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The polarized Raman spectra of layered ruthenate Ca3Ru2O7 were measured between 5 and 300 K in several
exact scattering configurations. All observed Raman lines were assigned to definite phonon modes of A1 or A2

symmetry on the basis of their polarization properties and by comparison to the results of lattice dynamical
calculations for the orthorhombic A21ma structure. It is established that the Fano-shaped A2 mode, which
exhibits a strong anomaly near the metal-nonmetal transition at TM =48 K, involves mainly in-plane breathing-
type oxygen vibrations. Other A2 modes also exhibit detectable anomalies near TM. We argue that the phonon
softening below TM is largely due to the orbital ordering and related structural changes.
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I. INTRODUCTION

Ca3Ru2O7 belongs to the Ruddlesden-Popper series
Can+1RunO3n+1, n=2, and exhibits a number of unique fea-
tures. It undergoes a paramagnetic-to-antiferromagnetic tran-
sition at TN=56 K and a metal-nonmetal �Mott-type� transi-
tion at TM =48 K.1–3 The spin, charge, orbital, and lattice
degrees of freedom in Ca3Ru2O7 are strongly coupled and
small perturbations, such as light doping,1 hydrostatic4 or
uniaxial5 pressure, or magnetic field2 result in suppression of
the Mott state and drastic changes in the conductivity. The
transport and thermodynamic experiments over a wide tem-
perature range at high magnetic fields5–7 have revealed a rich
and highly anisotropic phase diagram containing orbital
disorder-orbital order and metamagnetic transitions.

The strong coupling has been particularly manifested in
the Raman spectra by the anomalous broadening and sharp
softening from �433 cm−1 above TM to �418 cm−1 below
TM of a Fano-shaped Raman line and the simultaneous sup-
pression of the low-frequency electronic scattering, associ-
ated with opening of a 0.1-eV charge gap.8 Recent magnetic-
field-dependent Raman experiments of Karpus et al.9 provide
evidence that the position of this line is sensitive to the or-
bital order and can be used to explore the field-induced spin
and orbital configurations.

The Raman line with anomalous behavior has tentatively
been assigned to a B1g-type mode �in tetragonal notations�
corresponding to out-of-phase oxygen vibrations along the c
axis. The verification of this assignment and, in general, the
precise assignment of Raman lines of Ca3Ru2O7 is of definite
importance for the microscopic models of electron-phonon,
spin-phonon, and spin-orbit interaction. In this work we re-
port such an assignment based on comparison of experimen-
tally measured Raman line frequencies with phonon mode
frequencies predicted by lattice dynamical calculations
�LDC� for the real orthorhombic A21ma structure �or Cmc21
with a being the long axis�. In contrast to earlier assump-
tions, it is established that the Fano-shaped Raman line, ex-
hibiting anomalous behavior near TM, corresponds to a mode
involving mainly in-plane oxygen motions. Several other Ra-

man lines also show detectable anomalies near TM. The pho-
non softening is discussed accounting for the recent evidence
for partial orbital ordering below TM �Refs. 6, 7, and 9� and
related structural changes.7 The temperature dependence of
the electronic scattering background confirms the opening of
a charge gap below TM, its value of 75 meV being somewhat
smaller than previously reported. We argue that the charge
gap opening has a little �if any� effect on the phonon renor-
malization near TM.

II. SAMPLES AND EXPERIMENTAL AND LATTICE
DYNAMICAL CALCULATIONS

Rectangular plateletlike single crystals of Ca3Ru2O7 with
a typical size of 1�1�0.2 mm3 were grown in Pt crucibles
using a flux technique. Off-stoichiometric quantities of
CaCO3, RuO2, and SrCl2 �a self-flux� were thoroughly mixed
and the following temperature profile was applied: �1� Tem-
perature increase to 1480 °C in 7 h and then constant tem-
perature for 25 h; �2� cooling down to 1350 °C at a rate of
1.5 °C/h; �3� further cooling to room temperature in 1 h.

