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The ab-plane infrared and optical reflectance of single-crystal Bi2Sr2CoO6+� �0.4���0.5� have been
measured over a wide frequency range �50–55000 cm−1� and at temperatures between 20 and 330 K. The
room-temperature infrared spectrum displays an insulating characteristic. The optical gap determined from the
infrared conductivity ��0.53 eV� is consistent with thermal activation energy from dc transport measure-
ments. Upon passing through the 265 K antiferromagnetic ordering transition, a softening of the phonon mode
near 205 cm−1 correlates well with the temperature-dependent normalized square of the sublattice magnetiza-
tion. Furthermore, the magnetic-order-induced splitting of the phonon modes at about 238 and 376 cm−1 is
observed. Additionally, the phonon mode at about 588 cm−1 exhibits a Fano-type line shape. Since no appre-
ciable structural change was detected at low temperatures in x-ray diffraction studies, all of these observables
suggest a complex nature of spin-phonon coupling in this material.
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I. INTRODUCTION

Layered cobalt oxide Bi2Sr2CoO6+� has attracted attention
because it is isostructural to the cuprate superconductor
Bi2Sr2CuO6+�. While Bi2Sr2CuO6+� is characterized by a net-
work of CuO2 planes and a transition temperature �Tc� of 10
K, Bi2Sr2CoO6+� contains CoO2 planes with nonsupercon-
ducting behavior. Furthermore, depending on the oxygen
content, Bi2Sr2CoO6+� exhibits a series of surprising elec-
tronic and magnetic properties.1–3 When � is close to 0.5, the
Co ions have a formal oxidation state of 3+. The material
shows insulating behavior and antiferromagnetic ordering
below �250 K. The ��0.25 crystal has equal numbers of
Co2+ and Co3+ and shows ferromagnetic behavior with a Cu-
rie temperature of TC�100 K. Its unexpected insulating
ground state is due to the charge ordering of the Co2+ and
Co3+. For crystals with 0.25���0.5, there is a strong ten-
dency toward a phase separation in hole-rich Co3+ �antifer-
romagnetic� and hole-poor Co2+-Co3+ �ferromagnetic�
regions.3,4 This phase separation has been receiving a great
deal of attention for its implications in the understanding of
the ground state of strongly correlated electronic systems.5

Despite many studies of the transport and magnetic
properties,1–4 little is known about the lattice dynamics and
electronic structures in Bi2Sr2CoO6+�. Infrared and optical
spectroscopic methods are an ideal bulk-sensitive tool to ex-
plore electrodynamics of correlated electron matter.6 In this
paper, we present the ab-plane infrared and optical reflectiv-
ity measurements of Bi2Sr2CoO6+� �0.4���0.5� single
crystals over a wide frequency range from far infrared to the
near ultraviolet and at a variety of temperatures. At room
temperature, the optical properties are dominated by vibra-
tional features at low frequencies and by electronic excita-
tions at higher frequencies. The optical gap determined from
the infrared conductivity compares well with thermal activa-
tion energy from dc transport measurements. In addition, the
unusual temperature dependence of phonon eigenfrequen-

cies, dampings, and oscillator strengths of certain phonon
modes involving the bending and stretching vibrations of
oxygen ions in the CoO4 squares is analyzed. It is proposed
that the antiferromagnetic ordering of Co spins, which occurs
below TN, is responsible for these phonon anomalies by the
spin-phonon interaction.

II. EXPERIMENT

Single crystals of Bi2Sr2CoO6+� were grown by the trav-
eling solvent floating zone method. A detailed description of
the sample preparation can be found elsewhere.3 The oxygen
content �0.4���0.5� of the crystals was confirmed by ther-
mogravimetric analysis. The crystals are thin platelets with
dimensions of about 2�1�0.5 mm3. Magnetization mea-
surements were performed in a superconducting quantum in-
terference device magnetometer over the temperature range
5–350 K and at an applied field of 1 T. Figure 1 shows the

FIG. 1. �Color online� ZFC and FC magnetic susceptibilities as
a function of temperature for Bi2Sr2CoO6+� with a magnetic field of
1 T applied along the ab plane and c axis.
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zero-field-cooled �ZFC� and field-cooled �FC� magnetic sus-
ceptibilities of Bi2Sr2CoO6+� with the field applied along the
ab plane and c axis. The peak in the susceptibility along the
ab plane at about 265 K is identified as the transition to
antiferromagnetic order. This is in good agreement with the
earlier results.3 In addition, the susceptibility is highly aniso-
tropic. The c-axis susceptibility is nearly temperature inde-
pendent down to 50 K.

