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Inelastic-neutron-scattering investigation of the spin-Peierls system CuGeQ
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We have investigated the spin dynamics of the spin-Peierls system Gufye@elastic neutron scattering.
The measurements have been performed as a function of wave vector, temperature, and magnetic field, for
fields perpendicular to the chain aXig to 10 T. Our neutron results confirm the occurrence of a crystalline
distortion belowTgp~14.2 K, corroborated by the appearance of superlattice peaks indexed with a commen-
Surate wave vectok5p=(%,0,%). At low temperature, the spin-excitation spectrum exhibits a well defined
energy gapA~2 meV~1.66kTgp at the antiferromagnetic poirktAF:(O,l,%), distinct fromkgp. The experi-
mental results folT<Tgp are quantitatively understood from an alternating-exchange Hamiltonian with an
exchange paramet€2J;)~10.6 meV and an alternation parameterJ,/J;~0.92, despite the existence of
sizable interchain couplings both along theand b axes(J,/J;~0.011 andJ;/J,~0.11, respectively We
present the temperature dependence of the spin dynamics on both sidigs. @ur results confirm the
persistence of a pseudogap in the excitation spectrung#$dc,e, but only in the immediate vicinity of the
spin-Peierls transition temperature. The pseudogap vanishes rapidlyTwiibllowing decreasing size of
dimerized segments. The stronger inelasticity observed abgvat q=kgp has been attributed to an effect of
the dispersion of magnetic excitations due to interchain coupliggandJ;, . Under a magnetic field applied
perpendicular to the chain axis, the excited triplet is split into three components, with gap values depending
linearly on the field. The spin-Peierls transition temperaflgg decreases with increasing field, following a
gquadratic dependence dth, in agreement with theoretical as well as other experimental results. We have
determined the field dependence of the dimerization peak intensities up to 10 T, which show very small
changes. In particular, no trace of pretransitional incommensurability could be detected, at least uplto 0.77

[. INTRODUCTION guence is the prediction gt=kgp of a softening in the pho-
non branch involved in the lattice distortion 85— Tgp.

By now, it is well establishéd® that atT=0 the ideal Concerning the magnetic counterpart, the most important
spin-1/2 one-dimensional Heisenberg antiferromagriéfic ~ consequence of the lattice distortion is the progressive estab-
HAF) system described by the simple isotropic Hamiltonianlishing of alternating exchange along the chainTasO. At
H=2J%,S-S.,, whereJ is the nearest-neighbor intrachain low temperaturesi.e., whenT<Tgp) and neglecting all in-
coupling constant, is characterized by a gapless continuum ¢grchain magnetic couplings, the Hamiltonian describing the
magnetic excitations and by a slowly decaying spin-spin cordimerized spin system can be mapped onto the Hamiltonian
relation function given by the relatiomeglecting logarith- Of @ Spin-1/2 alternating antiferromagnetic chin:
mic correction$ (Sy-S;)=(—)"/r. The correlation length is
infinite at T=0, but the ground state is not magnetically or-
dered at long range as a result of quantum fluctuations. It is
also well admitted 2 that such a uniform chain is unstable
when coupled to a three-dimensioitaD) phonon field. This
coupled system undergoes, at some finite temperafype
[called the spin-Peierl§SP transition temperatufea crys-  which now depends, in the simplest case, on two different
talline distortion which transforms the uniform chain into a alternating exchange constanits and J,= aJ; instead of
chain of coupled dimers. The resulting lattice dimerization isone in the original(high-temperatupeuniform chain. The
characterized by the appearance in the reciprocal space parametera, called the alternation parameter, characterizes
superlattice peaks around the “normal” nuclear Bragg peaksthe relative strengths of exchange couplifigs:1 by defini-
described by a 3D propagation vector hereafter defined ason). The coupling constantl;, andJ, can be expressed in a
ksp. This distortion induces changes both in the lattice andlifferent way by introducing the lattice distortia® usually
spin dynamics. Concerning the former, the main consedefined in the literature a8

HZZJlEi(Szi'52i+1+a32i+1'52i+2), 1)
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J;=J(1+6), reached. Moreover, this phase should remain distorted, the
lattice distortion being more likely incommensurate in this
J,=3(1-9), (2)  part of theH-T phase diagrarfi’>~* The magnetic stag-

gered short-range correlations are also expected to become
whereJ is the average exchange valug<{(J;+J,)/2]. In  incommensurate above the critical field, as for the alternating
the most general cas@should be a function of displacement chain systemH, has been calculated in mean-field approxi-
vectors & associated with the various atomic entities in-mation, giving atT =06
volved in the intrachain exchange paths. Moreover, in the SP

problemJ, «, and § must depend on temperature to account gugH/2kTgp=0.74 (4a)
for the inherent lattice effects. The simple expressden(1l
—a)l(1+a) relates the alternatioar and distortions. or equivalently, using relatiof8)
As for the magnetic excitation spectrum of an alternating
chain, it is expected for a SP system that a gaffunction of gugH /A~0.84. (4b)

J; ande or, equivalently,) and 8) opens at the antiferromag-
netic pointk ,r between amonmagnetisinglet(S=0) ground
state and the “continuum” of lowest-excited triplés=1)
states M ke is frequently defined as the poing“#" in
the literature. The reduced ga¥'2J; has been calculate
numerically~** for an alternating chain as a function of the
alternation parameter. For not too large values of-1e, this

Unfortunately, little is known in the literature concerning the
field dependencies of the magnetic gafH) or the lattice
distortion §(H) and their relationship. In zero field and for
d small lattice distortions, one has a direct relation betw&en
and & A(0)x[&0)]". As previously discussed, the value of
the exponenw depends strongly on the spin dimensionality,
with »=2/3 for Heisenberg spindand v=1 for the exactly

r&a/téc\)] ;i(lglv;)ny V\?I%/h ;hgrefsgcnt]grliwfogrg_fxvex%'gﬁggp solvable S=1/2 XY model? Such a simple relation is no
L longer true under the field. Indeed, from very general

v~2/3 in case of isotropic spins:> For the SP problem in , . .
the  mean-field app?oxirﬁation, a Iinegr relation grgument%g'lg the lowest excitedS=1 triplet should split

. to three distinct componentiabeled hereafter a&_, Ag,
A~1.64(2)) § has been predicted by PytieetweenA and . In . 0
However, in the more sophisticated approach of Cross an nda.). 'I_'he Io_west_energy gap_(l-_|) IS expgcted to vary
Fischer’ the completely different relatiolh=(2J) §%® has Inearly with H in a first approximatior(following the rela-
been deduced, which agrees better with the expected equiv on A_(H)~A—gugH), and should vanish at a critical

lent alternating-chain problem. In the mean-field approxima-'e“.j Hc~A/gug, above thh the Incommensurate mag-
tions, A and Tgp appear directly related by a BCS-type netic phase takes pl_ace. Th|§ IS t_he situation expe_cted to oc-
relatibr? SP cur for an alternating chain with negligible spin-lattice

interactions?® In the SP problem, nonlinear effects originat-
2A~3.5KTsp, (3) ing from the spin-lattice couplings should occur in the vicin-
ity of H, to account for the fact thatugH. is slightly (16%9

which results essentially from the treatment of the spin-smaller thanA [see Eq. &)], although the gap is still ex-
phonon interaction in the weak-coupling limit. pected to vanish aH. [A_(H.;)=0]. On the other hand,

An important consequence of both the singlet ground stat& s(H.) and &(H.) are thought to have well defindthite
and the presence of a gap is that no long-range magneti@lues. Consequently, one expects neither a BCS relation be-
ordering should exist, in the ideal system, eveit&0. This  tween the lowest gap_(H) andTgg(H), nor a simple rela-
ought to be true also for a nonideal system, as a result of thiton betweenA_(H) and §(H). On the contrarys(H) and
finite intrachain magnetic correlation lengghtypically one  Tgg(H) appear more or less decoupled frdm(H).
expectsé '~Alc,, wherec, is the spin-wave velocity, de- On the experimental side, there exists a relatively small
fined for a spin-1/2 HAF system by,~ 7Jd, d being the number of compounds displaying properties typical of a SP
intrachain spacing which leaves the SP-coupling mecha- system. Until recently, all available good prototypical ex-
nism largely unaffected by angufficiently smalinterchain  amples of such a system weseganic compounds like, e.g.,
coupling J’. A practical consequence of the existence of TTF-CuBDT (Refs. 6 and 2J, TTF-AuBDT (Refs. 21 and
both a singlet ground state and a gap is the prediction of aB2) or MEM(TCNQ), (Ref. 23. For these systems,
exponential dependency at low temperatures of quantitiemagnetic-susceptibility'?>2*magnetizatiorf>?* NMR (Ref.
like, e.g., x(T), C(T), 1/T,T,... which can be checked ex- 27), x-ray?®*=*°and neutrof diffraction measurements were
perimentally. found (when performeglto agree quantitatively with most of

The properties of a SP system in a magnetic fiéldlave the predictions of the standard SP theory discussed here
been discussed by several authdrs® According to these above. Very recently? the standard picture has been nicely
theories, the transition temperatufep is predicted to de- improved by the direct observation in TTF-CuBDT of an
crease as the field increases, following a quadratic relation #hcommensurate phase abddg. Unfortunately, no accurate
low fields'*™® (ATsgTspx—H?). At larger fields and low inelastic-neutron-scatteringNS) experiments could be per-
temperatures, whehl reaches some critical valud., the  formed on these compounds because of lack of large deuter-
nonmagnetic SP system is expected to enter amegnetic  ated single crystals, so that neither the spin-gap nor the soft-
intermediate phase, the nature of which is not completelyphonon mode associated with the transition could be directly
elucidated® >~ In particular, this phase should be charac-observed. The recent observation of a quite intriguing sus-
terized by the coexistence of both a unifofai q=0) and a  ceptibility in CuGeQ below 14 K strongly suggested that
staggered magnetization up to a second characteristic fielthis germanate could be the firistorganic prototypical ex-
H, above which the saturated paramagnetic state iample of an SP systefi.Since the pioneering work of



53 INELASTIC-NEUTRON-SCATTERING INVESTIGATION @ . . . 5581

Hase and co-worker§;** very comprehensive studies have dynamics and the lattice distortion. Finally, we will give
been undertaken on CuGg®y various groups, including, some conclusions and perspectives in Sec. V.

e.g. susceptibility°. ~ magnetizatiod?  neutron-

scattering®3® NMR (Refs. 39 and 4 electron-spin-

resonance(ESR (Ref. 41, specific heat?** Raman' Il. EXPERIMENTS

x-ray*® and electron-diffractio?f measurements. In general, s _
the measurements belofige~14.3 K were found to agree '€ compound CuGeJCbrystalhz(_aé in an orthorhombic
more than qualitatively with most of the predictions reportedStructure of space group Pbmm, with two chemical formulas

so far for an SP system: exponential decay of the susceptR®" elen}l\entary unit ’&fzel[Z=2) and A‘Nith cell parameters
bility at low temperaturé®*5 nonmagnetic singlet ground 2=4-79 A, b=8.425 A, andc=2.94 A at 1.5 K. The crys-

state®3® spin-gapA~24 K in the excitation spectruin® tallographic structuf® can be described as a stacking of

