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Far-infrared vibrational mode in Cu 12xM xGe12ySiyO3 „M 5Zn,Cd,Ni…
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We report on far-infrared measurements of Zn-, Cd-, and Ni-doped crystals of the spin-Peierls compound
CuGeO3 . Dopants that replace Cu have the effect of introducing several absorption lines, polarized in theab
plane, between 5 and 55 cm21. The intensity of the absorption grows with dopant concentration but saturates
above 2%. One line near 10 cm21 loses intensity above 4 K, and a second line near 20 cm21 is absent at low
temperatures but grows to peak at about 40 K in agreement with a three-level model with two excited states 10
and 30 cm21 above the ground state. As the doping is increased these lines broaden and a temperature-
independent absorption develops over the entire range from 5 to 55 cm21. These features are magnetic-field
independent up to 16 T and are absent in samples doped with Si that replaces Ge instead of Cu. We suggest the
new absorption is due to localized lattice modes of the dopant ion and the surrounding GeO4 tetrahedra.
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The quasi-one-dimensional antiferromagnet CuGeO3 is
the first inorganic compound to show a spin-Peierls~SP!
transition.1 At T514 K a gap opens in the excitation spe
trum of the CuS5 1

2 spins as a result of magnetoelastic co
pling. In general, such transitions involve a lowering of ma
netic energy at the expense of lattice energy. Structu
where large tightly bound blocks can move as units, such
the organic charge-transfer complexes, exhibit the sp
Peierls phenomenon. Similar structural units occur in oxi
in the form of rigid AlO4 or SiO4 tetrahedra bonded weakl
to each other to form easily distorted structures.2 It has been
found that in CuGeO3 the SP transition involves both
dimerization of the copper ions along thec axis and a rota-
tion of the GeO4 tetrahedra about thec axis.3 In this paper
we present the results of a far-infrared transmission stud
Zn-, Cd-, and Ni-doped CuGeO3. Our results show that sub
stitution for Cu induces new absorption lines near 10 a
20 cm21. By doing a detailed study of the Zn-doped sy
tem, we show that these transitions result from a very
usual, highly anharmonic localized vibrational mode invo
ing the GeO4 tetrahedra.

The lattice structure of CuGeO3 is shown in Fig. 1. It
consists of chains of relatively rigid GeO4 tetrahedra along
the c axis. Cu21 ions are positioned between these cha
and form chains of CuO6 octahedra that share the GeO4 oxy-
gens. Adjacent octahedra share two oxygens that provid
superexchange path for the antiferromagnetic interaction
tween Cu21 ions.
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The far-infrared absorption spectrum of pure CuGeO3 has
a weak absorption line4 in the SP phase at 44 cm21 that
corresponds to the SP gap energy ('5.5 meV) at Q
5@0,0,0# of the magnetic Brillouin zone as determined b
electron-spin resonance.5 The line splits in a magnetic field
as expected for a transition from the ground singlet state
the excited triplet state. The other low-lying spectral featu
is a line at 48 cm21 that has been identified as a weakB3u
phonon that corresponds to a displacement of the four pla
oxygens in the direction of the apical oxygens in the Cu6
octahedra.6

Doping of CuGeO3 is particularly interesting because
results in an antiferromagnetic~AF! phase that seems to co
exist with the SP phase in a range of temperatures and
ing levels.7–16 There are few measurements of the fa

FIG. 1. Lattice structure of CuGeO3 . Arrows show possible
motion of the rigid GeO4 tetrahedra associated with a Zn-induc
local vibrational mode.
1157 ©1999 The American Physical Society
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1158 PRB 59J. J. McGUIREet al.
infrared spectra of the doped systems of CuGeO3 ~Refs. 17
and 18! and, to our knowledge, none below 20 cm21.

We studied several single crystals including an undo
sample, a Cd-doped sample Cu0.999Cd0.001GeO3, a Si-doped
sample CuGe0.997Si0.003O3 , a Ni-doped sample
Cu0.98Ni0.02GeO3, and a series of Zn-doped sampl
Cu12xZnxGeO3 with x50.003, 0.01, 0.02, and 0.05. Th
Néel and SP transition temperatures,TN andTSP, were de-
termined from magnetic susceptibility measurements on
same crystals. Thex50.01, 0.02, and undoped samples we
grown by a floating-zone technique and thex50.001, 0.003,
and 0.05 samples by a self-flux method. We used ei
atomic-emission spectroscopy or mass spectroscopy to d
mine the dopant concentrations and found good agreem
with phase diagrams8,11,12,15,16for TSP andTN vs concentra-
tion x.

