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Far-infrared spectroscopy in the spin-Peierls compound CuGeO3 under high magnetic fields
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Polarized far-infrared~FIR! spectroscopic measurements and FIR magneto-optical studies were performed
on the inorganic spin-Peierls compound CuGeO3. An absorption line, which was found at 98 cm21 in the
dimerized phase (D phase!, was assigned to a folded phonon mode ofB3u symmetry. The splitting of the
folded mode into two components in the incommensurate phase~IC phase! has been observed. A broad
absorption centered at 63 cm21 was observed only in theEib axis polarization, which was assigned to a
magnetic excitation from singlet ground state to a continuum state.
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I. INTRODUCTION

The discovery of the spin-Peierls~SP! transition in an
inorganic compound CuGeO3 ~Ref. 1! has produced grea
interest in the properties of this quasi-one-dimensionaS
51/2 Heisenberg antiferromagnet. The lattice dimerizat
induced by the SP transition was confirmed by observa
of superlattice Bragg peaks by electron diffraction,2 x-ray
and neutron diffraction.3,4 At low temperatures, a high mag
netic field above 12 T induces a phase transition from
dimerized phase (D phase! to a magnetic phase.5 The high-
field phase was assigned to an incommensurate phase~IC
phase! based on the appearance of a splitting of the supe
tice reflections above the critical field,HC .6 Higher-order
harmonics of the incommensurate Bragg reflections, wh
indicates that the lattice modulation forms a soliton latti
were observed just aboveHC by the x-ray experiments.7 An
anomalous spontaneous strain appears with the SP trans
and increases with decreasing temperature.8 This strain is
partially removed at the transition from theD to the IC phase
and continues to decrease with increasing field, as obse
by magnetostriction measurements under high magn
fields.9,10

Since the coupling between the one-dimensional spin
tem and three-dimensional phonon fields plays an esse
role in the SP transition, it is important to investigate t
phonons related with the transition such as folded phon
and a soft phonon. The crystal structure of CuGeO3 belongs
to Pbmmsymmetry at room temperature.11 According to the
factor group analysis, optically active phonons are 12 mo
@4Ag(aa,bb,cc)14B1g(ab)13B2g(ac)1B3g(bc)# in the
Raman spectra and 13 modes@3B1u(Eic)15B2u(Eib)
15B3u(Eia)# in the infrared spectra. All of them have a
ready been assigned in the Raman and infrared spectra12 In
the SP state, the symmetry is lowered toBbcm due to the
formation of the superlattice4,13 and additional 18 Raman
active modes @4Ag(aa,bb,cc)15B1g(ab)14B2g(ac)
15B3g(bc)# and 9 infrared-active modes@2B1u(Eic)
14B2u(Eib)13B3u(Eia)# should appear belowTSP. At
PRB 620163-1829/2000/62~8!/5191~8!/$15.00
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present, three Raman modes at 107, 369, and 820 c21

were assigned to theAg folded phonons in theD phase,
while the first one has a Fano-type line shape.14–16Concern-
ing the infrared-active folded phonons, oneB1u and twoB2u
modes were found at 284.2, 311.7, and 800 cm21,
respectively.17,18 Besides those three infrared active mod
we assigned the absorption line at 98 cm21 to a folded pho-
non in our previous paper, while its polarization propert
were unclear.19

The field dependence of the folded phonon modes w
investigated in the Raman experiments.20,21The intensity de-
creases steeply at the boundary between theD and IC phases,
while no energy shift was observed. Just aboveHC , the in-
tensity decreases to about half of theD phase, and continue
to decrease in the IC phase with increasing field.21 In con-
trast to these results, however, the folded phonon mod
98 cm21 was unobservable in the IC phase in our previo
paper.19

