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The effect of in-chain and off-chain substitutions on one-dimensi¢h2) spin fluctuations in the spin-
Peierls compound CuGeQOhas 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 temperatureb<60 K compared with pure CuGeQThis effect is more pronounced in the case of
off-chain substitutiongSi) for which a Nesl 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.
[S0163-182697)03621-1

[. INTRODUCTION to enhanced spinon-spinon interaction. The spin-spin corre-
lation length changes from an algebraic to an exponential
Quantum effects in low-dimensional antiferromagneticdecay.

spin systems have attracted an intensive theoretical and ex- The compound CuGeginitially appeared as an ideal
perimental interest in recent years. One of these effects is thepin-Peierls compound with a highsp=14 K and a stable
formation of a continuum of spin fluctuations in one- lattice which allows for several types of substitutiéns.
dimensional(1D) spin-1/2 chaing.The magnetic excitations Later, however, evidence appeared that its behavior is com-
of the uniforms=1/2 Heisenberg antiferromagnetic chain plicated due to competing exchange interactiris. The
are indeed dominated by strong fluctuations derived usingtrong frustration of the spin system may drive or at least
the Bethe ansatz. They consist of delocalized or unboundtabilize the dimerization transition in this compound. Cu-
solitonlike spinon excitations prohibiting a magnetically or- GeO; consists of chains of spin-1/2 €t ions along thec
dered state. The spinon continuum is enclosed by an uppeixis coupled by antiferromagnetic 98° superexchange
and lower dispersion relation of the formE;=  through oxygen orbital$/*This special superexchange ge-
mJ|sin(q./2)| andEé:(ﬂ-/Z)J|sin(qC)|, respectively‘tjz The ometry causes a strong sensitivity of the exchange on
existence of this continuum was verified in neutron experi-changes of the Cu-O-Cu bond angle. A bond angle close to
ments on the compound KCyF(Ref. 3 and later in the critical 90° leads to a comparatively small antiferromag-
CuGe0;.* Of particular importance in this sense is the spin-netic nearest-neighbdNN) exchange,).,, and a frustrated
Peierls(SP transition leading to a singlet ground state of theNext-nearest-neighboNNN) exchange,Jc,, that strongly

formed dimers and the opening of a spin gap near the lowef€P€nds on the local surrounding of the oxygeén.
boundary of the continuum. The modification of the excita- 1he €xchange along the Cu-O-Cu chains can be modeled

tion scheme in the dimerized state is theoretically not com:by a 1D Hamiltonian including the competing NN and NNN

; ; i ati - 10
pletely settled. The change under dimerization from spinondt€ractions ¢-a) and the dimerizatiors:
with s=1/2 to excitations withs=1 should lead to a redis-

tribution of density of states from the spinon continuum into

its lower dispersing limit. This may be understood as a lo- H=1J 1+ 8(=1)1S - +aS. _ 1
calizing, pair-binding effect of the excitation gaghat leads Clzi il (“DIS- St aS-Sea @)
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55 EFFECTS OF IN-CHAIN AND OFF-CHAIN ... 15077
Using neutron scattering resultshe following exchange TABLE |. Investigated single crystal$Cu;_,,Zn,)(Ge;_,
constants were derivedt;; =150 K, J.,~36 K, with the  Si,)O3 with their TspandTy determined by SQUID magnetometry.
frustration parameterr=J.,/J.;=0.24—-0.36 close to or TcrossiS derived by Raman scattering and marks a crossover from
larger than a criticav,= 0.2411%° For increasingr=a,an 3D to 1D behavior in the spin excitations. A dash denotes no
exponentially small excitation gap exists which evolves toPPservation of a phase transition.

A=Jy/4 in a valence bond solid witha=0.5* For

CuGeQ a singlet-triplet gap gp=24—30 K(Refs. 7and 15~ X 4" y (S TsiK /K TerosdK
and a successive gap of similar size, separating the singleg- 0 14.3 - 11
triplet excitation from a continuum of unbound spinons, wereg 18 12.8 - 11
found in neutron scattering beloWgp. X6 Additionally, well- 0.035 11 25 11
behaved quasimagnon branches were observed belgw ( gg . 4 23
(Ref. 7 that clearly mark the change of the magnetic re- 0.022 . 5 25
sponse from the uniform to the dimerized state. 0.04 i 45 30
Due to the non-negligible interchain exchange with 0.06 ) 25 35
Jp,=0.1);;,” comparable to and competing with the frus- 0'1 i ) 50

