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Far-infrared spectroscopy in the spin-Peierls compound CuGe@under high magnetic fields
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Polarized far-infraredFIR) spectroscopic measurements and FIR magneto-optical studies were performed
on the inorganic spin-Peierls compound CuGe@n absorption line, which was found at 98 cthin the
dimerized phasel phasg, was assigned to a folded phonon modeBaf, symmetry. The splitting of the
folded mode into two components in the incommensurate pki&sehase has been observed. A broad
absorption centered at 63 crmwas observed only in th&||b axis polarization, which was assigned to a
magnetic excitation from singlet ground state to a continuum state.

. INTRODUCTION present, three Raman modes at 107, 369, and 820'cm
were assigned to thé, folded phonons in théd phase,
The discovery of the spin-PeierlSP transition in an  while the first one has a Fano-type line shapé® Concern-
inorganic compound CuGeQ(Ref. 1) has produced great ing the infrared-active folded phonons, oBg, and twoB,,
interest in the properties of this quasi-one-dimensicBal modes were found at 284.2, 311.7, and 800" ¢tm
=1/2 Heisenberg antiferromagnet. The lattice dimerizatiorfeSpeCt_'Velyl- “~ Besides those three infrared active modes,
induced by the SP transition was confirmed by observatioff/€ ssigned the absorption line at 98 cnto a folded pho-

of superlattice Bragg peaks by electron diffractior:ray  NON I OUr previous paper, while its polarization properties

e , were uncleaf?
and_ ngutron diffractior: .At low temperatures, a_h'gh mag- The field dependence of the folded phonon modes was
netic field above 12 T induces a phase transition from th

elc | _ : §nvestigated in the Raman experimefft! The intensity de-
dimerized phasel{ phas¢ to a magnetic phaseThe high-  creases steeply at the boundary betweerDtaed IC phases,
field phase was assigned to an incommensurate pli@se while no energy shift was observed. Just abbke, the in-
phas¢ based on the appearance of a splitting of the superlatensity decreases to about half of thephase, and continues
tice reflections above the critical fieltj.® Higher-order to decrease in the IC phase with increasing ffélth con-
harmonics of the incommensurate Bragg reflections, whiclirast to these results, however, the folded phonon mode at
indicates that the lattice modulation forms a soliton lattice,98 cm * was unobservable in the IC phase in our previous
were observed just abowéc by the x-ray experimentsAn ~ Paper.” . _
anomalous spontaneous strain appears with the SP transition Magnetic excitations across 'ghe gap between the singlet
and increases with decreasing temperalufdis strain is ground state and the triplet excited state were found below

. - Tspin the far-infrared(FIR) measurement$?>~?°and con-
partially (emoved at the transition i tl_i?eto Fhe IC phase tinuous excitations between 30 and 230 ¢ndue to two
and continues to decrease with increasing field, as observi

_ . Trlagnon processes were observed below 60 K in the Raman
by magnetostriction measurements under high magnet'gxperiment§.4_16'26Interestingly, two magnetic excitations

fields?*° were found at 19 cm! and 44 cm* by the electron spin
Since the coupling between the one-dimensional spin sysesonancESR measurement&:?> Both modes split into
tem and three-dimensional phonon fields plays an essentiaho components in the presence of the magnetic field and
role in the SP transition, it is important to investigate thebecome unobservable in the IC phase. In a recent inelastic
phonons related with the transition such as folded phononseutron scatteringINS) experiment, Lorenzet al. found a
and a soft phonon. The crystal structure of Cug®®longs second magnetic excitation branch with a non-negligible
to Pbmmsymmetry at room temperatutéAccording to the ~ spectral weight, which indicates that there are two magnetic
factor group analysis, optically active phonons are 12 modeexcitation gaps of 19 cm and 44 cm® at the zone
[4Aq(aa,bb,cc) + 4B 4(ab)+3By4(ac) +Bgy(bc)] in the center?” The authors concluded that its existence originates
Raman spectra and 13 mod¢8B,,(E[c)+5B,,(E|b)  from the presence of the Dzyaloshinskii-MoriyaM) anti-
+5B3,(Ela)] in the infrared spectra. All of them have al- Symmetric exchange terms, whose existence has also been
ready been assigned in the Raman and infrared sp&dima. suggested from ESR measureméfith principle, magnetic
the SP state, the symmetry is loweredBbcm due to the  €xcitations between the singlet and the triplet states are in-
formation of the superlattié® and additional 18 Raman- frared inactive. Uhrig suggested that the observation of the
active modes [4Ag(aa,bb,cc)+5B4(ab)+4Byg(ac)  gap at 44 'cmfl. is caused by the presence of the staggered
+5B34(bc)] and 9 infrared-active mode$2By,(E|c)  magnetic field in analogy to NENENi(Cy48N)2n0,(ClO]
+4B,,(E||b)+3B3,(E|a)] should appear belowsp. At  and NINO [Ni(C3HlON2)2N02(CIO4)].29 Their model does
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not explain the observation in zero field and the field depen- 0.20 - - -
dence of the intensity, so the microscopic mechanism of the (a) E//b,T=17K
magnetic excitation at 44 cnt is still unclear. Three new o015k B ]
branches were found in the IC phase by the FIR ' \

