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The change of the lattice dynamics upon the charge disproportionation (CD) transition has been investigated
for the CaFeO; crystal by measuring its infrared optical spectra. Across the CD transition, CaFeO; undergoes
a metal-insulator transition, and it is found that below Tcp ~ 290 K the low-frequency optical conductivity
gradually decreases to a rather low value and is dominated by a series of infrared-active phonons. Intriguingly,
accompanied by the CD transition, two prominent phonon modes at ~243 and ~559 cm™!associated with the
vibrations of Fe-O bonds show obvious redshift and asymmetric line shapes characterized by a Fano profile,
suggesting a strong electron-phonon coupling. This coupling behavior reveals an intimate relationship between

charge and lattice in the CD transition of CaFeO;.
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I. INTRODUCTION

Strongly correlated transition metal oxides have been
attracting much attention since they are often related to inter-
esting phenomena such as high-temperature superconductivity
and colossal magnetoresistance [1]. Among them, perovskites
containing iron in the high valence state Fe*" are of great
interest, because of their special physical properties such as
the metal-insulator transition (MIT), charge ordering, and
screw spin structure [2-5]. In this class, CaFeOs containing
Fe** undergoes a charge-disproportionation (CD) transition
(2Fe*t — Fe®™ + Fe’") and a structural phase transition at
Tep ~ 290 K which transforms the system from a high
temperature metal to a low temperature insulator, and exhibits
helimagnetic order at Ty ~ 120 K [6]. Such phenomena make
CaFeO; an interesting compound to study the interplay of
charge, lattice, and spin degrees of freedom.

After the discovery of the CD transition in CaFeO; [7],
neutron diffraction experiments [6] revealed that Fe-O bond
length differentiates below T¢p, which corresponds to the
structural transition from the room temperature orthorhombic
structure to a low temperature monoclinic one. Such a lowering
of symmetry due to a structural transition should lead to
changes in phonons, just as the cases in SrTiO3 [8] and iron
pnictides [9].

Indeed, optical spectroscopy of CaFeO3 has shown changes
in phonons upon its CD transition. Raman spectroscopy
performed by Ghosh et al. [10] finds that a phonon mode
at 708 cm™!splits into two modes at T¢p, corresponding to the
distortion of FeOg octahedra. Nuclear resonant x-ray inelastic
scattering [11] shows changes in phonon density of states,
which implies that the structural change associated with the
CD transition is evident and the electron-phonon interaction
plays an important role on the CD transition.
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Infrared spectroscopy is a powerful tool to study phonons,
electron-lattice coupling, and charge or spin ordered states
[12-15]. Fujioka et al. [16] have performed infrared (IR)
optical spectroscopy studies on CaFeO; and find that electronic
spectral weight transforms in a much larger energy region than
the gap and suggests that the Hund’s coupling plays important
roles on the CD transition [17]. However, although the authors
also stress the effects of lattice on the CD transition, the IR
active phonons have not been studied in detail. An investigation
on the lattice vibrations can reveal useful information about
the electron-phonon coupling, which often embodies itself as
broad polaronic peaks [18] or asymmetric phonon line shapes
[19]. Fano line shapes of phonons have been observed in
many systems such as cuprates [13], pnictides [9,19], and
graphene [20]. Their Fano line shapes are often considered
as the results of couplings between the discrete phonon and
the continuum of electron-hole excitations or spin excitation.
Therefore, studying the temperature dependence of phonon
line shapes provides a way to investigate the evolution of
electron-phonon interaction upon the CD transition.

In the present work, we investigate the IR-active phonon
modes in CaFeO;3; from 310 down to 7 K. We observe that
several phonon peaks emerge below T¢p and Ty and that two
phonons at ~243 and ~559 cm™ ' associated with the vibrations
of Fe-O bonds show redshift and have asymmetric line shapes
below T¢p. Such asymmetric line shapes are fitted by Fano
functions, and their temperature dependence is studied. Our
results reveal that the phonons in CaFeO; change evidently
below T¢p, implying the important role of electron-phonon
interactions upon the CD transition, which is consistent with
the previous investigations performed by Raman spectroscopy
[10] and nuclear resonant x-ray inelastic scattering [11].