trated NNN exchange, the compound develops 3D magnetic
correlations below 15 K. This may also be the origin of the
Neel ordering observed fof<5 K in substituted samples if sjons emerging out of the spinon continuum as observed in
the coherent singlet ground state is locally destroyed. Indeneytron scattering remain to be explained. This dimensional
pendent of the type of substitutiofy is always of the order  ¢rossover from 1D to 3D upon cooling and the observation
of 5 K and well separated from the spin-Peierls temperaturgf 4 3D magnetically ordered state in substituted samples at
of weakly substituted samples. In an intermediate concentragyer temperaturesTi<5 K) are pointing to an interplay of
tion range a coexistence dkpand Ty is observed.*° _ the spin-Peierls order parameter with 3D magnetic interac-
Raman experiments on CuGg@roved to be a versatile tions that should be further clarified. This motivated our Ra-
tool to investigate magnetic excitations due to their highman study on in- and off-chain substituted single crystals of
resolution and large scattering cross section. Spin-Peierls agGe0,.
tive phonon modes together with a gap-induced mode at 30 The paper is organized as follows. In Sec. Il we describe
cm~* (~2Asp and a two-magnon density of states with athe experimental setup and the samples investigated. In Sec.
cutoff at 226 cm ' were detected fol <Tgp.® More inter- i we present results of magnetic Raman scattering with its

esting is the broad continuum from 100 to 500 chob-  giscussion in Sec. IV. Section V contains a summary of our
served forT>Tgp and the strong redistribution of its inten- ragylts.

sity into the two-magnon signal observed in the dimerized
state?0-22
As shown recently, the continuum and the gap-induced
mode are described by frustration-induced Heisenberg ex- We have performed Raman scattering experiments on
change scattering. In these calculations a dimerization of well-characterized single crystals in quasibackscattering ge-
the exchange constants of the Heisenberg and the Ramametry with the polarization of incident and scattered light
operator is taken into account as described by Etjsand  parallel to Cu-O chainsd axis). In other scattering geom-
(2). The Raman operator iA;; symmetry with the dimer- etries no magnetic scattering contribution was observed. The
ization y and the frustratiorB is proportional t6* experiments were performed with the=514.5-nm excita-
tion line of an Ar laser and a laser power below 0.2
i W/cn?. The incident radiation does not increase the tempera-
HROCZ {1+ 7(=D'1S-S1+BS-S+2- @D tyre of the sample by more than 1 K. The samples them-
selves are glued onto a copper sample holder and immersed
A very important point to note is that in the uniform state in flowing He-exchange gas.
(6=7y=0), Raman intensity in the temperature range for Here we present results on single crystals(Giy _y,
negligible interchain couplingly~15 K<T<J~150 K), is  Zn,)GeQ; and CuGe, _,,Si)O; with 0<x<0.06 and
induced by the NNN term in Eqgs(l) and (2). When 0<y=<0.1 (see Table)l In previous studies the solubility
B—a=0, the Raman Hamiltonian commutes with therange and phase homogeneity were checked fox€0.1
Heisenberg Hamiltonian and there is no Raman scattéfing.and 0<y<0.5 and confirmed by using SQUID-
For lower temperatures these constraints are relaxed due magnetometry, x-ray scattering and thermal expansion mea-
the interchain coupling. In this way the observed scatteringurements on both poly- and single crystal& In the case
continuum(above and below sp) and the gap-induced mode of Si substitution a disagreement is found between poly- and
at 30 cm ! (below Tgp can be modeled by 1D spinon ex- single crystals concerning the phase boundarie¥ fvs
citations. The parameters used are the exchange coupling?’ This is due to a growth of single crystals close to the
constant];; =150 K and the frustratioh3-a|=0.24 derived decomposition temperature of the compound which shifts to
from neutron scattering and susceptibility measureménts. lower temperature in Si-substituted samples. As a result oxy-
All other scattering contributions are negligible within a 1D gen nonstoichiometry and disorder are expeéfédThis is
model? confirmed by phonon Raman scattering. In Si-substituted
However, the evolution to the quasi-3D two-magnon den-single crystals several symmetry forbidden modes of pure
sity of states folT <Tgpand the related quasimagnon disper-CuGeQ; are observed due to the relaxed momentum conser-

Il. EXPERIMENT
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and substitution gives important information about the evo-