(verifying the relation A~3.4kTgp), critical field H,~125 CuG, and ?e_Q infinite chains running along theaxis. The i

kOe above which a finite magnetization is recovétdy S=1/2 C#" ions are located at the center of edge-sharing
(verifying the relationgugH,~0.83)), existence of nuclear Sduares of oxygen atoms. Intrachain couplings between first
superlattice peaks beloWsp described by a commensurate N€ighbors are propagated through weakly covalent Cu-O-Cu
propagation vect8P4637 kep=(1/2,0,1/3. However, if the excha_nge_ paths, whereas the magnetic chains are separated
SP state seems relatively well understood, a quantitativBy "gid distorted Ge@tetrahedrons along the axis (ex-
agreement with the simple picture is far from being realizedchange path Cu-O-Ge-O-Cand thea axis (exchange path
aboveTspin the “normal state.” Thus, in CuGe{the mag- Cu-0-0O-Cu. Ffom a qughtatlve anal_yS|s of Qxchange paths,
netic susceptibility abovelsp deviates strongly from the one may anticipate antiferromagnetic couplings alonglthe

Bonner-Fisher law expected for an idez+1/2 Heisenberg andc_directions, the strength of the coupling aloageing
chain®"#3 Also puzzling and unconventional are the aniso-'°~ likely much smaller than those alobgandc.

tropic (quasi-1D pretransitional structural fluctuations un- The_ single .crystals of CuGeQused in our neutron-.

bi v ob d by x-rav diffractfSwell aboveT scattering studies were grown at L_CS/Orsay using a roatmgT
ambiguously observed by x-ray difirac el above 237  zone method associated with an image furnace. The experi-
but not seen in the neutron-diffraction experimefits} mental details of crystal growth have been given elsewhere

even in.the vicinity ofTSP_. These features have been qua.llli— (see Refs. 49 and 50Two different samples of good quality
.tatlvelylnterpreted asa S|gn§1ture that the structural transitiofgye peen prepared: one for measurements in zero field
in CuGgQ was effectlvely tr!ggered by the 1D-AF fluctuaj (shaped approximately as a cylinder of diameter4 mm
tions, in a manner similar to some other organicang lengthL~30 mm), the second for studies under field
compound® like, e.g., (BCP-TTPH,X (where X=PFs,  (with dimensions &6x4 mn?). In the zero-field experi-
AsFg). Such a behavior contrasts sharply with what has beements, the sample was mounted in various ILL-type cry-
obtained in, e.g., TTF-CuBDT or MEMCNQ),, com-  ostats and oriented in all cases with théchain axis lying
pounds for which both a Bonner-Fisher law andasi- in the equatorial plane. The cryostat was tilted in such a
isotropic structural fluctuations have been obser%é&3° manner as to survey successively théb* c*),
Clearly, a more quantitative understanding of the spin-Peierlga* +6b*,c*),(@* + 10b*,c*) scattering planes. In the experi-
problem would require going beyond the mean-field approxi-ments with an applied field, the sample was aligned with the
mation and taking into account the structural fluctuations. Irplane(a* +6b*,c*) in the equatorial plane and mounted in a
CuGeQ, one may expect the strongly anisotropic structurallO-T vertical field cryomagnet. The neutron-scattering ex-
fluctuations to induce a spin pairing at very short range andperiments were performed on various three-axis spectrom-
eventually, apseudogap(i.e., a damped excitation at finite eters: DN1, installed on a thermal beam at the Sikesctor
energy should be present above, in the magnetic excita- of CEN-Grenoble; and 1T, installed on a thermal beam at the
tion spectrunt® Concerning the latter point, contradictory Orphee reactor of LLB/CEN-Saclay. Different configurations
results have been reported in the literature for Cuge®e  have been used. On DN1, the incident wave vekjowas
Refs. 35 and 36 although a clear non-BCS behavior versusheld fixed at 2.62 A and both thg002) pyrolithic graphite
temperature has been observed bellow in all cases. (PG monochromator and analyzer were vertically focused.
In order to further the microscopic understanding of theWe have used horizontal collimations'280'-S-60'-30" (ex-
mechanism and the nature of the transition observed at 14 [§eriments in zero fieldor 25-30'-S-60'-60" (experiments
in CuGeQ, we have undertaken an exhaustive inelasticunder field, yielding a resolution in energy of about 0.6 and
neutron-scattering study of this compound as a function 00.74 meV, respectively. On 1T the final wave vedtprwas
temperature, both in zero field and under a magnetic fieltheld fixed at 2.662 A?, with a vertically focusing P®02)
applied perpendicular to the chain axis. In this paper, we willmonochromator and a horizontally focusing PG ana-
focus on the evolution of both the spin dynamics and thdyzer. With such a configuration, the resolution amounted to
lattice distortion with temperature and field, our main goalabout 1 meV. Some neutron-diffraction experiments have
being to bring new pieces of information on the magneto-been performed on the two-axis spectrometer DN3 equipped
elastic couplings at the origin of the unconventional properwith a lifting arm detector, installed at the Siloeactor. In
ties observed in this very promising compound. these measurements, the incident wave length was fixed at
The paper is organized as follows: after a brief descriptioriL.53 A, produced by a PR@02 monochromator. The sample
of the experimental conditions in Sec. Il, Sec. lll presents thavas mounted in the 10-T cryomagnet and oriented with the
main experimental results obtained in zero field. Section IMa* +6b*,c*) plane horizontal, allowing to observe nonequa-
will be devoted to the description of field effects on the spintorial reflections between-5° and 12°.
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FIG. 1. Longitudinal elastic scans across thé2,3,1/3 super- FIG. 2. Temperature dependence of the neutron intensity at

lattice peak at zero fieliT=5.68 K (O) andT=25 K (®)] and at point (1/2,3,1/3, showing the disappearance of the lattice distortion
H=81 kOe[T=6 K (A)]. The solid lines are fits to Gaussian func- atTgp=14.2 K. The solid line is a fit to a power law, as described in
tions as described in the text. the text.

IIl. NEUTRON SCATTERING IN ZERO FIELD rather small lattice distortiofremember that qualitatively

] ) I5(Q)=({(&)7)% whereQ is the scattering vector associated
In CuGeQ, the first problem considered has been to tryyith the superlattice peak Accurate neutron-diffraction

to detect the presence of superlattice peaks arising eithefeasurements asingle crystalshave confirmed the lack of
from a hypothetical lattice dimerization or from the existencezp magnetic order down to 1.4 K, but have allowed a clear

at low temperature of a long-rang8D) magnetic ordering. gpservation of the lattice distortion in CuGgO
Powder-diffraction experiments performed on the three-axis

spectrometer DN1 have showo traceof additional super-
lattice peaks in the diffraction patterns, at least down to 1.7
K. This negative result implies the lack of long-range mag- The first evidence of the existence of superlattice peaks
netic ordering well below 14 K, the temperature at whichbelow Tgpin CuGeQ was obtained from x-ray diffractidn
x(T) starts to drop rapidl§? The disappearance of magnetic and electron-scatterifgmeasurements. The observed satel-
fluctuations at low temperature and low energy, a signaturéites were indexed with a commensurate propagation vector
of a nonmagnetic singlet ground state, has been unambigl<=(1/2,1,1/2, corresponding to out-of-phase motions
ously observed from NQR measurements of the spin-latticérom the initial atomic positions. Neutron-diffraction mea-
relaxation timeT; as a function of temperatuféBetween 5  surements on single crystals have confirmed the presence of
and 13 K, the fluctuation rat& ; }(T) has been found to nuclear satellites not only at scattering vect@s(1/2,2n
vanish rapidly withT, following closely an exponential law +1,1/2 (Refs. 45, 36, and 37but also atQ=(1/2,2n,1/2)

T HT)=T exp(—A/KT), with a gap valueA~20-25 K. Re-  (Ref. 37, a fact which indicates that the propagation vector
cent NMR measuremenitsperformed belw 5 K have con-  is more rigorouslykss=(1/2,0,1/2. Figure 1 shows a typical
firmed these results, showing that at very low temperaturéongitudinal scan across the satellifi¢2,3,1/2 performed on
1T,xexp(—2A/KT) with A~24 K, in agreement with the the DN1 spectrometer at a temperature of about 6 K. Clearly,
theoretical prediction for an SP systémAs we shall see a well-defined peak is observed, witgawvidth only limited
later, the absence of 3D magnetic ordering in CugeCa by the instrumental resolution. This implies a true long-range
direct consequence of the small value of the correlatiorordering for the lattice distortion. Very similar results have
length, despite the existence of relatively large interchairbeen obtained at peak positiofl§2,5,1/3, (1/2,1,3/3, and
couplings in this compound. We will come back to this point(1/2,3,3/2, which confirm the propagation vectkgp previ-
more quantitatively in Sec. Il C. In what concerns the ously determined. Table | summarizes the corresponding in-
dimerization itself, the powder data only indicate that thetegrated intensities obtained fromscans performed on the
intensity of superlattice peaks must be very weak, implying &N3 two-axis spectrometer, following standard experimental

A. Lattice distortion in CuGeO;

TABLE |. Observed structure factor@rbitrary unit$ for some dimerization superlattice peaks at zero
field and 98 kOe. For comparison, we have also given rescaled values obtained by the BN (afpeyuRef.

37).

IpL IpL IpL
Q T=5KH=0 T=5 K H=98 kOe (scaling from Ref. 3y
(—1/2,3-1/2) 5.5+0.3 5.4:0.3 55
(—1/2,5~1/2) 6.6-0.4 6.0:0.4 7.8
(2/12,-1,3/2 4.6+0.3 4.8:0.3
(—=1/2,3,3/2 0.3+0.15 0.3:0.15 0.2

(0,0, 4830+100 498G-100




53 INELASTIC-NEUTRON-SCATTERING INVESTIGATION @ . . . 5583

procedures. These data have been corrected by the Lorentz _ 2
factor L(Q) and by second-order contamination, the latter INCHWL(Hy) | 2 b; exp27iH\Rj)| -
contribution being determined for each position by perform- !

ing the samaw scans at 23 K. The purely nuclear nature of Assyming that the model proposed in Ref. 37 is valid and
these peaks has been unambiguously established from thejgglecting in our analysis all extinction or absorption correc-
dependencies of both the scattering vedfoand the tem-  tions, it has been possible from our data to deduce values for
perature. Figure 2 shows, for example, the temperature dgne displacements of Cu atoms along thexis and @2)
pendence of the satellité/2,3,1/3. As can be seen, the peak a1oms along thés axis. We have obtained the following re-
intensity vanishes at about 14.2 K, a temperature which cafced values, using scattering lengthg=0.77,bg.=0.82,
be taken as an accurate estimateT gf. and bo=0.58<10"2 cm: 65/c~0.0028 and &%/b

We have analyzed our experimental results in the vici'nityko_OOl& the componerd being determined with low ac-
OT Tsp starting f_rom a_conventional power-la;/\é behavior curacy from the present data. The main reason for this is the
given by the reflat'onD(T):IBG+IP(O)'(1._T/TSP) 3where impossibility of having access to scattering vectors with
lgg IS the.re3|dual background intensity _d(_atermmed abov igherQ, components3/2,5/2,..), due to the use of a cryo-
Tspandf is a pseudoexponent characterizing the nature o agnet that has strongly limited the observable vertical an-

trgﬁ]tertaer:::t;rl;ﬁﬁ &%?ngg;ggr _(Ij_:;i 1343?362\' e}g, V;'::j pa'gular vvjndpw. The _displacemepts obtained from_ the present
B=0.26+0.03. In particular the latter value is far from cor- detgrmmatmp are n qua_nt|_tat|ve a}greement with brévious
. i . estimates. Since magnetic interactions along the chain axis
responding to the expected mear-field valﬂ_ero.s,_ %g involve mainly superexchange through2p oxygen atoms,
agreement with previous x-rayand neutron-diffractio the Cu and @) shifts are expected to induce alternating

me.atsurem'en(t;\s.GThs fsrr;all v?lue ,@ﬁst CO.nS'St.‘:‘.m va;:th tthe exchange in the system, due to nonsymmetric modifications
existence in CuGegf strongly anisotropic critical fluctua- -, ¢ Cu-@2)-Cu geometry. This will have important con-

