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Phonons and magnetic excitations were studied as a function of temperature in the spin-Peierls
phase of an inorganic material CuGeO3; by Raman scattering. All of the phonon Raman peaks
observed at room temperature can be assigned on condition that the crystal symmetry is D3,
(Pbmm). Five peaks intrinsic to the spin-Peierls state were observed at 30, 105, 228, 370, and

818cm™" in the spin-Peierls phase. The temperature dependence of the frequency of the 30-cm™

1

peak agrees approximately with 2A(T'), where A(T) is the spin-Peierls gap. The Raman spectrum
between 0 and 300 cm ™' was compared with the density of states of the magnetic excitons. The 105-
and 228-cm™' peaks were assigned to two-magnetic-exciton Raman scattering. The peaks at 370
and 818cm™! were assigned to one-phonon Raman scattering of the folded A, modes, which occurs
due to the formation of a dimerization in the spin-Peierls phase.

I. INTRODUCTION

Recently, Hase, Terasaki, and Uchinokura®! reported
that the magnetic susceptibilities of CuGeO3; in all
directions drop to small values exponentially below
Tsp =14K, and they assigned this phenomenon to a
spin-Peierls phase transition. An anomalous specific
heat was observed near Tsp,? and it has been thermo-
dynamically confirmed that the phase transition occurs
around this temperature. The decrease of the critical
temperature Tsp is proportional to H2? when the mag-
netic field H is applied.! These results have been ob-
served in the spin-Peierls system of organic materials. In
addition, it was also reported that the magnetic phase
diagram of CuGeQ3 agrees with the experimental results
of typical organic spin-Peierls materials and theoretical
calculation.® Although the measured susceptibility above
14 K shows characteristics of a one-dimensional (1D) an-
tiferromagnetic spin system,! the susceptibility does not
agree quantitatively with the theoretical one of a 1D an-
tiferromagnet calculated by Bonner and Fisher.*

In the spin excitations (magnetic excitons) of the spin-
Peierls phase, a gap opens between the spin-singlet and
excited states, accompanied by a periodic lattice dimer-
ization along the magnetic chain. Nishi, Fujita, and
Akimitsu® observed the energy gap in the magnetic-
exciton spectrum by means of an inelastic-neutron-
scattering experiment below 14 K. The gap reached a
value of 2.1meV (24.4K) at 0K, which is consistent
with the result of a magnetic susceptibility measurement

(24K).1
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Very recently, Kamimura et al.® observed superlattice
reflections due to lattice dimerization by means of elec-
tron diffraction. Moreover, the satellite reflections were
observed by means of neutron diffraction by Hirota et al.”
and Pouget et al.® and by means of x-ray diffraction.® A
precise neutron-diffraction measurement of Hirota et al.”
confirmed the static displacement of Cu and O in the
chain in the 2a x b x 2c¢ superlattice.

The crystal structure of CuGeO3 at room tempera-
ture was studied by Vollenkle, Wittmann, and Howotny®
by means of x-ray diffraction before the discovery of the
spin-Peierls transition, and determined the space group
D3, (Pbmm, which is equivalent to Pmma in the stan-
dard orientation). CuGeOjs possesses an orthorhombic
unit cell with the lattice constants of 4.81, 8.47, and 2.941
A along the a, b, and c axes, respectively,? which contains
two edge-sharing CuQOg octahedra with two Cu-O bonds
of 2.766 A and four of 1.942 A. A 1D antiferromagnetic
chain consists of two O%~ ions and a Cu?* ion with a spin
S = 1/2 in a primitive cell of the chain. These spins inter-
act antiferromagnetically with each other. CuGeOj; also
contains a vertex-sharing GeO3 tetrahedral chain aligned
along the c axis.

Adams and Fletcher!® observed twelve Raman-active
modes and eleven IR-active modes in CuGeO3; powder,
and stated that the symmetry of the lattice is D3, .
We reported a preliminary result of Raman scatter-
ing in single-crystal CuGeO3 and stated that our re-
sult supports the crystal symmetry of D3, reported by
Véllenkle, Wittmann, and Howotny® from the polariza-
tion characteristics.!?