Magnetic excitations across the gap between the sin
ground state and the triplet excited state were found be
TSP in the far-infrared~FIR! measurements19,22–25and con-
tinuous excitations between 30 and 230 cm21 due to two
magnon processes were observed below 60 K in the Ra
experiments.14–16,26 Interestingly, two magnetic excitation
were found at 19 cm21 and 44 cm21 by the electron spin
resonance~ESR! measurements.22,25 Both modes split into
two components in the presence of the magnetic field
become unobservable in the IC phase. In a recent inela
neutron scattering~INS! experiment, Lorenzoet al. found a
second magnetic excitation branch with a non-negligi
spectral weight, which indicates that there are two magn
excitation gaps of 19 cm21 and 44 cm21 at the zone
center.27 The authors concluded that its existence origina
from the presence of the Dzyaloshinskii-Moriya~DM! anti-
symmetric exchange terms, whose existence has also
suggested from ESR measurements.28 In principle, magnetic
excitations between the singlet and the triplet states are
frared inactive. Uhrig suggested that the observation of
gap at 44 cm21 is caused by the presence of the stagge
magnetic field in analogy to NENP@Ni~C2H8N2!2NO2

~ClO4#

and NINO @Ni~C3H10
N2!2NO2~ClO4!#.

29 Their model does
5191 ©2000 The American Physical Society
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5192 PRB 62TAKEHANA, TAKAMASU, HASE, KIDO, AND UCHINOKURA
not explain the observation in zero field and the field dep
dence of the intensity, so the microscopic mechanism of
magnetic excitation at 44 cm21 is still unclear. Three new
branches were found in the IC phase by the F
experiments.24 One of them originates from the discomme
suration because of its appearance only just aboveHC and
others were explained as the absorption involving magn
and vibrational excitations in a modulated structure. On
other hand, in the IC phase, suppression of the continu
structure between 30 and 230 cm21, especially the peak a
30 cm21,20 and enhancement of the peak at 17 cm21 were
observed in the Raman experiments.21

In order to clarify the property of the 98-cm21 mode, we
presented in this paper the polarized spectroscopic mea
ments on CuGeO3 in zero field and magneto-optical studie
up to 18 T.

II. EXPERIMENT

A CuGeO3 single crystal was grown by a floating zon
method using an image furnace and was cleaved along
~100! plane. We used a wedge-shaped sample with dim
sion of 1.53436 mm3 in order to avoid the interference o
FIR light in the sample.

FIR transmission was measured in the spectral range
tween 15 and 300 cm21 with a minimum resolution of
0.1 cm21 using a Fourier transform spectrometer~BOMEM
DA8!. The spectra were measured by using 50, 100-mm My-
lar and Ge, Si coated 6-mm Mylar beamsplitters. An FIR
polarizer of free-standing wire grid type with a grid period
12.5 mm was used for polarized measurements. A Si bolo
eter that was operated at 4.2 K and a Si composite bolom
operated at 0.3 K were employed as the FIR detectors.
former was used for the higher-energy region than 50 cm21

and the latter for the lower region. A high-pressure merc
lamp was used as a light source. The unpolarized spect
the presence of magnetic field were obtained with an 1
superconducting magnet in the Faraday configuration. B
the spectrometer and the detector were placed 3 m apart from
the magnet in order to avoid the leakage flux of the mag
The FIR light was led by an optical pipe system, which co
sisted of well-polished brass pipes~10 mm i.d.! and mirror
cells that turn the FIR light direction through a right angle30

All the optical path is evacuated to avoid the absorption d
to water vapor. The temperature dependence of the spe
was investigated down to 3 K.