: ; ; H 45 _ / > .
tions, (_)bserved in this material _by Pougital.™ by x ray. sequences on the magnetic excitation spectrum, as we will
diffraction. However we emphasize that no such fluctuat|on%ee in Sec. Il B

have been detected in the present neutron-diffraction experi- No trace of quasielastic pretransitional structural fluctua-

mgnts, as can be ea5|l'y seen in F'.g' 2. We will discuss thI'?1ons could be detected in our neutron-scattering experiments
point later. An alte'rnanve explgnapon for the smﬂl!ha}s performed on the three-axis spectrometers DN1 and 1T, at
bee_n P.rOpose.d’g'gh'Ch would bring into play the proximity of scattering vectoiQ=(1/2,3,1/3. This fact is illustrated in

a ricritical point. ig. 2, e.g., where no tail is observed in the neutron-

th Fro(r; thef ol%sgegvid mter:ﬁmest, we h?vf. fou.ndt_a ratio E cattering intensity abovEgp. Our data suggest for the mag-
€ order o etween the strongest dimenzation-peak ,;y,qe of the structural fluctuations a value at leagties

intensitieg and th@’o’]) nucllear' Bragg-peak intensity. This smaller than the value observed for a dimerization peak.
small ratio confirms quantitatively the smallness of theNegative results were also obtained in the vicinityTgf at
atomic displacements in CuGg@nd explains quite well the higher scattering vectors, e.@~=(1/2,5,1/3, using the DN1
difficulty to observe satellites in neutron-scattering measureépectrometer set in the two-axis configuratiae., analyzer

ments performed opowderedsamples. An accurate neutron removed. With such a configuration, one expects to inte-

scattering study of satellite intensities has been undertake : : L
) - . ate, at least partially, over a wider energy range limited
by Hirotaet al,®” and has allowed a quantitative determlna-& P Y 9y g

i ¢ th . tomic displ ¢ taisat | only by the neutron incident energ§g;~14 meV in our
tlon 0 te vazous gl_omltc tﬁp_acem{;—)nl \tlﬁc S O\tN ._cas@. The fact thaho nonmagnetisignal could be detected
emperature. According to their model, theé main aom'caboveTspin the quasi-elastic-neutron-scattering experiments
shifts are observed for the Cu atoms along thaxis and

) . ) strongly suggests that the structural response, if sizable, is
0O(2) atoms in thea,b) basal plane, with very small relative gly sugg P

- very likely inelastic or broad in energy. In fact the structural
atomic displacements valugk,/c~0.0022,55/a~0.0018,  ,ciations are probably alseery smallin amplitude and,

.. : : , : .
and 6o/b~0.0013. Table | gives a comparison between theynyway, always superimposed on the magnetic fluctuations.
present data and the corresponding data obtained in Ref. 37hjs renders their observation very difficult by neutron dif-
As can be seen, our data appear quantitatively consisteffaction, in contrast with x-ray diffraction, a technique that

with those of Ref. 37 and, consequently, confirm the prointegrates over the full energy spectrum and, moreover, is
posed structure. For a quantitative analysis we have used th@ry weakly sensitive to magnetism.

following expression for the integrated intensity of a super- For the same reasons, and despite very careful

lattice peak defined by the scattering ved@#Hy+ksp: measurement® it has not been possible to observe any pho-
non softening al ¢p. These negative results, also reported by
2 Lorenzo et al,*® Nishi, Fujita, and Akimitst* and Hirota
In(QL(Q)x| > (27Q- &)b; exp(2miQR))| , et al®® may be attributed either to the weakness of the rel-
]

evant phonon or to the nature of the phase transition itself,

which could be of order-disorder type and not at all of dis-
whereHy is a vector of the reciprocal spacke(Q) is the placive type as expected in the standard theory. In this case,
Lorentz factor,g; is the thermal average displacement ofadditional phonon branches should be present at low tem-
atomj, b; being its associated scattering length, &dits  perature aroundj=kgsp. A rough estimate of the expected
position in the undistorted elementary unit cell. The normalcounting rate for these “dimerized” phonons can be made.
nuclear-Bragg-peak intensities have been analyzed from thEypical phonon measurements in CuGe@ive counting
well-known relation: rates of the order of 100 neutrons per minute at low tempera-



5584 REGNAULT, AIN, HENNION, DHALENNE, AND REVCOLEVSCHI 53

200 ——r— ' ' ' TABLE II. Evolution of the peak positiofwy,), peak amplitude

& (1) and full width at half maximuntAw) of the magnetic response

% at g=kag, as a function of the scattering vectQr

£ 150 | i

= Q wy (meV) |y (counts/mor-6k) Aw (MeV)

Q

< q00 L ] (0,1,1/2 2.0+0.05 360 1

B (0,1,3/2 2.0+0.05 120 1

£ (1/2,3,1/2 2.7+0.1 30 1.5

s Or I (1/2,5-1/2)  2.8+0.1 20 15

0 0 1 2 3 4 5 6 7 lation alonga*. Figure 3 shows scans in energy performed

Energy (meV) on the 1T spectrometer at a temperatureTefl.4 K, well

below the characteristic temperatukék, for three values of
FIG. 3. Constan® scans at different scattering vectors the scattering vectorQ=(0,1,3/2, (1/2,3,1/3, and (1/2,5,
Q=(0,1,3/2 (0), Q=(1/23,1/2 (O) and Q=(1/2,5,1/2 (@),  —1/2), located at the centeffor the formej and at the
showing the dispersion of magnetic excitations alongahelirec- boundary (for the two lattey of the Brillouin zone. The
tion perpendicular to the chain axis. Solid lines are guides for thqOrmer scan exhibits a sharp maximum at 2 meV, whereas
eye. the two latter exhibit a broader maximum at a slightly higher
energy of about 2.7 meV. Table Il gives a comparison be-
ture. Taking into account the 10 ratio observed between tween the peak position, the energy-integrated intensity and
the dimerization peaks and the normal Bragg peaks, one exhe energy widtHfull width at half maximum(FWHM)] of
pects a phonon intensity of the order of 0.1 n/min. This phothe three observed modes. TQedependence of the intensity
non contribution should be superimposed on a backgrounghows that the observed excitations are of magnetic origin.
contribution of the order of 0:51 n/min and to the inelastic The shift in peak position clearly reveals the existence of a
magnetic contribution, which amounts at the scattering vecsjzable dispersion along th&* axis (perpendicular to the
tor Q=(1/2,5,1/2 to about 10 n/min(as will be seen in the chain axi, with a minimum in energy observed at points
next section Therefore, the main difficulty is to eliminate corresponding to the wave vectén=(0,1,1/2. We note
the magnetic contribution, always present and superimpose@hithout explanation so farthat the antiferromagnetic wave
on the lattice contribution. In our opinion this will not be vectork - and the propagation vector of the lattice distortion
trivial, even using polarized neutrons and full polarizationkSP:(l/z,o,l/g differ by their components perpendicular to
analysis. the chain axis. Obviously, the dispersion alaay must be
attributed to the existence of a wetdkromagneticcoupling
B. Spin dynamics in CuGeQ along thea direction. We will come back to a more quanti-

) ) ) tative analysis of these data below.
As mentioned in Sec. |, the SP ground state is expected to Quite surprisingly, an even more pronounced dispersion

be a nonma_lgnetk_: singlet ground state well separated_ frofas observed along the* direction, also perpendicular to
the first excited triplet state by an energy gap of magnitudgne chain axis. Figure 4 shows typical scans in energy per-
A~1.7&Tgp~2.1 meV=25 K. Macroscopic data from mea- formeqd on the DN1 spectrometer, 1.8 K, for three val-
surements such as susceptibifitymagnetizatior?; or spe- ues of the scattering vect@=(0,—1+qy,1/2), with g, =0,

cific heaf? have given strong evidence for the existence of0_4' and 0.8. The pronounced dispersion was observed along
such a gap in CuGeQThis gap has been further confirmed hey* direction, which confirms the rather poor 1D character
by more microscopic techniques like, e.g., NMRef. 39 or ot cuGeQq. This fact, first reported by Nishi, Fujita, and

E%R (Rf924421 which have provided foA a value of the  Akimitsu® is now well established by several independent
order o .

In order to determine directly the magnetic excitation E 250 . - . . . .
. . B | CuGeQ._ | E=14.3 meV
spectrum, INS experiments have been performed on single ¢ T8k 1 Q=(0,-1+q.,0.5)
: ; ® 200 | ¢ T
crystals of CuGe@ We have measured the dispersion rela- € R
tion of the magnetic excitations both along the chain direc- 8 1s0 | + 9,=04 i
tion and perpendicular to {both alonga* andb*). In these 2 . o
studies, the first problem was to determine @miferromag- g 100 f ,
netic wave vectok 5 at which the magnetic excitation spec- £ ;
trum displays its minimum in energy. Obviously one must § 50 [ b
havekig=1/2 for the component along thd axis, owing to é 0 N

the AF intrachain coupling. From a qualitative analysis of 0 1
interchain couplings along the axis, which involves Cu-O-

Ge-O-Cu bonds, one may also anticipate an antiferromag- rig. 4. constan® scans at different scattering vectors
netic coupling. Taking into account the fact that there are tWey—(0,~ 1+, ,1/2) with g,=0 (@), 0.4(O), and 0.8(J), showing

Cu atoms per unit cell along the Q|rectlon, one expects a  the dispersion of magnetic excitations along Hedirection, also
componentki-=1 along theb* axis. The third component perpendicular to the chain axis. The solid lines are guides for the
Kir was determined directly by measuring the dispersion reeye.

