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Abstract
Effects of isotopic substitution of Cu and Ge in CuGeO3 are studied by Raman spectroscopy. We present detailed information
on the isotope-induced shifts of nearly all Raman modes in the dimerized phase of CuGeO3. Our study unambiguously reveals
phononic contributions to the asymmetric Raman peaks observed at 108 and 228 cm 21 which have been related to magnetic
excitations previously. Furthermore, we observed an upshift by 0.9 ^ 0.1 cm 21 for the two-magnon bound state at 30 cm 21 in
65
CuGeO3 compared to natCuGeO3. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Being the ®rst inorganic spin-Peierls (SP) compound,
CuGeO3 has attracted much theoretical and experimental
attention for the last few years [1,2]. The SP effect denotes
a magneto-elastic transition where a dimerization of quasi
one-dimensional antiferromagnetic Heisenberg chains is
driven by a gain in magnetic energy which overcompensates the energetic cost for the lattice distortion
[3,4]. A vast amount of experimental data is available but
the conclusions are partly contradictory. Many theoretical
studies recently addressed the central issues of magnetic
exchange interaction and spin±phonon coupling in
CuGeO3 from a microscopic point of view [5±8].
We present here a Raman study of isotope effects in
CuGeO3. Samples containing the enriched 65Cu and 70Ge
are investigated in comparison with CuGeO3 containing
the natural abundance of isotopes. We quantitatively report
the peak shifts for most Raman modes of the dimerized
phase of CuGeO3. The observed peak shifts reveal phononic
contributions to Raman modes which have been controversially assigned to be of magnetic or phononic origin
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previously. Our investigation also reveals an unexpected
isotope effect of the Raman peak at 30 cm 21 which is
currently interpreted as a purely magnetic excitation.
Altogether we provide new experimental data on the lattice
dynamics and the spin±phonon coupling in CuGeO3.
2. Experimental
Single crystals of CuGeO3 with natural isotopic composition were grown from a 1:2 mixture of GeO2 (99.99%,
Heraeus) and CuO (Alfa, ultrapure) as described earlier
[9,10]. Isotope-substituted samples with 65Cu (enrichment
.99%) and 70Ge were grown on the basis of the respective
isotopically puri®ed metal oxides [11]. The 65CuGeO3
crystals were of high optical quality. They were used before
in a study of the isotope-dependence of the SP transition
temperature TSP determined from magnetization and
speci®c-heat measurements [11]. The Cu 70GeO3 samples
had some inclusions (probably CuO ¯ux), but they were
well suited for Raman measurements. They showed,
however, a small unintended doping with Si of about
1.5% [12] presumably from a contamination of the
70
GeO2. Doping with Si affects the phonon frequencies
due to its smaller ionic radius compared to Ge. This leads
to a contraction of the crystal lattice and consequently to a
general increase of phonon frequencies. However, based on
additional experiments on intentionally Si-doped samples
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Fig. 1. (a) Raman spectra of natCuGeO3 and 65CuGeO3 T  2 K illustrating the Cu isotope effect of the 368-cm 21 phonon. In the region of the
330-cm 21 phonon the spectra of both samples are identical. (b) and (c) Raman spectra showing the 330-cm 21 and 368-cm 21 phonons for
samples with natural isotopic composition and Si contents of 0, 0.7 and 2.0% and a sample with 70Ge and 1.5% of Si.

(Si contents of 0.7 and 2.0%; natural Cu and Ge isotopic
composition) we are able to separate the 70Ge-induced
effects from those caused by Si-doping.
Raman spectra of CuGeO3 were recorded in the backscattering con®guration using a triple-grating spectrometer
equipped with a liquid-nitrogen-cooled CCD detector [13].
An Ar 1/Kr 1 laser was used for excitation at 514.5 nm at
power levels of 5±10 mW. Focusing of the beam down to a
spot diameter of ,5 mm and collection of the scattered
light was achieved by a f/1.7 photographic objective.
The spectra of all samples were recorded at a sample
temperature of 2 K, i.e. well below the SP transition
temperature of 14 K. It should be noted that the set of
Table 1
Phonon shifts Dv exp in 70Ge substituted CuGeO3. The values have
been corrected for a Si doping of 1.5% (see text). Phonon frequencies v refer to a sample with the natural abundance of isotopes.
Dv max denotes the expected shift of a pure Ge mode
Frequency v
(cm 21)