III. RESULTS

A. BÄ0 T

Figures 1~a! and 1~b! show the transmission spectrum
CuGeO3 in theEib andEic axis configuration, respectively
at T517 K. Absorptions due to the optical phonons a
clearly observed at 48 cm21 and 135 cm21 in Fig. 1~a! and
at 135 and 170 cm21 in Fig. 1~b!, which were assigned to
B2u , B3u , B3u , andB1u modes, respectively, by the infra
red reflectivity measurements.12 The appearance ofB3u
modes in both theEib andEic configurations would be due
to an inclination of a few degrees from the correct config
ration.
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In order to clarify the small change between the thr
phases; i.e., the uniform (U), D, and IC phase, the trans
mission spectra were normalized by the spectrum in theU
phase,@Tr(T517 K,B50 T)#. Figures 2~a! and 2~b! show
the normalized spectra in theEib and Eic configurations,
respectively. A sharp absorption line at 98 cm21, which is
labeled as FP in Fig. 2~a!, appears only in theEib configu-
ration belowTSP. The absorption intensity of FP decreas
without broadening when the temperature increases up toTSP
and it shows no energy shift as a function of temperature.
structure was observed around 98 cm21 in the 30-K spec-
trum, which indicates that FP appears only belowTSP. An
asymmetric absorption,M1, which has a tail on the lower
energy side, was observed at 44 cm21 only in the spectra of
Eib (Hic) configuration.17 M1 loses its intensity rapidly
with broadening and its peak position shifts slightly towa
lower energy when the temperature increases up toTSP. The
broad absorption,M2, which is centered at 63 cm21 and
has a wide tail on the higher-energy side, was newly fou
only in the Eib (Hic) configuration belowTSP and grows
with decreasing temperature, whose temperature depend
and polarization property are quite similar to that ofM1. The
structures around 50 cm21 in theEib configuration, OP, are
due to the temperature dependence of theB2u optical pho-
non. On the other hand, no significant structure was obse
in the spectra ofEic configuration in both theU and theD
phases.

In order to examine the polarization property of FP mod
an angular dependence was measured as shown in Fi
when the sample is rotated around theb axis ~see upper inse
of Fig. 3!, which means that the component ofEia polariza-
tion becomes mixed into the spectrum when the angleu
increases from zero degrees. The absorption intensity
creases almost linearly without energy shift and broaden

FIG. 1. Polarized transmission spectra atB50 T and T
517 K in the ~a! Eib axis and~b! Eic axis configurations.
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asu increases up to 40°~see lower inset of Fig. 3!. Accord-
ing to these results, we conclude that the FP mode must h
the Eia polarization property. Observation of this mode
the Eib configuration, as shown in Fig. 2~a!, would be
caused by the sample tilting by a few degrees from the c
rect configuration, because the modes ofEia polarization
must not be observed in the correctEib configuration. The
absorption intensity atu530° increases with decreasin
temperature, as shown in the inset of Fig. 4. The tempera
dependence of its intensity is well described by the pow
law a(TSP2T)2b ~see Fig. 4!. The best fit was obtained fo
2b50.55, which is in good agreement with that of oth
folded phonons,17,18 the superlattice reflections,4 and the
spontaneous strains.31 The intensity of folded phonons in
zero field is proportional to the square of the lattice distort
induced by the SP transition, as well as that of superlat
reflections and the spontaneous strains.31

FIG. 2. ~a! Normalized spectra, Tr(T)/Tr(T517 K), in the
configuration of theEib axis polarization atB50 T. The absorp-
tions at 44 cm21, 63 cm21, and 98 cm21 below TSP grow with
decreasing temperature. The structures around 50 cm21, which ap-
pear in all spectra, are caused by temperature dependence of thB2u

optical phonon at 48 cm21. ~b! Normalized spectra, Tr(T)/Tr(T
517 K), in the configuration of theEic axis polarization atB
50 T. No significant structure was observed.
ve
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B. BÅ0 T

The normalized spectra in the presence of magnetic fie
are shown in Fig. 5. The FP mode was observed in
configuration, which may be caused by an inclination of t
sample, as mentioned above. Both peak position and p
intensity remain unchanged up toHC and become unclea
aboveHC . In the presence of a magnetic field,M1 splits
into two components,M1U andM1L , which correspond to
the excitations from the singlet ground state to themS
561 branches of the triplet excited states. From the fi
dependence of the peak positions, we estimate theg value as
g52.1, which is in good agreement with the report
values.22,24 Neither M1U nor M1L are observed in the IC
phase, which is again in agreement with the previo
results.22–25 With increase of magnetic fieldM2 shifts to-
ward higher energy, while it could not be confirmed wheth
the lower branch exists or not, owing to overlap withM1U

FIG. 3. Angular dependence of the absorption at 98 cm21 for
rotation of the sample around theb axis~see upper inset!. As shown
in the lower inset, the intensity increases almost linearly up to 4

FIG. 4. Temperature dependence of the intensity of the abs
tion at 98 cm21, when the sample is rotated by 30° around theb
axis, which is well described by the power law,a(TSP2T)2b. The
inset shows that the absorption at 98 cm21 increases with decreas
ing temperature.
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5194 PRB 62TAKEHANA, TAKAMASU, HASE, KIDO, AND UCHINOKURA
branch. Around and aboveHC , M2 becomes broader
There is no significant change ofM2 at HC .