experiment£? One of them originates from the discommen-
suration because of its appearance only just abéyeand 0.101 .
others were explained as the absorption involving magnetic
and vibrational excitations in a modulated structure. On the
other hand, in the IC phase, suppression of the continuous
structure between 30 and 230 cthy especially the peak at

30 cm 1,?° and enhancement of the peak at 17 ¢rmvere
observed in the Raman experimefits.

In order to clarify the property of the 98-cm mode, we
presented in this paper the polarized spectroscopic measure-
ments on CuGegin zero field and magneto-optical studies
up to 18 T.

0.051 B

(b) E/f¢,T=17K

Biu

0.15

Transmission (arb. units)
f=1

Biu

0.10F
Il. EXPERIMENT 005k
A CuGegQ; single crystal was grown by a floating zone
method using an image furnace and was cleaved along the 0 , , ,
(100 plane. We used a wedge-shaped sample with dimen- 50 100 150 200
sion of 1.5x4Xx6 mnT in order to avoid the interference of Wave number (cm-1)

FIR light in the sample. ) o

FIR transmission was measured in the spectral range be- FIG. 1. Polarized transmission spectra B0 T and T
tween 15 and 300 cit with a minimum resolution of =17 Kinthe(d E|lb axis and(b) E|c axis configurations.
0.1 cmi ! using a Fourier transform spectrometBOMEM
DAS8). The spectra were measured by using 50, L00-My-
lar and Ge, Si coated @m Mylar beamsplitters. An FIR
polarizer of free-standing wire grid type with a grid period o
12.5 pum was used for polarized measurements. A Si bolom
eter that was operated at 4.2 K and a Si composite bolomet
operated at 0.3 K were employed as the FIR detectors. Th
former was used for the higher-energy region than 50 tm
and the latter for the lower region. A high-pressure mercur
lamp was used as a light source. The unpolarized spectra
the presence of magnetic field were obtained with an 18- o
superconducting magnet in the Faraday configuration. Botfitructure was observed around 98 cnin the 30-K spec-
the spectrometer and the detector were mla&en apart from UM, which indicates that FP appears only befdg. An

the magnet in order to avoid the leakage flux of the magne@Symmetric absorptiorM 1, WhiCh,gis a tail on the lower-
The FIR light was led by an optical pipe system, which con-ENergy side, was observed at 44 ‘cnonly in the spectra of

sisted of well-polished brass pip&s0 mm i.d) and mirror I[P (Hl[c) configuratior” M1 loses its intensity rapidly
cells that turn the FIR light direction through a right anifle. With broadening and its peak position shifts slightly toward
All the optical path is evacuated to avoid the absorption dudoWer energy when the temperature increases Upsto The

to water vapor. The temperature dependence of the spectpfoad absorptionM2, which is centered at 63 cm and
was investigated down to 3 K. has a wide tail on the higher-energy side, was newly found

only in the E||b (H||c) configuration belowTsp and grows

with decreasing temperature, whose temperature dependence
ll. RESULTS and polarization property are quite similar to thatwi. The
structures around 50 cm in the E||b configuration, OP, are
due to the temperature dependence of Bag optical pho-