Sugai'? measured the Raman spectra in the spin-
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Peierls phase and observed five new Raman peaks at
30, 105, 228, 370, and 819 cm™!. He claimed that a
soft-phonon mode which appeared at 34 cm™! at room
temperature was frozen at Tsp, and its frequency in-
creased again with decreasing temperature below Tsp
and reached 30 cm~! at 5K.

Recently Udagawa et al.'® observed five Raman peaks
at 27, 107, 230, 370, and 820 cm~! which appeared in
the spin-Peierls phase of CuGeOs. They suggested that
the three low-frequency peaks are due to magnetic exci-
tations. This assignment was based only on the fact that
the energies of these peaks were near twice those of the
magnetic excitations, but they measured the temperature
dependence of neither the frequencies nor intensities of
these peaks.

Although the spin-Peierls phase transition was estab-
lished in CuGeO3 by the observation of the lattice dimer-
ization and the gap of magnetic excitons, it seems to
us that the origin of the new Raman peaks in the spin-
Peierls phase has not been firmly determined. The ex-
planations about the new Raman peaks at low temper-
atures which were given by Sugai and Udagawa et al.
contradicted each other. Detailed measurements of the
intensities and the frequencies of these Raman peaks as
a functions of temperature are, therefore, required to un-
derstand the nature of the Raman peaks intrinsic to the
spin-Peierls phase.

In this paper, we present the temperature dependence
of Raman spectra in CuGeQg3, in particular below Tsp,
and clarify the origin of the Raman peaks in the spin-
Peierls phase.

II. EXPERIMENTAL DETAILS

The sample was prepared by a floating-zone method.
The single-crystal sample was transparent and blue in
color, and was cleaved easily on layers in the bc plane.
The dimension of the sample was 2 X 5 x 3 mm? parallel
to the a, b, and c axes, respectively.

Raman-scattering experiments were carried out using
4880- and 5145-A lines of an Art ion laser. In order to
eliminate plasma lines and get a complete linear polariza-
tion, we made the laser light pass through two filters and
a polarizer and then the laser light was incident on the
sample in a cryostat. The scattered light was dispersed
by a Jobin-Yvon U1000 double-grating monochromator
and detected by a photon counting system. Whole sys-
tem was controlled with a microcomputer.

To measure the Raman spectra around liquid-He tem-
perature, we used a continuous-flow-type cryostat (Janis-
Research SuperTran-VP). The temperature of the sample
was controlled by two PID temperature controllers, one
of which controls the temperature at the vaporizer and
the other at the sample holder, independently. The tem-
perature of the sample was equal to that of the sample
holder within +0.1 K.

To reduce the intensity of Rayleigh scattering, Raman-
scattering measurements were carried out in a right-angle
scattering geometry. The bc plane of the sample was
attached to the sample holder by diluted varnish, and
the light was incident on the ab or ac plane. Since the
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sample was transparent and cooled directly by a cold He
gas, the local temperature rise due to the incident light
was negligible.

III. RESULTS AND DISCUSSION

First, we measured the polarized Raman spectra at
room temperature. Twelve independent Raman peaks
indicated by arrows were observed at 298 K, as shown
in Fig. 1. Let us show that the crystal belongs to D3,
symmetry at room temperature. We choose the crys-
tal axes as the space-group notation Pbmm adopted by
Véllenkle, Wittmann, and Howotny.?® The crystal axes
a, b, and ¢ were already written according to this nota-
tion. At room temperature, the long-wavelength optical
phonons of CuGeO3; can be classified as

4A, + 4B1g + 3By + By,
+2Ay + 3B1u + 5B2y + 5B, -

Among them the underlined symmetric modes are Ra-
man active and their Raman tensors are written as