X-ray powder-diffraction �XRD� measurements with
Cu K� radiation were carried out at temperatures ranging
from 10 to 300 K using a Gifford-McMahon-type cryocooler
cryostat and at magnetic fields up to 5 T using a cryocooled
split-pair NbTi superconducting magnet.7 From the Rietveld
refinement we determined the lattice constants of the sample
under investigation. The lattice parameters are a
=5.4338�2� Å and c=23.2944�2� Å. Figure 2 displays the
zero-field temperature dependence of XRD profiles in the
diffraction angle range of 29.0° �2��34.0° with step size
of 0.01°. Furthermore, the inset of Fig. 2 shows the wide
range of XRD data at 300 and 10 K. The XRD spectra do not
change significantly with temperature, which implies that
there is no structural phase transition within the temperature
range investigated. Only upon cooling below 300 K,
Bi2Sr2CoO6+� shows a decrease in the a and c lattice con-
stants. The decrease in a�T� and c�T� between 10 and 300 K
is about 0.0166 and 0.0736 Å, both corresponding to length
changes of about 0.3%. Notably, no field-induced changes in
XRD peaks were found up to 5 T, indicating that the crys-
tallographic structure of Bi2Sr2CoO6+� is retained under ex-
ternal magnetic fields.

The near-normal optical reflectance of a single crystal of
Bi2Sr2CoO6+� has been measured for radiation polarized par-
allel to the flat and mirrorlike ab-plane surface from 50 to
55 000 cm−1 on a Bruker IFS 66v Fourier transform infrared
spectrometer and a Perkin-Elmer Lambda-900 spectrometer.
For low-temperature measurements, the sample was mounted
in a continuous flow helium cryostat equipped with a ther-
mometer and heater near the cryostat tip, regulated by a tem-
perature controller.

The optical properties �i.e., the complex conductivity
����=�1���+ i�2��� or dielectric constant 	���=1

+4
i���� /�� were calculated from a Kramers-Kronig
analysis of the reflectance data.8 Because a large frequency
region was covered, a Kramers-Kronig analysis should pro-
vide reasonably accurate values of the optical constants. To
perform these transformations one needs to extrapolate the
reflectance at both low and high frequencies. At low frequen-
cies the extension was done by modeling the reflectance us-
ing the Lorentz model and using the fitted results to extend
the reflectance below the lowest frequency measured in the
experiment. The high-frequency extrapolations were done by
using a weak power-law dependence, R��−s with s�1–2.

III. RESULTS

Figure 3�a� shows the measured ab-plane optical reflec-
tance of Bi2Sr2CoO6+� over the entire frequency range at 300
K. Note the logarithmic scale. The reflectance reveals the
characteristic of an insulator at low frequencies. A number of
phonon peaks are observed in the far-infrared region. At
higher frequencies, the spectrum is almost dispersionless,
showing only several weak electronic features. The reflec-
tance is modeled using Lorentzian oscillators,

	��� = �
j=1

N
�pj

2

� j
2 − �2 − i�� j

+ 	�, �1�

where � j, � j, and �pj are the frequency, damping, and oscil-
lator strength of the jth Lorentzian contribution, and 	� is the
high-frequency limit of 	��� which includes interband tran-
sitions at frequencies above the measured range. At normal
incidence, 	��� is related to the reflectance via

FIG. 2. �Color online� Zero-field XRD profiles of Bi2Sr2CoO6+�

at temperature between 300 and 10 K. The inset shows the XRD
spectra in the range of 20.0° �2��65.0° at 300 and 10 K.