R 400 lution of the singlet-triplet excitations as shown in Figbjl

p2] . for pure CuGeQ. While the intensity of the spinon con-
S 300 tinuum was determined by integrating the intensity between
el 100 and 500 cm?, subtracting a linear background and the
8 phonons, the intensity of the two-magnon density of states
> 200 was determined at the frequency of 226 ¢ At Tgp the

2 scattering intensity of the spinon continuum clearly shows a
953 maximum as function of temperature. The following sharp

100 decrease toward low temperatures is counteracted by the in-

) ) ) . . crease of the intensities at 226 and 370 ¢mThe gap-
300 400 500 600 induced mode at 30 cm" emerges at lower temperatures,
i.e., below 11 K due to the evolution of a long range coher-

ent, dimerized state beloWgp. The competition between the
104 a.m ' j ! ' ' ' 1D spinon continuum, the guasi-3D two-magnon density of

Raman shift (cm-1)

. . /D\D\D b) states and the Peierls-active phonon marks the proposed di-
\kA\l o \D———g mensional crossover of the compound Tat,s<=11 K in-
duced by the spin-Peierls transitioh,,.ssis defined here as
—DO— continuum | the temperature of half maximum intensity of the phonon. It
- - - phonon should be noted that the behavior of the two-magnon signal

—A— 2-magnon scattering

o ) at 226 cm ! is completely different from conventional mag-
—O— gap induced mode

netic light scattering in 3D antiferromagnetaF) close to

N Ty or paramagnon scattering abotg.*° In 3D AF the two-
L . L . magnon scattering shows a strong broadening of the line
15 20 25 shape and shifts to lower frequencies with increasing tem-
Temperature (K) perature. Additionally, the integrated intensity shows a large

increase afly and is therefore observable up to high tem-
FIG. 1. Raman scattering intensity of CuGg@) for tempera- ~ Peratures. In CuGepwe see close td sp neither a shift of

tures between 5 and 40 K arft) temperature dependence of the the two-magnon signal to lower frequency nor a broadening.
renormalized intensity of the spinon continuum, the Peierls-The intensity of both the two-magnon signal and the phonon
transition-induced phonon at 370 crh the two-magnon density of at 370 cmi ! emerge aff < Tgp without a preceding energy
states cutoff at 226 cmt, and the gap-induced mode at 30 chn  renormalization. This aspect is confirmed by neutron scatter-
Additional symmetry forbidden modes due to a slight misalignmenting in the sense that magnons with a well-defined dispersion
of the sample are marked by an asterisk. relation exist'®only for T<Tgp Questions arise concerning

the character and dimensionality of the underlying excita-
vation. In addition static and temperature dependent defedtons. This problem will be addressed after discussing the

modes are observed. For a complete description we refer torgsults on substituted samples.
forthcoming publicatiorf® The onset of the 1D continuum in Raman scattering at

100 cm™ ! corresponds roughly to two times the energy at
which the continuum is observed in neutron scattetfhg.
ll. RESULTS However, the value of the gap-induced mode in Raman scat-

. 71= - -
In the case of magnetic Raman scattering experiments i},lerlng at 30 cm *=43 K is markedly smaller than two times

CuGeO, the results may be divided into three temperaturéhe singlet-triplet transitionA,=(013) =24-30 K derived
regimes, as first described by van Loosdresthal>° At high ~ from neutron scatterint>*® This points to strong attractive
temperatures a broad, quasielastic tail is visible. This tail ignagnon-magnon interaction in the Raman procé#s sec-
due to diffusive processes and follows roughly @ Hlepen-  ond mechanism for a gap-induced mode may be a singlet
dence, withw the Raman shift of the experiment. At lower bound state that splits off from the singlet-triplet excitation
temperature, 15KT<60 K a broad continuum for 100 and is renormalized due to dimer-dimer interactiddsing
cm <w=500 cm ! is observed which is assigned to the RPA an estimate ot/§Aq=(01%)%41—52 K was given as
spinon continuuni®?Below Tsp=14 K several new modes the energy for this stafeHowever, the spectral weight of
appear: three phonons at 105 ¢ 370 cm %, and 820 this bound state in Raman scattering is calculated to be
cm ! (with lower intensity, a two-magnon scattering cutoff negligible3!
at 226 cm ! and a gap-induced mode at 30 cf We will In Figs. 2 and 3 the Raman spectra of
concentrate here on the temperature rafiges0 K and the  (Cu,_,Zn,)GeO; and CyGe; _,Siy) O3 are presented for
effect of substitutions on the spinon continuum and thex=0, 0.018, 0.06 angi=0.022, 0.06, 0.1, respectively, @
Peierls-transition-induced modes at 30, 226, and 370tm 5 K and (b) 40 K. At first glance the spectra of
As an example we show Raman spectra of pure CugGeO (Cu;_,,Zn,)GeO; look very similar. Indeed, no big
Fig. 1(a) for temperatures between 5 and 40 K. changes of the dominant phonons were observed. However,
While the occurrence of the spin-Peierls induced Ramathe gap-induced mode ifCu;_,,Zn,)GeO; decreases
modes is well established, their intensity was not studied irstrongly forx=0.018 and disappears for al>0.018[Fig.
detail®?° However, the intensity as function of temperature2(a)]. For any Si substitution investigated as shown in the
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FIG. 2. Scattering intensity of Gu,Zn,GeO; with x=0,
0.018, 0.035, and 0.06 &) 5 and(b) 40 K. The curves are shifted FIG. 3. Scattering intensity of GGe,_,.Si,)O5 with y=0,

