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Abstract. We present the polarized far-infrared and Raman spectra of CuGeQ; single crystals
in the temperature range betweesn 10 and 300 K. Assignations of vibrational modes were
performed on the basis of factor-group and normal-coordinate analyses. The frequencies of
the infrared-active modes are determined using an oscillator-fitting procedure of reflectivity
data. In the Raman-scattering spectra, besides phonon modes, two broad structures at about 500
and 1600 cm~! are observed. The temperature dependences of the frequency, full width at half
maximum (FwaM) and integrated intensitics of these modes suggest their magnetic origin. In
the temperature range we considered, no evidence of the spin-Peferls-transition contribution to
the phonon and magnon spectra is found.

The recent discovery [1] of the spin—Peierls transition in copper metagermanate produced
huge interest in investigation of the various physical properties of this material. The
spin—Peierls iransition occurs when a uniform Heisenberg antiferromagnetic (AF) linear
chain system undergoes a transformation to a system of dimerized or alternating AF linear
chains. This dimerization is mainly caused by the spin-phonon coupling between the one-
dimensional spin and three-dimensional phonon systems. Until now, this effect has been
discovered only in organic compounds. CuGeQ; is the first inorganic material where the
spin—Peierls transition has been undoubtedly observed: the temperature dependence of the
magnetic susceptibility [1-4] abruptly decreases at T' = 14 K, while neutron and x-ray
measurements show [4] a second-order phase transition at the same temperature. These
facts unambiguously show that CuGeQOs; undergoes a true spin—Peierls transition.

The crystal structure of CuGeQ; is orthorhombic with unit-cell parameters given in
table 1. The basic building blocks of the CuGeOs; structure are corner-sharing GeQOy
tetrahedra that form chains along the ¢ axis (figure 1). The Cu atoms are surrounded
by six O atoms, forming strongly deformed CuQg octahedra. These octahedra, connected
through short common edges, are also shown in figure 1. .

The distance between Cu and O atoms in CuOy (squares) is 1.94 A, a value that
corresponds to the Cu~O distance in CuQ; layers of high-7, superconductors. The average
distance between Ge and O is 1.74 A and the distances between O atoms are from 2.54
to 2.95 A. A detailed description of the CuGeQs crystal structure may be found in [5].
There is a disagreement about the space group of CuGeOs. Namely, in [3], [6] and {7]
it is stated that the space group if -Pb2im (C%V), while in [1], [4] and [5] it is shown
that CuGeQ; belongs to the Pbmm (D3,) space group. Considering the analysis of the
vibrational properties we will show that space group of CuGeOs is Pbmm (Dg,,).
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Figure 1. A schematic presentation of the CuGeQ3 crystal structere.
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Table 1. Crystallographic parameters of CuGeQ3 [5].

Z 2

a {nm) 0.481

b (nm) 0.847

¢ (nm) 0.294
Crystal symmetry  orthorhombic
Space group Pbmm (Dgh)

Unpolarized Raman, as well as infrared (IR), transmittivity spectra of CuGeQ; are
measured on polycrystalline samples and most of the optical phonon frequencies [8] are
determined.

This work presents polarized CuGeOs; single-crystal IR and Raman spectra in a wide
temperature range. The mode assignment is performed using factor-group and normal-
coordinate analyses. The frequencies of TG and LO IR-active modes are determined by
oscillator fitting of reflectivity data. Also, we assign Raman-active modes with magnetic
origin.

The CuGeOs single crystals used in this study were cleaved from cylindrical crystals,
6 mm in diameter and 8 cmn long, grown from the melt by a floating-zone method, associated
with an image furnace [9). This crucible-free technique is particularly well adapted to the
growth of oxide single crystals [10] and, due to the high temperature gradients available in
the solid-liquid interface during the growth process, to the fabrication of aligned composite
materials {11, 12]. The single-crystal samples used here were 1.5 x 4 x 3 mm?® in size. The
orientation of the principal axes was obtained by conventional Laue photographs.

