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Magnetic field effects on spin excitations in the spin-Peierls compound CuGeO
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Neutron inelastic scattering measurements on an undoped single crystal of Cafkon a doped crystal
CuGe) 99:5ip 005 are performed in the presence of a magnetic fléldp to 12 T. In the present work, a
particular attention is given to the effect Hf on the low-energy elementary excitations. This investigation is
performed in the three different phases of the spin-Peierls system. In the dimEripbdse, the Zeeman
splitting of the acoustic magnon branch is evaluated all along the dispersion branadp<(©/2). In the
uniform U phase, it is established first that, at finite temperafured, the low wave vectord—0) spinon
modes are little affected by the thermal fluctuatidiis,=T. Second, the effect dfl on the same lovgt mode
results essentially in a transfer of the fluctuations towards the Zeeman-shifted lower boundary of the spinon
continuum. Finally, our measurements on the doped compound establishes that an energy gap occurs in the
elementary excitation spectrum of the incommensuirgiiease.

[. INTRODUCTION scribe that structure. In th® phase, the spin chains are
dimerized and two parametexs, andc,, are now needed to
The spin-Peierls transitio(SP remains one of the most define the spin chain structure. In thephase, the lattice

fascinating phenomena in solid state physics. It establishedistortion undergoes a periodic modulation along the chains,
that a three-dimensional lattice of atoms, subjected to thevith a periodicity which depends directly on the uniform
low-energy quantum fluctuations of an internal low- magnetization, i.e., on the value of the applied fieldAc-
dimensional spin system, can undergo a distortion at sufficordingly, in thel phase, the lattice distortion is generally
ciently low temperaturé.As a result, drastic changes occur incommensurate and characterized by the wave vector com-

ﬁlsi |ntt_he spin fysterpr.hln pa”'cu'(j‘ﬁ ;energgy gtips open Il<n g: onent(in the chain direction d=2=7m, wherem is the
uctuation spectrum. 1he renewed interest in this remarka agnetization per spipd/27 is expressed in reciprocal lat-

effect, established more than twenty years ago on organic i - i
materials, is due to the inorganic compound CuG&@he tice units(r.l.u.) andm |s~evaluated with respect to the quan-
high quality of available single crystals has allowed a rathetum spin value, i.e., €m<1/2]. Due to these different lat-
wide set of new experimental investigatiohsSimulta- tice structures, for each phase, a specific spin hamiltonian
neously, new theoretical and numerical analyzes have beaan be defined. The effects Hfanalyzed in the present work
proposed. Recently, it has been suggested that the initigire common features to all SP systems and therefore they are
adiabatic approachwhich results in the occurrence of a to be considered as general properties of these models. They
phonon soft mode at the transition, would not apply to thatshould not depend, in an essential way, on the precise Hamil-
compound. To explain the observed SP transition inonian of the spin system. Our experimental investigation
CuGeQ, a nonadiabatfc (or “diabatic”®) situation where relies on neutron inelastic scatteriritylS) measurements.
the transition would be driven by a “central peak” appearsThey are performed in presence of a relatively large mag-
as a possible and promising alternative. Whatever the actugktic field (maximum field valueH =12 T) and for each
mOdel, a close relation between the fluctuations of the IattiC@hase, new results are presented, which are concerned with
and those of the spin system is to be expected. Compleige Jow-energy excitations—and/or fluctuations—of the spin
kn0W|edge of all these fluctuations is therefore I’equf’rdﬂd. System_ They are probed for different wave Vec@rm the

the present work, however, we limit our interest to the magreciprocal space of the compound.

netic fluctuations. More precisely, we focus on the effects of The basic properties of CuGgQand the experimental

an external magnetic field on the low-energy excitations of conditions are briefly described in the following section.
the spin system. The effect of a field H is of crucial impor- Mmost of our results have been obtained in Bxghase. These
tance in the SP phenomenolobys it is well known, a results are discussed in Sec. Ill. The data obtained irUthe

quasiuniversal phase diagram is obtained as a functidth of and| phases are presented in Secs. IV and V, respectively.
andT, with three distinct phases, denoted heredfteD, and

| [see Fig. 18)].>" These phases are defined with respect to
the lattice structure of the spin system. In tdephase, and
within the simplest model, this lattice is composed of uni-
form chains, and a unique lattice parameter—the distance  Both the undoped and the Si-doped single crystals
between two neighboring spins—needs to be used to dezuGeQ and CuGe_,Si,O; (x=0.003), used in the present

Il. CuGeO3; AND EXPERIMENTAL DETAILS
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sition. Along this line, a field-dependent hysteresis is indeed
observed at lowl (<4 K). In the pure compound, this hys-
teresis develops in a relatively small field rangéH
=0.08 T3 For the 0.3%-Si compound§H is larger: SH

=1 T The superlatiice peak characterizing the lattice
dimerization occurring at the) —D transition is defined, in
both the undoped and doped compounds, at the wave vector
kap=(1/2,0,1/2). At theD-I transition, the shift of this su-

perlattice peak towards incommensurate wave vector values
has been observed by x-fdyand neutron measuremeits.

