,TN is always of the order
of 5 K and well separated from the spin-Peierls tempera
of weakly substituted samples. In an intermediate concen
tion range a coexistence ofTSP andTN is observed.17–19

Raman experiments on CuGeO3 proved to be a versatile
tool to investigate magnetic excitations due to their h
resolution and large scattering cross section. Spin-Peierls
tive phonon modes together with a gap-induced mode a
cm21 ('2DSP) and a two-magnon density of states with
cutoff at 226 cm21 were detected forT,TSP.

8 More inter-
esting is the broad continuum from 100 to 500 cm21 ob-
served forT.TSP and the strong redistribution of its inten
sity into the two-magnon signal observed in the dimeriz
state.20–22

As shown recently, the continuum and the gap-induc
mode are described by frustration-induced Heisenberg
change scattering.23 In these calculations a dimerization o
the exchange constants of the Heisenberg and the Ra
operator is taken into account as described by Eqs.~1! and
~2!. The Raman operator inA1g symmetry with the dimer-
izationg and the frustrationb is proportional to24

HR}(
i

$@11g~21! i #Si•Si111bSi•Si12%. ~2!

A very important point to note is that in the uniform sta
(d5g50), Raman intensity in the temperature range
negligible interchain coupling (Jb;15 K!T,J;150 K!, is
induced by the NNN term in Eqs.~1! and ~2!. When
b2a50, the Raman Hamiltonian commutes with th
Heisenberg Hamiltonian and there is no Raman scatterin23

For lower temperatures these constraints are relaxed du
the interchain coupling. In this way the observed scatter
continuum~above and belowTSP) and the gap-induced mod
at 30 cm21 ~below TSP) can be modeled by 1D spinon ex
citations. The parameters used are the exchange cou
constantJc15150 K and the frustrationub-au50.24 derived
from neutron scattering and susceptibility measuremen10

All other scattering contributions are negligible within a 1
model.23

However, the evolution to the quasi-3D two-magnon de
sity of states forT,TSPand the related quasimagnon dispe
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sions emerging out of the spinon continuum as observe
neutron scattering remain to be explained. This dimensio
crossover from 1D to 3D upon cooling and the observat
of a 3D magnetically ordered state in substituted sample
lower temperatures (T<5 K! are pointing to an interplay o
the spin-Peierls order parameter with 3D magnetic inter
tions that should be further clarified. This motivated our R
man study on in- and off-chain substituted single crystals
CuGeO3.

The paper is organized as follows. In Sec. II we descr
the experimental setup and the samples investigated. In
III we present results of magnetic Raman scattering with
discussion in Sec. IV. Section V contains a summary of
results.

II. EXPERIMENT

We have performed Raman scattering experiments
well-characterized single crystals in quasibackscattering
ometry with the polarization of incident and scattered lig
parallel to Cu-O chains (c axis!. In other scattering geom
etries no magnetic scattering contribution was observed.
experiments were performed with thel5514.5-nm excita-
tion line of an Ar laser and a laser power below 0
W/cm2. The incident radiation does not increase the tempe
ture of the sample by more than 1 K. The samples the
selves are glued onto a copper sample holder and imme
in flowing He-exchange gas.

Here we present results on single crystals of~Cu12x ,
Znx)GeO3 and Cu~Ge12y ,Siy)O3 with 0<x<0.06 and
0<y<0.1 ~see Table I!. In previous studies the solubility
range and phase homogeneity were checked for 0<x<0.1
and 0<y<0.5 and confirmed by using SQUID
magnetometry, x-ray scattering and thermal expansion m
surements on both poly- and single crystals.25,26 In the case
of Si substitution a disagreement is found between poly-
single crystals concerning the phase boundaries ofTSP vs
y.27 This is due to a growth of single crystals close to t
decomposition temperature of the compound which shifts
lower temperature in Si-substituted samples. As a result o
gen nonstoichiometry and disorder are expected.27,28 This is
confirmed by phonon Raman scattering. In Si-substitu
single crystals several symmetry forbidden modes of p
CuGeO3 are observed due to the relaxed momentum con

TABLE I. Investigated single crystals~Cu12x ,Znx)~Ge12y ,
Siy)O3 with theirTSPandTN determined by SQUID magnetometry
Tcross is derived by Raman scattering and marks a crossover f
3D to 1D behavior in the spin excitations. A dash~–! denotes no
observation of a phase transition.