Figures 1a) and Xb) show the transmission spectrum of non. On the other hand, no significant structure was observed

CuGeQ in the E||b andE||c axis configuration, respectively, in the spectra of|c configuration in both thé&) and theD
at T=17 K. Absorptions due to the optical phonons arephases.
clearly observed at 48 cnt and 135 cm? in Fig. 1(a) and In order to examine the polarization property of FP mode,
at 135 and 170 cm® in Fig. 1(b), which were assigned to an angular dependence was measured as shown in Fig. 3,
B,,, Bs,, Bs,, andB;, modes, respectively, by the infra- when the sample is rotated around thaxis (see upper inset
red reflectivity measurement$. The appearance oB;,  of Fig. 3, which means that the componentHfa polariza-
modes in both th&||b andE||c configurations would be due tion becomes mixed into the spectrum when the ardjle
to an inclination of a few degrees from the correct configu-increases from zero degrees. The absorption intensity in-
ration. creases almost linearly without energy shift and broadening,

In order to clarify the small change between the three
phases; i.e., the uniforml), D, and IC phase, the trans-
fmission spectra were normalized by the spectrum inUhe
phase[Tr(T=17 K,B=0 T)]. Figures 2a) and 2b) show
dpe normalized spectra in the|b and E|c configurations,
rgspectively. A sharp absorption line at 98 cmwhich is
labeled as FP in Fig.(2), appears only in th&|b configu-
);ation belowTgp. The absorption intensity of FP decreases
mithout broadening when the temperature increases tiggo
fnd it shows no energy shift as a function of temperature. No

A.B=0T
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10— The normalized spectra in the presence of magnetic fields
= T=30K are shown in Fig. 5. The FP mode was observed in this
IT\. 10 configuration, which may be caused by an inclination of the
= T=10K | sample, as mentioned above. Both peak position and peak
- . . .
N 0 intensity remain unchanged up t: and .be(;ome uncllear
e ] T=8K | aboveH:. In the presence of a magnetic fielsl, 1 splits
= Lo into two componentsM 1, andM1, , which correspond to
T=45K the excitations from the singlet ground state to timg
09 | , | | ==1 branches of the triplet excited states. From the field
’ 40 60 80 100 120 dependence of the peak positions, we estimate tedue as
Wave number (cm!) g=2.1, which is in good agreement with the reported

_ _ values???* Neither M1, nor M1, are observed in the IC
FIG. 2. (a) Normalized spectra, T)/Tr(T=17 K), in the  phase, which is again in agreement with the previous
configuration of theE||b axis polarization aB=0 T. The absorp- results?2-25 With increase of magnetic fielt2 shifts to-
tions at 44 cm*, 63 cm ', and 98 cm* below Tsp grow with  \yard higher energy, while it could not be confirmed whether

decreasing temperature. The structures around 50* cwhich ap- the lower branch exists or not, owing to overlap Wit
pear in all spectra, are caused by temperature dependenceBf the ’

optical phonon at 48 cit. (b) Normalized spectra, TI)/Tr(T

=17 K), in the configuration of thé&|c axis polarization a3 0.30 T T T T T

=0 T. No significant structure was observed. 0=30°
0251 i

as @ increases up to 40(see lower inset of Fig.)3 Accord- @

ing to these results, we conclude that the FP mode must have 5 0201 ]

the E|a polarization property. Observation of this mode in £ - 10l

the E||b configuration, as shown in Fig.(®, would be g b o 1

caused by the sample tilting by a few degrees from the cor- é’ I

rect configuration, because the modesEj}fa polarization § 0.10 EO-S T

must not be observed in the corrdéb configuration. The = =)

absorption intensity a##=30° increases with decreasing 005/ o6 1

temperature, as shown in the inset of Fig. 4. The temperature % | m(cgﬁ) .

dependence of its intensity is well described by the power 0.00, 6 s 10 2 4 ®
law a(Tsp— T)?# (see Fig. 4 The best fit was obtained for
2B=0.55, which is in good agreement with that of other
folded phonons*® the superlattice reflectiofsand the FIG. 4. Temperature dependence of the intensity of the absorp-
spontaneous straiffs.The intensity of folded phonons in tion at 98 cnil, when the sample is rotated by 30° around bhe
zero field is proportional to the square of the lattice distortionaxis, which is well described by the power law(Ts— T)?4. The
induced by the SP transition, as well as that of superlatticénset shows that the absorption at 98 Chincreases with decreas-
reflections and the spontaneous strains. ing temperature.