3 4
Energy (meV)
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88— T T % 500 T T T —
4| CuGeO, 1 5 ! N CuGeO,
L T=18K 1 % 400 - T=1.44K §
% 6 F Q=(0,-1+q,,1/2) b g Q=(0,1,1/2+q)
£ 5 ] g 800 e ]
L > r :q:0.0Z
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FIG. 5. Dispersion of the magnetic excitations aldngt 1.8 K. E 120 [ 14k A ]
The open symbols are the experimental data. The solid line is a fit % 100 [ 0=01,1/2+0) R . ]
to Eq. (7). 8
E 80 + ph
measurement®*!Figure 5 represents the dispersion relation 2 60p 1
which was obtained alon@®*. The minima in energy are £ 40 L -
observed for componentg,=0,2,... at about 2 meV, while 5 20 [ RV STy ]
H : = T S LI PSS
the maxima in energy occur at componenis=1,3,... at E R
. . . . 0 . L . L » 1
about 5.8 meV. As previously mentioned, such a dispersion £ 0 5 10 15 20
reveals the existence of relatively stromgtiferromagnetic Energy (meV)
couplings along thé axis. We will discuss later the quanti-
tative analysis of these experimental results. FIG. 6. Constan® scans at scattering vecto@s=(0,1,1/2+q)

More important, we have attributed the energy minimumfor a temperatureT=1.44 K, showing the dispersion along the
atq=Kk ¢ to the existence of aenergy gap\~2 meV=23 K  chain axis: (a) q=0, 0.02, 0.04, 0.06, and 0.0&) q=0.1, 0.12,
in the excitation spectrum. The ratioAKTsp~3.32, al- 0.14, 0.20, and 0.25. The solid lines are guides for the eye.
though slightly smaller, is found to obey closely the BCS
relation, as predicted theoretically for an SP systeee Sec. _ ,
). This value is also in good quantitative agreement with H_Z‘le (%i'SZi+1+aSZi+1-Szi+z)+Jai§j: S-S
previous INS(Refs. 35 and 36and indirect®**?determi- '
nations. ,

Further information was obtained by measuring the dis- +‘]b%—: S-S, )
persion relation and the intensities of magnetic excitations
a|ong the chain axis. Figureqeﬁ and Qb) show several in which Jé and ‘]t’) are the interchain coupling constants
magnon groups observed with the 1T thermal neutron sped@longa andb, respectively. In relatiort5), the subscrip
trometer, which give evidence for a strong dispersion alongiumbers spins belonging to adjacent chains. Unfortunately,
c*. Figure 7 shows the evolution of three scans in energghere areno precise quantum calculations giving the disper-
performed in the vicinity ofq=0, at scattering vectors Sion relation corresponding to Hamiltonidb) with finite
Q=(0,1,1+q) with g=0.15, 0.05, and 0. We have deter- J; andJ;,. In a first approximation, order of magnitude es-
mined the mode energy for eadhvalue as being the posi- timates forJ; and a can be obtained by assumidg~J,
tion at maximum intensity, neglecting in a first approxima-~0. In this case, theoretical calculations are available for the
tion all resolution or intensity corrections. Following this
procedure, we deduced the dispersion curve of magnetic ex-

citations along the* direction, shown in Fig. 8, for reduced g 80—
. X . . 1l Q=(0,1,1+q)

wave vectorsg.= 1/2—q covering the first Brillouin zone. 5 250 | Ttk |
Within experimental error bars, the excitation spectrum is £ o ' °
found to bequasisymmetrivith respect tay.=1/4, where it S 0l fo ° ° 5]
displays its maximum in energy a#,,~15.7 meV. Obvi- k) ° 9/05
ously, this last quantity must reflect directly the strength of £ 150} oo © 1
the intrachain couplings. b5 °

As previously discussed in Sec. Il A, the dimerization of =100t .
Cu atoms belowT g5 induces alternating exchange and the %
ideal magnetic system at low temperature is expected to be 2 500 5 — 1'0 — 1'5 T
reasonably well described by an alternating-chain Hamil- Energy (meV)
tonian(1). Taking into account the finite interchain couplings
observed experimentally in threal system, a more appropri- FIG. 7. Constan® scans at scattering vecto@=(0,1,1+q)

ate Hamiltonian describing the magnetic properties ofwith q=0.15, 0.05, and 0 showing the energy dependence of the
CuGeQ could be written as magnetic excitations ag—0. The lines are guides to the eye.
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FIG. 8. Dispersion curve of the magnetic excitations at 1.8 K for  FIG. 9. Dispersion relation along the chain at small reduced
wave vectors directed along the chain axis. The solid line is a fit tovave vectorsy.=q—1/2. The open symbols are the experimental
the theoretical dispersion relation as given by Eg). The dashed data obtained on various three-axis spectromef&ry 1T, (A)
line corresponds to the linear relatian(qc) ~cqq - DN1, and (O) 4F1]. The solid line is a fit to the relation:

w(q.)~(A?+c3q2)Y2 as explained in the text.
spin-1/2 alternating chaihAs for the uniform chain, a con-
tinuum of triplet excited states is expected to exist above davor quantum disorder. Indeed, theoretical calculafibré

lower limit w,(q;) given approximately by the relation have clearly demonstrated the tendency to spontaneous
. ——— dimerization when the ratio of NNN to NN intrachain cou-
01(de)~ JAZ+ (why — A?)sirP(2m0), (6)  pling constants is larger than 1/4. Unfortunately, the disper-

whereA andw,, have been previously defined and where thesion relation of magnetic excitations is unknown for that
reduced wave vectan,=1/2—q is expressed in reciprocal model, which strongly limits a more quantitative analysis.

lattice unit(r.l.u). Both A and w,, are functions of the ex- The last reason is a purely experimental one: finite resolution
change parameteds anda. For the ideal 1D case, we have corrections could play a non-negligible role, especially in
oy~ md1[(1+a)/2], while the energy gap(J,,a) is calcu- experiments in which horizontal focusing qle\_/lcéraono-_
lated numericallf~* A recent determinatidi gave chromator and analyzehave been used. This is clearly il-
Ay, @)~1 05(2_]1')(1_a)2/3 Quite similar to the case of lustrated in Fig. 9, which compares our experimental data at

the spin-1/2 uniform chain, the dynamic structure factor'® dc from different spectrometers: thermal 1bpen

S(q.,w) is expected to display a maximum at an energyCircles, Q=(0,1,1/2kqc)], cold 4F1 [open squares,

(q), located only slightly aboven(qy); the latter quantity <@ (0:1.1/2Fq¢)], and thermal DN1 [open ftriangles,

reflecting with a sufficiently good accuracy the pSeUdOdiS-Q:(0’1'1/2_qc)]- Due to a better instrumental resolution in

persion relation of the magnetic excitations. In other word:?c.)th wave vector and energy and betler focusmg.condmons
the experimental data can be analyzed directly from(EJ. with respect to the dispersion curve, th(_a data obtained atllow
The solid line in Fig. 8 is calculated from E¢6), using the g on the last two spectrometers give slightly Iarge.r energies.
experimental values of andw,, . These values are obtained MOreover, they appear mzuch closer to the theoretical predic-
self-consistently using the exchange parameteds)~10.5 10N @(dc)~ A+ (Coqc)® than those obtained on the 1T
meV~122 K anda~0.92. The present determination aj;2 spectrometer. In F_|g. 9, the. solid line is cglculated from the
is in good agreement with a previous INS determination by€lation above with a spin-wave velocitg,~80 meV/
Nishi, Fujita, and Akimitsé? based on an anisotropic antifer- r..u~38 meV A. This value is found to be 20% smaller than
romagnetic model. However, our value @fis found signifi-  the theoretical predictionywy—A°d~96 meV/r.l.u~45
cantly larger: 0.92 in the present analysis instead of 0.78 ifneV A expected for the simple alternating-exchange Hamil-
Ref. 35, indicating a much weaker alternation. The reason fotonian. The dashed line in Fig. 8 represents the classical be-
this discrepancy arises mainly from the use of the Pytte'd1avior w(dc)~cod, calculated withco~40 meV A, which
mean-field expressiGm~1.64(2J)$ in Ref. 35, which dif- accounts for the experimental data downge~0.05 r.l.u.

fers by almost a factor of 2 from the numerical determinationBelow this valuew(q.) deviates rapidly from a linear rela-

of A(J;,@). From our determination, we obtained a lattice- tion, as an effect of the opening of the gap. We will see later
distortion parameter 5=(1—a)/(1+a)~0.042, which is that 1f.~10 A reflects roughly the value of the intrachain
qualitatively consistent with the relatively small amplitude of correlation length. We believe that the remaining difference
the atomic displacements observed by neutron diffragtion of about 20% observed between the experimental and the
(remember that,~0.007 A). calculated dispersion law at low, is a sign that the Hamil-

As can be seen in Fig. 8, the agreement between the thetenian (1) is much too “simple” to describe the reality. As
retical curve(solid line) and our INS data is far from perfect. discussed above, a possible improvement could result from
There are at least four reasons for this. First, expregéiois  the introduction of interchain coupling constadts and J;,
only an approximation which may not reproduce accuratelyor, possibly, by taking into account the NNN intrachain ex-
the maximum ofS(q.,w) if the continuum is too strong. change couplings.

Secondly, the poor 1D character of CuGe® expected to Although no precise theory exists to date, rough estimates
modify appreciably the ideal dispersion relation given by theof the magnitude of the interchain couplings can be obtained
simple Eq.(6). We will come back to this point later. Thirdly, from antiferromagnetic spin-wave theory for anisotropic
next-nearest-neighbofNNN) intrachain coupling® could  system with two Bravais sublattices, the SP gap being simu-
play a role going against the 3D interchain couplings andated by an anisotropy gap. For the dispersion alongbthe
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axis (of antiferromagnetic type the predicted expression is

the following (with g, expressed in r.LJ. 400

350 |
300
250 |
200
150 [
100 |

()= VAZ+(AE)} sirP(mqp/2). (7)

In deriving relation(7), we have implicitly taken into ac-
count the fact that there are two Cu atoms in the elementary
unit cell along théb axis. The solid line in Fig. 5 corresponds
to the best fit of experimental data to Ed@) with parameters
A~2 meV and AE),~5.3 meV. Using theclassical spin-
wave results AE),~2S\zz|JJ;| and wy~2S24J|, with
S=1/2 and wherg=2 andz =2 are the numbers of adjacent
spins alongc andb, respectively, and is the average intra-

Integrated intensity (arbitrary units)

chain exchange value, one deduces a ratifj/J| FIG. 10. Intensity integrated in energy as a function of the wave
~[(AE)y/wy]?~0.11. This value confirms quantitatively vector component along the chain. Symbols are the experimental
the poor 1D character of CuGgO data obtained on DN1®) and 1T(A,O) spectrometers. The vari-

In what concerns the dispersion along #fedirection(of ous lines correspond to different calculations or fits as described in
ferromagnetic typg the predicted expression can be writtenthe text.