The far-infrared measurements were done with a ho
built polarizing Fourier spectrometer19 and a new magne
insert with anin situ 3He cooled (T50.3 K) silicon bolom-
eter. Polarization-dependent transmission measurem
were done in magnetic fields up to 16 T from 3 to 100 cm21

and in the temperature range from 1.2 to 100 K. Sample s
were about 0.632.534 mm3 in the directions of thea, b,
and c crystallographic axes,20 respectively. Thek vector of
the light was aligned along thea axis (kia). To establish the
symmetry of the transitions, additional measurements w
done withkib for one of the Zn-doped samples (x50.01).
The dc magnetic field was in the direction of light propag
tion ~Faraday geometry!, and most of the spectra were me
sured at 1 cm21 resolution. To calculate the absorption c
efficient a from the transmittance it is necessary to estim
the refractive index. We used the interference fringes from
thin sample with parallel faces to do this. A constant value
n53 was determined for the entire range from 3
100 cm21.

The absorption spectra for several samples at 1.2 K
shown in Fig. 2. The sample doped withx50.003 Si is very
similar to the undoped sample~not shown! in that the only
far-infrared features are the lines at 44 and 48 cm21. In
contrast, thex50.003 Zn sample shows, in addition to the
features, a line at 10 cm21 that is not present in the Si
doped sample~or in the undoped samples!. Increased doping
results in a broadening of the 10-cm21 line and the develop-
ment of a broad absorption band between 5 and 55 cm21.
The variation of the spectral weight21 from 3 to 60 cm21

~background and phonon line subtracted! is shown in the
inset to Fig. 2 as a function of concentration. The dep
dence on Zn concentration appears to be linear at low c
centrations but quickly saturates abovex50.02.

Absorption spectra for thex50.003 Zn-doped sample
were also obtained at higher temperatures. While the sh
der at 44 cm21 disappears above the SP transition tempe
ture as expected, the 10-cm21 line and another line a
20 cm21 show a temperature dependence that has no o
ous relationship to the SP transition. The spectra are sh
in the upper panel of Fig. 3, and the lower panel shows
spectral weight of the 10- and 20-cm21 lines as functions of
temperature. The 10-cm21 line loses intensity as temperatu
is increased, but the 20-cm21 line, which is absent at low
temperatures, grows in intensity to peak around 40 K. B
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lines shift to higher frequencies with temperature~inset to
Fig. 3!, and the 20-cm21 line broadens significantly. Al-
though the 10- and 20-cm21 lines are broader in the mor
highly doped samples, they still show this temperature
pendence. The broad absorption from 5 to 55 cm21 in
samples withx.0.003 is temperature independent up to 1
K, and we see no difference between spectra above and
low the Néel temperature which can be attributed to the a
tiferromagnetic transition.

The temperature dependence of the 20-cm21 line suggests
that it is a transition from an excited state. A simple thre
level model with two excited states 10 and 30 cm21 above
the ground state accounts for the temperature dependenc
the line intensities in the lower panel of Fig. 3. The trends
the data are correctly reproduced, and the quality of the
though not particularly good, can be improved by addi
higher energy levels to the model. This points to a mu
level, very anharmonic excitation, which is made possible
the replacement of a Cu21 ion with Zn21, but not by the
substitution of Si for Ge.

The polarization dependence of the new features was
obtained. Withkia, the 10- and 20-cm21 lines as well as the
5 –55-cm21 band were strongest when the electric field w
along theb axis (b polarization! and nearly absent withc
polarization. When thex50.01 Zn sample was oriented wit
kib, the features were strongest witha polarization. Thus, if
these are magnetic dipole transitions, they require that
magnetic-field component of the light is along thec axis. If
they are electric dipole transitions, the electric field must
in the ab plane and have components both in thea and b
directions.

To exclude magnetic dipole transitions we compare

FIG. 2. Doping dependence of far-infrared absorption
CuGeO3 crystals at 2 K with b polarization andkia. The inset
shows spectral weight from 3 to 60 cm21 as a function of Zn
concentration. The spectral weight does not include the backgro
that is taken to be the Si-doped sample spectrum.
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spectral weight of the Zn-induced absorption with that o
known magnetic-dipole transition in our system. An inco
mensurate phase exists in CuGeO3 aboveB0'12 T ~Refs.
22 and 23! where a magnetic dipole transition in the tripl
ground state can be observed.4 We find this transition~at
15 cm21 in Fig. 4! to be independent of polarization in th
bc plane (B0515 T along thea axis! as expected for anS
51, DM561 transition and to have a spectral weight
2.5 cm22. The spectral weight of the 10-cm21 line is
100 cm22, a factor of 40 larger than the magnetic-dipo
transition. This discrepancy, which is even larger if we
clude the dilution due to low-Zn concentration, in combin
tion with the fact that the frequency of the Zn-induced a
sorption is not affected by magnetic field up to 16 T, leads
to conclude that it is not a magnetic-dipole transition.