FIG. 3. �Color online� �a� Room-temperature optical reflectance
spectrum �solid line� of Bi2Sr2CoO6+�. The dashed line is the best
fit using the Lorentzian model. �b� Real part of room-temperature
optical conductivity spectrum of Bi2Sr2CoO6+�.
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R��� = �		��� − 1
		��� + 1

�2

. �2�

Using Eqs. �1� and �2�, the reflectance spectrum is well re-
produced by considering 13 Lorentzian oscillators represent-
ing the phonon peaks and 5 representing the electronic inter-
band transitions. A list of fitting parameters is given in Table
I. One can also calculate the static dielectric constant from
the phonon contributions as

	1�0� = �
j

�pj
2

� j
2 + 	� = �

j

	 j + 	�. �3�

Our value of 	1�0� of Bi2Sr2CoO6+� at 300 K is about 24. We
are presently unaware of any microwave measurements of
the static dielectric constant in Bi2Sr2CoO6+�, so comparison
with our data is not possible.

The real part of the optical conductivity �1��� calculated
from Kramers-Kronig analysis of the reflectance is shown in
Fig. 3�b�. The spectrum below 800 cm−1 is dominated by the
phonon response. Beyond the phonon regime, the conductiv-
ity gradually increases up to 18 300 cm−1. An optical gap
could be identified in the conductivity curve as will be dis-
cussed later. At higher frequencies, two prominent interband
transitions centered at about 31 000 and 37 800 cm−1 are
observed. While their peak strengths are somewhat sensitive
to different choices for the high-frequency extrapolation in
the Kramers-Kronig transformation, their shapes and posi-
tions are less affected.

The temperature-dependent infrared reflectance between
50 and 1000 cm−1 is presented in Fig. 4. In general, the
low-frequency spectral features become sharper at lower
temperature, while the reflectance does not show much tem-
perature variation above 800 cm−1. Interestingly, certain
phonons exhibit a peculiar behavior with decreasing tem-
perature. This will be analyzed in more detail later. It should
also be noted that no additional new phonon peaks appear
below TN, in agreement with the XRD data, indicating no
significant structural change in the antiferromagnetic phase.
Figure 5 shows the temperature dependence of the infrared
vibrational spectra. For clarity, the temperature-dependent
�1��� are displayed with upward baseline shifts as the tem-
perature decreases from 300 to 20 K. The room-temperature
�1��� exhibits 13 phonon modes, as indicated in Table I. The
low-intensity broad contribution of phonon 13 around
720 cm−1 should be ascribed to multiphonon processes. A
detailed assignment of the observed infrared phonon compo-
nents was not attempted since the lattice-dynamical calcula-
tions are not presently available. Nevertheless, with decreas-
ing temperature, most of the phonon peaks shift to higher
frequency and become narrower, as usually observed in a
classical anharmonic solid.9 In contrast, phonon modes 4, 5,
7, and 12 reveal an unusual temperature dependence that
cannot be explained by normal anharmonic effects. Possible
mechanisms that could bring about these features are dis-
cussed below.

TABLE I. Parameters of a Lorentzian fit for the room-
temperature optical reflectance data.

Mode
� j

�cm−1�
� j

�cm−1�
�pj

�cm−1� 	 j

1 106 59 314 8.8

2 143 21 182 1.6

3 163 20 176 1.2

4 205 38 501 6.0

5 238 35 436 3.4

6 341 63 360 1.1

7 376 31 246 0.4

8 457 19 179 0.2

9 480 35 260 0.3

10 510 18 100 0.04

11 537 20 103 0.04

12 588 37 528 0.8

13 720 41 124 0.03

7394 2120 1553

18315 19984 31011

31058 6616 18793

37800 11057 26094

50500 23346 42224

	�= 2.28

FIG. 4. �Color online� The temperature dependence of the infra-
red reflectance of Bi2Sr2CoO6+�.

