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Electron and phonon transports in CaMnOs and its Bi-doped counterpart, Big.o3Cao.97rMnOs, are
investigated by thermoelectric transport measurements, Raman spectroscopy, and first-principles
calculations. In particular, we focus on CaMnO3 and Bip.03Cap.97MnO3s’s electronic structures,
temperature-dependent electron and phonon lifetimes, and their sound velocities. We find that
the anti-ferromagnetic insulator CaMnOgs breaks the Wiedemann-Franz (WF) law with the Lorenz
number reaching four times that of ordinary metals at room temperature. Bismuth doping reduces
both the electrical resistivity and the Seebeck coefficient of CaMnOs, thus it recovers the WF law
behavior. Raman spectroscopy confirms that Big.03Cag.97MnQO3 has a lower Debye frequency as
well as a shorter phonon lifetime. As a result, Big.03Cag.97MnQO3 exhibits superior thermoelectric
properties over the pristine CaMnOgs due to the lower thermal conductivity and electronic resistivity.

I. INTRODUCTION

Perovskite oxides attract a lot of interests in the
last decades due to their rich physical properties [ITH3].
Strongly-correlated electrons originating from transition-
metal atoms give rise to various types of ground states,
such as anti-ferromagnetic insulators [4] [5], ferromagnetic
metals [0] and even high-T, superconductors [7]. These
strongly-correlated perovskite oxides, in particular, can
be applied in sensor technology utilizing their piezoelec-
tric and large magnetoresistance [4], as well as to be used
in energy harvesting technology, for example in solar cells
and thermoelectric (TE) devices [8HIT].

TE materials are a class of materials that can con-
vert heat into electricity [12, [I3]. Efficient TE materials
should be thermally inert while electrically conducting
at the same time. These requirements give researchers
a challenge in designing TE materials because the elec-
trons that are transporting charges in conventional met-
als are also carrying heat. According to the Wiedemann-
Franz (WF) law, the ratio of electron thermal conduc-
tivity k. with respect to electrical conductivity o is pro-
portional to temperature [14] and thus a possible way to
improve the TE efficiency is by breaking the WF law.
The breaking of the WF law might be realized, for ex-
ample, through the introduction of strongly-correlated
Coulomb interactions [I5HIT].

The perovskite oxides are considered strongly-
correlated electronic systems. In this regard, we propose
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that one of the simplest perovskite oxides CaMnOg (or
”CMO”), with a proper doping, could be a potential can-
didate for non-toxic and easily prepared TE materials.
CMO is structurally stable even at temperature above
900°C, thus it is suitable for high-temperature TE ma-
terials [I8]. At low temperature, CMO behaves as an in-
sulator with anti-ferromagnetic ordering that originates
from the Mott-like correlation [9, I9]. At higher tem-
peratures, its electrical conductivity increases, hence al-
lowing better TE performance. When doped with Bi into
the Ca site, double-exchange interaction between two dis-
similar Mn ions mediated by oxygen delocalizes electrons
permitting metal ferromagnetic ground states [20]. It is
important to note that, while the electronic contribution
to the transport properties has been much understood,
the phonon contribution to the thermal conductivity and
the role of Bi doping to the phonon transport in CMO
remain subtle.

In this work, we characterize electron and phonon
transports in CMO and Bi-doped CMO (abbreviated as
“BCMO”) using TE transport measurements. We choose
Big.03Cag.97MnO3 as the BCMO in the present study due
to our expectation that this particular compound gives
the best TE performance among various compositions of
BCMO [II]. The Seebeck coefficients, electrical resistiv-
ities, and thermal conductivities are measurable quan-
tities from the experiments that can be compared with
first-principles calculations. By calculating the electronic
structure and phonon energies of the materials (and com-
paring with the experimental results), it is possible to
gain important quantities that determine transport prop-
erties of materials, such as the chemical potential, elec-
tron lifetime, phonon lifetime, the phonon Debye temper-
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atures, and sound velocities. We also introduce Raman
spectroscopy to better understand the role of Bi doping
in the phonon transport.

Our TE measurements show that CMO has a reason-
ably high Seebeck coefficient of about 3001V /K at room
temperature and it is even possible to optimize the See-
beck coefficient up to five times if the chemical potential
is correctly tuned (at the band edge). Upon Bi doping,
the electrical resistivity reduces by 10 times and the See-
beck coefficient reduces by 2 times, hence making a siz-
able improvement in the power factor. Additionally, the
presence of Bi doping adds more phonon scattering path
via anharmonicity and increases atomic average mass. As
a result, the sound velocity is reduced. This effect can
be seen in the Raman spectra and is responsible for the
decrease in thermal conductivity and for the enhance-
ment of TE figure of merit. Other notable phenomenon
is the breakdown of WF law in CMO with Lorenz num-
ber reaching four times of Ly stemming from strongly
correlated nature of electrons in CMO. Upon Bi-doping
this Lorenz number recovers that of ordinary metals.