In order to clarify the behavior of FP mode in the I
phase, the field dependence of the spectrum was investig
up to 18 T with the sample inclined around theb axis by
about 20°~see Fig. 6!. We have observed that two absorptio

FIG. 5. Unpolarized normalized spectra, Tr(B,T
54.2 K)/Tr(B50 T,T517 K), for various fields, when the
sample was tilted by a few degrees from theBia axis configuration.

FIG. 6. Field dependence of the absorption at 98 cm21 at 4.2
K, when the sample is rotated by 20°. Satellite peaks appea
both sides of the absorption at 98 cm21 in the IC phase, while the
main peak weakens and disappears aroundHC .
ted

lines, FPU and FPL , appear on both sides of FP with approx
mately the same intervals aroundHC , while FP loses its
intensity with slightly shifting to lower energy and vanish
above 12.3 T. The energy separation between FPU and
FPL , Dv, increases with increasing field.

IV. DISCUSSION

Table I shows the folded phonons that have been found
the FIR studies up to now. Four folded phonons have b
found among the nine modes predicted by the factor gr
analysis. The reason why the remaining modes are not
served might be due to their weak intensity or concealm
in other strong optical phonons. The folded mode
311.7 cm21 was observed aboveHC , but the details were
unclear because it is located on the shoulder of an opt
phonon.32 The field dependence of the folded modes of 28
and 800 cm21 have not been reported yet.

The peak positions of FP, FPU , and FPL at u520° are
shown in the Fig. 7 as functions of magnetic field. The a
sorptions, FPU and FPL , were confirmed in the spectrum o
the IC phase in Fig. 5, although their intensity is quite sm
The peak positions atu'0°, which are also plotted in Fig. 7

on

TABLE I. Folded phonon modes that appear in the FIR spec
below TSP. The first one is the mode found in this study.

Frequencyv (cm21) Polarization IC phase~aboveHC)

98 Eia splitting
284.2a Eic
311.7b Eib detectablec

800d Eib

aFrom Ref. 18.
bFrom Ref. 18.
cFrom Ref. 32.
dFrom Ref. 17.

FIG. 7. Field dependence of the peak positions of the absorp
at 98 cm21 and its satellites at 4.2 K, when the sample is rotated
a few degrees~open squares! and 20°~closed circles!. The dashed
line indicates the field dependence of the average energy of
satellites. Inset shows the field dependence of the energy separ
between these satellites,Dv.
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are in good agreement with the result atu520°, where de-
viations ofHC caused by the inclination are quite small. Th
agreement indicates that appearance of FPU and FPL instead
of FP in the IC phase is not caused by the sample inclinat
but is an intrinsic property of this mode. FP is observed
the D phase and both FPU and FPL are observed in the IC
phase. They coexist in the vicinity of the boundary betwe
theD and IC phases, which is quite similar to the behavior
the superlattice reflection in the x-ray mesurements.6 The
energy of FP is independent of the static magnetic field
the temperature in theD phase. It slightly shifts toward lowe
energy in the coexistence region, which may be caused
strong decrease of the spontaneous strain when going
theD to IC phase,10 or by discommensurations which appe
in the vicinity of the phase boundary. The positions of FU
and FPL are almost symmetrical with respect to that of F
which indicates that FP line splits into two lines; FPU and
FPL , in the IC phase.Dv increases steeply with increasin
field at the vicinity of the phase boundary and the rate of
increase slows down gradually with increasing field~see in-
set of Fig. 7!. The field dependence of the integrated inte
sities of FP, FPU , and FPL and their total are displayed i
Fig. 8. The intensity of FP decreases steeply to zero
above HC after enhancement at the vicinity of the pha
boundary, while it is almost field independent below 10
Similar enhancements aroundHC were observed in the field
dependence of both FPU and FPL . Total intensity in the IC
phase decreases to about 50% of zero-field value and gr
ally decreases with increasing field. This behavior is qu
similar to that of other folded phonons except for the e
hancement aroundHC .20,21 The enhancement was also o
served in the Fano-type mode at 107 cm21, but was much
more moderate.21 The intensity of folded phonons is close
related to the lattice distortion induced by the SP transiti
as well as to the intensity of the superlattice reflections.
this reason, the field dependence of the intensity of
folded phonon,21 the superlattice reflection,6 and the sponta-
neous strain10 quite resemble each other. However, enhan
ments aroundHC were only observed in this mode and
Fano-type folded mode in the Raman experiments, wh
would suggest the presence of some interaction which ca