as served above typically 2.5 meV. Accordingly, the unfolded

~ A2 2 o S(g.,w) should exhibit an intrinsic tail on the high-energy
w(da) = VA *(AE); sim(7), ® sidec, which could originate from the continuum predicted
which fits the experimental data with a coefficient theoretically’* Unfortunately, to our knowledge no precise
(AE),~1.66 meV, implying a ratidJ;/J|~0.011 about 10 analytic expression foS(q.,w) exists for an alternating
times smaller than for thb* direction. Although derived in  chain system. This renders further quantitative analysis of
a slightly different manner, our determinations agree venthe inelastic line shape difficult. Moreover, such an analysis
quantitatively with those obtained previously by Nishi, requires the introduction of the 4D instrumental resolution
Fuijita, and Akimitsu®® The strong value ofJ;/J|, by modi-  function R(Q,w), which is not a simple tool in general. To
fying both the quantum characté@xpected to be less impor- avoid all these complications, we prefer considering the neu-
tant and the effective dimension of the systé@imfact inter-  tron intensity integrated in energy over the inelastic peak,
mediate between 1D and 2Dmay bring quantitative formally defined by the expressidd(q) = S(q,w)dw. The
Changes in thd andJ’ values determined previous|y' Qua”_ integration Qverw cancels the eﬂ:ect- of the resqlution in-en-
tatively, one expects an increasedofand also ofl;) result- ~ €rgy, assuming foR(Q,w) a generalized Gaussian function.
ing from the fact that the coefficient relating, to J is no ~ Furthermore, such a procedure presents the advantage of in-
longer m~3.14, but a number slightly smallébut larger ~ tegrating(at least partly over the continuum, whenever it
than 2.36, the value expected for an ideal 2D Heisenber§Xists in the real system. In principle, using such a proce-
systenfi®). However, for a more quantitative determination of dure, one has only to consider the resolutionginwhich
these parameters, a more accurate theory is needed, parti¢lths out to have little effect in this problem where the phys-
larly to explain the unusual shape ©fT). ics is generally broad iy (remember that £~0.05 r.l.u.
whereas typicallyd §°72~0.01-0.02 r.l.u. Figure 10 sum-
marizes the dependence of the integrated intensity as a func-
) tion of the reduced wave vector along the chain. Without any
In all our INS measurements =k, the line shape of  syrprise,S(q) is maximum atj=1/2 and decreases continu-
the inelastic magnetic response at low temperature has beggsly asq—0, to vanish completely ag=0. Qualitatively,
found to be relatively asymmetric. This fact is well docu- two distinct behaviors are observed on both sides of 1/4: a
mented by considering, for example, the energy scan atorentzian-like behavior abovg=1/4, whereas an almost
dp=0 shown in Fig. 4, performed on the DN1 spectrometeninear regime seems to take place belqw1/4. Quantita-
set in the constarf; mode. Experimentally, the magnetic tively, one observes an integrated intensity about 20 times
signal displays a quite visible tail on the high-energy sidesmaller atq=0.05 than at the symmetric positian=1/2—
which extends up to at least 5 meV within the accuracy ofy. o5, which shows that the decreaseSod) with g is not so
our measuremenifgemember that in the constaf-mode,  rapid. A much strongeq dependence has been observed in
the S|gn('2;\I decreases rapidly at high energy, roughly age spin-1 Haldane-gap system NERP.
(1~ w/E;)7]. Numerical calculations taking into account the  pye to the absence of quasielastic scattering at low tem-
resolution effects produced by the curvature of the dispersioerature (resulting from the nonmagnetic singlet ground
relation of the magnetic excitationsvhich give rise to a  state, the correlation lengt§ can be estimated frors(q),
similar tail) show that the dynamic structure factor cannot bewhich is directly related to the Fourier transform of the
described solely by afunction in energy. The dashed line in equal-time correlation function(S,S,). According to
Fig. 4 represents the result of such a calculation, using a 1kamoto®? this function is predicted to behave exponen-

structure factoS(q, )< é[w— w(qc)] convoluted with the  tially at larger values for an antiferromagnetic alternating
full 4D Gaussian resolution function and corrected by thechain, following the relation

neutron normalization fact®t k3 cotg(6,). Most certainly,
it is impossible to reproduce quantitatively the signal ob- (SOSr)oc(—)rexq—rlg)/\/%. (9)

C. Equal-time structure factor and correlation length
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By taking the Fourier transform of E9), one derives easily
a square-root Lorentzia(BRL) expression foiS(q):

S(a) <&/ \1+(q—kap) ?€ (10

wherek,-=m/c and q are expressed in &. In principle,
relation (10) is only valid for small values of the argument
g—Kkar- The solid line in Fig. 10 represents the best fit of
experimental data to the SRL function, giving a correlation
length of é&~9 A, which corresponds approximately to three
intrachain spacing distanceg/c~3). Experimentally, one
finds thatA and¢ follow quantitatively the relation 2~cgy/¢,
and not the relatiod~cy/¢ as predicted, for example, for the
spin-1 isotropic chait? (see also Ref. 62 A more accurate
and general expression f@(q) can be deduced from an
exact sum rule valid only in one dimensi&hQuite gener-
ally, S(gq) can be written in the form: S(q)
x[1—cos(2rqd)]/(w,), where we have introduced the av-
erage energyw,)=[S(q,w) odw/ [$(q,w)dw. If the spec-
tral function S(qg, w) is not too far from as function in en-
ergy [i.e., assumingS(q,w)~S(q) Xw—w(q))], then one
should have )~ w(q) 1+ (wy /A)?sin?(qd) (with a ra-

tio wy/A~7.8 in the present caseThe plain dot-dashed line
in Fig. 10 is calculated using the above relation, which in
fact corresponds to the so-called “single-mode approxima
tion” (SMA). Without any ambiguity, the SMA is unable to
reproduce the experimental data in the full range hlues.
However, our experimental data at layv(i.e., roughly for
0.05<q<0.2 are quite compatible with the log-SMA ex-
pressionS(q) =g/ V1+(ce/A)?g?, which predicts dinear
behavior as soon ag>2A/cy~0.05 r.l.u. Unfortunately, the
partial agreement obtained at layinevitably increases the
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cussed previously, the high-energy contribution might be as-
sociated with some sort of continuum.

Recent numerical calculations performed by exact
diagonalizatiof® of finite-size alternating systems have al-
lowed a quantitative understanding of the wave-vector de-
pendencies of the equal-time structure factor. The bold-
dashed line in Fig. 10 represents the theoreti€éd)
calculated numerically by Grempet al.'® starting from the
Hamiltonian(1) with an alternation parameter~0.9, which
corresponds approximately to the experimental determina-
tion. As can be seen, the experimental data are quite well
reproduced by the calculations, in the full rangegofalues.
Unfortunately, calculation o®(q,w) for the ideal alternating
chain at small +«a seems unable to reproduce the experi-
mental line shape, the theoretical prediction being not very
different from that of the uniform chain. At least, interchain
couplings should be taken into account in improved calcula-
tions.

As proposed in Ref. 13, the breakdown of the SK&#gi-
nating from the continuujrshould explain the factor 2 in the
relationship ofA to 1/£. Accordingly, the producA.¢ appears
to have no universal character. This is well illustrated by
considering the exactly solvable spin-1 Heisenberg model
with a biquadratic exchand@®® described by the Hamil-
tonian H=J3[SS.;+3% (SS.,)?]. For this model one
knows thatA~0.75], &d~1/In3~0.91, whereas

S(q)= 1-cogq2mqd)
9”531 cog2mqd) "

It is easy to verify thatA and ¢ are related byAé~0.68]1d,
which is now a factor 3.5 smaller than the spin-wave velocity

disagreement around the antiferromagnetic point, the SMA,~2.7Jd. Clearly, there is no universal relation betwekn
predicting a signal roughly 2.5 times larger than the observednd ¢, whereasS(q) for that model does not agree with the

one. A much better agreement in the full rangegotan be
obtained by using the slightly modified expressita,)

« 1+ p? siré(qd), in which p is now an adjustable param-

SMA expression, especially not in the vicinity q&=0. This
is precisely the signature of the continuum, which $¥r1
occurs atg=0 and not ag=m as forS=1/2.

eter. The best fit of this relation to the experimental data is

achieved with a valug~3.1 (bold-dot-dashed line in Fig.
10). The fact thatp differs again by a factor 2.5 from its
SMA value implies the existence ofreon-negligiblespectral
weight above the gap, which leads to an increasgsgf and
to a decrease d&(q). We believe that the extra intensity in

CuGeQ observed well above the gap originates from the
continuum of magnetic excitations predicted to exist in the

ideal alternating antiferromagnetic chdims well as in the
uniform antiferromagnetic chain. For this model, theory
predict§ a slowly decaying structure factor

S(9c, ) %[ w?— 03(de) ] 9O (0 — wa(dc)),

where@®(x) is the “step” function anda~0.5-0.6. The win-
dow is limited on the low-energy side by,(q.) (defined
previously and on the high-energy side by
w,(9.)~2mJd sin(q.d/2), with 27J~30 meV in the case of
CuGeQ. However, such a behavior is not observed in
CuGeQ. Our experimental results 08(g.,w) and S(q.)

D. Temperature dependence of the magnetic excitations

X-ray measurements by Pougetal*® have unambigu-

ously revealed the existence of relatively strong anisotropic
structural fluctuations, visible at least up to 40 K. Due to
magnetoelastic couplings, the correlation length associated
with these fluctuations is typically of the same order of mag-
nitude as the magnetic dynamic correlation length for tem-
peratures in the rang€s—25 K. One might therefore as-
sume that the magnetic system will not recover completely
the properties of an ideal spin-1/2 HAF system, in the case of
important spin-lattice couplings. More precisely, the exist-
ence in CuGeg@of quasi-1D structural correlations has been
thought to induce the formation of a pseudofjdp the ex-
citation spectrum abov&gp. Such a feature, whenever it
exists, could explain the quite unusual behavior of the mag-
netic susceptibility observed above the SP transition
temperaturé’® which deviates strongly from the Bonner-
Fisher prediction established for the ideal spin-1/2 HAF

can be understood if we assume that the dynamic structurehain. Previous INS measurements by Nishi, Fujita, and
factor is composed of two different parts: a narrow peakAkimitsu®® at =k, and Regnaulet al*® at q#k, have
centered at the gap energy, followed by a broad contributiomome to contradictory conclusions concerning the possible
of much smaller amplitude, but extending well above the gagxistence of a pseudogap abdlgs. In order to more care-
and carrying a roughly equivalent spectral weight. As dis-fully investigate its existence, we have performed accurate
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FIG. 11. Constan® scans atQ=(1/6,1,1/2 and T=1.8 K g 300 = ' T ' '
showing the relative intensities of the incoherent scattef@mgund T 250 | CuGeO, ]
w=0) and the inelastic scattering@round w=2 meV). The solid g Q=(1/2,3,1/2) 11 terak b-
lines are fits to Gaussian and Loretzian functions, respectively. 3 200 ]

c
g 150 | :
INS experiments on the DN1 thermal neutron spectrometer, 2 100 i ]

at various temperatures below and abdwg, and for sev- g
eral values of the wave vector. £ 50 1
We have performed energy scans at a fixed scattering vec- £ o - i

. . . 3

tor Q=(1/6,1,1/3, slightly shifted along thea* axis from the 2 L
-50

antiferromagnetic poirit 5. The main reason for this choice
arises from the necessity to control the accuracy of the tem-
perature by measuring directly and simultaneously the tem-
perature dependence of the superlattice gé#k3,1/2. The FIG. 12. () Constan 0 — (1/6,1,1/2 for various tem
elastic-incoherent contribution and the background contribu- = =~ Ilocateg Se?o&s;ﬁ dslz%_lxanc'i ébovglgiéO}%STe -
tion have been determined from an energy scan recorded ?): Constani© scans at'Q: (1/2 3' 1/2 for various t'emperafjr’es
the lowest temperature. This scan is shown in Fig. 11. The) oiaq below(1.4 and 12.6 B(arywd’ above(15.6 K) Tep. In both
resulting contribution has been analyzed, following the stangases, the solid lines are fitted using relatiag), according to the