All these properties are characteristics of the SP phenom-
enon.

Conventional spin-Peierls theories rely on simple spin
models describing purely one-dimensional antiferromagnetic
(AF) chains with nearest-neighbor coupling only. If the ex-
change coupling is assumed to be fully isotropic, the simple
following Heisenberg Hamiltonian

H ()

H=31308 Sh41 1)

can be used, for instance, to describe the magnetic properties
of the U phase. In Eq1), n labels the spins along a chain
andJ”1 is the AF intrachain nearest-neighbor magnetic inter-
action. Magnetic interchain couplings are usually assumed to
be very small,]i<ﬂ. In CuGeQ, however, this is not the
I ] case. As established experimentdlly,they give rise to ap-
1k ~ oo e y preciable dispersions on the low-energy excitation branches
~e_
oL
|

[ H//a [see the simplified representation given for fephase in
Q,.=(91.1/2) ; Fig. 1(b)]. Another important question concerns the presence
0 4 8 12| H' of a frustrating second nearest-neighbor AF couplﬂ@
H() et along the chaift® Such a coupling may result from an indi-
rect interaction via the Cu-O-O-Cu bontfsin CuGeQ, it
could result also from the expected strong spin-lattice
coupling? In that case, it appears as an effective second
dispersion along tha* axis is ignored for simplicity. the solid and nearest-.nelghbor magnetic interaction. In thf ‘I‘Iterature,
dot-dashed lines represent the acoustic and optic branches, resp&ather different values have been proposedderJ-/J; and
tively. The definitions ofg and g* are shown by the arrowgc) CV:JE/JHr Recent works, however, seem to yield a consen-
Zeeman splitting of the acoustic magnon at the AF wave vectosus for the following set of values8=0.1-0.15 and«
QaAr=(0,1,1/2) up toH=12 T. =0.17-0.241" Magnetic anisotropy is also present in such a
real system. In CuGegQ it is believed to take mainly the
study have been grown by a traveling floating zone methodorm of a Dzyaloshinski-Morya interactiomipy, /Jﬁzo.l.18
associated with an image furndt&@hey are the same as This might explain, in particular, the presence of the second
those used in previous neutron scattering measuremients. excitation branch—the so-called “optic” bran¢to be com-
Here, the former crystal is used for the investigation offhe pared to the usual “acoustic” branghwhich has recently
andU phases, up tti=12 T. The presence of defects in a been observed in thB phase'® This optic branch is repre-
SP system lowers the value of the critical figtid, which ~ sented by the dot-dashed line in FigbjL The effective spin
defines the transition between tBeand| phasedsee Fig. hamiltonian for CuGe@is certainly quite different from the
1(a)]. For the undoped crystaki;=12.4 T. This critical simple Heisenberg Hamiltonian as expressed in (&g for
field becomes slightly lower than 12 T in the 0.3%-Si dopedthe U phase. The essential characteristics of the spin-Peierls
compound. The latter crystal is therefore used to probe the phenomenon observed in CuGg®owever, agree qualita-
phase atH=12 T. CuGeQ crystallizes within an ortho- tively with the predictions provided by such simple models.
rhombic structure of space groibmm At 20 K, the lat- The additional couplings, such &k, Jb, and dpy men-
tice parameters of the pure compound ae:4.82 A, b  tioned above, seem not to alter in an essential way the basic
=8.41 A, andc=2.94 A!%The chain axis lies along the  properties of the low-energy states—in particular, the nature
axis. Little changes occur in the doped compound. The SBf the ground state and that of the lowest elementary
phase diagram for the undoped compound is displayed iexcitations—describing théJ, D, and | phases. For the
Fig. 1(a).” In zero field, the transition between theandD  analysis of our data, and as a very first approach, we shall
phases occurs dt;,=14 K. The solid line refers to a sec- refer in our discussions to such oversimplified spin Hamilto-
ond order transition and the dashed line to a first order tranmians.

FIG. 1. (a) Experimental phase diagram of CuGe@ee Ref. 7
and references thergin(b) Sketch of the energy diagram of the
“magnon” modes of theD phase(in the present work, the small
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The NIS measurements to be discussed below have been [T T T
performed on three different three-axis spectrometers at the [ CuGeO,
Institut Laue-Langevin(ILL) in Grenoble (France: IN12, [ Q=(0,0.95,0.85)
IN14, and IN8. The two former spectrometers are installed - T=3.6 K
on cold neutron guides. They allow an investigation at low-
energy transferstypically up to about 6 and 10 meV, re-
spectively, with very good wave vector and energy resolu-
tions. The latter spectrometer allows us to extend the
investigation to higher energi€ap to =100 meV). Differ-
ent neutron configurations have been used, with final wave
vectors kept fixed K;=1.55 A~1 on IN12 and IN14;k;
=2.662 A" on IN8), with pyrolytic graphite crystals A —o—H=0
mounted as monochromator and analyzer and with beryllium [ ——H=118T
or pyrolytic graphite filters used to eliminate higher-order

a)

