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Dynamics in the dimerized and the high-field incommensurate phase of CuGeO
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Grenoble High Magnetic Field Laboratory, Max-Planck-Institiit feestkaperforschung and Centre National de la Recherche
Scientifique, 25 avenue des Martyrs, #dPostal 166, F-38042 Grenoble Cedex 9, France

G. Dhalenne and A. Revcolevschi
Laboratoire de Chimie des Solides, Univerdiie Paris-Sud, bément 414, F-91405 Orsay, France
(Received 3 June 1996

Temperature (28 T<40 K) and magnetic-field (& B<17 T) dependent far-infrared-absorption spectros-
copy on the spin-Peierls coumpound CuGefas revealed several interesting absorption processes in both the
dimerized and high-field phase of CuGgQOrhese results are discussed in terms of the modulation of the
CuGeQ; structure. At low fields this is the well-known spin-Peierls dimerization. At high fields the data
strongly suggest a field-dependent incommensurate modulation of the lattice as well as of the spin structure.
[S0163-182896)52030-9

The discovery of the spin-Peierl§SP transition in  Faraday geometry using a Bruker ifs-113v spectrom@dr
CuGeO, about two years addas sparked an intense effort or 0.5 cm ! resolution equipped with a composite Ge bo-
to characterize and understand the properties of this magnémeter as detector.
toelastic  quasi-one-dimensional S=1/2  Heisenberg A convenient and sensitive method to study the FIR ab-
antiferromagnet™’ As a result, the magnetic chains in sorption as a function of temperature or magnetic field is to
CuGeO; [space groupPbmm (Ref. 8] are known to be compare the transmissiofr of a sample at two different
made ofS=1/2 CU”* ions running along the axis of the  temperatures or fields by considering the absorbance differ-
crystal. The magnetic interaction can be described by thence defined by a= —log, o(Tr1/Tr,)/d.
isotropic Heis_enberg Hamiltonian with an intrachain ex- Figure 1 shows difference spectt{T)— «(15.5 K) at
change couplingd=J.~120 K. In t_he dlm(_arlzed phase B=0 T for several temperatures in tie phase(upper six
[space groupBbcm (Ref. 9] small mterc%am couplings curves. The lower spectrum shows a difference spectrum
Jb%o'.l]‘: andJ,~—0.01); have been found. . a(15.5 K— a(40 K) between two temperatures in thé

As in most SP compound$§ the (B, T)-phase diagram of h Th inent feat b din th i
CuGeQ; exhibits three phasésAt high temperatures the phase. Three prominent features are observed in these spec

tra around 10, 44.3, and 48.5 crh, respectively.

crystal is in the uniform(U) phase. In magnetic fields - i . .
B<13 T CuGeQ undergoes a second-order phase transi- From the transmission spectfsee inset of Fig. & it is

tion (the SP transitionto a nonmagnetic dimerized) clear that there is a strong absorption peak at 48.5tm