The x-ray single-crystal diffraction confirmed the twin-
free A21ma structure with lattice parameters a=5.366�2� Å,
b=5.526�2� Å, and c=19.539�13� Å. It was also established
and further confirmed by the Raman polarization selection
rules that the large surfaces of the crystal platelets were par-
allel to the �001� plane and as a rule their edges were along
�110� directions.

The Raman spectra were measured independently using
two setups: a Labram 800 spectrometer with He-Ne
�632.8 nm� excitation and a Jobin-Yvon HR640 spectrometer
with Ar+ �514.4 nm� excitation. Both setups were equipped
with microscopes with 50� objectives, liquid-nitrogen-
cooled CCD detectors, and appropriate notch filters. The
temperature-dependent spectra were collected using the La-
bram 800 spectrometer. The samples were mounted on the
cold finger of a microhelium Janis cryostat and the laser
power was kept at 0.5 mW to avoid local heating. The lack
of spurious signals from impurity phases was verified by the
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reproducibility of the spectra and their strict polarization. All
spectra were corrected for the notch filter transmission and
Bose factor. Given that the crystallographic directions were
known, measurements could be done in several exact back-
ward scattering configurations: z�xx�z̄, z�yy�z̄, z�xy�z̄,
z�x�x��z̄, z�x�y��z̄, y�zz�ȳ, y�zx�ȳ, y�xx�ȳ, y�x�x��ȳ.

The first and fourth letters in these notations stand for the
directions of incident and scattered light, whereas their po-
larizations are denoted by the second and third letters, re-
spectively. Since x��100� and y��010� were Raman spec-
troscopically indistinguishable, x and y are interchangeable.

The same is valid for x���110� and y���11̄0�. Further, the
short notations xx, zz, x�x�, x�y� and zx will also be used.

The lattice dynamical calculations were done using a shell
model described in detail in Ref. 10. This model gives an
adequate description of the vibrations in perovskitelike struc-
tures because it accounts for their predominant ionicity. The
ionic interactions are represented by long-range Coulomb
potentials and short-range repulsive potentials of the Born-
Mayer form ae−br, where a and b are constants, and r is the
interionic separation. The deformation of the electron charge
density of the ions is described in the dipole approximation
considering each atom as consisting of a point charged core
and a concentric spherical massless shell with charge Y. Each
core and its shell are coupled together with a force constant
k, giving rise to the free ionic polarizability �=Y2 /k. The
model parameters for the calcium, ruthenium, and oxygen
ions and their interaction potentials are taken from previous
studies of simpler compounds with perovskitelike structure10

and of CaRuO3.11

III. RESULTS AND DISCUSSION

A. Polarized Raman spectra and phonon line assignment

The structure of Ca3Ru2O7 consists of double layers of
corner-sharing RuO6 octahedra, each rotated around the c
axis and tilted around an axis lying in the RuO2 plane. All
optical modes �18A1+17A2+16B1+18B2� are Raman active.

Figures 1�a�–1�c� show the polarized spectra of Ca3Ru2O7
as obtained at 300 and 5 K with 632.8-nm excitation and at
300 K with 514.5-nm excitation. The zz�A1� spectra are
much richer than the xx�A1� and yy�A1� spectra, which are
practically identical. No Raman lines of detectable intensity
are observed with zx�B1� and zy�B2� scattering configura-
tions. The xx�A1� and xy�A2� spectra are very similar to those
of Liu et al.8 obtained with 647.1-nm excitation. It is worth
noting that the spectra of Ca3Ru2O7 are richer than the cor-
responding spectra of Sr3Ru2O7, shown for comparison in
Fig. 1�d�.