FIG. 5. �Color online� Far-infrared conductivity spectra of
Bi2Sr2CoO6+�. For clarity, the ordinate has been offset by 10% of
the maximum of Y axis for the successive spectra. The phonon
anomalies are indicated with an arrow.
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IV. DISCUSSION

A. Electronic excitations

One of the striking features of the optical conductivity in
Bi2Sr2CoO6+� �0.4���0.5� is the overall character of the
spectra, which is insulating from 330 K down to 20 K. Most
importantly, no distinct Drude component is found within the
temperature and frequency ranges of our investigation. This
is unlike its isostructural material of Bi2Sr2CuO6, where a
significant free-carrier contribution is due to highly mobile
carriers.10 The absent free-carrier response in Bi2Sr2CoO6+�

suggests that the carriers are rather localized. Indeed, the
temperature-dependent dc resistivity of Bi2Sr2CoO6+� shows
thermally activated behavior3 and follows the form

�dc � eEa/kBT, �4�

where Ea is half of the optical gap. The value of the thermal
activation energy in our sample is about 0.25 eV.3 Further-
more, our oxygen-rich crystal �0.4���0.5� with mostly
Co3+ ions shows two separate electronic-absorption pro-
cesses, the lower-frequency bands at about 7400 and
18 310 cm−1, and the higher-frequency ones at about 31 000
and 37 800 cm−1. From the intersection of the extrapolated
linear fit to the band edge and the abscissa, we estimate the
onset of the lower-frequency electronic transition to be 0.53
eV. This onset energy corresponds roughly to the energy gap
deduced from the activation energy observed in the dc trans-
port measurements. Additionally, it has been suggested that
the electronic configuration of every Co3+ ion in our sample
is in the intermediate-spin state t2g

5 eg
1 with S=1. An antifer-

romagnetic interaction between neighboring Co3+ ions can
be explained in the usual way by superexchange between
spins in the half filled eg �orbital dz2� and t2g �orbital dxy�
levels.3 Thus, we identify the continuous increase in conduc-
tivity up to 18 310 cm−1 ��2.27 eV� with transitions be-
tween the Co t2g and eg orbitals. Its energy scale is also
comparable to band calculations for HoCoO3 and LaCoO3,
which yield energies of the t2g and eg states to be 2.04 and
1.93 eV, respectively.11 Two optical excitations near 31 000
��3.84 eV� and 37 800 cm−1 ��4.69 eV� can be associ-

ated with charge-transfer transitions between the O 2p and
Co eg states.12

B. Vibrational properties

We now discuss the characteristic changes in the lattice
response. According to a factor group analysis, Bi2Sr2CoO6
has a tetragonal structure with space group I4 /mmm in
which a total of 11 infrared-active modes are expected with 5
A2u modes along the c axis and six Eu modes in the ab plane
�Table II�.13 The oxygen-doped sample crystallizes in the
Imma �space group No. 74� structure.2 Presented in Table III
are the number of the expected infrared-active phonons and
their symmetry. In our oxygen-rich single crystal, the room-
temperature ab-plane �1��� of Bi2Sr2CoO6+� �0.4���0.5�
exhibits 12 first-order phonon resonances at about 106, 143,
163, 205, 238, 341, 376, 457, 480, 510, 537, and 588 cm−1.
Although no detailed assignments have been made, the pho-
non modes of Bi2Sr2CoO6+� can be grouped into three frac-
tions: low-frequency phonon bands due to Bi/Sr and CoO4
motions ���200 cm−1�, bending phonon bands at the inter-
mediate range, and high-frequency stretching bands ��
�500 cm−1�.14 In the bending and stretching bands, oxygen
is the primary ion that vibrates in the CoO4 squares.

As the temperature is lowered, eight phonon modes �1–3,
6, and 8–11� show a shift of the peak position to higher
frequencies and a narrowing of the resonance linewidth. As
prototypical examples, Fig. 6 illustrates the frequency, damp-
ing, and oscillator strength of phonon modes 2 and 8 as a
function of temperature. In a normal anharmonic solid one
expects an almost temperature-independent oscillator
strength, and at decreasing temperatures, the phonon fre-
quency should increase while damping decreases. Anhar-
monic interactions are relevant to the high-order terms of the
atomic vibrations beyond traditional harmonic terms. The
temperature-dependent phonon frequency and linewidth can
be written as15

��T� = �0
1 −
a

exp��/T� − 1
� �5�

and

TABLE II. Wyckoff notations, site symmetries, and irreducible representations for the atoms in
Bi2Sr2CoO6 �space group I4 /mmm, No. 139, Z=2� �Ref. 13�.