B2g : y B3g : f
e f

The number of the Raman peaks observed in the present
experiment and the polarization characteristics indicate
that the space group of CuGeO3 at room temperature
is D},. Four Raman peaks at 184, 339, 592, and 857

cm™! are observed strongly in the c(b,b)a geometry and

are assigned to A, modes. Four B;, modes at 114, 221,

Raman Intensity (arb. units)

0 200 400 600 800 1000

Raman Shift (cm™)

FIG. 1. Raman spectra of CuGeO3; at room temperature.
Peaks which are allowed in the polarization geometry are de-
noted by arrows.
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FIG. 2. Raman spectra of CuGeO3s below Tsp. Five peaks
observed only in the spin-Peierls phase appear in the b(c, c)a
geometry and are indicated by arrows. Unreproducible back-
grounds were observed when the 4880-A line was used as an
incident light. Therefore the spectra were measured by using
5145-A line. The origin of the backgrounds is thought to be
photoluminescence due to impurities.
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430, and 879 cm™! appear mainly in the c(a,b)a ge-

ometry, three By, modes at 110, 409, and 710 cm™* in
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modes. For example, the B;, modes have considerably
strong intensities in the ¢(b,b)a geometry. Since we cut
the sample along the ab and ac planes, perpendicular
to the plane of cleavage, there might be strains in the
sample. We consequently found all of the Raman-active
modes at room temperature.

Next, we measured the polarized Raman spectra at 6 K
to confirm that the crystal structure changes in the spin-
Peierls phase. The experimental result using the 5145-A
line of Ar* ion laser is shown in Fig. 2. Although the
main characteristic spectra are similar to those at room
temperature, five peaks intrinsic to the spin-Peierls phase
appear at 30, 105, 228, 370, and 818 cm ™! at 6 K. These
peaks are observed strongly in the b(c,c)a geometry.

Then we measured the temperature dependence of
these new peaks, and the results are shown in Fig. 3.
All of these peaks disappear around Tsp = 14K with
increasing temperature. The peak around 113 cm™! in
Fig. 3(b) comes from phonon Raman scattering, and it
was observed also at room temperature.

One can see that three low-frequency peaks are not
symmetric. The 105- and the 228-cm~! peaks have a
tail on the lower-energy side, and the 30-cm~! peak has
a tail on the higher-energy one. Since the asymmetry
is small, the Raman peak was fitted by the following
spectral function using the method of least squares:

Raman Shift (cm™)

Raman Shift (cm™)

Raman Shift (cm™)
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where wg, T', and k are the frequency of the peak posi-
tion, the damping constant, and the coupling coefficient,
respectively, and n(w) is the Bose factor. Here a =1
corresponds to the first-order Raman process, and a = 2
to the second-order one. The integrated intensity is given
as

/ooo(I(w) — background)dw ~ [n (%) + l]a k*r.

2

The temperature dependence of k and wg of the four
peaks observed below Tsp is shown in Fig. 4. We as-
sumed the first-order Raman process (o = 1) in the cases
of the 370- and 818-cm ™! peaks and the second-order one
(a = 2) in the cases of the 30- and 228-cm™! peaks, and
the reason of our assumptions will be discussed later.
When the temperature increases, the k2 of the peaks de-
crease, and become zero at Tsp. Since the 105-cm™?!
peak is weak in intensity, and there is, moreover, a tail
of the 113-cm~—! peak which is due to the one-phonon
Raman process, we could not fit the observed 105-cm™!
peak by Eq. (1) precisely. But we can say that the peak
position of the 105-cm™! peak does not shift and its in-
tensity decreases when the temperature approaches Tsp.
The value of wo(T') of the 30-cm™! peak shifts to lower
energy when the temperature increased, while the others
are nearly temperature independent.