A
o
o

q=0.15

200

background

Neutron counts (arb. units)

0

contamination. In all cases, the scattering wave veQtaras r

lying in the (b*,c*) plane[Fig. 1(b)] and a particular atten- o b ©U% + b) A
tion has been given to the background which has been accu- [ Q=(0,0.95,0.85)

rately estimated for all the scans to be reported. The samples - T=35 K y
were placed in a split-coil cryomagnet which delivers a ver- a0 [ q =015

tical field (i.e., applied along tha axis of the crystalsup to
H=12 T. In the figures showing the neutron data, the scat-
tering wave vectoR is given explicitly. However, since we
are mainly interested in the behaviors along the chain, we
often refer only to the compone®, as defined along the
dashed line in Fig. (b). In that case, we use the notatiaps
and g*, which evaluate the wave vector components from
Q=0 or Q=1 (i.e.,q=[Q or q=[Q;—1[) andQ,=1/2
(i.e., g* =|Q,—1/2), respectively. The notatiog* is used

Neutron counts (arb. units.)

-80 |
[ data(H=0)-data(H=|11.8) |
S SN R L L

mainly to describe excitation modes ne@pg (or near 8.00 12.00 16.00
equivalent wave vectorsi.e., excitations sensitive to AF E (meV)

fluctuations, andj is used to describe “quasiuniform” fluc-

tuations(along the chains. FIG. 2. (a) Field effect on the magnon mode of tBephase at

In order to better emphasize the effects of a magnetig=0.15 measured a=0 and 11.8 T on IN8(b) Differential
field, and also to improve the accuracy of our description, analysis of the same datdatati=0 T)—dataH=11.8 T)]. The
“differential analysis” method has been used in some caseshackground is estimated from low and high-energy dstpically,

It consists of performing similar measurements for two dif-E<10 and>16 meV) obtained at several temperatures and fields
ferent field values while the other experimental conditiondsee also Fig. 1@]. The corresponding line is a polynomial func-
are maintained identical. The analysis is made by subtractin@on fitted to these data. The other lines are explained in the text.
the two sets of data. In this way, all the contributions insen-

sitive tol_—| are ehmmateo[ba_lckground a_nd posable phonon B :J||12n[1+(— 1)"8,18, Shie1 2)
contributiong. An example is reported in Fig. 2, for energy

scans performed in thB phase, foH=11.8 T andH=0, where &, is the “alternation” parameter §,=0.04, in
respectively. Considering the data in Figa2 one would CuGeQ (Refs. 3,9]. The low-energy properties of such a
conclude that the effect dfl results in a simple broadening model are well establishéd.The ground state is nonmag-
of the observed magnon mode. The differential analysis renetic and defined by the quantum numiSesr 0, whereS is
ported in Fig. 2b), however, displays more details. Within a the total spin operator. The lowest excitation branch—
given model, it allows us to develop a more accurate comhereafter the “magnon” branch of tH2 phase—develops an
parison. In the present case, the observed effect correspondgergy gap, which is defined as a tripit 1 state. For such
to a Zeeman splitting of the single mode in three distincta gapped system, the effect of a magnetic figlthich de-
lines (see the discussion belgwThe position and intensity fines thez direction results in a Zeeman splitting and three
of each line is determined first from Fig(®. Finally, in Fig.  distinct magnon branches with respective quantum spin num-
2(a), the reconstitutiorishown as the dashed lingéis com-  persS,=0, +1, and —1 should occuf’ Such a Zeeman
pared to the initial data. effect on a magnon mode has been well observed in C4yGeO
by NIS1%21The previous investigations on the spin dynam-
ics, however, were restricted to the AF wave veo@ir
=(0,1,1/2) (i.e., g*=0) and to field values lower thaH

As explained above, two lattice paramet@rsandc,, are =6 (Ref. 21) and 10 T° respectively, i.e., to values appre-
needed to characterize the structure of a single chain iBthe ciably lower than the critical fielth, (=12.4 T for the “un-
phase. Accordingly, an “alternation” occurs in the succes-doped” samplé A first important question concerns the be-
sive nearest-neighbor exchange couplings along the chainsavior of the excitations when the critical field. is
In its simplest form, the Hamiltonian can be written as approached. Are precursor effects—i.e., for instance, a de-

Ill. FIELD EFFECTS IN THE D PHASE
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FIG. 4. IN12 measurements bt=0 andH=12 T.(a) Disper-
sion curves of the three Zeeman split magnon modées, (E,, and
E(meV) E_) of the D phase for lowg* values.(b) Average energy differ-
ence E,—E_)/2 as a function ofg*. (c) Average value E,

FIG. 3. Fields effects on the magnon modes of Bie@hase 1 E_)/2 as a function ofj*. The solid lines are fits from Eq3)
measured on IN12(a) Very near the AF wave vectoQar (see text