-2 0 2 4 6 8 10
Energy (meV)

dard procedure, from a Gaussian function of energy: procedure described in the text.
So ) 1
(0)~Igat] p[ 41 2(‘”_5(”)2} (1) om0~ w PEYNE
w)~=1pc 0 exp — n . _ - [
Aw 1 exr{ kT) 1+( T )
. . 1
In this expression, the FWHMw represents the instrumen- wrAZ] (12
tal resolution in energy, wherea® is an offset in energy 1+ T

originating from a slight misalignment of the analyzer crys-
tal. The best fit is achieved with parametergs~30, whereS,is a normalization factor ani the damping param-
1p~3120,Aw~0.64 meV, andw~0.07 meV. This contribu- eter. Although lacking precise theoretical justification, such
tion has been systematically subtracted from the various eran expression has the practical advantage of displaying a
ergy scans, in order to obtain the purely magnetic part of theontinuous change from an inelastic behavior widdh>1
signal. Figure 1) shows typical corrected experimental to a quasielastic behavior whedT<1. We have found that
data obtained at temperaturds=1.8, 13.5(T<Tgp, and  Eq.(12) reproduces better the experimental data in the vicin-
15.15 K(T>Tgp. At T=1.8 K, the maximum intensity is ity of the transition temperature than a damped-harmonic-
observed at 2.1 meV, a value ordijghtly larger than the gap oscillator function. In the fitting procedure, the function
value. This means that the fact of having performed measuregiven by Eq.(12) has been convoluted with the instrumental
ments atg,=1/6 instead ofj,=0 should not affect dramati- resolution function in energfR(w), according to the relation
cally the conclusions. The resulting magnetic response is(w)xk? cotg(6,)S(w)*R(w), where the neutron quanti-
strongly modified when crossintp, evolving from a purely  ties k; and 6, have their usual meanirfd. The best fit of
inelastic regime at low temperature toward an overdampeéxperimental data to the above relation results in the set of
regime above ¢p. Both a damping and a renormalization of parametersA and I' versusT listed in Table lll, using a

the gap mode are observed whe&g is approached from Gaussian resolution function of FWHM 0.7 meV. The result-
below. In absence of more accurate theoretical calculationsng dependencies fak(T) andI'(T) are depicted in Fig. 13.

the experimental data at finite temperature have been anéa agreement with previous INS resuffhe gap value starts
lyzed using the following scattering function: to decrease only above 11 K, whereas the damping increases
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TABLE lll. Temperature dependence of the gap endrgyand TABLE IV. Temperature dependence of the gap endrgyand
damping(T") at Q=(1/6,1,1/2. damping(T’) at Q=(1/2,3,1/2.
T (K) A (meV) I' (meV) T (K) A (meV) I' (meV)
1.8 2.10 0 1.40 2.7 0
9.2 2.05 0.20 12.60 2.2 0.5
10.96 1.99 0.35 15.6 11 1.2
12.33 1.84 0.55
12.80 1.74 0.55
13.50 1.45 0.75 ited range of temperatures abaoVee. In fact, it is observed
14.05 0.90 1.25 only when the various structural correlation lengths have
15.15 0.50 1.50 reached sufficiently large values. According to the x-ray
19.60 0.0 2.20 critical scattering measurements of Pougesl,* an intra-

chain structural correlation lengths™%~17c~4— 5029

o o o ~50 A is observed at 15 K, whereas the pseudogap energy
rapidly in the vicinity of Tgp. Not very surprising, the ex- appears strongly reduced and damped at the same tempera-
perimental form ofA(T) cannot be reproduced by a conven- yre. Quite consistently, Renaed al®® have shown that the
tional BCS relation, the experimental results showing a morgpstitution of onlyx~1% of Ge by Si atomgwhich corre-
“steplike” behavior in the vicinity ofTsp. If we assume the  gponds to an average Si-Si distancebf~ 100t in 1D and

gap to be mainly induced by the dimerization, this non-BCSCla\/;,NV5 in 3D) is strong enough to destroy the SP ground
behavior should qualitatively find its origin in the existence gioa and the spin gap, inducing below aeNeemperature

of lattice correlations observed above the SP transition temTN~4.5 K a 3Dmagnetic long-range ordering described by

perature. H.owevgr, a more quantitative_analysis of these da{ﬂe propagation vectokc. Actually, the magnetic gap at
would require going beyond the mean-field approach. Unfor- —K, requires, to develop, that a relativdrge number of

tunately, such a theory is not yet available. Nevertheless, O erg exist in the correlated segments. More quantitatively,
gx_penmental results s_ho_w that the spin gafi) takes a the pseudogap is present when rougfﬁ&“}”>5—1(b, which
finite value atTsp, verifying the relationA(Tsp~A0)2, ¢, implies a large number of correlated atoms in both di-
whereas one has S|multaneou$t§%sp~0, as seen directly rections perpendicular to the chain axis. Consequently, the
from the temperature dependence of the superlattice peagg,in gap appears as a typically 3D feature.
(1/2,3,1/2. _ A more pronounced inelastic character is observed when
Due to the overdamped character of the magnetic rete differenced— kag| increases, as shown by measurements
sponse abov&sp, it is more difficult to get accurate values of the temperature dependence of the spin dynamics around
of A, than to determind’. For example, af =15.15 K, the . (i.e., forq,=1/2). Although less exhaustively, some mea-
best-ﬂt is achieved with a finite valug~0.5 meV. However, - surements were performed on the 1T thermal-neutron spec-
varying A between 0 and 1 meV hardly changes the qualityrometer at a scattering vect@r=(1/2/,3,1/3. Following the
of the fit. At 20 K, the best fit is achieved with a value=0,  same analysis procedure, we were able to extract the purely
which suggests a rapid vanishing of the pseudogap @  magnetic contribution from both sides . Figure 12b)
creases. In fact, the important damping which takes placgnhows the resulting data for three typical temperatures
aboveTgp has strongly limited any precise determination of =1 4, 12.6, and 15.6 K located below and abdug. In
the gap value above typically 16 K. Our experimental resultgontrast to the previous case, the magnetic response at 15.6
for the particular componerd,=1/6 are consistent with a K appears clearlynelastic displaying a well-defined maxi-
picture, following which the pseudogap exists only in a lim- mym at about 1.6 meV. The data were analyzed quantita-
tively from Eq. (12), with the parameterd andT listed in

3.0 . T . ] Table IV. The value obtained fak at 15.6 K confirms quan-
o5 CUGEO,  a=e112) ] titatively the behavior qualitatively described above: the re-
] sponse is inelastic aj,=1/2, with a characteristic energy
< 20F FTTTTTTC TR scale that reflects the dispersion resulting from the interchain
g 15F i\*\{) ] couplingsJ;, (AE),~1.6 meV. The same remark can be
~ \ ] made atq,=1/6, where we have obtained an inelasticity
< 10¢ t ] compatible with the relationXE), sin(w/6)~0.8 meV. This
P fact can be understood if damped and renormalized magnetic
05[ CE i p g
N ‘ excitations persist abovEgp for sufficiently large values of
00 ¢ . w0 ¢1'5 e 20 |g—Kkae|, a feature typical of low-dimensional magnetic

Temperature (K) systems?~"?As expected for such systems, the renormaliza-
tion depends strongly on the ratw(q,)/T, and should be
FIG. 13. Temperature dependencies of the gap engtgyand less important at large values than at small values. We be-
the damping parametéF). Open circles and triangles are the ex- lieve that the inelasticity observed well aboves at largeq,
perimental points obtained by INS. The open squares correspond {®' J,, Where the effect should be strongean be under-
rescaled NMR data taken from Ref. 39. The various lines correstood as an effect of the dispersion originating from inter-
spond to calculated or fitted curves as described in the text. chain couplings. Extrapolating the results obtaineq,at1/2
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From the theoretical side, power-law relations of type
A(T)=({5)7)” have been predicted, with valuesofanging
from 2/3 to 1, depending on the model or approach ysed
Sec. ). In Fig. 15 the solid line is calculated with=2/3,
whereas the dashed line is calculated withl. Taking into
account the experimental accuracy, the former value seems
to better describe the present neutron data, giving additional
support to the approach of Cross and Fisheecent numeri-
cal calculations on the alternating chiirhave given a
slightly larger valuer=0.69+0.01, which also agrees with
the experimental determination.

The temperature dependence of the damping pararheter
is shown in Fig. 13, for values of the temperature on both
sides ofTgp. In this figure we also show rescaled values of
2/T1T obtained from NQR measuremerits quantity which
the scattering vecta@=(0,1,1/3 and energy»=1 meV. Open sym- should refl(-:ct closely the behavipr b{T). This statement
bols are the experimental points. The solid line is a fit o law, &N be derived from Eq12), starting from the well-known
The dashed line is a fit to an activation law, with an activation NMR relation between T/, and $(q, w):
energy A~4 meV.

120 1T

_ CuGeO, ]
100 - Q=(0,1,1/2) .

Neutron intensity (counts/15 mn)

4] 10 20 30 40 50
Temperature (K)

FIG. 14. Temperature dependence of the magnetic intensity

1fr1oc§ (Aq)ZS(q,w%O)oc% (Ag)? lim %w)

w—0

and 1/6 toq,=0, we are again lead to assume that the spin-
gap in the excitation spectrum must &mallin the tempera-
ture range 15.2-15.6 K. On the other hand, our measurgA being the Fourier transform of the hyperfine coupling
ments give strong support forfimite value of the gap a@fsp.  constants and/’(q,w) the imaginary part of the generalized

The point of view of a rapidly vanishing gap aboVgp  susceptibility. Assuming an inelastic Lorentzian form for
has been further confirmed by studying the temperature dehe response functiog(q,w) [from which relation(12) re-
pendence of the inelastic scattering at posit@r(0,1,1/2  sults|, one can easily obtain the relationT1T«I"(T)/A?,
and for an energy transfap~1 meV located in the gap. which is in good agreement with the neutron data beTaw
Figure 14 shows the results obtained using the DN1 speqgsee Fig. 1 Two different behaviors are observed, depend-
trometer. Experimentally, one observes a maximum of scating on whethefT is smaller or larger thaffgp. At low tem-
tering roughly afTsp, with an intensity above the transition perature(T<10 K), T" increases rapidly witir, following
temperature relatively well described by &3law typical of  approximately an exponential dependence. The solid line in
a gaplessquasi-1D syster? Once again, this strongly sug- Fig. 13 is a fit to the simple relatiofi(T) ~I'y exp(—A/KT)
gests a relatively rapid disappearance of the pseudogapith parametera~24 K andl'y~2.7 K, whereas the dashed
above the SP-transition temperature. line is a fit to the relationI'(T)~I"y exp(—2A/KT) with

A further test of theoretical predictions is obtained from aA~24 K andI'y=~30 K. Without an explanation so far, the
plot of the gap valu&\(T) versusylp(T) for T<Tgp, Ip(T) latter expression seems to reproduce better the experimental
being the intensity of a superlattice peak measured at tendata in a larger temperature range. However, in the absence
peratureT. This quantity is simply related to the order pa- of a more accurate theory, it is difficult to say more on the
rameter (8); (previously defined by the relation physical meaning of these parameters. Finally, the data be-
Io(T)<({8)7)%. Such a procedure may allow us, amonglow Tgpshown in Fig. 14 can be roughly reproduced by the
other things, to determine experimentally the relationship ofelation S(T) ~2700expg—2A/kT) with A~24 K, which can
A(T) to (&)1, assuming negligible changesdrwith T. Fig- be  qualitatively understood from the relation
ure 15 shows the experimental data which were obtainedS(T)«I'(T)/A?, assuming again fof(T) an activation law

with an activation energy 2 and a magnetic correlation
25 length almost independent .