x ~Zn! y ~Si! TSP/K TN/K Tcross/K

0 0 14.3 - 11
0.018 12.8 - 11
0.035 11 2.5 11
0.06 - 4 23

0.022 - 5 25
0.04 - 4.5 30
0.06 - 2.5 35
0.1 - - 50
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15 078 55P. LEMMENSet al.
vation. In addition static and temperature dependent de
modes are observed. For a complete description we refer
forthcoming publication.29

III. RESULTS

In the case of magnetic Raman scattering experiment
CuGeO3 the results may be divided into three temperatu
regimes, as first described by van Loosdrechtet al.20 At high
temperatures a broad, quasielastic tail is visible. This tai
due to diffusive processes and follows roughly a 1/v depen-
dence, withv the Raman shift of the experiment. At lowe
temperature, 15K<T<60 K a broad continuum for 100
cm21<v<500 cm21 is observed which is assigned to th
spinon continuum.20,23BelowTSP514 K several new modes
appear: three phonons at 105 cm21, 370 cm21, and 820
cm21 ~with lower intensity!, a two-magnon scattering cutof
at 226 cm21 and a gap-induced mode at 30 cm21. We will
concentrate here on the temperature rangeT<60 K and the
effect of substitutions on the spinon continuum and t
Peierls-transition-induced modes at 30, 226, and 370 cm21.
As an example we show Raman spectra of pure CuGeO3 in
Fig. 1~a! for temperatures between 5 and 40 K.

While the occurrence of the spin-Peierls induced Ram
modes is well established, their intensity was not studied
detail.8,20 However, the intensity as function of temperatu

FIG. 1. Raman scattering intensity of CuGeO3 ~a! for tempera-
tures between 5 and 40 K and~b! temperature dependence of th
renormalized intensity of the spinon continuum, the Peier
transition-induced phonon at 370 cm21, the two-magnon density of
states cutoff at 226 cm21, and the gap-induced mode at 30 cm21.
Additional symmetry forbidden modes due to a slight misalignme
of the sample are marked by an asterisk.
ct
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and substitution gives important information about the e
lution of the singlet-triplet excitations as shown in Fig. 1~b!
for pure CuGeO3. While the intensity of the spinon con
tinuum was determined by integrating the intensity betwe
100 and 500 cm21, subtracting a linear background and th
phonons, the intensity of the two-magnon density of sta
was determined at the frequency of 226 cm21. At TSP the
scattering intensity of the spinon continuum clearly show
maximum as function of temperature. The following sha
decrease toward low temperatures is counteracted by th
crease of the intensities at 226 and 370 cm21. The gap-
induced mode at 30 cm21 emerges at lower temperature
i.e., below 11 K due to the evolution of a long range coh
ent, dimerized state belowTSP. The competition between th
1D spinon continuum, the quasi-3D two-magnon density
states and the Peierls-active phonon marks the propose
mensional crossover of the compound atTcross511 K in-
duced by the spin-Peierls transition.Tcross is defined here as
the temperature of half maximum intensity of the phonon
should be noted that the behavior of the two-magnon sig
at 226 cm21 is completely different from conventional mag
netic light scattering in 3D antiferromagnets~AF! close to
TN or paramagnon scattering aboveTN .

30 In 3D AF the two-
magnon scattering shows a strong broadening of the
shape and shifts to lower frequencies with increasing te
perature. Additionally, the integrated intensity shows a la
increase atTN and is therefore observable up to high tem
peratures. In CuGeO3 we see close toTSP neither a shift of
the two-magnon signal to lower frequency nor a broadeni
The intensity of both the two-magnon signal and the phon
at 370 cm21 emerge atT<TSP without a preceding energy
renormalization. This aspect is confirmed by neutron scat
ing in the sense that magnons with a well-defined dispers
relation exist7,16 only for T<TSP. Questions arise concernin
the character and dimensionality of the underlying exc
tions. This problem will be addressed after discussing
results on substituted samples.