=(0,1,1/2), i.e..g* =0 (for H=0, the counting is half of that for

H#0). (b) Forg*=0 atH=12 T, up tog* =0.04. The lines are .
guides to the eye. The broadening observed wjtincreasing is ~ tion merges well before a second-order transition takes place

entirely due to the instrumental resolution. at Hg;. In the present measurements, the linewidth of the
observed peaks is entirely controlled by the instrumental

viation from the linear Zeeman splitting—observed ndge ~ resolution, which appears to be less thala=0.15 meV
Such a result is of importance to check on the dynamics thEull width at half maximum(FWHM)]. NearH., no addi-
“first-order” character of theD—1 transition® A second tional broadening of the mode &,r (due to possible pre-
general question is related to the isotropic nature of the magsursor critical fluctuationsis observed. These two particular
netic couplings. For a fully isotropic spin system, one ex-results on the spin dynamics—no deviation in the Zeeman
pects the Zeeman splitting to occur in the whole Brillouin Splitting and no appreciable damping—support very well the
zone, i.e., at any wave vector. In presence of magnetifirst order character of the field-induc&tl transition. Fig-
anisotropies, however, the three split branches could collapagre 3b) displays, forH=12 T and for wave vectors*
in a single branch for wave vecto@+ Qr, (g*#0) as it <0.04, the development of the Zeeman splitting along the
is commonly observed in gapped anisotropic Hald8sel  reciprocal chain axis. They* dependence of the three
spin chaing? branches aH=12 T is reported in Fig. @), together with
The energy scans shown in FiggaBand 3b) have been that of the single excitation branch observed in zero fieh
obtained on the instrument IN12. FiguréaB (upper and the same instrument The g* dependence of the energy
lower panely displays, with great accuracy, the Zeemansplitting is analyzed in Figs.(8) and 4c). As shown in Fig.
splitting of the acoustic magnon branch @ (i.e., g* 4(b), for eachg* value, the average energy differende, (
=0). Three narrow peaks are very distinctly observed up to-E_)/2 between the highest and the lowest branches re-
H=12 T, and from the peak positions an accurate evaluamains constant. Moreover, the average values{E_)/2
tion of the Zeeman splitting can be obtained. As shown ifsee Fig. 4c)] coincide precisely with the valuegs, of the
Fig. 1(c), where the peak values are reported, no appreciabl§,=0 branch and with those of thel=0 triplet branch.
deviation from the linear field dependence of the ZeemaWithin the experimental accuracy, the field-induced splitting
splitting is detected up téi=12 T, i.e., at about 3% from appears to be practicallg* independent, at least in that
the critical fieldH ... If one extrapolates the observed behav-small g* range, i.e., q* <0.04. As shown by the solid
ior beyondH., one obtains that the gap would close at alines in Figs. 4a) and 4c), the three observed dispersions are
much larger fieldH.;;=15.4 T. In CuGe@, theD-I transi-  well described by the following expression:
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FIG. 6. IN8 measurements bt=11.8 T: Dispersion curves of
. . ! . . the three Zeeman-split magnon modeés (, E,, andE_) of theD
10.00 14.00 18.00 phase for largg* values. The lines are fits from E@) (see text
E (meV) The data foH=0 are also shown.

FIG. 5. Fields effectsf=11.8 T) on the magnon mode of the Sy py > > -
D phase measured on IN8, analyzed by the differential method E2(0")= CrV[1+(1- Eg2/2Ch)cog2mq*) ]
[dataH=0 T)—dataH=11.8 T)]. (a) g* scans at different fixed > > ”
energies(b) Energy scans at a fixed wave vectgr=0.2. The lines X[1=(1— E91/2Cm)cos(27rq )1+ AESS,
are fits through the data from the three Zeeman-split magnon model (4)
(see text

with C,=15.3 meV/r.L.u. andgy,=5.6 meV. This equa-
tion is an extension of Eq1). It applies to B<g*<1/2 and
takes into account the presence of a second energ¥gap

_ _ atgq*=1/2[Q=(1,0) in Fig. 1b)].2% It is worth noting, how-
with S,=0, +1 and—1 and wher&y;=1.9 meVisthe SP  gyer, that the value of the magnon velodity, obtained from
energy gapCp,=13.9 meV/r.Lu., thelow-q) magnon ve- Eq. (4) is larger than the value obtained from E@). As
locity, andAE,=gugH=1.47 meV, the Zeeman energy for discussed in Ref. 3, the smaller magnon velocity evaluated at

H=12 T. small g* values is to be attributed to the second-nearest

~ Inorder to follow the Zeeman splitting in a larggrange,  nejghbor Heisenberg couplingl, (e=0.17) (see also Ref.
i.e., at higher energies, NIS measurements at 12 T have been) "t js established here that, in spite of the magnetic an-

performed on the instrument IN 8. To achieve accuratgsotropy, the Zeeman splitting develops all along the disper-
evaluations, the differential analysis method is systematically;q, branch, with ag*-independent Zeeman energyE,

applied. The results foH=11.8 T with respect to th&d (1 47 meV forH=12 T). To describe the elementary ex-
=0 data obtained frong* scans at constant energy are dis-jtations in CuGeQ the spin components,=0, +1 and
played in Fig. %a). For constang* values, the results from —1, can be considered as good quantum numbers in the
energy scans are reported in Figgb)2and 5b), for 9  \ynole Brillouin zone.