Dv exp
(cm 21)

Dv max
(cm 21)

Dv exp/
Dv max

108.0
185.8
226.3 a
228.1 b
368.3
430.9
568.3
591.9
712.5
816.0
114.3
330.2
389.7
855.4

1.1 ^ 0.5
2.6 ^ 0.3
1.1 ^ 0.4
1.9 ^ 0.3
1.1 ^ 0.3
1.6 ^ 0.5
1.7 ^ 0.8
1.9 ^ 0.7
1.4 ^ 0.6
1.0 ^ 0.6
0.3 ^ 0.9
0.1 ^ 0.3
20.1 ^ 0.3
20.4 ^ 1.2

2.1
3.5
4.3
4.3
7.0
8.2
10.8
11.2
13.6
15.5
2.2
6.3
7.4
16.3

0.54
0.74
0.25
0.44
0.16
0.20
0.16
0.18
0.10
0.06
<0
<0
<0
<0

a
b

Phonon with B2g symmetry.
Broad asymmetric peak with Ag symmetry.

G phonons of the low-temperature dimerized phase includes
all zone-center phonons of the ambient-temperature paramagnetic phase.
3. Results and discussion
A group theoretical analysis shows that there are no
Raman active zone-center phonons with Cu contribution
in the ambient temperature phase of CuGeO3 [14]. This is
fully con®rmed by our experiment. There are two Raman
peaks related to the dimerized phase of CuGeO3 which show
a 65Cu-induced shift. Fig. 1(a) illustrates that the 368-cm 21
peak shifts to lower energies by 2.5 ^ 0.2 cm 21 upon substitution of the natural Cu with the heavier 65Cu. This value
compares with an expected value of Dv max  4:1 cm21 for
a pure Cu-mode Dvexp =Dvmax < 60% based on a simple
spring model. Thus, the eigenvector of this mode also
contains a considerable contribution of oxygen and/or
germanium displacement. The second peak showing a Cu
isotope effect is the broad asymmetric excitation at
228 cm 21, which will be discussed in detail later.
In order to elucidate the effect of Ge isotope substitution
despite the unintended doping with Si, we investigated the
Raman spectra of four samples: natCu natGe12xSixO3 with Si
contents of 0, 0.7, and 2.0%, and the isotope-substituted
nat
Cu 70Ge0.985Si0.015O3. From the ®rst three samples we
obtain for each Raman peak a relation between Si content
and peak frequency. From these data we deduce, by linear
regression, the peak frequencies for a sample with a Si
content of 1.5%. Comparison of these results with the
measured peak positions of the fourth sample yield the
purely 70Ge-induced peak shifts.
Fig. 1(b) shows Raman spectra of the phonon peak at 330cm 21 for the four samples. The peak shifts towards slightly
higher energies with increasing Si content, irrespective of
the Ge isotopic composition. The 70Ge-induced peak shift
amounts to only 0.1 ^ 0.3 cm 21, obtained by the procedure
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Fig. 2. Isotope effects of the 108-cm 21 Raman peak with Fano line shape upon substitution with: (a) Cu; and (b) Ge. Marked peak positions
refer to the bare phonon frequencies according to ®ts with a Fano pro®le [12,28]. The peaks at 112 and 115 cm 21 originate from phonons with
B3g and B2g symmetry, respectively.