by a subsequent addition of 200 a.u. Additional symmetry forbld-0 022, 0.06, 0.1 ata) 5 and(b) 40 K. The curves are shifted by a

gsnarr?ggtisrig;e to a slight misalignment of the sample are markegubsequent addition of 100 a.u. Symmetry forbidden modes of the

pure compound that are induced by Si substitution are marked by an
asterisk. The phonon at 690 crhis a defect mode.

upper panel of Fig. 3 the gap-induced mode is not visible, . .
The Peierls-induced phonon modes at 105 and 370 cm ?E(GSéSUbSSt'in;toed S@ggleihggfnbaggggﬁggd 3? rterl:ee:rer;ger:]_for
and the peak of the two-magnon density of states forne li ilt)]é,deyen?aenc of the phonon intensity on Si substi-
T<Tgpare also reduced in intensity with increasing Zn and g9 P y P y

. e ) . tution. In Fig. 4a) the continuum intensity oflCu;_,,
Si substitution. However, their appearence for highend Zn,)GeO; shows forx=0 and 0.018 still a decrease below

y values extends now to temperatures well abdyp. This 1 "t comparable size. For=0.035 this decrease is absent.
is most clee}rly seen in Fig.(B) for the highest Si contgnt In CuGe,_,,Si,)O3 the integrated intensity shows for
y=0.1, but is also observed for smallgror for Zn substi- y=0.022 and 0.06 a suppression of intensity below 40 K
tution with x=0.06. This effect will be analyzed below in compared withy=0. This suppression results fge=0.1 in
Fig. 6. The spinon continuum observable abGypand with  an overall smaller intensity of the continuum over the whole
a reduced intensity in the pure system beldwy is un-  temperature region investigaté8—300 K). This effect on
changed in magnitude in the case of Zn substitution up tehe frustration-induced scattering intensity is naturally attrib-
x=0.06. With this value a maximum coherence length of theuted to a change of frustratiofB¢ «) in Hg andH for the
spinon excitations in the uniform state of 50 A is calculated.case of Si substitution. A8 involves mainly excited orbital
Theoretical estimaté$lead to coherence lengths of the order superexchange that may not be changed by substitution the
of &~(J/Aspa=15-20 A, with the lattice parameter reduced scattering intensity of the continuum is attributed to
c=2.94 A. Additionally, the decrease of the continuum in- an enlarged. This is supported by the strong sensitivity of
tensity is prohibited fox=0.035 due to a quenching of the « on pressure and the large variation of the lattice param-
spin-Peierls gap. eters observed with Si substituti6h.Raman experiments
The overall intensity of the continuum is modified for Si with applied pressure were used to estimate an increase of
substitution: We observe a gradual decrease of the conz of 30% for a pressure of 5 GPA.The lattice pressure
tinuum intensity with increasing. The integrated intensity observed in Si substitution should lead to a similar effect and
of the continuum for differentx andy of both (Cu;_,, increasew. As in Zn-substituted samples, no large change of
Zn,)GeO; and CuGe; _,,Si,)O3 is presented in Fig. 4 as the lattice parameters exiétswe also do not observe an
function of temperature. To facilitate a comparison ofoverall smaller intensity of the continuum for this substitu-
samples with different substitutions we normalized the dataion. It should be noted that the local character of the Raman
to the phonon intensity at 593 cm for Zn substitution or to  exchange process may be especially sensitive to local
the background in the frequency region 500-550 ¢nfor  changes of the exchange path that are not visible in thermo-
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FIG. 4. Integrated intensity of the spinon continuum between
=1 i =
100 and 500 em™ for (&) Cu; ,Zn,GeO; with x=0, 0.018, 0.06 Cu(Gey g4,Sig o9 O3 for different temperatures. The signal at