This paper is organized as follows. Experimental and
theoretical methods are presented in Secs. [[I] and [T}
respectively. Geometrical structure of CMO is confirmed
via X-ray diffraction, as discussed in Sec.[[V'A] Electronic
transport properties of CMO and BCMO are presented in
Sec.[[VB]and [[VC] respectively. The phonon transport
including Raman spectroscopy and thermal conductivity
are presented in Sec. [[VD] Finally, conclusions are given

in Sec. [Vl

II. EXPERIMENTAL METHODS

For characterization of the TE properties, the CMO
and BCMO materials were synthesized by solid state re-
action and hot press methods. The raw materials includ-
ing CaCO3 (QReC, > 99%), MnO, (Fisher Scientific,
> 99.99%) and BisO3 (QReC, > 99.5%) were mixed by
planetary ball mill (PM, Restch PM 400) in ethanol for
12 h. The mixed power were calcined at 1273 K for 24
h in atmosphere and then hot pressed at 1173 K for 1
h under pressure 60 MPa in Argon atmosphere. The
hot pressed pellets were annealed at 1473 K for 36 h in
air. The pellets were pulverized to powder for analyzing
crystal structure by X-ray diffraction (XRD, Shimadzu
6100) technique with Cu K« radiation, 2 deg/min of scan
speed, 0.02 of sampling pitch and 20-80 degree of 26 for
scan ranges.

The Seebeck coefficient (S5) and electrical resistivity (p)
were measured by four point probe method with temper-
ature ranges of 300 - 473 K in atmosphere. The S mea-
surement followed by —AV/AT, where T is temperature
and V is voltage. The p was measured from p = RA/I,
where R is resistance, A is cross section area of material
and [ is probe distance. The thermal conductivity (k)
was measured by the steady-state method following the
relation k = —QI/AAT, where () is heat rate.

In the case of Raman spectroscopy measurement, CMO
was prepared following the standard sol-gel method.
First, the stoichiometric reagents of Mn(NOs)s - 4H2O
(Merck, > 98.5%) and CgHgO7 - HoO (Merck, 99.5%)
were separately dissolved in distilled water, while CaCOj3
(Sigma Aldrich, > 99.0%) were dissolved in solutions
composed of distilled water and HNO3 (Pudak Scientific,
65%). Raman spectra were collected at room tempera-
ture using iHR 320 modular Raman (Horiba Jobin Yvon)
spectrometer, equipped with a CCD detector and a solid-
state laser source operating at 532 nm wavelength with
appropriate filters. The spectrometer has spectral reso-
lution of 1.22 em~!/pixel, 600 gr/mm grating, and 100x
objective.

IIT. THEORETICAL METHODS

To obtain accurate geometry and electronic structure,
we perform standard density-functional theory (DFT)
calculations using the projected augmented wave (PAW)
and spin-polarized bases, implemented in the QUAN-
TuM ESPRESSO [2I]. For the exchange-correlation
function, we choose the revised generalized-gradient-
approximation-Perdew-Burke-Ernzerhof (GGA-PBE) or
the so-called the PBEsol functional [22], which is appro-
priate for a densely-packed solid surface. In the ground
state, CMO is an antiferromagnetic (AFM) material [5]
and it possesses a Pnma space group containing 20 atoms
in the unit cell (see Fig. . We apply U = 5 eV on the
DFT+U level to account for the localized Mn states ac-
cording to a previous study by Molinari et al. [9]. The
converged result is obtained by the sampling Brillouin
zone with 2 X 2 x 2 k-mesh and using a kinetic energy
cutoff of 65 Ry. All atoms are relaxed until all forces
are smaller than 1 x 107 Ry/a.u. The density of states
(DOS) was obtained using the tetrahedron method [23].
We also perform calculations of phonon frequencies and
eigenvectors of CMO at the Gamma point (zone cen-
ter). The force constant is obtained from the density-
functional perturbation theory (DFPT)+U [24]. Phonon
frequencies and eigenvectors can be obtained from solv-
ing the dynamical matrix equation.

In order to understand the role of Bi doping into
the electronic transport, we then calculate the electronic
structure of BCMO. To make this model, we consider
CMO 2 x 2 x 2 supercell consisting of 160 atoms and re-
place one Ca atom in the center with one Bi atom, thus
we have 3.125% doping. Having the electronic structures
of CMO and BCMO, we can calculate thermoelectric
properties such as Seebeck coefficient (.5), electrical con-
ductivity (o), and electronic thermal conductivity (k.)
within the linear Boltzmann transport theory and relax-
ation time approximation (7) (RTA) as implemented in
the BoltzTrap package [25]. The equations of S, o, and
k are [12] 26, 27],
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FIG. 1. (a) The geometrical structure of CMO. Ca atoms
(red) are located at the center of orthorhombic lattice, Mn
atoms (blue) are at the edges, Oxygens (green) surround Mn
atoms making an octahedral structure. (b) CMO exhibits an
anti-ferromagnetic ground state. (c) X-ray diffraction (XRD)
pattern of CMO. Experimental XRD plot (blue line) is com-
pared with theoretical XRD (red line).
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where ¢ is the carrier charge +e for hole and electron,
respectively, T is the average temperature of a material,
N is the number of k points in the Brillouin zone, V'
is the volume of unit cell, p is the Fermi energy, fix is
the Fermi-Dirac distribution, and v;y is the component of
electronic group velocity. We assume that the scattering
rate 7! is proportional to temperature.