We can also rule out forbidden electronic electric-dipo
transitions such as the transition in the SP phase from
singlet ground state to the excited triplet state that produ

FIG. 3. Temperature dependence of 10- and 20-cm21 lines
in the x50.003 Zn-doped sample. The upper panel shows abs
tion at various temperatures withb polarization andkia. The lower
panel shows the spectral weight of the lines calculated us
Lorentzian fits with frequencies shown in the inset. So
lines are fits to the simple three-level model:I 10(T)5A10

(12e2D10b) / (11e2D10b1e 2 (D101D20) b), I 20(T) 5 A20e
2D10b (1

2e2D20b)/(11e2D10b1e2(D101D20)b), whereD10 and D20 are the
temperature-dependent transition frequencies~inset!, A105100 and
A205500 are adjustable parameters, andb5(kBT)21.
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the 44-cm21 line. That line splits in a magnetic field a
shown in Fig. 4 due to the splitting of the excited tripl
state. It is also ten times stronger than the magnetic dip
transition at 15 cm21, and as our study has shown, is i
duced whenkia with b polarization only. If the Zn-induced
features are electronic electric-dipole transitions, it is uncl
which states could be involved. Since they are not split b
magnetic field, they are unlikely to involve transitions to
from triplet states. In-gap states, predicted by Mart
et al.,24 are also excluded because they would be abs
above the SP transition temperature.

Local vibronic modes are another possibility. For a pu
Zn translational mode forx50.003 Zn we estimate a spec
tral weight of 530 cm22 from the plasma frequencyvp
5(4pnZ2e2/M )1/2513 cm21 wheren is the Zn concentra-
tion, M the mass of the Zn ion, andZ the effective charge
that we take to be12. This is over five times larger than th
observed spectral weight. It is therefore likely that the mo
also involves motion of other atoms.

The three-level system shown in Fig. 3 can be mode
with a square well with a central barrier. Appropriate choi
of parameters gives levels at 10, 30, and 55 cm21 above the
ground state. Electric-dipole transitions between adjac
levels will give lines at 10, 20, and 25 cm21. The line at
25 cm21 could very well be present in our spectra and a
count for the apparent broadening with temperature of
20-cm21 line. In general, the addition of the level a
55 cm21 will improve the agreement between the calculat
and observed temperature dependence of the line intens
shown in the lower panel of Fig. 3. The broadening of t
10- and 20-cm21 lines with increased doping can be e
plained as being due to a long range of interaction betw
the defects.

The combination of a low intensity, a flat very anha
monic potential, and a polarization in theab plane suggests
that the lines at 10 and 20 cm21 involve the Zn defect and
the libration about thec axis of the surrounding four GeO4
tetrahedra as shown in Fig. 1. In the undoped material
48-cm21 phonon is a similar mode that is optically active6

and involves the motion of the Cu in the direction of th
apical oxygens. With Cu replaced by Zn this mode wou
have a polarization with botha andb direction components
and is consistent with the model of a potential well with
central barrier. Since Zn is known to favor a higher coor
nation number than Cu it will have a tendency to move
center towards one of the apical oxygens.

p-

g

FIG. 4. Absorption in the SP phase at 12 T~negative features!
subtracted from absorption in the incommensurate phase at 1
~positive features! for the undoped sample at 2.1 K and 0.2 cm21

resolution withb polarization andkia.
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Libration of GeO4 tetrahedra is also a component of t
static SP distortion in the undoped material,3,25 but it is not
optically active since it involves odd combinations of t
rotations of the GeO4 tetrahedra and no displacement of t
copper in theab plane. In our picture the Zn doping has th
effect of moving the mode at 48 cm21 to 10 cm21 by a
dramatic reduction of the already weak restoring force
displacements of the planar oxygens in the direction of
apical oxygens around the Zn.