and (b) Cu(Gel‘Y'Sly)O3.W'th y=0, 0.022, 0.006, 0.1 in depe_r_m- T=30 and 25 K remains from straylight. The intensityTat 5 K is
dence of temperature. A linear background, phonons, and addltlon:%llbove this level
modes were subtracted from the data prior to integration. The data ’

on Cu,_,Zn,GeO; were normalized to the phonon at 593 th . . I
while the data on O@e; _, ,Si,) O3 were normalized on the back- shown for different Si and_ Zn subs_Utu'qqns. For the pure
ground between 500 and 550 chto facilitate the comparison €Ompound the onset of this mode is visible as a shoulder
between differenk, y, respectively. starting atTsp and increasing sharply below 12 [isee for
comparison Fig. (b) on an enlarged scdldt reaches half its

dynamic types of experiments. Indeed no shift of the broadnaximum intensity atT..e<11 K. For Si-substituted
maximum in the magnetic susceptibility was found in Si- samplesT s iS determined to be 25 Ky=0.02), 35 K
substituted samplé€.Therefore we propose neutron scatter-(y=0.06), and 50 K y=0.1). For Zn-substitution this mode
ing as a key experiment to verify this result. is visible forx=0.06 atT s 23 K with 10% intensity of

The gap-induced mode is replaced at low temperat{fres the pure sample. With lower Zn-substitution levels the inten-
K) by a gradual increase of intensity far— 0, both visible  sity is less reduced. However, the shift of the crossover tem-
for Si and Zn substitutiorisee Fig. 5. The quasielastic scat- perature abov@ ,,s,0f the pure compound is not as obvious
tering of diffusive origin shows a continuous overall de- as in the case of Si substitution. In Table |, a comparison of
crease of intensity with decreasing temperature 60 to 30 Kthe characteristic temperatures of all substituted samples is
Below 15 K, however, the intensity of the quasielastic scatgiven. The shift ofT,,ssaboveTgp takes place for in-chain
tering increases again. This peculiar temperature dependensebstitution withx=0.035 while for off-chain substitution
points to a nontrivial origin of the low temperature only y=0.005 is needed. This later value is determined by a
signal®*-%j.e., not to scattering on static lattice defects butlinear extrapolation of the characteristic temperatures in de-
to very low energy excitations of the spin system as they ar@endence ory. The crossover is independent of theedNe
predicted for doped spinons in substituted spin ch#iiisis temperature.
remarkable that this intensity decreases again in thel Ne
state of(Cu,ZnGe0O; at, e.g.,T=1.8 K in Fig. 5a).

In- and off-chain substitutions lead to anomalies in the
Raman intensity that will be discussed here in the framework To understand the properties of CuGg@he coupling of
of a dimensional crossover of CuGgOBoth, the two- spin degrees of freedom to the lattice and the interchain in-
magnon cutoff peaking at 226 cm and the phonon mode at teraction should be considered. This interplay is demon-
370 cm ! are observed in substituted samples above thstrated in the behavior and dimensionality of the low-energy
transition temperature of the pure compound. In Fig. 6 theexcitations observed in Raman scattering. Indeed, the two-
normalized, integrated intensity of the 370 tphonon is magnon density of states below 226 thresembles 3D

FIG. 5. Quasielastic scattering {g) Cug 92N 0dGe0; and (b)