Then we also plotted the temperature dependence of
the peak energy wo(T) of the 30-cm™! peak in Fig. 5
in units of meV to compare it with A(T) and 2A(T),
where A(T) is the spin-Peierls gap obtained by means
of inelastic neutron scattering.® It was reported that the
temperature dependence of the spin-Peierls gap cannot
be described by BCS theory. The observed A(T) was
fitted by the equation,

T B
AT =40 (1-7=) (3)
— T T T T T T * T T T T T T T
< L « 1
s | 8 9 ~x@ g
U -
3 CuGeO, .
£ o9} :
o X
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2
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Temperature (K)

FIG. 4. Temperature dependence of wo(T) and k*(T) of
the five new peaks. The first-order Raman process is assumed
for the 370- and 818-cm™! peaks, and the second-order Ra-
man process is assumed for the 30- and 228-cm™' peaks. All
of them are normalized by the values at T = 6 K.
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FIG.5. Temperature dependence of wo(T') of the 30-cm™*
peak (circles). The spin-Peierls gaps A(T) and 2A(T) ob-
tained by the neutron-diffraction measurement are also plot-
ted by triangles and squares, respectively, and the fitted solid
curves were obtained by Nishi et al. (Ref.5). A dashed curve
denotes the fitted curve of our data. An inset shows the half
width 2I'(T').

where A(0) = 2.11meV, Tsp = 14K, and 8 = 0.093.°
One can see that 2A(T') has almost the same tempera-
ture dependence as our result of wo(7T') of the 30-cm™?
peak, although wo(T) is a little smaller than 2A(T) at
low temperatures. In antiferromagnets, the intensity of
the two-magnon peak is generally larger than that of the
one-magnon peak in the case of the Raman scattering,'*
and therefore we conclude tentatively that the 30-cm~?!
peak corresponds to the 2A gap. The first-order Raman
process of the magnetic exciton was not observed. If we
fit our data to Eq. (3) [2A(0) is replaced by hwo(0)], we
obtain the parameters fwo(0) = 3.88 meV, Tsp = 13.3K,
and B = 0.051. The result is shown by the dashed curve
in Fig. 5. The half width 2I'(T') of the peak in the inset
of Fig. 5 increases—i.e., the peak becomes broad—when
the temperature approaches Tsp.

We consider a two-magnetic-exciton process where a
pair of magnetic excitons with momenta of +q and —q is
created. Since the total momentum of this pair is 0, this
two-magnetic-exciton process can be observed by Raman
scattering. The Raman spectrum, therefore, reflects the
density of states D(w) of the magnetic exciton. Then
we calculated the density of states from the following
dispersion relation which was adopted by Nishi, Fujita,
and Akimitsu:®

2
(hwq)® = {ch +Jo+ E4q — Ja(1 — cos 21rh)}

T 2
- (EJC cos 27l + Jp cos 7rlc) , (4)
where
q = ha* + kb* + lc*. (5)

Here J,, Jy, and J. are the exchange integrals along
the a, b, and c axes, respectively, and a*, b*, and c*
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are the reciprocal lattice vectors of the high-temperature
phase. The uniaxial anisotropic magnetic energy E,4 is
used so as to fit the spin-Peierls energy gap. Nishi, Fujita,
and Akimitsu obtained J. = 10.4 meV, J, =~ 0.1J., and
Jo = —0.01J.. Independently, we fitted their data again
fixing J. at 10.4 meV, and obtained that J, = —0.044
meV, J, = 0.35 meV, and E4 = 0.13 meV. We cal-
culated hwq at about 150x10® points in reciprocal lat-
tice space using the above-mentioned parameters. Since
we consider the second-order Raman process, we plot-
ted the calculated density of states D(w/2) multiplied by
[n(w/2) + 1)? together with the observed Raman spectra
at 6 K in Fig. 6.