As it follows from Fig. 1 most Raman lines of Ca3Ru2O7
are of symmetrical shape and relatively narrow, in particular
at low temperatures. A clear exception is the broad asymmet-
ric A2 line, previously discussed by Liu et al.,8 which shifts
from 435 cm−1 at 300 K to 413 cm−1 at 5 K. The assignment
of this line is of definite importance since it may shed light
on the microscopic mechanisms of electron-phonon, spin-
phonon, and spin-orbit interactions. It follows from Table I,
where the experimental phonon frequencies are compared to

those predicted by LDC, that two modes may be associated
with this line. The first candidate is the A2

�12� mode
�392 cm−1�, involving mainly motions of outer apex oxygen
atoms �O1� parallel to the ab plane as well as out-of-phase,
out-of-plane motions of O3 and O4 atoms �Fig. 2�c��. The
second candidate is the A2

�13� mode �455 cm−1�, which is
dominated by in-plane breathing type vibrations of O3 and
O4 atoms �Fig. 2�d��. Looking for arguments that may either
support or rule out one of the two possible assignments, one
notices that the A2

�4� mode �Fig. 2�a�� involves out-of-phase,
out-of-ab plane motions of O3 and O4, similar to those in
A2

�12�. The xy-polarized Raman line at 184/189 cm−1, which
corresponds to the A2

�4� mode, however, is of symmetrical
shape and exhibits neither softening nor broadening below
TM. Therefore, the Fano-shaped band rather corresponds to
the A2

�13� mode.

B. Phonon and electron scattering anomalies near TM

The basic question about the 435 cm−1 phonon softening
below TM is whether it is mainly due to changes of electron-

FIG. 1. Polarized Raman spectra of Ca3Ru2O7 as obtained at
300 and 5 K with 632.8-nm excitation and at 300 K with
514.5-nm excitation. The bottom panel shows the corresponding
spectra of Sr3Ru2O7.
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phonon coupling and related self-energy effects associated
with opening of a charge gap, or it is determined to a greater
extent by other field-induced effects, such as orbital ordering
or spin-phonon coupling. The line shape of a phonon coupled
to electronic continuum is generally described by the Fano
profile I���= I0��+q�2 / �1+�2�, where �= ��−�0� /�, �0 is
the “bare” phonon frequency, � is the linewidth, and q is the
asymmetry parameter. Both �=��V2 and q= tp / ���Vte� de-
pend on the electron-phonon interaction V, which can be

written as V= �te / tp��q. te, tp, and � are the electron and
phonon transition probabilities, and the density of states of
electronic excitations, respectively.12,13 Under the assump-
tion of negligible temperature dependence of te and tp, the
temperature dependence of V will follow that of �	q	. Figure
3 shows the variations near TM of �0, �, integrated area,
asymmetry parameter q, and V��	q	 for the Fano-shaped
band at 413/435 cm−1. It follows from these results that with
decreasing temperature V increases steplike by about 20%

TABLE I. Calculated and experimentally observed A1 and A2 phonon frequencies in Ca3Ru2O7 �in cm−1�.

Mode Theor.
Expt.

300/10 K
Main

atomic motions
Motions

type

A1
�1� 142 /144 Ca1�x� Ca2�x� Ru�x� O2�x� Ca1�x� Ca2�x� out of phase; Ru�−x� O2�−x� out of phase

A1
�2� 168 168/171 O4�z ,x ,y� O3�z ,x ,y� O1�x� O2�x� RuO6 �z -rotations+x tilts�; Ca1�x��, Ca2�−x��

A1
�3� 192 191/196 Ca2�y� Ca1�y� O4�z ,x ,y� O3�z ,x ,y� RuO6 �z-rotations+x�-tilts�; Ca1�y�, Ca2�−y�

A1
�4� 202 /202 Ru�z� O3�z� O4�z� RuO planes z motion

A1
�5� 221 /219 O1�y� O3�z ,x� O4�x ,y� O1�y� in phase; RuO4 squares z rotation

A1
�6� 230 225/233 Ca1�y� Ca1�y� in phase

A1
�7� 244 239/246 Ca1�x ,y� Ca2�x� O1�x ,y� Ca1�x��; Ca2�x�; O1�−x��

A1
�8� 262 /278 O2�y� O3�x ,y� O4�z ,x ,y� RuO6 �x tilts+z rotations�

A1
�9� 287 282/288 Ca2�z�� O2�y� O2�y� in phase; Ca2�z� in phase

A1
�10� 292 Ca1�x ,y� O3�x ,y� O3�x��, O4�y�� scissorlike; Ca1�x��; O1�x��-Ru-O2�x��

bendings

A1
�11� 311 302/313 O1�x� O4�x ,y� RuO6 �in-phase y tilts+out-of-phase x tilts�

A1
�12� 339 348/351 O2�x ,y� O4�z ,x ,y� O3�z ,x ,y� RuO6 �out-of-phase x tilts+z rotations�

A1
�13� 394 386/392 O1�x� O3�z� O4�z� O2�x� O1�x�, O2�x� in phase; O3�z�, O4�z� out of phase

A1
�14� 434 404/409 O2�x� O3�z� O4�z� RuO6 �out-of-phase x tilts�

A1
�15� 529 459/461 O3�z� O4�z� O1�z� O3�z� O4�z� in phase; O1�−z�

A1
�16� 568 /584 O3�x ,y� O4�x ,y� RuO4 squares �antistretching, out of phase in the two

layers�
A1

�17� 613 623/627 O1�z� O4�z� O3�z� O1�z� stretching; O4�z� O3�z� in phase

A1
�18� 669 /702 O3�x ,y� O4�x ,y� RuO4 squares �antistretching, in phase in the two layers�

A2
�1� 112 Ru�x� O4�x� O3�x� Ca2�x� RuO planes and Ca2 �out-of-phase motions along x�

A2
�2� 154 146/150 Ca2�y� Ru�z� Ca2�y�; Ru�z�

A2
�3� 176 165/168 Ca2�y� Ru�z ,y� Ca2�y��; Ru�z ,y�

A2
�4� 205 184/189 Ca1�z� O1�y� O3�z� O4�z� Ca1�z�; O1�y�; O3�z� O4�z� out of phase �Fig. 2�a��

A2
�5� 226 211/220 Ca2�x ,z� Ca1�z� O4�z� Ca2�x ,z�; Ca1�z�; O4�z� out of phase

A2
�6� 231 O1�y� Ca2�z� O3�z� O1�y�; Ca2�z�; O3�z� out of phase

A2
�7� 243 243/243 O3�z ,x ,y� O4�z ,x ,y� Ca1�z� O3-Ru-O4 bendings �Fig. 2�b��

A2
�8� 264 Ca2�z� Ca1�z� Ca2�z� Ca1�z�

A2
�9� 324 O1�x� O1�x�

A2
�10� 339 O4�z� O4�z� out of phase

A2
�11� 374 /362 O3�z ,x ,y� O4�z ,x ,y� O3-Ru-O4 bendings

A2
�12� 392 O1�x ,y� O3�z� O4�z� O1 out of phase; O3,O4 out of phase �Fig. 2�c��

A2
�13� 455 435/413 O4�x ,y� O3�x ,y� O1�z� O3, O4 in-plane breathing �Fig. 2�d��

A2
�14� 507 O1�z� O2�z� O4�x� O3�x� O1�z� out-of-phase stretchings

A2
�15� 628 O1�z� O3�x ,y� O4�x ,y� O2�z� out-of-phase stretchings

A2
�16� 670 O3�x ,y� O4�x ,y� O2�z� O3, O4 in-plane, out-of-phase stretchings

A2
�17� 717 O2�z� O4�x ,y� O3�x ,y� RuO6 breathing
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near TM and remains nearly constant below TM.
At first glance the change of the electron-phonon interac-

tion below TM is likely to be the main cause for the anoma-
lous phonon softening in Ca3Ru2O7. There are, however, ar-
guments that this is not the case. For example, the Fano-
shaped B1g line at 377 cm−1 in the xy spectra of Sr3Ru2O7
�see Fig. 1�d��, corresponding to a mode involving oxygen
motions in the Ru-O planes, is characterized at 300 K by �,
q, and V values comparable with those of the 435 cm−1 �A2