=0.15 andg* =0.2 r.lL.u., respectively. Our analysis relies
on the description established above within our lgivmea-
surements: the Zeeman splitting results in three distinct
modes, each of them being described by a simple Gaussian As a first approach, to discuss the properties of lthe
function whose width is determined by the instrumental resophase, we refer to the simple isotropic Heisenberg spin chain
lutions (i.e., no field effect on the widthsAs shown by the model given by Eq(1). In the quantum regime of such a
solid lines, the fitting procedure based on this model repromodel, i.e., at temperaturs<T ., WhereT . is defined
duces the data very well. The energy of tBe1 triplet by the maximum in the susceptibility T =60 K in
branch is first determined from the zero field measurementCuGeQ (Ref. 2], the low-energy magnetic fluctuations are
For H+#0, the energye, of the S,=0 branch is fixed to the known to be described by propagative excitations associated
previous values, whil&, andE_ are considered as adjust- with a continuum, the so-called spinon continuti?® In

able parameters. The values obtainedHEgr E, andE_ are  zero field, the corresponding spectrum is commensurate with
reported in Fig. 6 as a function of. The solid lines repro- the lattice periodicitysee Fig. 7a)]. In a fieldH, however, a
duce very well the observed behavior. They are obtainedynamical incommensurability develops in the spectra as
from the following expression: shown in Figs. ) and 7c), for the longitudinal(i.e., ob-

ES(q*)=[ES;+ (270" Cy) 2]+ AE,S, (3)

IV. FIELD EFFECTS IN THE U PHASE
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o q\\i A the eye.SE=T evaluates the thermal damping at 15.5 K.
w
(L NE ! magnon continuurf? As expected, this continuum is shifted
ro from the magnon branch by the energy ggp=1.9 meV.
i H In the U phase, however, only a single and broad contribu-
ol 10 ‘:‘,’”B. - tion is observed. It describes the spinon continuum at its
00 01 02 03 04 00 01 02 03 04 05 low-energy boundary. No well-defined peak is observed and
q(rlu.) q (r.lu.) the slow decrease observed at low energies results from the

thermal dampingsE;=1.34 meV. At this point, an impor-
tant comment can be done concerning the “longitudinal”
fluctuations(i.e., those which develop in the field direction,
see below. They are expected to drive the incommensurate
lattice distortion belowTgp. Due to the thermal damping,
however, the dynamical incommensurability on these fluc-
tuations becomes effective only in sufficiently large fields
(H>H_.), when the Zeeman energy overcomes the thermal
served in the field directionand transverse fluctuations fluctuations gugH=kgT). . . .
S|(9.E) andS, (q,E), respectively’® Such an incommensu- Let us now focus on the spinon modes assomatgd with
rability in the spin fluctuations plays a crucial role in the field small wave vectors {—0). According to the spinon
dependence of the SP transitibior relatively large field model? the intensity of they modes is predicted to decrease
values, typically foH=H_,, this dynamical incommensura- rapidly asq— 0. For this reason, our investigation is limited
bility in the U phase is expected to drive the incommensuratdo the valueq=0.15. For that wave vector, a comparison
lattice distortion occurring afsp. In theU phase, however, between the magnon mode of tfi2 phase(the data at
since the temperature is never smally Tge=10—14 K, 3.6 K) and the spinon mode of thd phase(the data at
the thermal fluctuations cannot be ignored. As established i#6.2 K) is presented in Fig. 9. The data in thephase are
Ref. 27, at a finite temperatufie the thermal fluctuations are described by a well-defined single gaussian peak centered at
expected to result in an appreciable energy dampifi; ( Eg]z 12.9 meV. As before, there is also the two-magnon
=T). This damping is expected to develop essentially at theontinuum shifted up by aboly,. At such a lowg value,
low-energy boundary of the spinon mod&st is worth not-  however, the intensity of this continuum is very small and its
ing, however, that, if such a damping acts effectively on thecontribution becomes negligibfé. The FWHM of the ob-
spinon modes sensitive to the AF fluctuations, i.e., rpar served peak&E;”: 1.27 meV) is mainly determined by the
=1/2 (g*=0), it should not affect the uniform spinon instrumental resolutioffor that experimental configuration
modes, i.e., neaq=0 (as a consequence of the isotropic When compared to thB phase, one observes that the peak
character of the Heisenberg Hamiltonidh Experimentally  in the U phase is slightly shifted to a lower energEZ(

in CuGeQ, the effect of such a thermal dampingH;) at =125 meV). An appreciable broadening is also observed
g* =0 has already been discussedinother example is re- on the spinon modesE;=1.70 meV. From the shift, one
ported in Fig. 8, where a comparison between excitations iRstablishes a first result: the velocity of the elementary exci-
the D phasethe data at 1.5 K) and in thg phase(the data tations appears to be slightly different in theandU phases,

at 15.5 K) is presented for the same wave vecfopr=0.1  the (“high-gq*”) velocity of the magnon mode Q,
(q=0.4). In theD phase, the acoustic magnon mode is well=15.3 meV/r.l.u.) being roughly 4% larger than that of the
defined. It is peaked aEg‘zlo meV and followed by a spinon mode, i.e.,Cs=14.7 meV/r.L.u. Second, the ob-
broad contribution, which is to be attributed to the two- served broadening raises an interesting and basic question. It