Although the calculated curve (solid one) could rep-
resent the observed Raman spectrum qualitatively, in
particular asymmetry of the peak, some problems re-
main in the quantitative agreement. First, the calculated
curve does not show a peak, but the My-type singular-
ity (x vw — 2A) at 2A = 30 cm™!. On the other hand,
we observed a sharp peak with a small tail on the higher-
energy side near 30 cm~!. The formation of the peak near
2A can be explained in terms of the bound state of the
two magnetic excitons because of the strong attractive in-
teraction between two magnetic excitons with low excita-
tion energy and the quasi-one-dimensionality of the spin
system in CuGeOg3. In one-dimensional Heisenberg-XY
spin systems, the spinless fermion representation of the
Hamiltonian contains interaction terms between spinless
fermions. Therefore the magnetic excitons are not inde-
pendent excitations but they intrinsically interact with
each other. We can easily show that the interaction be-
tween the two magnetic excitons (two spinless fermions
and two spinless fermion holes) is attractive at least when
the excitation energy is small (= 2A). A bound state,
split from the bottom of the continuous band, is formed.
As is seen in Fig. 5, the frequency wo(T) of the 30-cm™?
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N . I
= P Lx ih v
+ A ., . ‘é o s iy
—~ .’ 's“);‘\ R I
Q NpLS I
el i
E L e -
o _ L
3
D 1 1

0 100 200 300

Raman Shift (cm™)

FIG. 6. Observed and calculated Raman spectra. Solid
circles denote our data. A solid curve denotes the calculated
spectrum using parameters of J, = —0.044 meV, J, = 0.35
meV, J. = 10.4 meV, and E4 = 0.13 meV. A dashed one
denotes the calculated spectrum using parameters of J, =
—0.050 meV, J, = 0.50 meV, J. = 9.02 meV, and E4 = 0.15
meV.
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peak is a little smaller than 2A(T') obtained by inelas-
tic neutron scattering at low temperatures. This fact is
consistent with the bound-state model.

In other kinds of excitation a bound state was observed
by Raman scattering, for example, that of two rotons in
liquid helium.!®> When the attractive interaction is not so
strong, a resonance state is formed near the bottom of
the continuous band spectrum. Sekine, Uchinokura, and
Matsuura'® observed a resonant state of two soft phonons
in SrTiO3; by Raman scattering. The two-phonon bound
and resonance states were theoretically studied by Ru-
valds and Zawadowski.!” In the case of two-phonon Ra-
man scattering, they showed that the intensity is trans-
ferred to the bound state, and we should observe a peak
instead of the My-type Van Hove singularity in the Ra-
man scattering.

Sugai'? reported that the 30-cm~! peak is a soft-
phonon mode related to the spin-Peierls transition. He
claimed that a soft-zone-boundary-phonon mode was ob-
served at 34 cm™! even at 300 K because of strong fluc-
tuation of dimerization, but we did not observe a peak
around 34 cm™! above Tsp. Lorenzo et al.?? did not ob-
serve this soft-phonon mode by means of inelastic neu-
tron scattering.

Next, the 270-cm™! peak in the calculated curve (solid
one) is slightly higher in frequency than the observed
peak. The sharp peak comes from the density of states
around (0,1,0.75), and the divergence at this point in the
density of states reflects one dimensionality in the mag-
netic exciton. When we used exchange integrals in all di-
rections as parameters in order to fit the data of magnetic
excitons® we consequently obtained that J, = —0.050
meV, J, = 0.50 meV, J. = 9.02 meV, and E4 = 0.15
meV. The agreement between the calculated curve (dot-
ted one) and the observed Raman spectrum becomes bet-
ter, and in particular the agreement of the peak posi-
tion at about 228 cm~! was improved. As mentioned
above, the magnetic excitons intrinsically interact with
each other. Therefore the situation is very similar to
that in two-magnon Raman scattering in antiferromag-
nets. When the interaction between antiferromagnetic
magnons is taken into account, a peak due to the density
of states of antiferromagnetic magnons shifts to lower fre-
quency, and the sharp cut-off spectrum becomes dull.!*
In CuGeOs;, the interaction between magnetic excitons
is expected to lead to the same result as in the case of
antiferromagnets, and the disagreement between the cal-
culated and the observed spectra around 228 cm™! will
be reduced. On the other hand, the 105-cm™! peak ap-
pears in both the calculated curves, and the agreement
is better in the dashed one. This peak consists of an M;-
type singularity at the (0,0,0.5) point and an M>-type
singularity at the (0.5,0,0.5) point.