IV. DISCUSSION
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range ordered arrangement of dimers on the chains. This
2 4000 4 ntl (Cu. Zn )GeO may result in a “confinement” of the spin degrees of free-
5 i- % x g a) dom and a decreasing spin-spin correlation length with in-
g 3000 4 \. creasing temperature. A correct model shou_ld t_herefore in-
= x=0.018 | x=0 clude a coherence length of 3D correlated spin dimers that is
"é 1 o\ " obviously temperature dependent. Until now no such theory
£ 2000 - o \ exists. Therefore we use arguments derived on substituted
= ]x=0.035 \ . spin ladders.
= 1000 - \ o\\ Recently, the theorectical study of nhonmagnetic impuri-
= o000 x=0.06 ties in spin chains and ladders gained interest as a first step
E I VgV~ v-vV— towards understanding correlation effects in doped quantum
0 T spin system$3¢=39|n earlier Monte Carlo studies of the
6 5 10 15 20 25 30 35 40 spin susceptibility in random or disordered, nondimerized
Temperature (K) spin chains a suppression of the long range AF correlations
and %Q%enhancement of the spin-Peierls instability was
0 | . found>">° Recent theoretical investigations of strongl
g 4000 - Cu (Ge1_yS|y)03 b) dimerized spin chains show that nonmggnetic impurities%ye-
g \.V=° ate looses=1/2 spins which randomly introduce states
5 %000 1 within the magnetic excitation gap. These states should be
2 i O' observable as low energy excitatiofoped spinonsthat
2 2000 F & \OX(O‘O\ y=0.1 form a weakly dispersing impurity branch inside the gap. For
§ L oo™ O 0o realistic, smaller values of dimerization an effective spin
8 1000 L l oo _\ s=1/2 is spread over several lattice spacings leading to
54 | A’AA; A'A\ y=oﬁﬁo'06 ° many-bodys=1/2 states. These states enhance the spin-spin
= o \ w T correlation at short distancd$® In close relation to these

0 10 20 30 40 50 60 70 80 effects, studies of spin ladders propose a quantum phase tran-
sition from a gapped state to a quantum critical state even at
low impurity concentrations 1%).3” Above this concentra-
_ _ _ _ _ ) tion a bulk spin state with no excitation gap and a long range,
~ FIG. 6. Normalized integrated intensity of the spin-Peierls-5\gepraic decay of the spin-spin correlations are predicted for
induced phonon mode at 370 crh for Cu,_,Zn,GeO; and Zn-doped spin ladder¥. The above-mentioned effects were
’[Cill:faG;lHélnyrkLa?ﬁ I%OT;'; g;‘;’;‘i‘: :g‘;)m;iendata as the tempera-gjso  ssed in the substituted spin laddeiCBirZn) ,0 43340

: The conclusion drawn from Raman experiments critically

depends on the interpretation of the two-magnon signal and

excitations as it is fairly well described in a spin-wave ap-the quasimagnon dispersion seen in neutron scattering. It was
proximation of a 3D Heisenberg systént? The additional demonstrated using neutron scattering on CuG&Ref. 16
phonon modes at 105, 370, and 820 chundoubtedly have that excitations with smalk, close toks-=(0,1,0.5), are
3D character. The gap-induced mode at 30 ¢nand the dominantly influenced by the dimerization while the charac-
spinon continuum, however, are attributed to 1D spinorier of the magnons in the middle of the Brillouin zone still
excitations”® Hints towards exctiations of mixed character resembles those of the spinons in the uniform chain. There-
exist in terms of a Fano line shape of the spin-Peierisfore excitations at low energy close fiosp should respond
induced phonon at 105 cnt and a high energy shoulder of MOSt strongly to an increase of temperature or impurity con-
the continuum above 400 cnt that is not suppressed below €Nt in the compound. Actually we see a strong broadening
Tsp[see Fig. 1@)]. The low-energy maximum of this tail at and_ a_shn‘_t of the. gap-induced mode closeTig, and its .
414 cm ! corresponds to the sum of the phonon at 370vanlshlng in substituted samples while the two-magnon sig-

i N nal is only influenced in intensity.
cm * and the spin-Peierls gap at the zone centky, In substituted samples we still see a similar behavior of

=(303)=44 cm 1.2° the phonon and two-magnon intensities as shown in Figs. 2
The intensity of the Peierls-active phonon at 370 ¢m and 3. However the temperature range is shifted upwards.
and the two-magnon peak scale with each other in their deFhe general existence of this scattering intensity and the shift
pendence on temperature and, on the other hand, competé T, aboveTgp of the pure compound may only be un-
with the spinon continuum intensity. As the key observationderstood if an increased short range tendency towards dimer-
in our study, this leads to the following conclusions: Theization exists at higher temperature. This is seen in Monte
interchain interaction itself is important, but not sufficient to Carlo studies on disordered spin chains as an enhanced four-
explain this rapid crossover in intensities. It should only leadspin susceptibility®* Similar results on substituted spin lad-
to gradual changes of the spin dynamics below a 3D cohemers point to an increased spin-spin correlation near an
ence temperatur€;p=kgJ,~15 K. However, the rotational impurity.3*3’In our case this enhanced correlation leads to a
invariant order of spin dimers formed at the spin-Peierls traniocalization of a spin dimer at the impurity site. The cross-
sition triggers this crossover due to a rapid change of the@ver that was triggered by the opening of the gap in the pure
s=1/2 spinons to propagative= 1 excitations. Both inter-  compound is therefore now observed at higher temperatures
chain and long range magnetoelastic interactions increase thdth T,,ssproportional to the impurity content. Si substitu-
k phase space of the magnons from 1D to 3D and fix a longion introduces more disorder compared with the local dis-