described above. This value compares to 6.0 cm 21 expected
for a pure Ge mode. Thus, the 330 cm 21 phonon has a
negligible contribution of Ge displacement. Similarly, a
very small or zero contribution of Ge displacement is
deduced for the phonon modes at 114, 389 and 857 cm 21.
Fig. 1(c) illustrates the 70Ge-induced shift of the 368-cm 21
phonon. Here, the sample with 70Ge exhibits the highest
peak energy. The isotope-induced shift amounts to
1.1 ^ 0.3 cm 21 corresponding to 16% of the shift expected
for a pure Ge mode.
Table 1 summarizes the 70Ge-related frequency shifts in
comparison with the expected shifts v max for pure Ge
modes. The low-frequency phonons at 108 and 186 cm 21
exhibit the largest isotope-induced shifts corresponding to
Ge contributions of 54 and 74%, respectively. Many of the
higher-energy phonons show a smaller 70Ge-related shift as
well, but on average the Ge-contribution to the eigenvector
decreases with increasing phonon frequency.
Two spectral features in the Raman spectrum of CuGeO3
are of special interest, namely the strongly asymmetric
peaks at 108 and 228 cm 21. The 108-cm 21 excitation

exhibits a pronounced Fano line shape [15,16]. It was
originally attributed to a spectral feature in the two-magnon
density of states [17]. Because of its Fano line shape it was
later assigned to a phonon strongly interacting with the twomagnon continuum [15,16]. The latter assignment is
supported by the observation of a phonon with similar
frequency at the (0.5 0 0.5) zone boundary of the hightemperature phase which should become a zone-center
Raman active lattice vibration in the dimerized phase [18].
Fig. 2(a) shows that there is no signi®cant shift of the
phonon frequency upon isotopic substitution of the Cu.
Substitution of the natural Ge with 70Ge, in contrast, leads
to an upshift of the phonon energy by 1.1 ^ 0.5 cm 21 as
illustrated in Fig. 2(b). This amounts to 54% of the shift
expected for a pure Ge mode. The absence of Cu displacement thus implies considerable oxygen displacement
for the 108-cm 21 mode. We can therefore conclude
unambiguously that the 108-cm 21 peak is of phononic origin
and that its eigenvector is composed of Ge and O displacements. These ®ndings agree with the results of shell model
calculations by Braden et al. [7,18] which indicate vanishing

Fig. 3. Isotope effects of the broad asymmetric Raman peak at 228 cm 21 upon substitution with: (a) Cu; and (b) Ge. Marked peak positions refer
to the bare phonon frequencies according to ®ts with a Fano pro®le [12,28].
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Cu displacement but signi®cant contributions of both Ge
and O.
The 228-cm 21 excitation with Ag symmetry is characterized by an asymmetric line shape and a large peak
width on the order of 20 cm 21. In contrast to other
Raman features related to the dimerized phase it can
be observed up to temperatures of ,35 K [16,19], i.e.
well above the transition temperature of 14 K. Its
energy is close to the upper boundary of the magnetic
excitation continuum [20] and it was therefore generally
attributed to a two-magnon excitation as was suggested
®rst by Kuroe et al. [17]. However, based on inelastic
neutron scattering data and the line shape of the Raman
peak, van Loosdrecht and Braden et al. [18,21] recently
suggested that the 228-cm 21 Raman peak should have at
least partially phononic origin. Fig. 3(a) shows that the
broad peak at 228 cm 21 shows a small shift of
0.7 ^ 0.2 cm 21 upon Cu isotope substitution. Ge isotopic substitution, however, leads to a larger shift of
1.9 ^ 0.3 cm 21 (Fig. 3(b)). It amounts to 44% of the shift
expected for a pure Ge mode. This reveals a phononic
contribution to the broad 228 cm 21 peak.
Finally, we studied a possible isotope effect of the lowenergy excitation at 30 cm 21 close to the onset of the
magnetic excitation continuum. This mode has been
investigated in numerous experimental and theoretical
studies and can be attributed to a two-magnon bound state
[5,17]. Fig. 4(a) shows that the two-magnon bound state
exhibits an upshift by 0.9 ^ 0.1 cm 21 in the CuGeO3 sample
containing 65Cu compared to that with natural Cu. This
result is rather unexpected, as we shall see now. The energy
D s of the bound state is somewhat lower than twice the
singlet±triplet excitation gap 2D t, the difference being
the binding energy. The ratio R a; d  Ds =Dt depends on
the frustration parameter a  J2 =J1 and the dimerization
parameter d [5]. J1 and J2 denote the nearest-neighbor and
next-nearest-neighbor magnetic
p exchange constants. The
®eld-theory prediction R  3 [5], however, is close to
the experimental value for CuGeO3 of R  1.76 Ds 