phase around 14 K. For fiel®&>13 T a second-order phase 'S Peak can be assigned toBg, phonon, in agreement
transition to a magnetic phase occurs at about 9 K. with ak=0 phonon2 observed in mgIasuc—ngutron—scattenng
Recently x-ray diffraction experiments have shown that in(INS) experiments” The observation of this mode com-
the high-field phase the lattice is incommensuratelyPletes previous FIR experiments at higher frequericies
modulatedP If this is indeed the case, one expects a definitavhich reported on four out of the five expectg, phonons.
influence of the field-dependent modulation on the lattice Above theU-D phase transition, the linewidth of the
and spin dynamics in CuGeQThe present paper, therefore, By, mode is strongly temperature dependent, leading to the
is concerned with the dynamics in the low-temperatureasymmetric double structure around 48.5¢min the lower
dimerized and incommensuratiC) phases of CuGeQ us-  curve of Fig. 1. Once in th® phase, the linewidth becomes
ing temperature (28T<40 K) and field- (0<B<17 T)  independent on temperature. These observations strongly
dependent far-infrared-absorpti¢RIR) spectroscopy. Sev- suggest that the observed broadening inhghase is due to
eral absorption features have been observed iDtlamd IC ~ higher order processes involving the 48.5 thphonon,
phases which are assigned to phonon and spin resonancasd some low frequency-excitations in thephase. A good
activated by the modulation. The results for the IC phase areandidate for these low-energy excitations are the spin exci-
found to be in good agreement with a field-dependent incomtations atk=0 and/orz (lattice constants are taken unity
mensurate modulation of the lattice as well as of the magwhich in theU phase are degenerate with the ground state. In
netic structure. the D phase these spin excitations are transferred to higher
Single crystals used in this study, grown by a floatingenergy due to the opening of the SP gap. The structure
zone techniqué! have been cleaved along tfE00) planes. around 48.5 cm? is found to be magnetic-field indepen-
The obtained plateletgthicknessd=0.6 mm) have been dent. The actual process responsible for the broadening is,
mounted in a variable temperature transmission insert. Ththerefore, most likely a one phonon, two spin process. For
magnetic field has been provided by a superconducting couch a process one expects a new absorption peak i the
(B<17 T). Transmission spectra have been recorded in @hase at higher energigshonon plus twice the gap enejgy
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FIG. 1. Absorbance difference specidT)— «(15.5 K) for ij oleen” v v v b
CuGeQ; (atB=0 T) in the vicinity of the spin-Peierls phase tran- 0 5 10 15 14 16 18
sition (top 6 curves, spectra are shifted for clarityhe lower curve Field (T)
shows the absorbance differene€15.5 K)—a(40 K). The inset
shows the transmission spectrum in the vicinity of Bre 0 spin FIG. 2. (a) Absorbance difference specteg(B)— (12 T) at
gap atT=4.2 K. T=2.3 K. (b) Field dependence of the gap energy in Enéclosed

symbolg and IC phasesgopen symbols (c) Field dependence of

However, due to strong phonon absorption processes it is nate 33.3(squares 43.5 (circles, and 44.7 cm? (triangles fea-
possible to measure the transmission for this energy range. tares in the IC phase.
Raman-scattering experiments similar processes have been
observed, showing indeed additional structure at the phonodbserved in the spectra. The energy positions of the observed
energy plus twice thek=0 spin-gap energy in theD splitting is plotted in Fig. &) (closed symbols and from
phase"3 this a spectroscopic splitting factal?=2.13 is derived.

The feature appearing around 44.3 ¢hin theD phase AroundB=12.6 T thek=0 spin gap structures disappear,
can be assigned to the=0 spin gap of CuGe@), in agree- showing the phase transition to the IC phase. The first-order
ment with previous electron paramagnetic resongi®R)  nature of this transition is evidenced by a small hysteresis
result§ and with the magnetic-field dependence presented@nd coexistence region of about 0.3 T. In the IC phase an
below. The structure here appears somewhat asymmetriapsorbance peak appears at low energies in the spectra, with
and high-resolution experimental runs have show that in fac linearly increasing energy upon increasing field. The field
there is a second absorbance peak, about 0.8'ctower in  dependence of this mode is also plotted in Figh) Zopen
energy. In contrast to the zone boundary spin gap at 168ymbols, yielding gf.f=2.03, a value slightly, but signifi-
cm~13 the 44.3 cm? gap does not shift or broaden with cantly, different from the result in the phase. In addition to
increasing temperature up to 12 K. The appearent shift belowhis absorption process, three other absorbance peaks are
12 K observed in Fig. 1 is merely due to a change in theclearly observed. One mode with a field-independent energy
relative strength of the two features, the 44.3 cmabsor-  of 44.7 cm ! appearing only below around 15 T, and two
bance peak rapidly losing its intensity upon increasing temeother features with field-dependent energies ending at 39.3
perature, whereas the 43.5 crh peak is nearly temperature and 42.4 cm? in the 17 T spectrum. The detailed field
independent below 12 K. Above 12 K the observed structurelependence of these modes is shown in Fig).2
broadens rapidly towards lower energy, and has completely In order to understand the results presented above, we
vanished at 15.5 K. propose the following qualitative picture of the phase dia-

Another feature at 10 cm® is found to be field indepen- gram and excitation spectrum for a spin-Peierls compound.
dent and, furthermore, is observed in both (he@nd the IC  As discussed in Ref. 14, the magnetic excitation spectrum for
phase. This leads us to assign this feature to a phonon moda S= 1/2 antiferromagnetic Heisenberg chain has a rich and
which is activated in both th® and IC phase. complicated appearance as a function of an applied magnetic