FIG. 8. Field dependence of the integrated intensities of
absorption at 98 cm21, its satellites, FP, FPL , FPU and their total at
4.2 K, normalized to zero field.
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the splitting of this mode in the IC phase.
The temperature dependence of the peak positions of

FPU , and FPL in various fixed fields is shown in Fig. 9. Th
symmetrical location of FPU and FPL with respect to FP is
also confirmed in Fig. 9. The intensity decreases steeply w
approaching theD-U phase or the IC-U phase boundary, and
these peaks disappear in theU phase. FPU and FPL shift
toward lower and higher energy, respectively, which me
thatDv decreases with increasing temperature. The temp
ture dependence of the peak positions becomes weak
increasing field, and the peak positions at 18 T are alm
independent of temperature. A possible explanation for
temperature dependence is as follows:Dv decreases with
approaching theD-IC phase boundary, corresponding to t
field dependence ofDv as shown in Fig. 7. When the mag
netic field is just aboveHC , the magnetic state approach
the phase boundary with increasing temperature and this
dency gets weaker forH@HC , according to the shape of th
phase boundary~see the inset of Fig. 9!.

To our knowledge, this is the first example of the obs
vation of splitting of the folded phonon in the IC phase. T
field dependence ofDv quite resembles that of the incom
mensurability,DL, which was estimated by the splitting o
the ~3.5, 1, 2.5! superlattice reflection in the x-ray diffractio
experiments.7 The temperature dependence ofDv is also
consistent with that ofDL, while the latter was investigated
only just aboveHC .6 We compared the field dependence
Dv andDL by scaling them withHC , as shown in Fig. 10.
Critical behavior ofDL in pure and diluted CuGeO3 can be
scaled by a universal curve, although there are some de
tions dependent on the composition. The universal curv
well described by the function 1/ln@8HC /(H2HC)#, which is
predicted by the mean-field theory.33 The right scale was
adjusted to fitDv to the universal curve. It is obvious tha
Dv is also well described by the same universal cur
Moreover, Dv approaches gradually the theoretically pr
dicted curve in the high magnetic field limit by Cross.34

These results suggest thatDv is proportional to the incom-
mensurability, at least up to 18 T.

In principle, optical excitations are allowed to be infrare
active only atk50 owing to the momentum conservatio

e FIG. 9. Temperature dependence of the peak positions of
FPU , and FPL at various fixed fields. The inset shows the schema
phase diagram in the (H,T) plane.
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rule. When the lattice modulation is induced, excitations
k56nq are allowed in addition to those atk50, whereq is
the modulation wave vector andn is an integer, although the
intensities decrease rapidly with increasingn.35 In the case of
the SP transition,q5qSP, whereqSP is the modulation wave
vector caused by the SP phase transition, which is locate
the zone boundary in theU phase. This means that the exc
tations at the zone boundary in theU phase are folded to th
zone center. This makes the folded phonons observable
low TSP. In the IC phase,q deviates fromqSP by a certain
wave number Dq, which makes the excitations atk
56(qSP2Dq) infrared active. These modes have the sa
wavelength as the incommensurability and propagate a
the c axis toward the opposite direction from each oth
Experimentally, the average component of the spin polar
tion was confirmed to have a periodicity of 2Dq by the NMR
~Ref. 36! and the neutron scattering studies,37 while the stag-
gered component has a periodicity of6(qSP2Dq). Note that
2Dq is equivalent with the difference between6(qSP
2Dq). When the two modes ofk56(qSP2Dq) have the
strong spin-phonon coupling, mixing of these modes and
splitting of the mixed modes are caused by the interac
between these two modes through the modulation of the
polarization with the periodicity of 2Dq. Therefore, if we
definek as the coupling between the6(qSP2Dq) modes,k
is certainly nonzero. The energy separation can be descr
as follows:

Uv0
22v2 k

k* v0
22v2U50, ~4.1!

v25v0
26uku, ~4.2!

v'v06
uku
2v0

, ~4.3!

FIG. 10. Field dependence of the energy separation betweenL

and FPU , Dv, and that of the incommensurability,DL, which were
measured by Kiryukhinet al. ~Ref. 7!. Both Dv andDL are scaled
by the respective critical field,HC , and can be well described b
the theoretical curve 1/ln@8HC /(H2HC)# within the mean field
theory~Ref. 33!. The dashed line indicates the theoretical predict
by Cross for the high magnetic field limit~Ref. 34!.
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wherev is the absorption energy with the coupling,v0 is
that without the coupling. Equation~4.3! means that the ab
sorption is split into two components and they appear
both sides ofv0 with the same separations, which is qui
consistent with the experimental results. It also suggests
Dv is proportional touku. The eigenstates with the energ
v06uku/2v0 are two kinds of the standing waves having t
same period as the incommensurability and different pha
uku is dependent on both temperature and magnetic fi
because the incommensurability is strongly dependent
them. The field dependence ofDv is in good agreement with
that of the magnetization.36 The temperature dependence
Dv is also consistent with that of the magnetization.38 It
would be a reasonable assumption thatuku is proportional to
the magnetization, i.e., the density of the solitons, beca
we argued that the coupling to the average component of
spin polarization causes the energy splitting. Therefore,uku
is proportional toDq, which leads to the relation thatDv is
proportional toDq. This conclusion is quite consistent wit
our experimental results. Note that there is no other exam
than FP to have the splitting of the folded mode in the
phase, while the above argument may be applied also to
other modes. This indicates that FP is the particular mod
have the strong coupling to the average component of
spin polarization. In general, the spin-Peierls system has
spin-phonon coupled modes, and one of them is the
mode that softens towardTSP.34 The soft phonon mode ha
not been found yet, and is now believed to be nonexisten
CuGeO3. Since CuGeO3 is a spin-Peierls system, ther
should be the spin-phonon coupled modes, even though n
of them exhibits softening. Bradenet al. argued the possibil-
ity of the spin-phonon coupling of the phonon modes at
zone boundary that become the Raman-active modes in
D phase, and observed the anomalous hardening of these
modes with lower frequencies aboveTSP in the INS experi-
ments, while no soft mode behavior was observed aro
TSP.39 The anomalous hardening was explained as the
transitional fluctuations of the Peierls-active phonon mod
by reconsidering Cross and Fischer’s approach.40 The energy
of the FP mode is the lowest among those of the fold
phonon modes that have been found up to now, and is
close to that of the lowest folded mode with Raman activi
which was argued to have the strong spin-phonon coupl
The splitting in the IC phase is considered as the proof t
FP has the strong spin-phonon coupling. It also indicates
possibility of FP to be one of the phonon modes contribut
to the mechanism of the spin-Peierls transition, similar to
Raman active modes as was argued in Ref. 39. The inte
ties of both the split-off branches of the superlattice refl
tion in the IC phase would be a quarter of that in theD
phase, on the assumption that the lattice modulation in the
phase is described as the sinusoidal waved cos(Dq•r ),
whered is the magnitude of the lattice modulation in theD
phase. This was confirmed in the experimental results.6 Simi-
larly, the intensities of the folded phonon modes atk5
6(qSP2Dq) in the IC phase would be a quarter of that
k5qSP in the D phase; that is, the total intensity in the I
phase is half that in theD phase. This is roughly in agree
ment with the results of this study. The intensities of oth
folded modes just aboveHC also decrease to about half o
that in the D phase.21 The enhancement of the intensi

F
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aroundHC might be caused by the critical fluctuation of th
spin system, because no anomaly was observed in the x
measurements.