29:8 cm21 ; Dt  2:1 eV  16:9 cm21 [22,23]). Furthermore, in the weak-coupling limit the SP transition
temperature TSP is proportional to the size of the spin gap:
Dt  1:765 kB TSP [3] which again is in good agreement
with the experimental data. Altogether we ®nd D s < 3.1
kBTSP for CuGeO3. The effect of isotopic substitution of
the Cu on the transition temperature has been studied before:
there is a very small downshift of TSP on the order of 0.1 K in
65
CuGeO3 compared to natCuGeO3 [11]. Therefore, one
should expect a downshift of the 30-cm 21 mode by
,0.2 cm 21 but the experimental data clearly show an
upshift by 0.9 cm 21. For the weak soliton-bound state at
16.6 cm 21 [24±26], whose energy is closely related to D t,
the data do not indicate a signi®cant Cu-isotope induced
shift [Fig. 4(b)]. This is in agreement with the observation
that TSP is nearly the same in the two samples. These
®ndings suggest that the anomalous shift of the 30-cm 21
two-magnon bound state may originate from a signi®cant
reduction of its binding energy (,20%) but not from a
change of the spin gap itself. Fig. 4(b) shows that the
intensity of the defect-induced excitation is signi®cantly
higher in case of the 65Cu-containing sample implying a
larger impurity concentration than for the sample with
natural Cu. Experiments on intentionally Si and Zn-doped
samples (at much higher concentrations [.0.4%] than in the
present case) have shown that the one-magnon and, to a
smaller degree, also the two-magnon state shift to lower
energies with increasing doping concentrations [12,27].
The observed upshift of the two-magnon bound state in
the sample with 65Cu (and higher defect concentration) is
therefore unlikely to originate from differences regarding
the impurities in both samples. However, the observed
upshift of the two-magnon bound state would represent an
exceptionally large effect of isotope substitution and needs
therefore be con®rmed in further experiments, e.g. on
63
Cu-substituted samples. Bouzerar et al. pointed out that
inclusion of dynamical phonons in the theory would
renormalize the spin excitation spectrum and as a direct
consequence also renormalize the ratio R [5]. Whether a

Fig. 4. Raman spectra of natCuGeO3 and 65CuGeO3 in the spectral regions of: (a) the two-magnon bound excitation at 30 cm 21; and (b) the
soliton-bound state at 17 cm 21. In (b) the symbols represent the experimental data and the lines are guides to the eye. The two-magnon bound
state shows an unexpected upshift by 0.9 cm 21.
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theoretical description including dynamic spin±phonon
coupling provides an explanation of the anomalous isotope
effect of the two-magnon bound state in CuGeO3 thus
remains to be investigated.
In summary, we have presented a Raman study of Cu and
Ge isotope effects in CuGeO3. The investigation provides
new data for a detailed modeling of the lattice dynamics of
CuGeO3 which is crucial for an understanding of the SP
transition. Our results unambiguously reveal phononic
contributions to the asymmetric Ag Raman modes observed
at 108 and 228 cm 21 which have previously been related to
magnetic excitations. We have reported an anomalous
isotope effect of the two-magnon bound state in CuGeO3
which remains to be explained.
Acknowledgements
We thank W. Reichardt for giving us access to results
of his shell model calculations prior to publication and
E. BruÈcher for experimental assistance.
References
[1] M. Hase, I. Terasaki, K. Uchinokura, Phys. Rev. Lett. 70
(1993) 3651.
[2] J.P. Boucher, L.P. Regnault, J. Physique 6 (1996) 1939.
[3] J.W. Bray, L.V. Interrante, I.S. Jacobs, J.C. Bonner, in: J.C.
Miller (Ed.), Extended Linear Chain Compounds, Vol. 3,
Plenum Press, New York, 1983, pp. 353±415.
[4] A.I. Buzdin, L.N. BulaevskiõÆ, Sov. Phys. Usp. 23 (1980) 409
(Usp. Fiz. Nauk. 131 (1980) 495).
[5] G. Bouzerar, A.P. Kampf, G.I. Japaridze, Phys. Rev. B 58
(1998) 3117.
[6] G. Wellein, H. Fehske, A.P. Kampf, Phys. Rev. Lett. 81
(1998) 3956.
[7] R. Werner, C. Gros, M. Braden, Phys. Rev. B 59 (1999)
14356.
[8] E. Ruiz, J. Cano, S. Alvarez, P. Alemany, M. Verdaguer, Phys.
Rev. B 61 (2000) 54.