Atom Wyckoff notation Site symmetry Irreducible representations

Bi 4e C4v A1g+A2u+Eg+Eu

Sr 4e C4v A1g+A2u+Eg+Eu

Co 2a D4h A2u+Eu

O�1� 4e C4v A1g+A2u+Eg+Eu

O�2� 4e C4v A1g+A2u+Eg+Eu

O�3� 4c D2h�C2�� A2u+B2u+2Eu

Modes classification

�ir=5A2u+6Eu

�Raman=4A1g+4Eg

�silent=B2u

�acoustic=A2u+Eu
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��T� = �0
1 +
b

exp��/T� − 1
� , �6�

where �0 and �0 are the harmonic frequency of the optical
mode and the line broadening due to defect, respectively.
Parameters a and b are the anharmonic coefficients and � is
the Debye temperature, which can be estimated from an av-
erage of all infrared-active phonon frequencies. For the

analysis of the anharmonic contributions, a Debye tempera-
ture of 497 K has been determined. The solid lines in Fig. 6
are the theoretical predictions based on Eqs. �5� and �6�,
which are in good agreement with the experimental data.
Note that these phonon frequencies and linewidths do not
show any abrupt changes at TN. On the contrary, the oscilla-
tor strengths increase when entering the antiferromagnetic
phase. At present, it is unclear if this is due to the underlying
spin-phonon interaction or if this indicates that the Born ef-
fective charges are increasing in the unit cell.15 As mentioned
above, there are also important changes in certain phonon
modes below TN: �i� a saturation of the softening of phonon
mode 4; �ii� a gradual splitting of phonon modes 5 and 7; and
�iii� an asymmetric line shape of phonon mode 12. Similar
changes in phonon modes have also been observed in other
oxygen content �0.25���0.4� sample with TN�150 K.16

Since Bi2Sr2CoO6+� shows no drastic temperature depen-
dence of a crystal structure and lattice parameters, the re-
markable modifications of these phonon peaks below the an-
tiferromagnetic ordering temperature must be due to spin-
phonon interactions.

In the following, we address the implications of different
phonon anomalies. First, the frequency versus temperature
dependence for phonon mode 4 at about 205 cm−1 is pre-
sented in Fig. 7. It becomes clear that this phonon mode,
involving bending vibrations of the oxygen ions, redshifts
with decreasing temperature until 250 K. Below the antifer-
romagnetic ordering temperature, the redshifting saturates.
More importantly, the observed phonon softening scales with
the normalized square of the sublattice magnetization
�Msublatt�T� /4�B�2 �Ref. 3�, revealing a strong magnetoelastic
coupling. In magnetic materials, the temperature-dependent
frequency change in a phonon mode can be written as17–21

TABLE III. Wyckoff notations, site symmetries, and irreducible representations for the atoms in Bi8Sr8Co4O25 �space group Imma, No.
74, Z=4� �Ref. 2�. O-Bi refers to the oxygen atoms within the Bi-O layer, O-Sr to the oxygen atoms within the Sr-O layer, and O-Co to the
oxygen atoms within the Co-O layer. The oxygen positions are distorted �i.e., there are partial occupancies�.