II. EXPERIMENT

The single crystals of CaFeO3; were obtained by a two-
step synthesis method combining the floating-zone technique
and high-oxygen-pressure treatment [21]. The temperature

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.95.064104

C. X.ZHANG et al.

1. T T T T T T T
0 (@) CaFeO, 1.0
T,,=290 K
T =118 K
08}
[0]
o
C
S
[$]
= ——300K
[0]
X 06
—— 255K
—— 100K
—7K
0.4 - - -
0 200 400 600 800 1000
12 T T T T T T T
(b)
8
10} .
[ ]
~ 8r
g
o °F
R}
T 4t
s
2r
0- 1 1 1 1
0 200 400 600 800 1000

Wave number (cm™)

FIG. 1. (a) The reflectivity in the far infrared region for CaFeOs3
at several representative temperatures. (b) The low frequency optical
conductivity o (w) for CaFeOs deduced from the K-K transformation
of the reflectivity. The colored symbols on the vertical axis are dc
values of conductivity obtained from the measurement of resistivity.
The insets in (a) and (b) show the reflectivity and optical conductivity
up to 10000 cm™!, respectively.

dependence of resistivity and magnetic susceptibility was
measured to characterize the T¢cp and Ty. Both of them
(Tep =~ 290 and Ty =~ 118 K) are very consistent with the
results reported by Fujioka et al. [16] in single-crystal samples.

The reflectivity R(w) was measured at a near-normal angle
of incidence on a Fourier transform infrared spectrometer
(Bruker 80v). An in situ gold overfilling technique [22]
was used to obtain the absolute reflectivity of the samples.
Data from 60 to 15000cm~! were collected at different
temperatures ranging from 7 to 310 K. R(w) in the vis-
ible and UV range was measured up to 40000cm~! at
room temperature with an AvaSpec-2048 x 14 optical fiber
spectrometer.

III. RESULTS

Figure 1(a) shows the far-infrared reflectivity R(w) of
CaFeOj; at different temperatures. At 300 K, R(w) increases
toward unity with decreasing photon energy, indicating the
metallic nature. When the temperature is decreased below
Tep of 290 K, the low-energy R(w) is suppressed gradually,
showing the transition from a room-temperature metal to a
low-temperature insulator. Below 100 K, R(w) changes only
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FIG. 2. The fitting curves of the real part of optical conductivity in
the far infrared region at (a) 7 = 300 and (b) T = 25 K. The phonon
modes discussed in the text are labeled by #1 to #4. The arrows in (b)
signify the deviation of the Drude-Lorentz fitting. The insets show

the spectra up to 10000 cm™~".

a little in the far-IR region. These results are consistent
with the work of Fujioka ef al. [16]. The behavior of the
CD transition in CaFeOs; is different from the situation in
La;/3S8ry,3Fe0s. La, /3S1,3FeO3 undergoes a charge-ordering
transition (3Fe*>®’* — 2Fe’t + Fe’™) at Tcp = 200 K [23],
and its reflectivity R(w) decreases abruptly near T¢¢ and does
not change much below T¢¢ [24]. In addition, from Fig. 1(a)
one finds that sharp phonon peaks become prominent with the
decreasing temperature.

In order to obtain the optical conductivity, extrapolation and
a Kramers-Kronig transformation of the reflectivity spectra
are performed. At low frequency, a constant extrapolation is
employed. Above 40 000 cm™!, a constant reflectivity up to
12.5 eV is utilized, followed by a free-electron (w~*) response.
Figure 1(b) shows the real part of the optical conductivity
o1(w) in the far-infrared region at different temperatures. As
the temperature is lowered from T¢p &~ 290 K, the optical
conductivity in the far-infrared region decreases gradually,
reflecting the gap opening. From 200 to 7 K, only small
changes of the optical conductivity occur in the low energy
region, implying the gap opening process has been saturated
around 200 K. This phenomenon is consistent with the trend
of its structural transition revealed by neutron scattering [6],
which showed that the lattice transformation occurred in the
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temperature range between ~290 and ~220 K. One may
observe that at the low temperature of 7 =7 K, oj(®w) in
the low energy region below 1000 cm™!is still finite beneath
the phonon peaks, which implies the existence of some states
in the gap region. Such states might have resulted from the
incompleteness of the gap opening, gap nodes due to band
anisotropy, or midgap states due to defects or local modes
[25]. From Fig. 1(b), one also notices that as the temperature
decreases the phonon peaks become more prominent, and that
several new peaks emerge below T¢p. For later convenience,
we label these peaks as follows: 160 (#1), 243 (#2), 559 (#3),
and 652 cm~! (#4). Upon decreasing the temperature, the
phonons #2 and #3 redshift and show asymmetric line shapes.
One also notices that new modes emerge on the two sides of
the #1 phonon peak below 100 K, which may be related to the
antiferromagnetic phase transition at 7y ~ 118 K.