Figure 2a) presents the field dependence of the absorfield. In zero field and temperature the ground state has a
bance differencer(B)— «(12 T) at 2.3 K. In theD phase singlet nature. The magnetic excitations are triplet states and
one expects th&=0 spin gap(a triplet stat¢ to split into  fall into a two parameter spin-wave continuufSWC)
three components. However, due to the selection rules fdoounded at w,=(7J/2)sink) and w,=mJsinK/2). The
magnetic dipole transitions from the singlet ground statestructure factoS(k,w) has a divergence at the lower bound-
(Amg==1), only the two components witimg==*1 are ary. One of the most important features of the SWC is that it



R3732 P. H. M. van LOOSDRECHt al. 54

is degenerate with the ground statekatO andk= , lead- For phonon absorption transitions lat q there are two
ing to the possibility of a dimerizatiofi.e., a modulation candidates observed in the low-energy region inRhghase,
with k=), and the opening of a gap in the spin excitationat 10 and 43.5 cm?, respectively. Knowing that INS
spectrum, in the presence of magnetoelastic couplings.  experiments have shown a TA phonon at tha* zone
Application of a magnetic field to the chain leads to aboundary at 44 cm*, the latter peak can be assigned to the
magnetic ground state, with a gradually increasing multiplic-corresponding folded mode in the phase. These high-
ity (triplet, quintet, ...'* In the magnetic excitation spec- temperature experiments did not find, however, any phonon
trum a spin gaugH opens ak=0,7r, and the degeneracy around 10 cm®. It is therefore proposed here that this peak
with the ground state moves away frdos 0,724 For small 1S due to theD phase counterpart of the soft mode of the
fields these shifts are given lyk(H)=gugH/J. Again this Y-D phase transition. From the proposed structure for the

degeneracy may lead to a modulation and a gap in the pre2 phasé one expects as, symmetry for the soft mode. In

ence of magnetoelastic couplings, but now with a wave vect"® D Phase this mode splits int@;,&Bsq® A& By,

tor which is generally incommensurate with the structure and’ hﬁret;re]elgtterr]:séndﬁ: ;eRaijcrtle\;e.are observed below 20
depends on the magnetic field. For low fields, however, the P '

71 . . .
presence of umklapp processes will prevent the modulatioﬁm (Fig. 2. Since one expects the magnetic ground state

" 0 have a triplet nature, the field-dependent péhR—17
wave vector to move away frok= 7, and up to a critical P b pé

' : ) . ) . L cm™1) may be assigned to the=0 triplet-triplet transition
field H, the modulation will remain a simple dimerization of (. _" 1 "4 ransitions tan.=1 are magnetic dipole for-
the lattice, and the magnetic ground state will remain of Sinbidsder). For ihe 10 em't fe;ture it is clear that it should

glet nature. _ o __ have the same origin as the one proposed above fobthe
Momentum conservation rules restrict single excitationpase.