FIG. 7. Sketch of the spinon continuu@t T=0) corresponding
to the Hamiltonian given in Eq(1): (@@ H=0, (b) and (c) H
=12 T for the longitudinalS;(q,E) and transvers§, (q,E) fluc-
tuations, respectivel;Eg andE'q define the upper and lower bound-
aries of the spinon continuun€Cg represents the velocity of the
spinon modes.
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FIG. 9. Magnon and spinon modédata at 3.6 and 16.2 K,
respectively at q* =0.15 measured on IN8. The solid and dashed
lines are gaussian functiofisee text The background is estimated r
as in Fig. Za). C .

8.00 12.00 16.00

could be attributed either to the thermal fluctuatigfs T E (meV)

:1.6'2 K, oBr=142 meV) or to the spmon continuum, FIG. 10. (a) Field effects on the spinon mode of thephase
W_h'Ch’ for thatq value, still ha_s an appremgble extens[_eee measuredatH=0 and 11.8 T) on IN8 afj=0.15.(b) Differential
Fig. _7(a)]. As a rough appr_oxmaﬂon, we simply des_crlbe_theanalysis of the same dafdlatai=0 T)—dataH=11.8 T)]. E!
continuum by two gaussian functiorithe dashed lines in andE'q show the expected upper and lower boundaries of the spinon

Fig. 9)1_ with widths equa}i to that measured on the magnonontinuum. The background is defined in the caption of Fig. 2. The
mode in theD phase 6E;=1.27 meV). As shown by the other lines are explained in the text.

resulting solid line, this simple model reproduces well the
observed line shape. From the energy values at which thgifferential method. The high field data are compared to the
Gaussian functions are peaked, one obtains an experimeni@ta obtained in zero field. On the two figures, one observes
evaluation of the boundaries of the spinon spectrum:gfor that, upon a field, a large part of the fluctuation spectrum is
=0.15, the lower- and upper-energy boundaries would beransferred to lower energies. As explained in Figé) and
E,~12.1 meV andEg=12.9 meV, respectively. These 7(c), due toH, the longitudinal and transverse spinon fluc-
evaluations are in reasonable agreement with theuations behave differently. Ay=0.15, the effect ofH
expectatio”® E|q=CSSin(27Tq)=ll.9 meV and E; (=12 T) on the longitudinal fluctuations is negligitfleom-
=2Cgsin(mq)=13.3 meV (assumingCs=14.7 meV/r.l.u. pare Figs. 7@ and 7b) for this q valug]. The transverse
as determined aboyeThe observed full width of the spinon fluctuations are, however, very much affecf€iy. 7(c)] the
mode appears to be well explained by the spinon continuurhigh- and low-energy boundaries of the spinon continuum
At such high temperaturel=16.2 K), the thermal fluctua- should be, respectively, shifted up and down by about the
tions do not affect appreciably the logvspinon modes of Zeeman energy, i.e., b§. = +gugH=*+1.45 meV® Ac-
the uniform phase, in agreement with the remarkableordingly, the lower and upper limits of the spinon con-
predictiorf® established for the simple Hamiltonian in Eq. tinuum are now expected aEy=10.4 meV and E}
(1). At this point, a remark should be made about the Gauss=14.8 meV, as shown by the arrows in Figs.(@0and
ian peaked atE,. It is to be related to the recent 10(b). At Q=(0,0.95,0.85), where the measurements were
observatiof that, in CuGe@Q, such a pronounced peak at performed, the longitudinal and transverse fluctuations con-
the upper boundary of the spinon continuum seems to occuribute almost equivalently to the observed scattering. The
in the whole Brillouin zondgsee also Ref. 31For the fully  contribution of the longitudinal fluctuationevhich is not
isotropic Hamiltonian in Eq(1), such a peak is rather unex- affected byH) can therefore be described by the same func-
pected. The presence of a strody-like magnetic anisot- tion as in zero fieldin Fig. 9, the solid line for the 16.2 K
ropy could explain such a behaviorin Ref. 30 it is sug- data, but with half intensity[the dot-dashed lines in Figs.
gested that it is a consequence of the second next-neighb&f(a) and 1@b)]. The remaining contributiorithe dashed
exchange couplingl. Despite this “anomaly,” we believe lines in those figuresis to be considered as describing the
that the concept of a spinon continum—a “modified” spinon transverse fluctuations only. The maximum in Fig(a0or
continuum actually—still applies to the U phase of CuGeO the minimum in Fig. 1(b) observed at low energy agrees
The effect of a magnetic fieldH{=11.8 T) on the spinon very well with E;. Surprisingly, there is no peak aroqu.
mode at the same wave vectar= 0.15) is displayed in Fig. In these measurements, one observes that the main effect of
10(a). In Fig. 1Qb), the same data are analyzed within theH is to transfer the fluctuations to the low-energy part of the