We fitted the optical conductivity spectra oj(w) by the
Drude-Lorentz model with the following formula:

2 n
@) = 2| 1Y no (1)
! Z 27 41 2 _ 2\ 2.2
oL@ T D (‘Uo,k “) ) tyiw

where Z is the vacuum impedance. The first term describes
the free-carrier Drude response, characterized by a plasma
frequency €2, and a scattering rate 1/t. The second term
describes a sum of Lorentz oscillators, each having a resonance
frequency ok, a line width y; and an oscillator strength €2;.
For illustration, we show the data at 7 = 300 and 7 = 25 K
and their fitting curves in Fig. 2. Except for some phonon
peaks in the far-IR region, the Drude-Lorentz model well fits
the data. As the temperature is lowered from 290 K, the Drude
component shrinks gradually, and the Drude component is
unnecessary to fit the data below 200 K.

From Fig. 2(b), one notices that the phonon peaks #2 and
#3 (labeled by arrows) can not be fit well by the Drude-
Lorentz model, because of their asymmetric line shapes. Such
asymmetric line shape can be fit by a Fano function as what
has been done in Ref. [15]. Fano functions have the form as
follows [13-15]:

2 Q%q2+4q6—1
Zo yr q*(1+4€%)

where € = (w — wr)/yr, wp is the resonance frequency, yg
the line width, and Q2 the strength. The asymmetry of the
Fano line shape is described by a dimensionless parameter g.
In general, the Fano line shape of a phonon mode is considered
as the result of the coupling of phonon with a continuum
of charge or spin excitations [12—15]. To make a consistent
analysis, we fit the phonon peaks #2 and #3 by Fano functions
in the whole temperature range. The temperature dependence
of the peak positions and Fano factors of corresponding modes
in CaFeOs; (#2 and #3) is shown in Fig. 3.

@

o(w) =

IV. DISCUSSION

To have a qualitative understanding of the phonons in
CaFeO;, it might be helpful to compare the spectra in
Fig. 1(b) with those of SrFeOj3 [26] and R, /3Sr;/3FeO; (R =
La,Pr,Nd,Sm,Gd) [27]. Taking La;3Sr;,3FeO3, for example,
the main structures in Fig. 1(b) are similar to Fig. 3 in the
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FIG. 3. (a),(b) Line shapes of the phonons #2 and #3. (c)-(f)
The resonance frequencies w, and the Fano parameters |1/¢| of the
#2 and #3 phonon modes determined from the fittings at various
temperatures.

paper of Ishikawa et al. [24]. Three sharp-peak structures in
La;/3Sr,,3FeO3 correspond to the optical phonon modes of
the external mode (~160), the bending mode (~260), and the
stretching mode (~560 cm™!). In the present case of CaFeOs,
the three corresponding modes are found in Fig. 2(b) at 160
(#1), 243 (#2), and 559 cm™! (#3), respectively. From Fig. 3
in the paper of Ishikawa et al. [24], one finds the splitting
and shifting of the bending mode and the stretching mode
below T¢o. According to Park et al. [27], the shifting and/or
splitting of the bending mode and the stretching mode is the
result of lattice distortions accompanied by the charge ordering
transition.

In order to make a better understanding of these phonon
modes, ab initio calculations are performed with the Vienna
ab initio simulation package (VASP). To treat the localized
Fe-d electrons and the exchange and correlation interactions,
the PBE+U approximation [28] is applied to CaFeOs with
the on-site Coulomb parameters U = 5.3 eV. The calculation
model is relaxed until the force on each atom is less than
0.01eV/A. As an orthorhombic crystal, CaFeOs3 has a GdFeO;
structure at room temperature belonging to the space group
Pbnm [29]. Accordingly, it has 24 Raman-active phonons [10],
33 IR-active optical phonons, and 3 acoustic phonons. The
IR-active optical phonons are given by irreducible representa-
tions as 8A, + 7By, + 9By, + 9B3,. The calculated phonon
frequencies are listed in Table I and the vibration patterns with
the frequencies close to the experimental results are shown in
Fig. 4.

The redshift of a phonon is often explained by the lattice
deformation and change of bond length [9]. For our case of
CaFeQs, the Fe-O bond length changes below 290 K: the Fe-O
bonds expand and contract alternatively with Al/l ~ £1%
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TABLE I. Comparison of the calculated and experimental IR-
active phonon modes (in cm™") at 300 K.