The onset of the 1D continuum in Raman scattering
100 cm21 corresponds roughly to two times the energy
which the continuum is observed in neutron scattering16

However, the value of the gap-induced mode in Raman s
tering at 30 cm21[43 K is markedly smaller than two time

the singlet-triplet transition,Dq5(011
2 )524–30 K derived

from neutron scattering.15,16 This points to strong attractive
magnon-magnon interaction in the Raman process.31 A sec-
ond mechanism for a gap-induced mode may be a sin
bound state that splits off from the singlet-triplet excitati
and is renormalized due to dimer-dimer interaction.5 Using

RPA an estimate ofA3Dq5(011
2 )'41–52 K was given as

the energy for this state.5 However, the spectral weight o
this bound state in Raman scattering is calculated to
negligible.31

In Figs. 2 and 3 the Raman spectra
~Cu12x ,Znx)GeO3 and Cu~Ge12y ,Siy)O3 are presented for
x50, 0.018, 0.06 andy50.022, 0.06, 0.1, respectively, at~a!
5 K and ~b! 40 K. At first glance the spectra o
~Cu12x ,Znx)GeO3 look very similar. Indeed, no big
changes of the dominant phonons were observed. Howe
the gap-induced mode in~Cu12x ,Znx)GeO3 decreases
strongly for x50.018 and disappears for allx.0.018 @Fig.
2~a!#. For any Si substitution investigated as shown in t

-
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55 15 079EFFECTS OF IN-CHAIN AND OFF-CHAIN . . .
upper panel of Fig. 3 the gap-induced mode is not visib
The Peierls-induced phonon modes at 105 and 370 cm21

and the peak of the two-magnon density of states f
T,TSP are also reduced in intensity with increasing Zn an
Si substitution. However, their appearence for higherx and
y values extends now to temperatures well aboveTSP. This
is most clearly seen in Fig. 3~b! for the highest Si content
y50.1, but is also observed for smallery or for Zn substi-
tution with x50.06. This effect will be analyzed below in
Fig. 6. The spinon continuum observable aboveTSPand with
a reduced intensity in the pure system belowTSP is un-
changed in magnitude in the case of Zn substitution up
x50.06. With this value a maximum coherence length of th
spinon excitations in the uniform state of 50 Å is calculate
Theoretical estimates13 lead to coherence lengths of the orde
of j0;(J/DSP)a515–20 Å, with the lattice parameter
c52.94 Å. Additionally, the decrease of the continuum in
tensity is prohibited forx>0.035 due to a quenching of the
spin-Peierls gap.

The overall intensity of the continuum is modified for S
substitution: We observe a gradual decrease of the c
tinuum intensity with increasingy. The integrated intensity
of the continuum for differentx and y of both ~Cu12x ,
Znx)GeO3 and Cu~Ge12y ,Siy)O3 is presented in Fig. 4 as
function of temperature. To facilitate a comparison o
samples with different substitutions we normalized the da
to the phonon intensity at 593 cm21 for Zn substitution or to
the background in the frequency region 500–550 cm21 for

FIG. 2. Scattering intensity of Cu12xZnxGeO3 with x50,
0.018, 0.035, and 0.06 at~a! 5 and~b! 40 K. The curves are shifted
by a subsequent addition of 200 a.u. Additional symmetry forbi
den modes due to a slight misalignment of the sample are mar
by an asterisk.
.
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the Si substituted samples. The background as referenc
Cu~Ge12y ,Siy)O3 was chosen because of the no
negligible dependency of the phonon intensity on Si sub
tution. In Fig. 4~a! the continuum intensity of~Cu12x ,
Znx)GeO3 shows forx50 and 0.018 still a decrease belo
TSPof comparable size. Forx>0.035 this decrease is absen
In Cu~Ge12y ,Siy)O3 the integrated intensity shows fo
y50.022 and 0.06 a suppression of intensity below 40
compared withy50. This suppression results fory50.1 in
an overall smaller intensity of the continuum over the who
temperature region investigated~5–300 K!. This effect on
the frustration-induced scattering intensity is naturally attr
uted to a change of frustration (b2a) in HR andH for the
case of Si substitution. Asb involves mainly excited orbital
superexchange that may not be changed by substitution
reduced scattering intensity of the continuum is attributed
an enlargeda. This is supported by the strong sensitivity
a on pressure and the large variation of the lattice para
eters observed with Si substitution.27 Raman experiments
with applied pressure were used to estimate an increas
a of 30% for a pressure of 5 GPa.32 The lattice pressure
observed in Si substitution should lead to a similar effect a
increasea. As in Zn-substituted samples, no large change
the lattice parameters exists25 we also do not observe a
overall smaller intensity of the continuum for this substit
tion. It should be noted that the local character of the Ram
exchange process may be especially sensitive to lo
changes of the exchange path that are not visible in ther