Temperature (K)
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ruption of the spin chains using Zn substitution. Therefore V. CONCLUSIONS
the increase off .5 iS More pronounced in this case. Our

: . ) : o . Using Raman scattering the effect of in-chain and off-
observations of a preferred spin-Peierls instability against, - - ) . . )
. . - oF ; ; —chain substitutions on spin fluctuations and spin-Peierls ac-
competing AF correlations in disordered spin chains are i

good agreement with theor. ive modes was investigated. The observed scattering modes

As shown in the previous sections, the spin-Peierls activerzeSpond differently on changes of the temperature and on

modes react in various ways on substitution. This differenc substitutions. The gap-induced mode showing up below

is in part originated in the different coherence length of theerSP strongly decreases in intensity upon Zn and Si substitu-

excitations involved. The 1D spinon continuum is observeonon' Additionally, the drastic decrease of the integrated

both in pure and substituted samples. By the opening of thég';o?esczﬂzn;ug] nggﬂ—%ﬁ 'tiesgpi%r_%sggﬂsmaSUk:fl_Srt]'itSUt:f?ect
spin-Peierls gap this intensity is reduced due to the localiz= b q b gap.

ing, pair-binding effect of the excitation gap. No drop in the does not depend on the kind of defect and is in agreement

continuum intensity is observed for sufficiently large Zn with ma%r;etlc susceptibility measurements on SUbS.t'tUtEd
CuGe0;.“° However, the decrease of the spinon continuum

Ehat was observed abovigsp only for Si substitution is ten-

tively attributed to lattice pressure-induced changes of the
rustration. Si substitution leads to the largest changes of the
lattice parameters of all investigated substitutiGhs.

The modes of 3D origin, i.e., the spin-Peierls induced
honon at 370 cm! and the two-magnon cutoff at 226
m~! compete in the pure samples with the 1D spinon con-
Inuum. A crossover temperature is proposed that marks a
transition from 1D to 3D behavior of the coupled spin
chains. This crossover is triggered by a 3D coherent singlet
state with propagative magnon excitations arising due to the

in weakly substituted spin ladders is a promising concept t'nterchain interaction. In the supstitu.tion stud'ies presented
describe this behavoir as it also gives hints towards the digiere the crossover temperature is shifted to higher tempera-

appearence ofy, at higher concentrations. Here the long tures due to enhanced spin-spin correlation at the impurity

ranged resonating valence bond state gets energetically uﬁl_te. Additional antiferromagnetic low lying spin excitations

favorable again. To interpret the appearence and conseque%rte induced by the substitution. These observations are in

disappearence dfy simply due to interchain coupling and a good agreement with recent theoretical calculations of the

oloving fustaton of the 3D ordered spin systm vuld S0 [0S, 1 b of e spivain coneater
not be appropriate as the pure compound is already stron%fgp 9 P ' bp

short range character of these excitations in the dimerize
phase.

In general it is quite striking that only a small amount of
substitution is required to completely suppress the spin-
Peierls transition, independent of the substitution site. Thé
important point seems to be that the system is disturbed b
substitution. The appearence of éleordering in a limited
concentration range starting abovel% for both substituted
CuGe0; and the spin ladder system Sr&fi; points to a
similar instability. A proposed quantum phase transtion

frustrated. The absence of any additional magnetic scatteri e_neral _S|m|Iar|ty betwegn de_fect states in weakly_ coupled
. ; , o . in chains close to a spin-Peierls transition and spin ladders
for T<Ty in CuGeG; is quite striking. This means that on ; P
. o . where the dimer formation is favored by topology.
the local scale of exchange scattering no additional scattering

channe] opens up gonjg.from the regime of sho_rt range AF ACKNOWLEDGMENTS
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