Neutron counts (arb. units)

data(H=0)-data(H=11.8 T)
1 1 1 1
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Fg a = 2 ¢ I ]
0 T7] £ oblgsh b T oa s o 8%0 .
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3 100} ] ol i ‘}%‘H‘}r}‘}(}a‘}ﬁ
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s ] -50F  data(H=12 T)-0.5'data(H=11.5 T) 1
3 : ] b
Z of . . .

: 0.00 1.00 2.00 3.00 4.00
200[ E (meV)

3 FIG. 12. Differential analysis between data obtained in the
doped compound(shown in Fig. 11 (a) [dataH=115 T)

] —dataH=11 T)]. (b) [dataH=12 T)—0.5 data(11.5 T) (see

3 text). The line describes the low energy mode attributable tol the
] phase.

100}

instrument IN14. In Figs. 1@ and 11b), we consider first
the Zeeman effect on the magnon modeQf in the D

FIG. 11. Field effects on the excitation mode near the AF wavephase(i.e.,H<H_). The solid line forH =0 accounts for the
vector Qae=(0,1,1/2) (i.e., g* =0) in the doped compounda)  background, the incoherent inelastic scattering at low energy,
The Zeeman splitting of the magnon mode in ephase up to  and the acoustic magnon mode. The latter contribution is
H=8 T.(b) Same aga) for H=11 and 11.5 TKI<Hc). (c) In  described by a simple function peakedB; =1.85 meV,
the | phase aH=12 T (H>H,). The lines are explained in the \yhich defines the magnon gap of tBephase. FoH #0,
text. taking into account the Zeeman splittingvith AE,/H

) ) . ) =0.124 meV/T), the same modglhown by the solid lines
spinon continuum. Experimentally, the observed shift of the, Figs. 11a) and 11b)] provides similar good agreements
Iovx_/er-energy _boundary iS_ in good agreement with thg theoyyith all the data up to H11.5 T[the dot-dashed line in Fig.
retical prediction of the simple model:5_=—gpugH. Itis 1. gisplays the magnetic contribution at 11.5. For H
worth realizing that this specific “Zeeman” effect on a low- _ 1, T, however, the same simple model fails completely to

g spinon modg_is rela_\ted to the field-indu_ced dyn_amical i”'explain the datdsee the dashed line in Fig. (£1]. Our first

commensurability which plays a so crucial role in the SPgim s that, for this field direction, 1155H,<12 T. Sec-

phenomenoniit drives the incommensurate lattice distortion ond, since aH=12 T we are only slightly abovel ., hys-
[ (k]

at Tgp. It is observed here in a relatively low fieldH( teresis effects remain importandfi=1 T [11]). In such a
<H,) because the low spinon modes are little affected by a5 two different behaviors, typical of tBeand| phases,
the thermal dampingdEr). are expected to coexist in a “mixed” phase. The short-
dashed and solid lines in Fig. (d) provides examples of a
relative D-like contribution (expressed in % of the whole
phase¢. Compared to the experiments, the residual peak ob-
served around 1.85 meV is reasonably well explained if
50% of the magnetic contribution is attributed to thdike
%ehavior. To push further the analysis, we refer now to the
differential method. First, we proceed to a test of the method.

thi tal h b iously i tioatbih particul The data obtained in th® phase for the two close field
IS crystal have been previously Investiga particuiar, - sjuesH=11 and 11.5 T[see Fig. 1lb)] are analyzed in

the superlattlce.peaﬂatkaf(1/2,.0,1/2) in theD phasg is _ Fig. 12a). The differential method reveals no particular con-
seen to be shifted apart from its commensurate positiofipution, in excellent agreement with the fact that, within the
(g*=0) along thec* axis. In Ref. 11, fortH=12 T, this  statistics, the two sets of data are about the same. Second, we
shift is evaluated to béq:d/2W20007 r.l.u. In our case, compare the data obtained Ht=12 T with respect to the
however, it is expected to be a bit smaller as the chosen fieldata obtained in th® phase aH=11.5 T. In the subtrac-
direction (H||a) gives rise to a slightly larger critical field. tion procedure, however, we reduce the expected contribu-
Accordingly, for the same field value, the magnetizatiors ~ tion from theD phase(i.e., evaluated aH=11.5 T) by a
smaller giving rise to a slightly smalletq. Concerning the factor of the order of 2. The data reported in Fig.(d2

spin dynamics, our investigation has been performed on theorrespond to a model where 50% would result from the