-
ed

FIG. 3. Scattering intensity of Cu~Ge12y ,Siy)O3 with y50,
0.022, 0.06, 0.1 at~a! 5 and~b! 40 K. The curves are shifted by
subsequent addition of 100 a.u. Symmetry forbidden modes of
pure compound that are induced by Si substitution are marked b
asterisk. The phonon at 690 cm21 is a defect mode.
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15 080 55P. LEMMENSet al.
dynamic types of experiments. Indeed no shift of the bro
maximum in the magnetic susceptibility was found in S
substituted samples.27 Therefore we propose neutron scatte
ing as a key experiment to verify this result.

The gap-induced mode is replaced at low temperature~5
K! by a gradual increase of intensity forv→0, both visible
for Si and Zn substitution~see Fig. 5!. The quasielastic scat
tering of diffusive origin shows a continuous overall d
crease of intensity with decreasing temperature 60 to 30
Below 15 K, however, the intensity of the quasielastic sc
tering increases again. This peculiar temperature depend
points to a nontrivial origin of the low temperatur
signal,33–35 i.e., not to scattering on static lattice defects b
to very low energy excitations of the spin system as they
predicted for doped spinons in substituted spin chains.33 It is
remarkable that this intensity decreases again in the N´el
state of~Cu,Zn!GeO3 at, e.g.,T51.8 K in Fig. 5~a!.

In- and off-chain substitutions lead to anomalies in t
Raman intensity that will be discussed here in the framew
of a dimensional crossover of CuGeO3. Both, the two-
magnon cutoff peaking at 226 cm21 and the phonon mode a
370 cm21 are observed in substituted samples above
transition temperature of the pure compound. In Fig. 6
normalized, integrated intensity of the 370 cm21 phonon is

FIG. 4. Integrated intensity of the spinon continuum betwe
100 and 500 cm21 for ~a! Cu12xZnxGeO3 with x50, 0.018, 0.06
and ~b! Cu~Ge12y ,Siy)O3 with y50, 0.022, 0.006, 0.1 in depen
dence of temperature. A linear background, phonons, and addit
modes were subtracted from the data prior to integration. The
on Cu12xZnxGeO3 were normalized to the phonon at 593 cm21

while the data on Cu~Ge12y ,Siy)O3 were normalized on the back
ground between 500 and 550 cm21 to facilitate the comparison
between differentx, y, respectively.
d

-

.
t-
ce

t
re

k

e
e

shown for different Si and Zn substitutions. For the pu
compound the onset of this mode is visible as a shou
starting atTSP and increasing sharply below 12 K@see for
comparison Fig. 1~b! on an enlarged scale#. It reaches half its
maximum intensity atTcross511 K. For Si-substituted
samplesTcross is determined to be 25 K (y50.02), 35 K
(y50.06), and 50 K (y50.1). For Zn-substitution this mod
is visible for x50.06 atTcross523 K with 10% intensity of
the pure sample. With lower Zn-substitution levels the inte
sity is less reduced. However, the shift of the crossover te
perature aboveTcrossof the pure compound is not as obviou
as in the case of Si substitution. In Table I, a comparison
the characteristic temperatures of all substituted sample
given. The shift ofTcrossaboveTSP takes place for in-chain
substitution withx>0.035 while for off-chain substitution
only y>0.005 is needed. This later value is determined b
linear extrapolation of the characteristic temperatures in
pendence ony. The crossover is independent of the Ne´el
temperature.