Pbnm symmetry Calculation Experiment
Ay 130.9

B, 161.2 160
B;, 170.4

By, 171.7

A, 180.0

By, 203.0

B, 214.6

A, 218.0

B, 219.4

B, 256.3 256
A, 2574

B, 265.4

B, 273.4

B, 281.6

By, 291.0

By, 303.8 306
A, 308.1

B;, 313.9

B, 315.1

Bo. 339.5

B, 366.9 370
By, 381.4

A, 382.6

B, 387.2

B, 406.4

B, 417.7

B, 462.7

By, 576.9

A, 577.6 565
Ay 587.3
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FIG. 4. Vibration patterns of optical phonon modes assigned to
the peaks in o(w) of CaFeO; at 300 K. The calculated normal
frequencies in cm~! are compared with the observed values at 300 K
(in parenthesis).
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from 290 to 220 K [6,23]. This kind of bond change alone
leads to phonon blueshift; therefore it can not explain redshift
of phonons in CaFeOs;. However, one notices that CaFeO;
undergoes a CD transition 2Fe*" — Fe?t 4 Fe’* at 290 K.
Considering the oscillation of the Fe-Fe relative motion,
according to the force constant k o< Q1 0>/ 13, [30] with 0
and Q, the charges of the ions, k'/k = 15/16 leads to a
3 t0 4% decreasing of the oscillation frequency, which can
explain the 2 to 3% softening of these two phonons at 243
and 559 cm~'. Moreover, the CD transition also changes the
numerator Q; Q, of the force constant between the Fe and O
atoms from +4 x (—2)to+3 x (=2)and +5 x (—2), with the
average unchanged. Such a change does not affect the phonon
frequencies at the I point of the Brillouin zone. Therefore the
overall effect of the valence change of the Fe atoms is softening
for the phonons #2 and #3. The external mode is not affected
by the CD transition, because it mainly evolves the relative
displacement of Ca atoms with respect to FeOg octahedra [31]
and is less sensitive to the CD and the lattice distortions [24].

In the above, we have mentioned the asymmetric line shapes
of #2 and #3 phonon peaks which can not be fit well by Lorentz
functions. We fit the spectrum using Fano functions with the
parameter g < 0 characterizing the asymmetry. The parameter
1/q, determined from the fittings, is shown in Figs. 3(d)
and 3(f) as the function of temperature. From Figs. 3(a)
and 3(b) one may observe that the line shapes of these two
modes become more symmetric at higher temperatures. As
mentioned above, the origin of the asymmetric line shape of a
phonon mode is often explained by the coupling between the
phonon and electrons or spins. Therefore, the change of the
Fano factors of phonons #2 and #3 may imply the change of
the electron-phonon coupling. One notices that a gap opens
gradually below T¢p which changes the electronic density of
states (DOS). Therefore, at a low temperature far below T¢p
the effective electronic states coupling with the phonons are
in the higher energy side of these phonons, so the Fano factor
1/g will fall in the region —1 < 1/g < 0. As temperature
increases, electronic states fill the low energy region; then
both sides of the phonon mode have electronic states to couple
with. Therefore, the line shape of the phonon peak becomes
less asymmetric which corresponds to the decrease of |1/¢]|
with the increasing temperature as shown in Figs. 3(d) and
3(f).

It also explains the difference between the two phonons
in Figs. 3(d) and 3(f). As the temperature decreases, the
243 cm™! phonon (#2) becomes asymmetric at first, and then
the 559 cm~! phonon (#3) follows its trend and begins to
become asymmetric at a relatively lower temperature. In order
to make it more clear, we take 7' = 270 K, for example. At this
temperature, the opened gap is relatively small compared with
559 cm~!; therefore it has little effects on phonon #3. As for the
243 cm™! phonon, its line shape changes at this temperature
into an asymmetric form which may imply that the opened gap
has affected the electronic DOS around 243 cm™! making the
DOS of the two sides of the phonon #2 asymmetric.

Besides peak shift of the bending and stretching mode,
a new mode around 650 cm™! (#4) emerges below Tcp,
which can be seen from Fig. 1(b). The emergence of such
a peak is also seen in R;;35r;3FeO3 (R = La,Pr,Nd) [27]
and is considered due to the folding of branches of the Fe-O
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stretching mode by the periodic charge modulation or asso-
ciated lattice distortion. In R;/3Sr;3FeO3 (R = La,Pr,Nd),
the strength of the peak increases steeply across T¢o. Such
a discontinuous increase indicates that the charge-ordering
transition is first-order for R = La,Pr,Nd [27]. On the contrary,
in our case of CaFeQOj3, the mode #4 emerges gradually when
the temperature lowers from 7¢p, which is consistent with the
second-order property of the CD transition [32].

In summary, the IR-active phonons in CaFeOs; are investi-
gated and the emphasis is placed on phonon evolution upon
the CD transition. Additional phonon modes are activated by
the CD transition as well as the helimagnetic transition. The
redshift and the asymmetric line shapes of the two phonons
at 243 and 559 cm~! are analyzed by fitting the data using

PHYSICAL REVIEW B 95, 064104 (2017)

Fano functions. The central frequencies of these two phonons
decrease as the temperature is lowered from T¢p. The Fano
factors change obviously below T¢p, reflecting changes of
the electron-phonon coupling and the electronic DOS. It also
implies the important role of electron-phonon coupling upon
the CD transition.
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