Next let us discuss the origin of the 370- and 818-cm™
peaks. Very recently, the superlattice reflections due to
lattice dimerization caused by the spin-Peierls transition
were observed at (h/2,k,1/2), when h, k, and [ were odd
integers, by means of electron-diffraction measurement,®
and afterwards the superlattice reflections of (h/2,k,1/2),
when k was an even integer, were also found by neutron
diffraction.” The neutron-diffraction experiment” gave

1
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information about the displacement of atoms below Tsp.
Hirota et al. concluded that the symmetry of CuGeOgs in
the spin-Peierls state is D}§ (Bbcm, which is equivalent
to Cmeca in the standard orientation). Consequently the
long-wavelength optical phonons can be classified as

8Ag + 7Blg + Gng + 9B3g
+5Au + gBlu + SBZu + 5B3u ’

where the underlined modes are Raman active. In the
spin-Peierls phase, additional four Ay, three B;,, three
Bsg, and eight B3, modes become Raman active. They
are folded from the zone boundary to the I' point because
of the formation of the superlattice.

In our Raman-scattering measurement at 6 K only five
new peaks were observed, and three of them came from
the magnetic excitons as discussed before. Since the two
remaining peaks are symmetric and sharp, we consider
that they are the first-order Raman spectra. We think
that the 370- and 818-cm™! peaks were folded phonon
modes due to the lattice dimerization. Since they were
observed strongly in the b(c, ¢)a geometry, we assign them
as Ag modes in the spin-Peierls state. Other peaks could
not be found, probably because of their very weak Raman
intensities.

Since the differences between these peaks and A,
modes at 184, 339, and 857 cm™! are nearly equal to
the magnetic-exciton energy at the b* zone boundary,
Nishi, Fujita, and Akimitsu® suggested that these peaks
came from second-order Raman scattering of a phonon
and a magnetic exciton. In the scattering process of the
818-cm™! peak, an A, phonon would be created and a
magnetic exciton would be simultaneously annihilated
according to their assignment. The Raman cross sec-
tion should be generally larger when a magnetic exciton
is created than when a magnetic exciton is annihilated.
We did not observe the former process. We, therefore,
think that their assignment is not correct.

Finally, we measured the temperature dependence of
Raman spectra of the 110-cm~?! peak in detail near Tsp,
as shown in Fig. 7. The observed Raman peak was also
fitted by Eq. (1) with & = 1. The parameter wq in Fig. 7
changed near Tsp. This result shows that the frequency
change of the 110-cm™! peak is strongly correlated with
the spin-Peierls transition. According to the recent neu-
tron scattering by Lorenzo et al.,?? a spontaneous strain
along the b axis appears below Tsp. It may be caused by
the change of the bond length between atoms in the unit
cell below Tsp. This fact probably explains the frequency
change of the 110-cm™?! peak in the spin-Peierls state.
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FIG. 7. (a) Temperature dependence of Raman spectrum
around 110 cm™! below and above Tsp. (b) Temperature
dependence of wo(T) of the 110-cm™' peak. Dashed lines are
guides to the eye.

IV. CONCLUSION

We studied the spin-Peierls phase transition in the
CuGeOj3; by means of Raman scattering below and above
Tsp = 14K. The number and the polarization charac-
teristics of the observed Raman peaks indicate that the
crystal symmetry of CuGeO; is D3, above Tsp. Five
additional peaks were observed in the spin-Peierls state.
The frequency of the peak at 30 cm—! decreases with in-
creasing temperature, and the temperature dependence
agrees approximately with 2A(7T') which was obtained by
neutron scattering. We assigned it as a 2A-gap excita-
tion. The occurrence of a peak was explained by the
bound-state formation of two magnetic excitons at the
spin-Peierls gap. The Raman spectrum below 300 cm~?
was compared with the density of states of the magnetic
exciton. The 105- and 228-cm~! peaks originate from
two-magnetic-exciton Raman scattering. The symmetry
of the crystal at room temperature, D3, , changes to D}
at Tsp, and the folded A, phonon modes were observed
at 370 and 818 cm™! .
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