IV. DISCUSSION

To understand the properties of CuGeO3, the coupling of
spin degrees of freedom to the lattice and the interchain
teraction should be considered. This interplay is dem
strated in the behavior and dimensionality of the low-ene
excitations observed in Raman scattering. Indeed, the t
magnon density of states below 226 cm21 resembles 3D

n

al
ta

FIG. 5. Quasielastic scattering in~a! Cu0.94Zn0.06GeO3 and ~b!
Cu~Ge0.94,Si0.06)O3 for different temperatures. The signal a
T530 and 25 K remains from straylight. The intensity atT55 K is
above this level.
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55 15 081EFFECTS OF IN-CHAIN AND OFF-CHAIN . . .
excitations as it is fairly well described in a spin-wave a
proximation of a 3D Heisenberg system.21,22 The additional
phonon modes at 105, 370, and 820 cm21 undoubtedly have
3D character. The gap-induced mode at 30 cm21 and the
spinon continuum, however, are attributed to 1D spin
excitations.23 Hints towards exctiations of mixed charact
exist in terms of a Fano line shape of the spin-Peie
induced phonon at 105 cm21 and a high energy shoulder o
the continuum above 400 cm21 that is not suppressed belo
TSP @see Fig. 1~a!#. The low-energy maximum of this tail a
414 cm21 corresponds to the sum of the phonon at 3
cm21 and the spin-Peierls gap at the zone center,Dq

5( 12 0
1
2 )544 cm21.20

The intensity of the Peierls-active phonon at 370 cm21

and the two-magnon peak scale with each other in their
pendence on temperature and, on the other hand, com
with the spinon continuum intensity. As the key observat
in our study, this leads to the following conclusions: T
interchain interaction itself is important, but not sufficient
explain this rapid crossover in intensities. It should only le
to gradual changes of the spin dynamics below a 3D co
ence temperatureT3D5kBJb'15 K. However, the rotationa
invariant order of spin dimers formed at the spin-Peierls tr
sition triggers this crossover due to a rapid change of
s51/2 spinons to propagatives51 excitations.5 Both inter-
chain and long range magnetoelastic interactions increas
k phase space of the magnons from 1D to 3D and fix a l

FIG. 6. Normalized integrated intensity of the spin-Peier
induced phonon mode at 370 cm21 for Cu12xZnxGeO3 and
Cu~Ge12y ,Siy)O3. Tcrossis defined from these data as the tempe
ture of half maximum intensity of the phonon.
-
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n

d
r-

-
e

the
g

range ordered arrangement of dimers on the chains. T
may result in a ‘‘confinement’’ of the spin degrees of fre
dom and a decreasing spin-spin correlation length with
creasing temperature. A correct model should therefore
clude a coherence length of 3D correlated spin dimers tha
obviously temperature dependent. Until now no such the
exists. Therefore we use arguments derived on substit
spin ladders.

Recently, the theorectical study of nonmagnetic impu
ties in spin chains and ladders gained interest as a first
towards understanding correlation effects in doped quan
spin systems.33,36–39 In earlier Monte Carlo studies of th
spin susceptibility in random or disordered, nondimeriz
spin chains a suppression of the long range AF correlati
and an enhancement of the spin-Peierls instability w
found.34,35 Recent theoretical investigations of strong
dimerized spin chains show that nonmagnetic impurities c
ate looses51/2 spins which randomly introduce state
within the magnetic excitation gap. These states should
observable as low energy excitations~doped spinons! that
form a weakly dispersing impurity branch inside the gap. F
realistic, smaller values of dimerization an effective sp
s51/2 is spread over several lattice spacings leading
many-bodys51/2 states. These states enhance the spin-
correlation at short distances.33,37 In close relation to these
effects, studies of spin ladders propose a quantum phase
sition from a gapped state to a quantum critical state eve
low impurity concentrations ('1%!.37 Above this concentra-
tion a bulk spin state with no excitation gap and a long ran
algebraic decay of the spin-spin correlations are predicted
Zn-doped spin ladders.37 The above-mentioned effects we
discussed in the substituted spin ladder Sr~Cu,Zn! 2O3.

33,40

The conclusion drawn from Raman experiments critica
depends on the interpretation of the two-magnon signal
the quasimagnon dispersion seen in neutron scattering. It
demonstrated using neutron scattering on CuGeO3 ~Ref. 16!
that excitations with smallk, close tokAF5(0,1,0.5), are
dominantly influenced by the dimerization while the chara
ter of the magnons in the middle of the Brillouin zone st
resembles those of the spinons in the uniform chain. The
fore excitations at low energy close toDSP should respond
most strongly to an increase of temperature or impurity c
tent in the compound. Actually we see a strong broaden
and a shift of the gap-induced mode close toTSP and its
vanishing in substituted samples while the two-magnon s
nal is only influenced in intensity.