' ' ' ' . Above Tgp, I' recovers a much weaker temperature de-
20 CuGeO, ] pendence, following approximately the linear relatlorkT.
i o ] Such a behavior is expected for the ideal Heisenberg ¢Aain.
% 15 . However, it is difficult to make any definitive conclusions,
E ] owing to the small temperature range explored in the present
< 10f M . experiment. Recent specific-heat measureniéngsried out
on a single crystal have given some evidence for a quasi-2D
05 s ] behavior abovel gp, recognized from the existence ofT&
00l , , L ] term in the magnetic specific heat. Obviously, this behavior
0 5 10 15 20 25 is in disagreement with the neutron-scattering determination
(I, - 155)'" (arbitrary units) of S(T) previously described, which has revealed a rather
strong 1D character.
FIG. 15. Plot of the gap energy as a function of the square Integrating over the inelastic peak has allowed us to get

root of the intensity at the pointl/2,3,1/3. The solid and dashed information on the temperature dependence of the structure
lines are fits to power laws, as described in the text. factor at the antiferromagnetic poi®(kag,T). In the sim-
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30—, : : through the spin-lattice couplings, significant modifications
& ,5l CuGeO, ; _of the lattice pr_oper'gies. Consequently, both_ t_he spin dynarr_l-
L . ics and the lattice distortion should be sensitive to the appli-
¥ o0k }‘\fx\m + cation of a magnetic field. In particular, one expects the non-
23 BRni magnetic singlet ground state to be destroyed above a
= 15¢ 1 characteristic critical fieldd,~0.84A/gug (see Sec.)| the
L 10F 3 SP system recovering in this part of tRe T phase diagram
X a more or less well-defined magnetic ground state. Magneti-
7 05t Te ] zation measurements on powdered saniplasd a single
00 o . t crystaf! of CuGeQ have clearly demonstrated the existence
0 5 10 15 20 of such a critical field aH.~125 kOe=0.83A/gug, in good

Temperature (K) agreement with the mean-field predictions of Bfapnd

Crosst® Above H, the magnetization is expected to vary as

FIG. 16. Temperature dependence of the reduced energ;t-H_HC)UZ, following the same prediction as for the alter-
integrated  intensity at the  antiferromagnetic  point nating chairt®
S(kar ,@)/S(kar,0). The solid line corresponds to AfT). The In case of weak spin-lattice couplings, the triplet excited
dashed line is a fit to the classical prediction for a qua5|un|formState should split into three distinct componefits, Ay, and
antiferromagnetic chain. A, , displaying quasilinear dependencies at srhalhccord-
plest 1D model, this quantity should reflect directly the be-ing to the simple relations:
havior of the intrachain magnetic correlation lendthsince

we should haveS(ke, T)*&T) after Eq.(10). Figure 16 A_(H)~A-gugH, (139
shows the experimental results for the normalized ratio

S(kag, T)/IS(kae, 0) obtained from the inelastic scans versus Ap(H)=~A, (13b)
temperature previously describe®lk 5z, T) is found to first

increase with increasing temperature, go through a maximum A, (H)=~A+gugH. (130

near Tgp and then decrease again at higher temperatures,

Above Tgp, the experimental data can be accounted for b 19,73 . :
the relation &(T)«1/T, which again is characteristic of trgatmer_lt of the Zeeman term. E_quatlon(13@ predicts a
critical field of H.~A/gug. Obviously, nonlinear effects

quasi-1D fluctuations. The dashed line in Fig. 16 is calcu- . .
lated from the more quantitative relatiaifT)/&(0)~ 34/T should take place nedi., in particular to account for the

(with T expressed in Kelvin By introducing the value of the fact thatgugH. is about .1.6% smaller thaﬁ: According to
correlation length aff~0 previously determinednamely the SP theory, the transition temperatirg is predicted to

£0)~3c], one getsé(T)/c~102T, a relation which is in decrease slightly as the field increases, following a quadratic

quantitative agreement with the theoretical prediction for thelePendence on field at low field given by the relation:
spin-1/2 HAF chaing(T)/c~2J(S+1)/kT~90/T, taking Ho\2

for J the average valud~J,[(1+@)/2]~5.1 meV. In our TSF(H)~TSP(O)[1—t(g'u—B> } (14)
opinion, the good quantitative agreement between experi- 2kTsH0)

mental and theoretical prefactors confirms the quasi-1D N&zith a coefficientt ranging from 0.365Ref. 14 to 0.44
ture of the magnetic quctuatiqn; abovepin CuGeq. . (Ref. 15. High-field magnetization measurements @oly-
Unfortunately, belowT s at finite temperature, there iS N0 v oo line sampled have allowed a precise verification of
precisetheory capaple of reproducing the present expenmenEq (14) in CuGeQ, with a coefficientt~0.4 between the
tal data. However, in this range of temperatu®&ar, T) (0 theoretical determinations. Unfortunately, if the magne-
seems to refle_ct closely the behawor_ oA(T). The solid 47 ation aboveH . has been carefully studied and seems to be
line in Fig. 16 is calculate_d from the simple re!auS(kAF, well understood, little is known regarding the field depen-
i S(.kAF.’ 0)~2.0A(T), using forA(T) the e.xperlme.ntal de- Gence of the main characteristics associated with the lattice
term|na}t|on: Such a rglanq is expected in the S'ngle'mOd%istorsion itself. From theoretical arguments, the wave vec-
approximation, which is believed to be crudecatkar for oo associated with the 3D lattice distortigksp and the

the ideal 1D systenisee Sec. Il ¢ If the relation between m : .
. ' g agnetic 1D staggered short-range correlat are ex-
S(kap) and & remains valid at finite temperature, then the 9 99 g (6

: ected to remain unchanged up kg, but should become
productg(T)A(T) appears as more or less constant in the SFigr)wommensuratelbove this field value, the shift to commen-
phase. The value of this constant amounts to about318

. ) ) surability increasing wittH more or less proportionally to
mev A that is to say about half the experimental spin-wavey, magnetizatioh>’* The incommensurate character of the
velocity c,~39 meV A. As already pointed out\ and &

C ; . lattice distortion has been recently observed in TTF-CuBDT
follow closely the empirical relation®~=cy/¢&, even at finite from x-ray measurement&.However, nothing has been re-
temperature. This may be an indication that the continuu ’

. X rTl‘f)orted so far concerning the magnetic counterpart. In
g:;ggg:'nbtleaﬁreg;?ljscfér 2 aboves weakly temperature CuGeQ, the existence of sizable interchain couplings could
l P

very likely induce a more or less incommensurate 3D mag-
netic long-rangeordering (soliton latticg, which should be
detectable by neutron diffraction.

The application of a magnetic field is expected to have In order to clarify the situation, we have undertaken
dramatic effects on the spin system, and should also induc@gutron-scattering measurements under a magnetic field ap-

uch relations can be derived from a simple perturbational

IV. NEUTRON SCATTERING UNDER FIELD
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FIG. 17. Temperature dependence of maximum intensity of su- FIG. 18. Fielq dependence of the spin-PeierIs transition tem-
perlattice peak1/2,3,1/2 for two values of the magnetic field=0  perature determined from the superlattice peak2,3,1/3. The
andH=98.5 kOe. The various lines are fits to power laws, as de-=solid line is a fit to the theoretical prediction, as explained in the
scribed in the text. text.

c}he faster experimental decreaseTaf(H) to an effect of

plied perpendicular to the chain axis, for field values up to 1 ructural fluctuations, which were completely neglected in

T. These experiments were performed on the DN1 thermqﬁe various theoretical approaches.

three-axis spectrometer, using experimental conditions de- |, 4 quite similar manner as fai =0, we have obtained
scribed in Sec. Il. We will discuss successively the effects of; maximum field a value of the exponeft=0.28+0.03

an applied magnetic field on the SP transition temperaturghich is nearly identical to the previous one in zero field,
TsH(H), the lattice distortionS(H) and the various dynamic taking into account the experimental accuracy. Figure 1

structure factorsS,(q, »),(v=x, y, andz). shows a comparison between two longitudiqakcans per-
formed across the superlattice pgak2,3,1/2 at field values
A. Field dependences off gp and & H=0 andH =81 kOe. The background intensity, mainly aris-

" . . ing from the fourth-order-nuclear-Bragg contaminatiomt
The SP-transition temperature under field was obtained bﬁl?ered in our experimeft was determ?r?ed at 25 K g tem-

recordlng .the temperature dependence of the ne“tron_'nte’b'erature which is sufficiently far frorTsp. Quite surpris-

s¢y at p05|t|0nQ=(l/2,3,_l/2. Fl_gure 17 shows the evolution ingly, no changein peak intensity, in peak width, or in peak
with temperature of the intensity for the two extreme valuesyosition could be detected in these measurements, at least up
of the magnetic fieldH=0 andH=98.5 kOe.Tsg(H) was  to 100 kOe(i.e., below 0.7H,). This was further confirmed
determined following a similar analysis procedure, as previwith more accuracy by measuring the integrated intensities
ously described in Sec. Il A. In agreement with high-field of several superlattice peaks at about 98 k@efact the
magnetization measuremenfsTs{H) displays a slight de- same peaks as in zero figldVe have performedv scans
crease of the order of 13% between 0 and maximum fieldacross these peaks at two different temperatures, 5 and 23 K,
The values obtained fofgH) are listed in Table V. The located below and abovEsp, respectively. The contribution
corresponding experimental data are displayed in Fig. 18 asassociated with the lattice distortion was deduced by sub-
function of field. They were successfully fitted to the theo-stracting the data obtained at the highest temperature from
retical expressiori13). The best fit is achieved with a pref- the data obtained at low temperature. Spurious effects some-
actor t~0.52+0.05, significantly larger than the theoretical times encountered in high magnetic figlke, e.g., unex-
prediction t~0.4. Our determination of the coefficient Pected sample displacements or mechanical effects due to the
seems to lead to values slightly larger than other experimergirong stray fieldswere controlled by measuring systemati-
tal determinations obtained from magnetizatband x-ray ~ Cally the nuclear Bragg peaké 0 1), (140, and(1 6 0.
diffraction®™® measurements. However, the experimental conJ N€ integrated intensities which were obtained, corrected by
sensus seems to indicate foa value slightly larger than the the Lorentz factor, are listed in Table | for the four typical

mean-field theoretical predictions. Again, we have attributedguperlatt!ce 'peaks preVIouely conS|dered: Clearly, no change
In intensity is observed within the experimental error bars,

, ) , . implying very weak changes in displacements of both Cu
TABLE V. Field dependence of the spin-Peierls transition tem-2nd a2) atoms under field, at least up to 100 kOe. The
peratureTspand the gapa_, Ao, andA, at Q=(1/6,1,1/3. situation is very different from that existing in TTF-CuBDT,
for which a reduction in intensity of about 35% was ob-
HkOe Tee®) A (meV) Ag(meV) A (meV) served by neutrotl and x-ray? diffraction. This steeper de-

0 14.30 2.0 2.0 2.0 crease may be directly correlated to the larger valugdof
20 14.20 1.8 2.0 2.2 observed in TTF-CuBDT(B~0.5 instead of8~0.26 in
40 14.10 1.55 2.0 2.45 CuGeQ), reflecting the higher dimensionality of the struc-
60.7 13.67 1.20 20 2.80 tural fluctuations in the former compound.