absorption processes in an unmodulated structure to essen- |, discussing the remainink= vq modes in the IC phase
tially k=0 excitations. In a modulated structure, however,the magnetic excitations are considered first. Neglecting a
the same rules lead to absorption processes involving excitgossible interchain interaction, the energy of the magnetic
tions with k=0,*»q, wherev is an integer, and] is the  excitations with wave vectok=*(m—gugH/J) may be
modulation wave vectd®® For example, modulation with approximated by
g=m leads to activation of excitations at the Brillouin zone
boundary. The matrix elements for transitions involving
v# 0 generally decrease rapidly for increasimgvhich usu-
ally makes excitations with= = vq, v>1 undetectable.
From the above, it is clear that one expects new phononr for small fields (& 7/2)gu,H+0.5(A%/gupH). At 13
and spin absorption processes in IR absorption spectroscopy, the energy of th&k= +q excitation in the absence of a
not only in theD phase, but also in the IC phase. In additiongap is thus about 33 cit. In the 13 T spectrum indeed a
to this one also expects a gap at the modulation wave vectgeak is observed at 35.3 cm which, moreover,
in the spin excitation spectrum in the IC phase. It is interestinitially increases linearly with field with a slope
ing to note that the expected modulation in the IC phase i$1+ w/2)gu, [inset in Fig. Zc), solid ling]. From this, the
dependent on the magnetic field, hence by varying the maggap atk=q(H) is estimated to be abouk,c=7 cm 1.
netic field one can scan the modulation wave vector througlupon increasing field, the energy of this=0 mode clearly
part of the Brillouin zone, allowing for the observation of the shows a deviation from a linear behavior, strongly indicating
k dependence of the optically active excitations withinteraction with another excitation, possibly the TA phonon
k= vq, which energies depends not only on the dispersiomear the zone boundary around 43.4 cmWhen the lattice
relation, but also on the gap induced by the spin-phonomecomes incommensurate, one expects the energy of the TA
interaction. phonon response to slowly decrease upon increasing field,
Now coming back to the experimental results again, and.e., upon decreasing modulation wave vector. This indeed
to facilitate the discussion, consider only the divergent lowercorresponds to the observed behavior of the absorption peak
bound of the SWC. This leads to a picture with magnonlikeat 43.4 cm* at 13 T, which moves to 42.4 cnt at 17 T.
excitations with a dispersiom(k.) = (7J/2)|sink.)| for the  This strongly indicates a field-dependent incommensurate
low-temperature regime of the uniform phase. As shown premodulation of the lattice.
viously, one can approximately describe the magnetic exci- In addition to the 43.4 cm® peak, a second feature is
tation spectrum in theD phase by magnonlike exci- observed at 44.7 cmt which exists only in a limited field
tations with a dispersionw?(ky,k.) =A%+ (wsinky))?  range(12.6—15 T, and is not field dependent. A likely ex-
+ (w,C0sky/2))?, where A=16 cm ! is the spin-Peierls planation for the appearance of this mode is that close to the
gap, w.=mJ/2=130 cm ! and w,=26 cm 13 The dis- IC-D phase transition, there exists discommensurations in
persion in thek, direction results from the nonnegligible which the modulation is pinned to (@earlyy commensurate
interchain interaction. The dimerization in tBephase leads valueq.,mm, leading to absorption processes involving exci-
to activation of phonon excitations withk=0 or tations atk=(.,mm- The existence of such discommensura-
g=(m,0,7). For the spin system, however, there is notions is a quite general phenomenon in an incommensurate
change in the magnetic periodicity and only system close to a first-order lock in transition to a commen-
k=0 excitations can be observed, leading to a single absosurately modulated structuté.
bance peaKat 44.3 cmi'! for B=0) as has been observed In conclusion, from the present experiments as well as
experimentally(Fig. 1). from Raman experimentst is clear that strong spin phonon

E(H)=gupH + VAL + (7I/2)2sirP(gugH/J),
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couplings exist in CuGe@ Though this is not surprising in k= »q modes. The field dependence of these modes can be

a magnetoelastic compound, it remains to clarify the way ifunderstood in a simple model for the excitations in the IC

influences the SP transition. phase. From this model, the=q spin gap in the IC phase is
The observation of newly activated phonon modes in thggtimated to be about 7 ci.

D and IC phase is consistent with a modulation of the crystal The structure observed at 10 &rh in theD and IC phase

potential. Also in Raman experiments several newly actiy a5 heen assigned here to the low-temperature counterpart of

Vﬁted s{‘;‘f;’eﬁ hayg b?err: reportgd n both mbea?]d (Iij the soft mode of the SP transition. For a definite assignment,
En;;i)en 'Of t;—e?act)trilgtlan Izot/v:\?gragm/;gopeswﬂae%v r?ut) dees i;\:’ehowever, additional experiments are needed, for instance in-
been observed in Raman and IR experiments and in additio%l":ls'{IC neutron scattering or Raman spectroscopy.
the distortion of the lattice is quite smallA more likely The authors would like to thank Dr. J.P. Boucher
possibillity is that the phonons are in fact activated by spinfor many discussions and continuous support, as well
phonon interactions which lead to a Bragg scattering of theas Dr. D. Maude for making the superconducting magnet
phonons by the spin system. Similar effects have been olavailable to us. The Grenoble High Magnetic Field Labora-
served for instance in the vanadium dihalid®s. tory is “Laboratoire conventionnavec I'UniversiteJoseph
The results presented for the high-field phase are in goo8ourier de Grenoble.” Partial financial support by the New
agreement with a field-dependent incommensurately moduenergy Development Organisation is gratefully acknowl-

lated phase, as evidenced by the observation oédged.
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