Temperature (K)
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FIG.

=4.2 K)/Tr(B=0 T,T=17 K), for various fields, when the
sample was tilted by a few degrees from B axis configuration.

branch. Around and abovél:, M2 becomes broader.

1.1

TAKEHANA, TAKAMASU, HASE, KIDO, AND UCHINOKURA

T T T T
1.0
=
10 =1
=F p.
Lol B=12.5T
=
B=123
1.0
5 Mip Miy
-
Lo B=12T
== ‘ ‘ P-a
10 Y B=11T _|
E2 A v =F
=7T
1.0 4 A
: =0T
09 - Iy _
M2 FP B//aaxis
0.8 L1 Ml I I Y
20 40 60 80 100 120
Wave number (cm-1)
5.  Unpolarized normalized spectra,

There is no significant change &2 atH:. \ )
In order to clarify the behavior of FP mode in the IC In other strong optical phonons. The folded mode of
phase, the field dependence of the spectrum was investigatéd1.7 cm =~ was observed abovc, but the details were

up to 18 T with the sample inclined around theaxis by

PRB 62

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

Frequencyw (cm™?1) Polarization IC phaséaboveH()
98 Ella splitting
284.22 Elc
311.7° Ellb detectablé&
800¢ Ellb
®From Ref. 18.

bFrom Ref. 18.
‘From Ref. 32.
dFrom Ref. 17.

lines, FR, and FR , appear on both sides of FP with approxi-
mately the same intervals aroumtl., while FP loses its
intensity with slightly shifting to lower energy and vanishes
above 12.3 T. The energy separation between, BRd
FP., Aw, increases with increasing field.

IV. DISCUSSION

Table | shows the folded phonons that have been found by
the FIR studies up to now. Four folded phonons have been
found among the nine modes predicted by the factor group
analysis. The reason why the remaining modes are not ob-
served might be due to their weak intensity or concealment

unclear because it is located on the shoulder of an optical

about 20°(See Flg 6 We have Observed that two absorptlon ph0n0n32 The f|e|d dependence Of the folded mOdeS Of 284.2

42K)/Tr(B=0T,T=17K)

Tr(s, T

FIG. 6. Field dependence of the absorption at 98 trat 4.2
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and 800 cm! have not been reported yet.

The peak positions of FP, gR and FR at 6=20° are
shown in the Fig. 7 as functions of magnetic field. The ab-
sorptions, FB and FR , were confirmed in the spectrum of
the IC phase in Fig. 5, although their intensity is quite small.
The peak positions at~=0°, which are also plotted in Fig. 7,
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FIG. 7. Field dependence of the peak positions of the absorption
at 98 cm! and its satellites at 4.2 K, when the sample is rotated by
a few degreegopen squargsand 20°(closed circles The dashed

K, when the sample is rotated by 20°. Satellite peaks appear oline indicates the field dependence of the average energy of the
both sides of the absorption at 98 thin the IC phase, while the satellites. Inset shows the field dependence of the energy separation
main peak weakens and disappears arddpd

between these satellitedw.
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FIG. 8. Field dependence of the integrated intensities of the FIG. 9. Temperature dependence of the peak positions of FP,
absorption at 98 cm', its satellites, FP, P, FR, and their total at  FR,, and FR at various fixed fields. The inset shows the schematic
4.2 K, normalized to zero field. phase diagram in theH,T) plane.

are in good agreement with the resultést 20°, where de- the splitting of this mode in the IC phase.