Next we will discuss the broad absorption bandM2.
Table II shows the magnetic excitations which have be
found by the FIR experiments. The absorption of 19 cm21

has been observed only by using the FIR laser.25 To our
knowledge,M2 was found for the first time in this study
and the shift under the magnetic field indicates thatM2 has
a magnetic origin. Absorptions of both 19 and 44 cm21

were assigned to the magnetic excitation from the sin
ground state to the triplet states, which means that there
two magnetic gaps at theG point. A second magnetic exci
tation branch, whose energy gap corresponds to 44 cm21 at
theG point, was found by the INS experiments.27 The newly
observed branch was assigned to the zone-folded one d
the existence of the DM antisymmetric exchange term
which means that the energy gap of the new branch at thG
point corresponds to that of the original branch at the z
boundary. The energy scan spectrum for the zone boun
Q5(0,2,0.5) was investigated by the INS experiments~see
Fig. 2 of Ref. 41!, and a continuum of magnetic excitation
whose peak is located at 7 meV, was found to be separ
from the triplet branch by the second gap of 2 meV. We in
that M2 originates in a magnetic excitation at theG point
from the singlet ground state to the continuum state spre
ing over the higher-energy region above the newly obser
triplet branch. Note that not only the energy ofM1, but also
that of M2 coincide with those of the first and second pea

TABLE II. Magnetic absorptions that appear in the FIR spec
belowTSP. The last one is the absorption band found in this stu

Frequencyv (cm21) Polarization D phase IC phase
~at 4.2 K! ~at 0 T! ~below HC) ~aboveHC)

19a splitting
44b Eib.Eic splitting
63 Eib.Eic shifting broadening

aFrom Ref. 25.
bFrom Ref. 22.
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at 5 meV and 7 meV, respectively, on the data forQ
5(0,2,0.5) in the INS experiments~see Fig. 2 of Ref. 41!.
The line shapes ofM1 andM2 also resemble those of th
corresponding ones in the INS experiments. There are o
similar features such as the ratio of two peaks and the l
tail on the higher-energy side of the continuum of magne
excitations. An ‘‘absorption valley’’ betweenM1 and M2
corresponds to the ‘‘second gap’’ found by the INS measu
ments. A possibility of an optical excitation between the s
glet ground state and the continuum state was suggeste
Kokado and Suzuki.42 The magnetic excitation at 19 cm21

was found to be too weak to be observed in our experime
Missing of the absorption at 19 cm21 in this study would be
connected to the small density of state of the magnetic e
tation branches. The numerical studies without the DM
teraction predicted that the density of states at the zone
ter is much smaller than at the zone boundary.43 The
‘‘rampart’’ structure of the continuum state, which wa
found in the INS experiments around 30 meV,44 is expected
to be observed, but has not been confirmed in our spect
probably because of the strong absorption of other origins
shown in Fig. 1. We have not only observed the magne
excitation from the singlet state to the continuum state by
optical method, but also confirmed the presence of the s
ond gap located at 5–7 meV at theG point, which, to our
knowledge, has not yet been observed in the INS exp
ments.

V. CONCLUSIONS

We have performed the polarized FIR spectroscopic m
surements and the unpolarized FIR magneto-optical stu
on the spin-Peierls compound CuGeO3. A sharp absorption
line, which appears at 98 cm21 in theD phase, was assigne
to a folded phonon mode ofB3u symmetry. This folded
mode was found to split into two components in the
phase. The energy separation of the two split branche
proportional to the incommensurability in the IC phase.
broad absorption centered at 63 cm21 was found in theEib
axis polarization spectra, which was assigned to magn
excitation from singlet ground state to a continuum state
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