Atom Wyckoff notation Site symmetry Irreducible representations

Bi�1,5� 4e C2v�C2
z� B1u+B2u+B3u+Ag+B2g+B3g

Bi�2–4� 8i Cs��zx� 2Au+4B1u+2B2u+4B3u+4Ag+2B1g+4B2g+2B3g

Sr�1,5� 4e C2v�C2
z� B1u+B2u+B3u+Ag+B2g+B3g

Sr�2–4� 8i Cs��zx� 2Au+4B1u+2B2u+4B3u+4Ag+2B1g+4B2g+2B3g

Co�1� 4e C2v�C2
z� B1u+B2u+B3u+Ag+B2g+B3g

Co�2� 8i Cs��zx� 2Au+4B1u+2B2u+4B3u+4Ag+2B1g+4B2g+2B3g

Co�3� 4c C2h�C2
y� Au+B1u+B2u+B3u

O-Bi�1� 8h Cs��yz� 2Au+4B1u+4B2u+2B3u+4Ag+2B1g+2B2g+4B3g

O-Bi�2–5� 16j C1 3Au+3B1u+3B2u+3B3u+3Ag+3B1g+3B2g+3B3g

O-Sr�1� 4e C2v�C2
z� B1u+B2u+B3u+Ag+B2g+B3g

O-Sr�2–5� 8i Cs��zx� 2Au+4B1u+2B2u+4B3u+4Ag+2B1g+4B2g+2B3g

O-Co�1,2� 16j C1 3Au+3B1u+3B2u+3B3u+3Ag+3B1g+3B2g+3B3g

Modes classification

�ir=43Au+73B1u+51B2u+71B3u

�Raman=72Ag+42B1g+70B2g+50B3g

�silent=24Au

FIG. 6. �Color online� Temperature dependence of frequency,
damping, and oscillator strength of phonon modes 2 and 8 in
Bi2Sr2CoO6+�. The thin solid lines are results of the fitting, taking
into account the temperature-induced anharmonicity. Dotted verti-
cal lines indicate the antiferromagnetic ordering temperature.
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��T� − ��T0� � ��T�

= ���latt + ���anh + ���ren + ���s-ph.

�7�

The first term is the lattice contribution and is concerned
with the change in bond strengths and lengths as the unit cell
contracts and expands with temperature. It is usually ap-
proximated by the Grüneisen law and assumes either a cubic
crystal or an isotropically expanding or contracting lattice.
The low-temperature lattice parameters derived from XRD
experiments show that Bi2Sr2CoO6+� contracts isotropically.
Phonons are expected �with regard to this term� to shift
higher in frequency with decreasing temperature, as the
spring constants of all vibrations tighten at low temperatures.
The XRD results disagree with the softening observed in
phonon mode 4. The ���anh term accounts for the intrinsic
anharmonic contribution or the anharmonicity at constant
volume. In Bi2Sr2CoO6+�, the softened phonon mode 4 satu-
rates below TN and suggests that the reason for such behavior
is not due to anharmonicity. The third term is the renormal-
ization contribution. This term accounts for the renormaliza-
tion of electronic states that may occur near the spin ordering
temperature.22,23 Bi2Sr2CoO6+�, however, is an insulator.
Therefore, we conclude that the carrier-induced vibrational
softening is not a suitable model for this system. Finally,
���s-ph is the contribution to the change in the phonon fre-
quency from spin-phonon interactions. The spin-phonon con-
tribution is caused by the modulation of the exchange inte-
gral by lattice vibrations. Because the phonon mode
softening in Bi2Sr2CoO6+� correlates with the temperature-
dependent normalized square of the sublattice
magnetization,3 this term must be responsible for the soften-
ing behavior. According to the mechanism proposed by Gra-
nado et al.24 the phonon softening due to the spin-phonon
coupling can be expressed as

���s-ph � −
2

m�

�2J

�u2
Msublatt�T�
4�B

�2

, �8�

where J is the superexchange interaction, u is the displace-
ment from equilibrium positions of the oxygen ion, and m is

the oxygen mass. From the data of Fig. 7 and Eq. �8�, we
obtain ��2J /�u2��11.2 mRy /Å2. The magnitude of this
value is also comparable to that obtained in the antiferromag-
netic undoped manganites RMnO3 �R=La, Pr, Nd, and
Sm�.24,25