viations ofH caused by the inclination are quite small. This ~ The temperature dependence of the peak positions of FP,
agreement indicates that appearance qf BRd FR instead FPy, and FR in various fixed fields is shown in Fig. 9. The

of FP in the IC phase is not caused by the sample inclinatiorgsymmetrical location of R and FR with respect to FP is
but is an intrinsic property of this mode. FP is observed inalso confirmed in Fig. 9. The intensity decreases steeply with
the D phase and both FPand FR are observed in the IC approaching th®-U phase or the IQJ phase boundary, and
phase. They coexist in the vicinity of the boundary betweerithese peaks disappear in the phase. FB and FR shift
theD and IC phases, which is quite similar to the behavior oftoward lower and higher energy, respectively, which means
the superlattice reflection in the x-ray mesureménihe thatAw decreases with increasing temperature. The tempera-
energy of FP is independent of the static magnetic field andure dependence of the peak positions becomes weak with
the temperature in th@ phase. It slightly shifts toward lower increasing field, and the peak positions at 18 T are almost
energy in the coexistence region, which may be caused by independent of temperature. A possible explanation for this
strong decrease of the spontaneous strain when going frobemperature dependence is as followsv decreases with
theD to IC phasé? or by discommensurations which appear approaching th®-IC phase boundary, corresponding to the
in the vicinity of the phase boundary. The positions of,FP field dependence akw as shown in Fig. 7. When the mag-
and FR are almost symmetrical with respect to that of FP,netic field is just abovéd, the magnetic state approaches
which indicates that FP line splits into two lines; Fand the phase boundary with increasing temperature and this ten-
FP_, in the IC phaseAw increases steeply with increasing dency gets weaker fdi>Hc, according to the shape of the
field at the vicinity of the phase boundary and the rate of thgphase boundarfsee the inset of Fig.)9

increase slows down gradually with increasing fiédde in- To our knowledge, this is the first example of the obser-
set of Fig. 7. The field dependence of the integrated inten-vation of splitting of the folded phonon in the IC phase. The
sities of FP, FB, and FR and their total are displayed in field dependence akw quite resembles that of the incom-
Fig. 8. The intensity of FP decreases steeply to zero jusmensurability,AL, which was estimated by the splitting of
above H. after enhancement at the vicinity of the phasethe (3.5, 1, 2.5 superlattice reflection in the x-ray diffraction
boundary, while it is almost field independent below 10 T.experiments. The temperature dependence &b is also
Similar enhancements arouht}: were observed in the field consistent with that oAL, while the latter was investigated
dependence of both Pand FR . Total intensity in the IC  only just aboveH .5 We compared the field dependence of
phase decreases to about 50% of zero-field value and grad«w andAL by scaling them wittH, as shown in Fig. 10.
ally decreases with increasing field. This behavior is quiteCritical behavior ofAL in pure and diluted CuGeQcan be
similar to that of other folded phonons except for the en-scaled by a universal curve, although there are some devia-
hancement arounti¢.2%?* The enhancement was also ob- tions dependent on the composition. The universal curve is
served in the Fano-type mode at 107 ¢mbut was much  well described by the function 1[IBH:/(H—H¢)], which is
more moderaté The intensity of folded phonons is closely predicted by the mean-field theoty.The right scale was
related to the lattice distortion induced by the SP transitionadjusted to fitA w to the universal curve. It is obvious that
as well as to the intensity of the superlattice reflections. FOAw is also well described by the same universal curve.
this reason, the field dependence of the intensity of thévloreover, Aw approaches gradually the theoretically pre-
folded phonorf! the superlattice reflectidhand the sponta- dicted curve in the high magnetic field limit by Cro$s.
neous straitf quite resemble each other. However, enhanceThese results suggest thate is proportional to the incom-
ments aroundHc were only observed in this mode and a mensurability, at least up to 18 T.

Fano-type folded mode in the Raman experiments, which In principle, optical excitations are allowed to be infrared
would suggest the presence of some interaction which causestive only atk=0 owing to the momentum conservation
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where w is the absorption energy with the couplingg is

0.6 that without the coupling. Equatio@.3) means that the ab-
sorption is split into two components and they appear on
both sides ofw, with the same separations, which is quite

g consistent with the experimental results. It also suggests that
3 04 8 Aw is proportional to|x|. The eigenstates with the energy
= or P wo = | k|/2wy are two kinds of the standing waves having the
S % same period as the incommensurability and different phases.
E ' = |k| is dependent on both temperature and magnetic field,
51 ol —- 40 (CuGeOy) : right scale 1o g because the incommensurability is strongly dependent on