13�
mode of Ca3Ru2O7. The electron-phonon coupling constant
V shows a comparable increase by 13% with decreasing tem-
perature to 10 K, but, instead of softening, the B1g mode
hardens, similarly to all other Sr3Ru2O7 modes.14 A mode
softening due to the opening of a charge gap is also not
consistent with the results of Rho et al.,15 who observed
strong hardening below TM of the Fano-shaped B1g line at
�430 cm−1, in closely related Ca2−xSrxRuO4. Finally, the re-
cent magnetic field-dependent Raman measurements on
Ca3Ru2O7 of Karpus et al.9 have shown that the anomalous
shift of the 435/413 cm−1 phonon can be reversed with a
magnetic field along the a axis. This almost certainly relates
the frequency shift to the field-induced changes in orbital
ordering and associated selective structural changes �shrink-
ing of the a parameter to its high-temperature value� reported
by Ohmichi et al.7

Given that at zero field the a lattice parameters expands
below TM,7 one may expect that other phonon modes, involv-
ing motions in the RuO2 plane, will also soften. Figure 4
shows the temperature dependence near TM of the remaining
A2�xy� phonon lines, which have symmetrical profiles and
can be fitted with Lorentzians. The line at 245 cm−1 that
corresponds to the A2

�7� mode �Fig. 2�b�� clearly softens by
�3 cm−1 ��−1.3% � below TM. This shift is smaller than
that of the 435 cm−1 line �−5.1% �, which can tentatively be

explained by the fact that the 245 and 435 cm−1 modes in-
volve O-Ru-O bendings and Ru-O stretchings, respectively.
Other detectable anomalies are the steplike decrease of the
width of A2

�3� and A2
�5� lines and steplike increase of A2

�4� and
A2

�5� intensity below TM, which are consistent with the de-
creasing disorder and less-metallic state.

In order to trace out the variation with temperature of the
electronic background we have subtracted the Fano-shaped
band from the xy spectra. The results shown in Fig. 5 are
similar to those of Liu et al.8 and provide evidence for spec-
tral weight redistribution and partial opening of a charge gap
	c�75 meV ��600 cm−1� below TM. Such behavior as well
as the value of the gap ratio 	c /kBT�18 are typical for
materials with strong electron correlation.16 It is worth not-
ing that even though for T
TM the electronic scattering de-
creases linearly below 	c, its intensity in the 400–450 cm−1

range is comparable or even higher than that in the metallic
region �T�TM�. This provides an explanation for the exis-
tence of Fano interference both above and below TM.

FIG. 2. Main atomic motions in the A2
�4� �205 cm−1�, A2

�7�

�243 cm−1�, A2
�12� �392 cm−1�, and A2

�13� �455 cm−1� modes of
Ca3Ru3O7. The length of the arrows is proportional to the vibra-
tional amplitudes.

FIG. 3. Variation with T of the frequency, linewidth, integrated
intensity, asymmetry parameter q, and electron-phonon coupling
V��� 	q	 for the Fano-shaped A2 band at 413/435 cm−1. The
circles and squares correspond to two different sets of measure-
ments on the same sample.
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IV. CONCLUSIONS

The phonon lines in the Raman spectra of layered ruthen-
ate Ca3Ru2O7 were assigned to definite phonon modes of A1
or A2 symmetry of the orthorhombic A21ma structure. It is
argued that the Fano-shaped A2 band near 435 cm−1, which
exhibits a strong anomaly at TM =48 K, involves mainly in-
plane breathing-type oxygen vibrations and its softening re-
flects orbital-ordering-induced structural changes. Other A2
modes also exhibit detectable anomalies. The electronic scat-

tering reveals the opening of a charge gap 	c�75 meV be-
low TM. The electronic background in the phonon frequency
range remains high enough over the whole temperature
range, which explains the observation of Fano interference
both above and below TM. The charge gap opening has a
little �if any� effect on the phonon renormalization.
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