V. FIELD EFFECTS IN THE | PHASE

In the mixed compound CuGe ,Si,O5 with x=0.003,
H. occurs slightly below 12 Tsee below. Such a small
amount of impurities or defects in a SP system affects littl
the phase diagranf.The critical field valueH, is, however,
reduced®® The static properties characterizing thehase in
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FIG. 14. Energy diagram of the low-energy excitations of lthe
phase as a function @f* : experiments versus a prediction given by
Hamiltonian (5). 6q=d/==0.006 r.L.u. represents the expected
magnetic incommensurability. The lines are obtained from Hamil-
tonian (5) (see texk

predicts the occurrence of magnetic incommensurabiliiss
in the U phase and energy gaps. The results shown in Fig.
14 support the presence of a gapy(=0.7 meV), but the
- ! . incommensurability in the excitation spectrum is not explic-
0.48 0.50 0.52 ity observed. It could be shown, however, that our results do
q (r.lu.) not contradict the predictions of Hamiltonidh). As a very
tentative example, possible longitudinal and transverse dis-
FIG. 13. Differential analysigdataH=12 T)-0.5 datad persions for this model are represented in Fig. 14 by the
=115 T)]: (a) from energy scans showing tliedependence of dotted and dot-dashed lines, respectively. The incommensu-
the low-energy mode attributable to th@hasejb) from Q, scans  rability has been fixed abq=d/7=0.006 r.l.u., which, as
at different energiegsee text explained above, should be slightly smaller than the experi-
mental determination 0.007 r.l.u. obtained in Ref.(dde to
D-like contribution. These data can be considered as descrilthe different field orientation In the model of Hamiltonian
ing mainly the fluctuations of thelike contribution. Essen- (5), the excitation branches are also characterized by energy
tially, they are characterized by a relatively broad contribu-gaps. In Fig. 14, the longitudinal and tlievo) transverse
tion peaked at low energy0.7 meV. Similar differential branches are calculated for the following gap valudg:
analyses have been developed on energy scans performed=a0.4 meV andA,=A_=0.9 meV, respectively. For the
different fixed wave vectorsg #0) [see Fig. 18)]. With  excitation velocity, we used the val@ =14.7 meV/r.lLu.,
g* increasing, the low energy peak is seen to be shifted tevhich corresponds to the spinon velocity determined in the
higher energies. In Fig. 18), Q, scans performed at fixed undoped compound.
energies are reported. They show that the energy spectrum

Neutron counts (arb. units)

broadens ag* increases. The position of the different peaks VI. CONCLUSION
observed in those figures are reported in Fig. 14, together o o
with the corresponding experimental widttshown by the The effects of a magnetic fielt are of crucial impor-

vertical and horizontal segmentsThis figure reports new tance in the thredJ, D, and| phases of a SP system. As

features. They can be considered as displaying the energown hereH acts directly on the spin excitations. In the
diagram of |ow-energy excitations in thqghase_ phase, there exists a sort of a “competition” between the

As proposed in Ref. 34, an oversimplified Heisenbergthermal fluctuations and the field-induced dynamical incom-
spin model can also be used to analyze suthtese. Due to mensura_bility. This concerns the fluctuations r@gr:. The
the incommensurate lattice distortion, an incommensuratéw-q spinon modes, however, are seen to be little affected
modulation of the exchange coupling is to be expected anfy these thermal fluctuations. Accordingly, the effect of H on

the spin Hamiltonian can be written as: these modes can be detected even at “low” fi¢ie., H
<H,). At this point, an interesting comparison can be made

H=JI3 [1- 8,c082mq% N) IS Shet (5)  with the results provided by electron spin resona(EsR).

. . . By this technique, the uniform spinon modat Qg

whered, is, as before, the “alternation” parameter ag, —(0,0,0), i.e.q=0] is detected® In a U phase T<T ),

the incommensurate wave vector characterizing the magnetif,e ESR resonance field measures directly the Zeeman shift
exchange modulation along the chagf, is entirely deter-  \yhich develops at=0 in the transverse fluctuation spec-
mined by the magnetization value, with g .=1/2—d/27  trum [see Fig. T)]. This Zeeman effect is related to the
whered characterizes the incommensurate lattice distortioninduced dynamical incommensurability characterizing the
Considering the excitation spectrum, such an Hamiltoniarfield effect in aU phase. Concerning thB phase, one is
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allowed to conclude that, in CuGgQthe field-induced Zee- dynamics. In particular, no evidence is obtained for the ex-
man splitting develops in the whole Brillouin zone. This is to pected dynamical incommensurabiliyThe presence of a
be opposed to what is observed in anisotrdpicl Haldane low-energy gap, however, is convincingly established. Fi-
spin chaing? A similar Zeeman splitting in the whole Bril- nally, along this work, reference is made to very simple iso-
louin zone has been observed insa3/2 spin system® tropic Heisenberg hamiltonians. More realistic models
Such a difference between integer and half-integer spinshould now be considered. In particular, in the strong spin-
could be a general feature of quantum gapped spin systemiattice coupling limit, which is now proposed to describe
For thel phase, our study in the doped compound is to beCuGeQ,’ the effects of a magnetic field on the elementary
considered as &very) preliminary investigation of the spin excitations may appear as a crucial test.
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