The polarized far-infrared-reflection (FIR) measurements were made in the spectral range
from 50 to 1000 em™! at both room and liquid-He temperature using a Bruker IFS-113v
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spectrometer with a low-temperature cryostat (in the spectral range 30-650 cm™!) and 2
Bruker IFS 66 spectrometer (for the spectral range 400-4000 cm™!).

The Raman spectra were excited by the 514.5 nm line of an Ar ion laser (the average
power was about 100 mW), focused to a line using a cylindrical lens. The geometry
was quasibackscattering with an aperture f of the collecting objective of 1:1.4. The
monochromator used was a Jobin—Yvon model U 1000 with 1800 grooves mm~! holographic
gratings. As a detector we used a Pelletier-effect-cooled RCA 31034 A photomultiplier with
a conventional photon-counting system. The samples were held in a closed-cycle cryostat,
equipped with a low-temperatare controller and evacuated by a turbopump.

The CuGeQ; unit cell contains two molecules, comprising 10 atoms in all (table 1). The
parameters of the unit cell, originally taken from [5], were adapted to the standard setting for
the Pmma space group. Parameters of the unit cell in this case are &’ = b =x, b =¢ =y,
¢/ = @ = z. Further analysis of the vibrational properties will proceed according to this
standard setting.

The site symmetries of the atoms in the unit cell are 2d (Cu), 2Ze (Ge), 2f (O1) and
4i {(O2). Factor-group analysis (FGA) for the Pmma (Dgh) space group gives 25 optically
active modes [13] (table 2). Twelve of them are Raman- and 13 are IR-active modes.

Table 2. roa of CuGeQs for the Pmma space group.

Number of modes Activity
Atoms
Total Acoustic  Optic  involved Raman bid

A 4 4 Ge, 01,02 xx, vy, 22

Ay 2 Can, 02

By 1 1 o2 Xy

Bia 6 1 5 all Ell=

By 4 4 Ge, 01,02 xz

By 4 1 3 all Ely

By 3 3 Ge, 01.02 ¥z

B3, 6 1 5 all Elz

The polarized room-temperature FIR spectra of CuGeOQs, in the speciral range from 300
to 1000 cm™1, are given in figure 2. The open circles are experimental data and the full lines
represent the spectra computed using the four-parameter model for the dielectric constant

2 .
Wig; — @ + 1y, 500
e=te] | 5 ¢

where wro ; and wio, ; are the transverse and longitudinal frequencies of the jth oscillator,
yro,; and yio ; are their comesponding dampings and & is the high-frequency dielectric
constant. The best-oscillator-fit parameters are listed in table 3. The static dielectric
constant, given in table 3, is obtained using the generalized Lyddane—Sachs-Teller (LST)
relation

Y,
»J

£0 = Eoo | | 3L . )
i=1%T10,]
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Figure 2. Room-temperature AR spectra of CuGeQ; single crystals for E || x and F || ¥
polarizations in the spectral range 50— [000 cm™?: O, experimental data; ——, calculated spectra
obtained by a fitting procedure based on the model described by equation {1) with the parameters
given in table 3.

Table 3. Room-temperature frequencies of 1R~ and Raman-active modes of CuGeQs.

Mode  aro (em™')  profem™!} @ lm™) o lem™) s £

Bou 166 3 169 ‘ 3
530 20 602 15 50 30
720 9 805 35
B 213 6 230 5
287 10 310 7 69 35
380 12 412 17
7 20 850 35
Ag 187 Big 288 " By 111 By 117
332 411 224
594 712 435
859 882