28; igg 102 20 3.02 B. Field dependence of the spin dynamics
98.5 12.39 0.70 2.0 3.3 In order to test directly the correlation between the spin-

gap and the lattice distortion, we have determined the field
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FIG. 19. Constan® scans aiQ=(1/6,1,1/2 and T=6 K, for
different values of the magnetic fielth) H=0 andH =98 kOe;(b):
H=40 andH =61 kOe. The lines are fits as explained in the text.
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FIG. 20. Field dependence of the gap energiescpt 4" and
temperatureT=6 K, in a field applied perpendicular to the chain
axis. The solid lines correspond to the theoretical prediction given
by Egs.(12).

tained for the gapa_, Ay, andA, are listed in Table VI.
Figure 20 shows the resulting field dependencies of the gap
values for fields up to almost 100 kOe. As expected, quasi-
linear dependencies are observed, for all modes. By fitting
the experimental results to E(l2), we obtainedA~2 meV

and g,~2.18, which are in quantitative agreement with the
previous neutron data at lower field reported by Fujita
et al.”® From the energy scans shown in Figs.(@9and
19(b), one can estimate the energy-integrated intensity of
each of the three gap modes. Table VI summarizes the field

dependence of the spin dynamics in the vicinity of the anti-dependence of the partial intensities, 1o, I and the total
ferromagnetic poink . For this purpose, energy scans wereintensity 1 =1_+1o+1. , after correction by the neutron

performed at a temperature of 6 (Kcated sufficiently well
below Tgp and at a scattering vect@=(1/6,1,1/2, slightly
shifted fromk 5 along thea* direction(i.e., the direction for
which the 1D character is the besFigures 19a) and 19b)
show typical results obtained at fieltls=0 and 98 kOe, and

normalization factork? cotg(#6,). Within the experimental
errors, we have obtained that the total intenityis main-
tained between 0 and 100 k@eith a valueX | =148+15),
whereas one has approximately the relatlar=|_~1,/2
(within an accuracy of the order of 10%or any field. In

H=40 and 61 kOe, respectively. A splitting of the magneticfact, these results are reminiscent of those obtained for the
mode is unambiguously observed in increasing field andield dependence of the gap-mode intensities in $vel
three gap modes exist at high field, confirming the tripletHaldane gap system NENBee Ref. 76 Unfortunately,
(S=1) nature of the first excited state. These results are corfhere is no precise theory giving the field dependence of the
sistent with previous INS experiments in lower field various structure factors, neither for the SP system nor for
values’ The lowest and highest gap modes are found tothe alternating chaiff! Quite generally; the intensities of
respectively, decrease and increase with increasing fielyarious modes at a scattering vec®@r(0,Q,,Q,) can be

whereas the third mode remains constant within the experi¥ritten as(x being the direction of the applied figld

mental errors. The experimental data were analyzed by as-
suming(for simplicity) Gaussian profiles for all modes. The

solid and dashed lines in Figs. 19 correspond to the best fit of
experimental data to a response function which is the sum of

three such Gaussian functions. The values which were ob- . [ Q, 2] Q,\?
s (Y Ts. om
TABLE VI. Field dependence of the partial intensitiés , |, ) ’
and_l+) and total intensity ¥1=1_+1,+1,) associated with the r Qy 2] Q, 2
various gap modes. l,~Si+|1- 6) S+ 1—(6) S, (150
H (kO¢) - o L+ 2l Now, if we assume that mod@) is mainly x polarized(im-
0 36 72 36 14315 plying S§~S§~0), and that modg—) and mode(+) are
20 34 66 34 13415 mainly isotropicallyyz polarized(implying S* ~S% ~0) as
40 37+4 7647 37+4 150+ 15 is expected from general argumefftshe above expressions
60.7 3g:4  78t7  4gt4  1es=15  Can berewritten as
80.7 384 69+7 34+4 141+15 ) )
98.5 45+4 777 34+4 156+15 |~ 1_(%) 9+ 1_(%) }SZ, (163

|_~S +

|

<
Q

21

g+

el

s¢, (153
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lo=~S5, (16h  ture of lattice effects was the existence in the x-ray patterns
of diffuse scattering originating from pretransitional struc-
1 (Qy 1 Q,\? tural fluctuations, persisting up to relatively high tempera-
Q 1Q

Silg (160 tures comparatively td gp. Very similar features were ob-
] o . ~ served by x-ray diffraction in CuGeQ although with
The total intensity is calculated from the following relation: re|atively small intensities. In contrast to these observations,

Q,\2 Q,\2 no structural pretransitional fluctuations could be detected by
1- (-y) }(s{+sy+)+ 1- (—Z) }(SZ_Jrsi), neutron diffraction, even for temperatures very clos& p.

Q Q Moreover, despite careful measurements, no one, to our
knowledge, has succeeded in observing any phonon soften-
Taking into account the nearly perfect planar symmetry ining in this material. Although the extreme weakness of the
the yz plane perpendicular to the direction of the appliedexpected intensities could explain these results, we believe
field, one should have the following relations between thethat the nature of the transition itself may play a role. In the
various “partial” structure factors and correlation lengths: standard theory, the nature of the transition is essentially of
SY~SY~SZ~Si~S J2 andé ~¢,~¢,,. At q=kae, S,  displacive type. In CuGeQ the possibility remains that the
andé¢, (with v=x,yz) should fulfill S5 &, andS, ,*£,,. Itis  transition may be of order-disorder type. In this case, a broad

easy to show that these relations imply the simple relationsquasielastic contribution should exist above the transition
temperature, which would be very important to detect. In our

2

I

S1~S§+

Sl (éxt €y (178 opinion, polarized INS experiments would allow this obser-
vation. BelowTgp, new phonon modes should appear in the
|o~14 =825 &2, (179 vicinity of kep, which would be equally crucial for a better
understanding of the SP mechanism in CugeO
L% &x - (179 Our investigation under field of the lattice distortion has

The fact thatS| is experimentally independent of the field fevealed very weak changes, which in fact are not inconsis-
means that one should have frofh7a &+ £,,~const, a tent with the standard theory. The interesting phenomena are
result also found in the spin-1 NENRef. 76 and spin-5/2 expected to occur aboud, . Unfortunately, in CuGe®the

TMMC (Ref. 79 chain compounds. In addition, the fact that Observed value oH ~125 kOe will strongly limit further
experimentally one has$_~1,~1,/2 implies necessarily nvestigation by neutron diffraction, the maximum field

from (17b and (179 that S,,~S, and &~&,,. Conse- reachable in such measurements being by now about 120
quently, our experimental results under field can be underkOe. AboveH., incommensurability should take place both
stood by assumingveak field dependences of the various for the lattice distortion and the staggered magnetic compo-
correlation lengths and structure factors, which moreover ref€nt. In CuGe@, one expects a magnetic long-range order-
mains nearlyisotropic at the magnetic-field values explored. ing induced by the finite interchain couplings existing in this
Further INS experiments will be necessary to confirm thismaterial. As previously mentioned, these features will be
viewpoint, in particular by improving the resolution in en- Very difficult to observe directly by neutron scattering.

ergy and carrying out measurements at higher figld20 Concerning the magnetic counterpart, the situation turned
kOe is now available Finally, we emphasize that the INS ©Out to be much clearer and unambiguous. Our measurements
data of Fujitaet al.”® obtained below 60 kOe can be analyzedave confirmed the existence of a gap at the antiferromag-

in a very similar manner, confirming the very weak anisot-netic pointk,-=(0,1,1/2 in the magnetic excitation spec-
ropy of CuGeQ. trum, at a valu\~2 meV~3.3-3.&Tgp. In agreement with

the standard theory, the gap value is quantitatively related to
the transition temperature through a BCS-type relation. In
CuGeQ, the nonmagnetic ground state and the magnetic
We have described exhaustive inelastic-neutron-scatteringxcitation spectrum can be reasonably well understood from
experiments on the inorganic spin-Peierls system CuGeCa model based on a quasi-ideal alternating chain, despite the
performed in zero field and under an applied magnetic fieldexistence of sizable interchain couplings. Such a model ex-
Our experimental investigation mainly concerned the latticeplains more than qualitatively both the dispersion relation
distortion associated with the SP transition and the magnetiand the equal-time structure facts¢qg), and has allowed a
excitation spectrum. Concerning the former, our results convery realistic determination of the exchange parameters
firm unambiguously the existence of a structural distortion(2J,~10.5 meV ande~0.9-0.92. Quite interestingly, the
below a transition temperatuig~14.2 K, characterized by continuum predicted theoretically, at least for sufficiently
a propagation vectokgp=(1/2,0,1/2. Except for a shift in  small values of +«, seems to have been observed in our
Tsp, which was found to decrease quadratically with field,experiments. However, additional work is necessary to con-
very weak changes were observed in the other lattice quarfirm this feature, in particular by improving the resolution in
tities at the magnetic fields which were appliée., up to  energy and using polarized neutron scattering.
100 kOe. In the standard model, the lattice distortiirig- A central question, related to the search for an explanation
gered by the antiferromagnetic correlatipsiould be asso- for the unusual shape ¢f(T), has addressed the possible
ciated with a phonon softening. Such a feature could not bexistence of a pseudogap in the excitation spectrum above
observed in organic prototypical SP systems such as TTFFgp. Our measurements seem to indicate the presence of
CuBDT, essentially because of a lack of large single crystalsuch a feature aj=kg, but in a relatively small tempera-
absolutely needed in the INS experiments. The only signature range abov&gp. At higher temperatures, the pseudogap

V. CONCLUSION
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is rapidly masked by the damping but nevertheless seems teeyond the mean-field approximation and to try to incorpo-
vanish. Our experimental results suggest that the pseudogaate these structural fluctuations. In fact, a clear understand-
starts to develop only when the structural intrachain correlaing of the physical properties of CuGe@ould require the
tion length becomes larger than typicallycl®t q=kgp, @ inclusion of the interchain couplings along tbhedirection,
clear inelasticity persists above the SP transition, which wagound to be relatively importan{J;/J|~0.1). An additional
ascribed to the low-dimensional character of the magnetismaomplication could result from the necessity of taking into
in CuGeQ. account the second neighbiotrachain couplings. It is pos-
Under field, following a quite general scenario, the ex-sible that such interactions are relatively sizable in CugeO
cited triplet is split into three components displaying linearsince the corresponding Cu-Cu distarioéthe order of 5.9
dependences at the values Bf which were measured. A) is not very large, and also because the associated AF
Stricto senspthe observed behavior is very characteristic ofsuperexchange paths involve Cu-O-O-Cu bonds which could
that of an alternating chain, as if the spin-lattice couplingsallow sufficiently strong overlaps of atomic orbitals. In fact,
effects were very weakly relevant at low temperature. Ouiin the germanate CuGgQthe intrachain interactions be-
measurements below 0H{ have not brought much infor- tween first neighbors turned out to be relativelyall The
mation concerning the magnetoelastic couplings present ipresent experimental determination gavle=A20 K, a value
CuGeQ for the essential reason that the magnetic and latticevhich is more than one order of magnitude smaller than in
components appear more or less decoupled in this fielthe well-known 2D magnetic cuprates such asQu0, or
range. As discussed previously, stronger effects are expecte&Ba,Cu,04 (see Refs. 80 and 8A&lthough the Cu-Cu dis-
in the vicinity of H.. Of course, the most interesting thing tance is much shorté.94 A in CuGeQ instead of 3.8 A in
would be to measure the magnetic excitation spectrum fronthe cuprates The combination of both effects could make
INS in the incommensurate phase. Unfortunately, such exthe ratio of second-neighbor to first-neighbor intrachain ex-
periments are unfeasible to date, for instrumental reasonghange interactions relatively importafite., of order of
Finally, the most important effects were observed as a funci/4). Since this ratio is believed to induce quantum disorder,
tion of temperature. There are at least two points not reallyf it is sufficiently strong, one may anticipate it to go against
understood in this compound. The first one concerns thehe interchain couplings and restore the singlet ground state.
shape ofx(T) aboveTgp, which is far from following the  This has to be quantitatively demonstrated, however.
Bonner-Fisher law expected for a uniform chain. The second
one is related to the_ “anomalous” Qisappeargnce of _the lat- ACKNOWLEDGMENTS
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