283

[9] X. Liu, J. Wosnitza, H. von LoÈhneysen, R.K. Kremer, Z. Phys.
B 98 (1995) 163.
[10] G.A. PetrakovskiiÆ, K.A. Sablina, A.M. Vorotynov, A.I.
Kruglik, A.G. Klimenko, A.D. Balayev, S.S. Aplesnin, Sov.
Phys. JETP 71 (1990) 772 (Zh. Eksp. Teor. Fiz. 98 (1990)
1382).
[11] A. Faiût, J. Wosnitza, H. v. LoÈhneysen, R.K. Kremer, R.W.
Henn, Z. Phys. 102 (1997) 399.
[12] I. Loa, The Spin-Peierls System CuGeO3 Ð A RamanScattering Study, W and T Verlag, Berlin, 1998.
[13] XY800. DILOR GmbH, Bensheim, Germany.
[14] Z.V. Popovic, S.D. Devic, V.N. Popov, G. Dhalenne,
A. Revcolevschi, Phys. Rev. B 52 (1995) 4185.
[15] P.H.M. van Loosdrecht, J.P. Boucher, G. Martinez,
G. Dhalenne, A. Revcolevschi, Phys. Rev. Lett. 76 (1996)
311.
[16] I. Loa, S. Gronemeyer, C. Thomsen, R.K. Kremer, Solid State
Commun. 99 (1996) 231.
[17] H. Kuroe, T. Sekine, M. Hase, Y. Sasago, K. Uchinokura,
H. Kojima, I. Tanaka, Y. Shibuya, Phys. Rev. B 50 (1994)
16 468.
[18] M. Braden, B. Hennion, W. Reichardt, G. Dhalenne,
A. Revcolevschi, Phys. Rev. Lett. 80 (1998) 3634.
[19] N. Ogita, T. Minami, Y. Tanimoto, O. Fujita, J. Akimitsu,
P. Lemmens, G. GuÈntherodt, M. Udagawa, J. Phys. Soc. Jpn
65 (1996) 3754.
[20] M. Arai, M. Fujita, M. Motokawa, J. Akimitsu, S.M.
Bennington, Phys. Rev. Lett. 77 (1996) 3649.
[21] P.H.M. van Loosdrecht, Solid State Phenom. 61±62 (1998)
19.
[22] M. Nishi, O. Fujita, J. Akimitsu, Phys. Rev. B 50 (1994) 6508.
[23] L.P. Regnault, M. AõÈn, B. Hennion, G. Dhalenne,
A. Revcolevschi, Phys. Rev. B 53 (1996) 5579.
[24] G. Els, G.S. Uhrig, P. Lemmens, H. Vonberg, P.H.M. van
Loosdrecht, G. GuÈntherrodt, O. Fujita, J. Akimitsu,
G. Dhalenne, A. Revcolevschi, Europhys. Lett. 43 (1998) 463.
[25] I. Loa, S. Gronemeyer, C. Thomsen, R.K. Kremer, Solid State
Commun. 111 (1999) 181.
[26] D. Augier, E. Sùrensen, J. Riera, D. Poilblanc, Phys. Rev. B 60
(1999) 1075.
[27] T. Sekine, H. Kuroe, J. Sasaki, K. Uchinokura, M. Hase,
J. Magn. Magn. Mater. 177 (1998) 691.
[28] U. Fano, Phys. Rev. 124 (1961) 1866.