FIR spectra shown in figure 2 are obtained from the cleavage bc plane. In the standard
setting of the Dgh space group this plane is xy and, according to table 2, By, (E | =) and
Boy (F || y) symmetry modes are optically active. In the spectral region below 150 cm™!
there is an interference pattern, which arises because the thickness of the sample is less than
1 mm. For the E | y polarization, three Ba, modes are clearly observed. For the F || =
polarization, four B3, modes are clearly seen while the fifth mode is not observed, probably
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because of its weak intensity. Due to the layered structure and splitting of the samples
during the cutting, we were not able to perform measurements in E | z polarization.
Comparing the mode frequencies, given in table 3, with non-polarized measurements from
[8], we found complete agreement. However, the remaining modes at 132, 354, 625 and
859 cm™! from [8] we assigned as B;, modes. These modes should be observed in E [ z
polarization. Therefore, from 13 modes predicted by FGA we assigned four By, (132, 354,
625 and 859 cm™'), three By, (166, 530, 720 cm™!) and four B, (213, 287, 380 and
777 em™!') modes.

By simple comparison of spectra with IR spectra of the initial oxides, we concluded
that the lowest By, mode (132 cm™') originates dominantly from Cu-atom vibrations [14]
while the mode at 166 cm™! originates from Ge-atom vibrations [15]. The modes with
frequencies between 200 and 400 cm™! are caused by Cu—(Ge)}-O vibrations while the
modes with frequencies larger than 500 cm™! are mainly due to O-atom vibrations.

The polarized Raman spectra of a CuGeQ; single crystal at room temperature are shown
in figure 3. '

The Raman spectrum in z{xx)Z polarization is given in figure 3{a). The four A.-
symmetry modes at 187, 332, 594 and 859 ¢! are clearly seen. Since the vibrations of
Cu®* jons do not contribute to the Raman spectra, we concluded that the 187 cm™! mode
originates from Ge-atom vibrations according to the comresponding normal-mode coordinate,
given in table 4. The mode at 859 cm™! is a stretching vibration of O atoms in GeQy
tetrahedra, while the remaining two modes are caused by Ge—Q vibrations.

Table 4. The Cartesian symmetry coordinates derived using the projection-operator technique
for CuGeOs (Pmma space group).

Mode Atom Position Normal coerdinate Mode Atom Position Normal coordinate

Ay Ge 2e) zZ1— 12 Ay Cu (2dy Y11=y
01 (2f) -2z 02 (43} Yi—y2+¥i—wm
02 (4i) Xl — X2 — X3+ x4
1tz —3—24
Big oz (4i) M—Y2—y3+ys Byy Cu (2d) X} —x2
Z1+ 22
Ge (2e) 1+ 22
o (26 2+
02 (4i) X1 — X3+ X3 — X4
214+ 23+ 24
Bzg Ge (2e) x| — X2 B2y Cu (2d) e+ y2
01 (2f) x| X3 Ge (2e) ¥+
o2 (4i) X1+ x3—x3—2xs (93} 2f) ¥+ ¥
21—~ =3+ 02 (41) Yi+yn+y+nm
Bsg Ge {(2e) ¥Yi—y Bsu Cu (2d) x4+ x2
01 20 ¥ =¥ Z1—2z2
o2 @i nhn—-n-yn Ge {2e} xi 4 x2
01 (26 x| X2
o2 (i) x| +xp+ x5+ X8

n—fnntia—z4

The Raman spectra in z(xy)7 and z(xy)z polarized configurations are shown in
figure 3(b). Under these conditions the symmetry selection rules allow observation of
only one B;; mode. However, besides the By, mode at 388 cm™?, the modes that belong
to other crossed (Bzg and Bs,) and parallel (Ag) polarizations also appear in these spectra.
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Figure 3. Raman spectra of a CuGeQ; single crystal at room temperature in the spectral range
10-~1000 cm™! in (a) z(xx)z; () z(xy)Z and z(xy)z; (c) ¥(xz)¥ and (d) x(yz)% polarizations.

We believe that the appearance of By and B3, modes together with Byg-symmetry modes
is due to the resonance enhancement of these modes, influenced by the 514.5 nm Ar line.
In this manner the selection rules are no longer valid. Also, this ‘leakage’ of By, and Bs,
modes may arise due to the imperfections of the samples in the growth direction.