In substituted samples we still see a similar behavior
the phonon and two-magnon intensities as shown in Fig
and 3. However the temperature range is shifted upwa
The general existence of this scattering intensity and the s
of TcrossaboveTSP of the pure compound may only be un
derstood if an increased short range tendency towards dim
ization exists at higher temperature. This is seen in Mo
Carlo studies on disordered spin chains as an enhanced
spin susceptibility.34 Similar results on substituted spin lad
ders point to an increased spin-spin correlation near
impurity.33,37 In our case this enhanced correlation leads t
localization of a spin dimer at the impurity site. The cros
over that was triggered by the opening of the gap in the p
compound is therefore now observed at higher temperat
with Tcrossproportional to the impurity content. Si substitu
tion introduces more disorder compared with the local d
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ruption of the spin chains using Zn substitution. Therefo
the increase ofTcross is more pronounced in this case. O
observations of a preferred spin-Peierls instability aga
competing AF correlations in disordered spin chains are
good agreement with theory.34

As shown in the previous sections, the spin-Peierls ac
modes react in various ways on substitution. This differe
is in part originated in the different coherence length of
excitations involved. The 1D spinon continuum is observ
both in pure and substituted samples. By the opening of
spin-Peierls gap this intensity is reduced due to the loca
ing, pair-binding effect of the excitation gap. No drop in t
continuum intensity is observed for sufficiently large Z
(x.0.03) or Si substitution (y.0.02). The survival of the
continuum, independent of substitution, clearly stresses
short range character of these excitations in the dimer
phase.

In general it is quite striking that only a small amount
substitution is required to completely suppress the sp
Peierls transition, independent of the substitution site. T
important point seems to be that the system is disturbed
substitution. The appearence of Ne´el ordering in a limited
concentration range starting above'1% for both substituted
CuGeO3 and the spin ladder system SrCu2O3 points to a
similar instability. A proposed quantum phase transition33,37

in weakly substituted spin ladders is a promising concep
describe this behavoir as it also gives hints towards the
appearence ofTN at higher concentrations. Here the lon
ranged resonating valence bond state gets energetically
favorable again. To interpret the appearence and conseq
disappearence ofTN simply due to interchain coupling and
following frustration of the 3D ordered spin system wou
not be appropriate as the pure compound is already stro
frustrated. The absence of any additional magnetic scatte
for T<TN in CuGeO3 is quite striking. This means that o
the local scale of exchange scattering no additional scatte
channel opens up going from the regime of short range
fluctuations with coexisting local singlet formation to th
truly ordered 3D AF state. However, the quasielastic scat
ing observed at low temperatures in substituted samples
tributed to low lying defect-induced spin excitations disa
pears in the Ne´el state.
. B
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V. CONCLUSIONS

Using Raman scattering the effect of in-chain and o
chain substitutions on spin fluctuations and spin-Peierls
tive modes was investigated. The observed scattering mo
respond differently on changes of the temperature and
substitutions. The gap-induced mode showing up be
TSP strongly decreases in intensity upon Zn and Si subst
tion. Additionally, the drastic decrease of the integrat
spinon continuum belowTSP is suppressed in substitute
samples due to a quench of the spin-Peierls gap. This e
does not depend on the kind of defect and is in agreem
with magnetic susceptibility measurements on substitu
CuGeO3.

26 However, the decrease of the spinon continuu
that was observed aboveTSP only for Si substitution is ten-
tatively attributed to lattice pressure-induced changes of
frustration. Si substitution leads to the largest changes of
lattice parameters of all investigated substitutions.25

The modes of 3D origin, i.e., the spin-Peierls induc
phonon at 370 cm21 and the two-magnon cutoff at 22
cm21 compete in the pure samples with the 1D spinon c
tinuum. A crossover temperature is proposed that mark
transition from 1D to 3D behavior of the coupled sp
chains. This crossover is triggered by a 3D coherent sin
state with propagative magnon excitations arising due to
interchain interaction. In the substitution studies presen
here the crossover temperature is shifted to higher temp
tures due to enhanced spin-spin correlation at the impu
site. Additional antiferromagnetic low lying spin excitation
are induced by the substitution. These observations ar
good agreement with recent theoretical calculations of
spin response and behavior of the spin-spin correla
length in substituted spin ladders. This supports our idea
general similarity between defect states in weakly coup
spin chains close to a spin-Peierls transition and spin lad
where the dimer formation is favored by topology.
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