The second matter is the phonon splitting at the antiferro-
magnetic phase transition. Figures 8�a� and 8�b� show the
frequency and damping of phonon mode 5 at about
238 cm−1 as a function of temperature. Phonon mode 7 at
about 376 cm−1 gave qualitatively similar results. In the
paramagnetic phase, the phonon frequency reveals a slight
increase with decreasing temperature, as expected for an an-
harmonic solid. But more importantly, as is seen in Fig. 8�a�,
a clear splitting of the frequencies can be observed in the
antiferromagnetic phase. The overall amount of splitting
amount is about 12 cm−1 at 20 K. The temperature depen-
dence of the damping decreases as expected from anhar-
moniclike phonon-phonon interactions �Fig. 8�b��. Below TN,
the damping of the peak with lower frequency continues to
decrease, as does the damping of the mode with higher fre-
quency, and at 20 K the amount of damping is about 4% of
the phonon frequency. Since no appreciable structural change
was detected at low temperatures in XRD studies, the ob-
served phonon splitting below TN must be correlated with the
antiferromagnetic spin ordering. One could speculate that
spin ordering induces a small lattice distortion. This symme-
try breaking is fairly weak and local �rather than long range�
and does not alter the space group. That the distortion is a
local phenomenon is also supported by the other center fre-
quency vs temperature data in Fig. 6. A similar idea of a
purely magnetic-order-induced phonon splitting has also
been discussed by Massidda et al.26 and Luo et al.27 for the
antiferromagnetic transition-metal monoxides �MnO and
NiO�.28

Finally, of particular interest is the temperature evolution
of phonon mode 12 at about 588 cm−1, as shown in Fig. 9.
This phonon, mostly related to in-plane oxygen stretching

FIG. 7. �Color online� Temperature dependence of the shift of
frequency of the phonon mode 4 in Bi2Sr2CoO6+�. The solid line is
the temperature-dependent normalized square of the sublattice mag-
netization �Ref. 3�. The dotted vertical line indicates the antiferro-
magnetic ordering temperature.

FIG. 8. �Color online� Temperature dependence of frequency
and damping of the phonon mode 5 in Bi2Sr2CoO6+�. The dotted
vertical lines indicate the antiferromagnetic ordering temperature.
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vibrations, gradually hardens by 0.3% as the temperature de-
creases from 300 K down to 20 K. The hardening is due to a
freezing of the lattice motion. Notably, this is the only pho-
non showing the asymmetric line shape at low temperatures.
Such an asymmetry is fitted with the formula of Fano,29

����= i�0�q+ i�2 / �i+x����, where x���= ��12
2 −�2� /�12�,

�12 and �12 are the resonant frequency and linewidth, and
�0=�p12

2 /�12q
2 with �p12 as the oscillator strength and q as

the so-called asymmetry factor of the phonon mode. In the
paramagnetic phase, phonon mode 12 has a symmetric
�Lorentzian� line shape �i.e., q→��. Below TN, the asym-
metric line shape develops primarily from an interaction be-
tween the lattice vibrations and a magnetic continuum. The
negative value of q further indicates an interaction between
the phonon mode and a temperature-dependent magnetic
continuum, extending over an energy interval below the
resonance frequency of the mode. It is worth noting that the

big difference in energy scale between in-plane antiferro-
magnetic exchange interaction J�150 K �Ref. 3� and the
optical phonon energy of �850 K is an indication of the
complex nature of spin-lattice interactions in this system.

V. SUMMARY

We have studied the ab-plane infrared and optical reflec-
tance of Bi2Sr2CoO6+� �0.4���0.5� single crystals as a
function of temperature. The infrared spectrum is character-
istic of an insulator over the full temperature range of our
investigation. The optical gap determined from the infrared
conductivity is in reasonable agreement with the thermal ac-
tivation energy from dc transport measurements. In addition,
a rich phonon spectrum is observed. Eight of them shift to
higher frequency and become narrower with decreasing tem-
perature. The hardening is due to the decrease in the lattice
constant on cooling and is consistent with the results of XRD
measurements. At the transition into the antiferromagnetic
ordered phase, a softening of the 205 cm−1 phonon mode
follows closely the temperature-dependent normalized
square of the sublattice magnetization. Such behavior is in-
terpreted in terms of a spin-phonon coupling caused by a
phonon modulation of the superexchange integral with a
coupling constant of ��2J /�u2��11.2 mRy /Å2. Based on
the splitting of the 238 and 376 cm−1 phonon modes into a
doublet, we speculate that the antiferromagnetic spin order-
ing induces a small local lattice distortion, hardly detectable
by standard x-ray diffraction techniques. Moreover, the
Fano-type shape of phonon mode at about 588 cm−1 sug-
gests an interaction between lattice vibrations and a con-
tinuum of low-frequency spin excitations. These results high-
light a complex coupling of spin and lattice degrees of
freedom in the material.
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