The Raman spectra in y(xz)y and x(xy)X polarizations with B;; and Bs; phonon modes
are presented in figure 3(c) and (d) respectively. Comparing figure 3(b) and {d) we concluded
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Figure 4. Polarized Raman spectra of CuGeQs at different temperatures in the spectral range
20-4000 cm™!.

that the 388 cm™! mode is a Big-symmetry mode, while the 116, 224, 427 and 879 cm~! and
110, 411 and 712 cm™! modes belong to the By,- and By,-symmetry classes, respectively.
Four B;; and two B3z modes are clearly observed in these spectra. The third Bs; mode at
411 cm™! is shown in the inset of figure 3(d). Its intensity is very weak compared to the
intensities of the other modes from the same polarization and we resolved this mode by
averaging of 20 successive spectra.

Accordingly, we assigned all twelve Raman-active modes, as predicted by FGA, with
frequencies in very good agreement with [8].

The B;; mode originates from out-of-phase O-atom (O2) vibrations in CuQs squares.
Since the By normal-mode cooirdinates in CuGeO; (table 4) are the same as for the By,
mode in the high-T; superconductor YBa;CuzO5, one can expect the appearance of these
modes at similar frequencies in these materials. Actually, according to table 3, the By,
mode in CuGeQ; has a frequency of 338 cm™', which is very near the By mode frequency
of 340 cm™! in YBa;Cus 0y [16].
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Figure 5. The intensity, FwHM and energy of two two-magnon modes as a function of
temperature in the temperature range 10-300 K in x{yy}Z polarization.

In the case of Pb2im (Cév) symmetry in CuGeQOs [1,4,5], we would expect the
appearance of IR- and Raman-active modes with A;, B, and B; symmetries at the same
frequencies. According to our experimental results (see table 3) this is not the case. This
means that the space group of CuGeOs is not of the Ca, but the Dy point group.

Detailed assignation of Byg and B3, modes will be available after the complete Iattice-
dynamical calculation, which is in progress.

The Raman spectra in the spectral range from 20 to 4000 cm™' at various temperatures
from 10 to 300 K are shown in figure 4. We obtained two broad modes centred around
500 and 1600 cm™!. They appear in both x(yy)X and x(yz)x polarized configurations. A
similar broad mode at 500 cm™! has been previously observed by Sugai [7] and assigned
as a two-magnon excitation. In addition to the 500 cro™! we obtained a 1600 cm™' mode
that has also magnetic origin according to the intensity, full width at half maximum (FWHM)
and energy dependence on temperature (figure 5). These two broad modes have very
similar intensity, FwHM and frequency temperature dependences, so we concluded that they
both have magnetic origin. We believe that these two excitations are due to two-magnon
scattering from different points in the Brillouin zone. Better understanding of the two-
magnon scattering spectra will be possible after determination of the magnon dispersion
curves.

According to x-ray- and neuiron-scattering studies, the CuGeQs; crystal undergoes a
second-order structural transition to a dimerized AF ground state at 7 = 14 X (2,4, 17].
These structural transitions should produce some effects in IR-reflectivity and Raman-
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scattering spectra, for example the appearance of phonon and magnon modes from the edge
of the Brillonin zone due to a doubling of the crystallographic unit cell. Some additional
modes have indeed been noted in the Raman spectra at a temperature of 5 K [7]. Also,
IR-active modes of By, symmetry, which originate from Cu-ion vibration, may show some
anomalies below the transition temperature, but our results (IR spectra at a temperature of
10 K, not presented here) show no such effects,

In conclusion, we assigned all 12 Raman-active modes (four A,, one By, four B
and three Bsg) and 11 {of 13) IR-active modes (four By, three By, and four Ba, modes).
Besides this, we found two broad structures in the Raman spectra and determined their
frequency, FWHM and intensity temperature dependences. In the temperature region we
considered (10-300 K), we found no anomalies in phonon and magnon spectra around the
spin—Peierls transition temperature. The reason may lie in the fact that neutron [2, 17] and
x-ray [4] experiments show pronounced anomalies at temperatures well below 14 K, outside
our experimental possibilities.
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