o AL(CuGeOy) ’ them. The field dependence v is in good agreement with
A & AL (Cuq ggsZno.015Ge03) J that of the magnetizatiot?. The temperature dependence of
"0 AL ClosaNiogl009) 1 Aw is also consistent with that of the magnetizatibrit
. | I‘ I‘ ‘I Y | ' would be a reasonable assumption thdtis proportional to
09 10 1 12 13 14 s the magnetization, i.e., the density of the solitons, because
H/He we argueq thgt the coupling to the average component of the
spin polarization causes the energy splitting. Therefptg,
FIG. 10. Field dependence of the energy separation betwgen Pis proportional toAq, which leads to the relation thatw is
and FR), Aw, and that of the incommensurabilitkL, which were  proportional toAq. This conclusion is quite consistent with
measured by Kiryukhiret al. (Ref. 7. BothAw andAL are scaled  our experimental results. Note that there is no other example
by the respective critical fieldiic, and can be well described by than FP to have the splitting of the folded mode in the IC
the theoretical curve 18Hc/(H—Hc)] within the mean field phase, while the above argument may be applied also to any
theory(Ref. 33. The dashed line indicates the theoretical predictiongther modes. This indicates that FP is the particular mode to
by Cross for the high magnetic field limiRef. 3. have the strong coupling to the average component of the
) o o spin polarization. In general, the spin-Peierls system has the
rule. When the lattice modulation is induced, excitations apin-phonon coupled modes, and one of them is the soft
k=+*nq are.allowed in addition to tho_se k=0, whereqis  mode that softens towarBsp.3* The soft phonon mode has
the modulation wave vector amtis an integer, although the 4t peen found yet, and is now believed to be nonexistent in
intensities decrease rapidly with increasin®y In the case of CuGeQ. Since CuGe@ is a spin-Peierls system, there
the SP transitiong=qsp, whereqspis the modulation wave  sjoyid be the spin-phonon coupled modes, even though none
vector caused by the SP phase transition, which is located Q& them exhibits softening. Bradest al. argued the possibil-
thg zone boundary in thd phqse. This means that the exci- ity of the spin-phonon coupling of the phonon modes at the
tations at the zone boundary in thephase are folded to the ;one poundary that become the Raman-active modes in the
zone center. This makes the folded phonons observable bgy yhase, and observed the anomalous hardening of these two
low Tsp. In the IC phaseq deviates fromgsp by a certain  gdes with lower frequencies aboVep in the INS experi-
wave numberAq, which makes the excitations &  ments, while no soft mode behavior was observed around
=*(qsp—Aq) infrared active. These modes have the samer__ 39 The anomalous hardening was explained as the pre-
wavelength as the incommensurability and propagate alongansitional fluctuations of the Peierls-active phonon modes,
the ¢ axis toward the opposite direction from each other.by reconsidering Cross and Fischer’s apprd®cthe energy
Experimentally, the average component of the spin polarizags the FP mode is the lowest among those of the folded
tion was confirmed to have a periodicity oAz by the NMR  shonon modes that have been found up to now, and is just
(Ref. 36 and the neutron scattering studiésyhile the stag-  ¢jose to that of the lowest folded mode with Raman activity,
gered component has a periodicity0{gsp— Aq). Note that  \yhjch was argued to have the strong spin-phonon coupling.
2Aq is equivalent with the difference between(dse  The splitting in the IC phase is considered as the proof that
—Aq). When the two modes df=*(qsp—Aq) have the Fp has the strong spin-phonon coupling. It also indicates the
strong spin-phonon coupling, mixing of these modes and thgossibility of FP to be one of the phonon modes contributing
splitting of the mixed modes are caused by the interactiofg the mechanism of the spin-Peierls transition, similar to the
between these two modes through the modulation of the spiRaman active modes as was argued in Ref. 39. The intensi-
polarization with the periodicity of 2q. Therefore, if we ties of both the split-off branches of the superlattice reflec-
definex as the coupling between the(qsp—Ag) modesk  tion in the IC phase would be a quarter of that in the
is certainly nonzero. The energy separation can be describgghase, on the assumption that the lattice modulation in the IC
as follows: phase is described as the sinusoidal waveos(Aq-r),
where é is the magnitude of the lattice modulation in tbe