The identity of the ion that replaces the copper, howev
does not appear to be critical since similar absorption li
are seen in Ni- and Cd-doped samples. Figure 5 shows tr
mittance at 15 K divided by transmittance at 2 K for samples
with the three dopants. Where the Zn-doped sample has
at 10 and 20 cm21, the Cd-doped sample has lines at 11 a
16 cm21, and the Ni-doped sample has lines at 11 a
18 cm21. These variations are surprisingly small consid
ing the significantly larger size of the Cd21 ion and the dif-

FIG. 5. Transmittance at 15 K divided by transmittance at 2
of x50.003 Zn-doped, 0.02 Ni-doped, and 0.001 Cd-dop
CuGeO3 with the Zn and Cd data offset for clarity. Lines similar
those at 10 and 20 cm21 in the Zn-doped sample can also be se
in the Ni- and Cd-doped samples.
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ference in the magnetic character of the Ni21 ion that has
spin S51 instead ofS50. This insensitivity to the dopan
ion suggests that the vibration is dominated by the relativ
massive GeO4 tetrahedra.

In contrast to the large changes in dynamics caused
dopants on the Cu sites, the replacement of Ge by Si
have the minor effect of reducing the size of one of t
tetrahedra thereby affecting four Cu sites equally and,
symmetry, giving rise to a low-frequency optical mode p
larized in theb direction. We observe no such mode in o
Si-doped samples between 3 and 100 cm21.

One feature which remains to be explained is t
5 –55-cm21 band seen at higher doping levels. Its low
boundary is approximately defined by the 10-cm21 line, and
the upper boundary more or less coincides with the pho
at 48 cm21. The saturation of the absorption above a co
centration ofx50.02 ~inset to Fig. 2! is reminiscent of the
phase diagram8,11 in which TN andTSP stop changing at this
same concentration. One explanation, suggested by the
usual flat shape of the band, is that it represents a disord
state of the local excitations as they begin to interact stron
at x50.02 Zn and above. This state may also be relevan
the saturation ofTN andTSP at the same doping level.

In summary, we have observed a low-lying lattice mo
in Zn-, Cd-, and Ni-doped CuGeO3 that we identify with the
librational motion of GeO4 tetrahedra combined with the dis
placement of the dopant ion in a very flat potential with
central barrier.
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6Z. V. Popović, S. D. Dević, V. N. Popov, G. Dhalenne, and A
Revcolevschi, Phys. Rev. B52, 4185~1995!.

7J.-G. Lussier, S. M. Coad, D. F. McMorrow, and D. McK. Paul,
Phys.: Condens. Matter7, L325 ~1995!.

8Y. Sasago, N. Koide, K. Uchinokura, M. C. Martin, M. Hase,
Hirota, and G. Shirane, Phys. Rev. B54, R6835~1996!.

9M. Hase, K. Uchinokura, R. J. Birgeneau, K. Hirota, and
Shirane, J. Phys. Soc. Jpn.65, 1392~1996!.

10P. Fronzes, M. Poirier, A. Revcolevschi, and G. Dhalenne, Ph
Rev. B55, 8324~1997!.

11M. C. Martin, M. Hase, K. Hirota, G. Shirane, Y. Sasago,
nd

.

a,
,

e,

-

.

.

.

ys.

.

Koide, and K. Uchinokura, Phys. Rev. B56, 3173~1997!.
12J. P. Renard, K. Le Dang, P. Veillet, G. Dhalenne, A. Revcolevs

chi, and L.-P. Regnault, Europhys. Lett.30, 475 ~1995!.
13L. P. Regnault, J. P. Renard, G. Dhalenne, and A. Revcolevsch

Europhys. Lett.32, 579 ~1995!.
14M. Poirier, R. Beaudry, M. Castanguay, M. L. Plumer, G.

Quirion, F. S. Razavi, A. Revcolevschi, and G. Dhalenne, Phys
Rev. B52, R6971~1995!.

15S. Coad, J.-G. Lussier, D. F. McMorrow, and D. McK. Paul, J.
Phys.: Condens. Matter8, 6251~1996!.

16N. Koide, Y. Uchiyama, T. Hayashi, T. Masuda, Y. Sasago, K
Uchinokura, K. Manabe, and H. Ishimoto, cond-mat/9805095
~unpublished!.

17A. Damascelli, D. van der Marel, F. Parmigiani, G. Dhalenne, an
A. Revcolevshi, Phys. Rev. B56, R11 373~1997!.

18A. Damascelli, D. van der Marel, F. Parmigiani, G. Dhalenne, an
A. Revcolevschi, Physica B244, 114 ~1998!.

19Design of the far-infrared spectrometer will be published later.
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