2
wo— @’ K —0 4.1 phase. This was confirmed in the experimental reSusisni-
K* wi-w? (4.1 larly, the intensities of the folded phonon modes kat

*(qsp— AQ) in the IC phase would be a quarter of that at
(4.2) k=qgp in the D phase; that is, the total intensity in the IC

phase is half that in th® phase. This is roughly in agree-

ment with the results of this study. The intensities of other
0~ wyta— (4.3  folded modes just abovel; also decrease to about half of
that in the D phase! The enhancement of the intensity
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TABLE Il. Magnetic absorptions that appear in the FIR spectragt 5 meV and 7 meV, respectively, on the data @r
below Tgp. The last one is the absorption band found in this study._— (0,2,0.5) in the INS experimentsee Fig. 2 of Ref. 41

The line shapes oM1 andM2 also resemble those of the

Frequencyw (cm™)  Polarization D phase ICphase  :oesnonding ones in the INS experiments. There are other
@42k (@t0m  (belowHc) (aboveHc)  gimilar features such as the ratio of two peaks and the long
19 splitting tail on the higher-energy side of the continuum of magnetic
44 Elb>E|c splitting excitations. An “absorption valley” betweeM1 and M2
63 E|b>E|c shifting broadening corresponds to th_e “second gap” fou_nd .by the INS measure-
ments. A possibility of an optical excitation between the sin-
8From Ref. 25. glet ground state and the continuum state was suggested by
bFrom Ref. 22. Kokado and Suzuki? The magnetic excitation at 19 crh

was found to be too weak to be observed in our experiments.

aroundH ¢ might be caused by the critical fluctuation of the Missing of the absorption at 19 cmin this study would be
spin system, because no anomaly was observed in the x-rapnnected to the small density of state of the magnetic exci-
measurements. tation branches. The numerical studies without the DM in-

Next we will discuss the broad absorption baWMR. teraction predicted that the density of states at the zone cen-
Table Il shows the magnetic excitations which have beerier is much smaller than at the zone bounddryThe
found by the FIR experiments. The absorption of 19 ém “rampart”’ structure of the continuum state, which was
has been observed only by using the FIR 1&3€fo our  found in the INS experiments around 30 m&\s expected
knowledge,M2 was found for the first time in this study, to be observed, but has not been confirmed in our spectrum
and the shift under the magnetic field indicates t& has probably because of the strong absorption of other origins, as
a magnetic origin. Absorptions of both 19 and 44 ém shown in Fig. 1. We have not only observed the magnetic
were assigned to the magnetic excitation from the singleexcitation from the singlet state to the continuum state by the
ground state to the triplet states, which means that there a@ptical method, but also confirmed the presence of the sec-
two magnetic gaps at thE point. A second magnetic exci- ond gap located at 5—7 meV at thepoint, which, to our
tation branch, whose energy gap corresponds to 44'amh  knowledge, has not yet been observed in the INS experi-
the" point, was found by the INS experimerifsThe newly — ments.
observed branch was assigned to the zone-folded one due to
the. existence of the DM antisymmetric exchange terms, V. CONCLUSIONS
which means that the energy gap of the new branch af'the
point corresponds to that of the original branch at the zone We have performed the polarized FIR spectroscopic mea-
boundary. The energy scan spectrum for the zone boundagurements and the unpolarized FIR magneto-optical studies
Q=(0,2,0.5) was investigated by the INS experimefstse  on the spin-Peierls compound CuGg@ sharp absorption
Fig. 2 of Ref. 43, and a continuum of magnetic excitations, line, which appears at 98 cm in theD phase, was assigned
whose peak is located at 7 meV, was found to be separated a folded phonon mode 0B, symmetry. This folded
from the triplet branch by the second gap of 2 meV. We infermode was found to split into two components in the IC
that M2 originates in a magnetic excitation at thepoint  phase. The energy separation of the two split branches is
from the singlet ground state to the continuum state spreagsroportional to the incommensurability in the IC phase. A
ing over the higher-energy region above the newly observetiroad absorption centered at 63 chwas found in theE| b
triplet branch. Note that not only the energyMfl, but also  axis polarization spectra, which was assigned to magnetic
that of M2 coincide with those of the first and second peaksexcitation from singlet ground state to a continuum state.
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