Phonon thermal conductivity is calculated using the
Debye-Callaway model with relaxation time approxima-
tion expressed as:

k a3 Op/T 4
_RB <;;> T3/ Tph(x)Ldey (4)
0 (e

Kph =
P 2m2y

where x = hw/kgT, kp is the Boltzmann constant, v is
the effective sound velocity, & is the reduced Plank con-
stant, © p = hwp /kp is the Debye temperature with fiwp
is the largest phonon energy of the system and 7, is the
phonon relaxation time. In this model, we assume that
the Umklapp scattering dominates over other scattering
events and it takes the form of relaxation time as:

_ hy?
Ton (W) = W@Dsz, (5)

where ~ is the Griineissen parameter and M is the aver-
age atomic mass.
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FIG. 2. Electronic structure and transport properties of pris-
tine CMO. (a) The density of states of CMO. The blue line
is for the spin-up and the red-line is for the spin-down com-
ponents. (b) Experimental Seebeck coeflicients S (dots) are
compared with theoretical results (red line) for a chemical po-
tential © = 0.5 eV. The y-axis is inverted to emphasize the
absolute value of S while keeping the negative sign for n-type
semiconductors. (c¢) Three-dimensional plot of theoretical S
as a function of chemical potential ;1 and temperature T un-
der relaxation time approximation. At small p and T, the
Seebeck coefficient can be optimized to reach ~ 1600 pV /K.
(d) Experimental resistivity p (dots) compared with theoreti-
cal resistivity (red line) of Eq. . We have adopted 77! o T'
in the theoretical model.

IV. RESULTS AND DISCUSSION
A. CMO geometrical structure

In Figure (a), we show the orthorhombic perovskite
unit cell of pristine CMO. Anti-ferromagnetic ordering
from Mn sublattice refers to Goodenough [28] shown in
Fig. b). The relaxed structure is then compared with
the XRD of CMO sample in Fig.[|c). The blue line is the
experimental results while the red line is obtained from
DFT, which is in good agreement with the experiments.
We obtain lattice constants a = 5.3265A, b = 7.4319A,
and ¢ = 5.2523A with a discrepancy about 0.5% from the
experimental results.

B. CMO electronic structure and transport

The electronic structure is calculated based on the re-
laxed structure. We obtain density of states in Fig. a)
for the spin-up (blue line) and spin-down (red line) cases.
The anti-ferromagnetic insulator state is confirmed with
a band gap of about 1eV which reproduces previous op-
tical spectroscopy results [29]. Calculated Seebeck coef-
ficient obtained from Eq. is shown in Fig. b) com-
pared with the experiments (dots). This fitting will give
the Fermi energy p = 0.5eV measured from the theo-
retical charge neutrality point (vertical dashed line) in
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FIG. 3. (a) Electronic thermal conductivity ke of pristine
CMO as a function of temperature obtained from Eq.
(solid red line) compared with the prediction from the
Wiedemann-Franz law (black dashed line). (b) Calculated
Lorenz number as a function of temperature in units of
Lo = (71'](13/6)2/3.

Fig. a). It means that the Fermi energy is located at
the edge of the conduction band. The negative sign of the
Seebeck coefficient indicates that the CMO is n-doped.
Inverse proportionality of | S| with respect to T indicates
the semiconducting or insulating nature of CMO which
contrasts with the metallic systems [12]. Theoretically,
the Seebeck coefficient may be amplified by one order of
magnitude if the Fermi energy is located near u = 0 as
shown in Fig. 2fc). Such a high Seebeck coefficient has
been achieved in organic perovskites and could be possi-
ble to achieve in perovskite oxides [30]. The sign change
of S occurs due to the ambipolar effect following electron
or hole charge as majority or minority carriers. Inverse
proportionality of |S| vs T persists in different pu.

We can further proceed to the determination of electri-
cal resistivity p = 1/o from Eq. and compare with the
experimental results. In Fig. d) we show p as a function
of temperature. We obtain 7! = aT + 3 with a = 0.008
fs'K~! and 8 = 0.4 fs~'. The 7! is proportional to
temperature as expected in electron-phonon scattering,
i.e., the number of phonon increases by thermal excita-
tion. The decrease of p as a function of temperature is
expected in semiconductors in which carrier concentra-
tion increases by thermal excitation.

We show the calculated electronic thermal conductiv-
ity ke from Eq. in Fig. (a). One can compare the
electron’s efficacy to conduct heat versus current using
the WF law, k. = LT/p, where L is the Lorenz num-

ber. For ordinary metals, we have /120) = LoT/p, where
Lo = (rkp/e)?/3. Plugging in p from Fig. d)7 we ob-
tain Iiéo) as the dashed line in Fig. [3[(a). The k. value is
typically about four times larger than the expected méo)
from the WF law with temperature dependence as shown
in Fig. b). These results suggest that the localized
electrons in Mn orbitals conduct heat more efficiently
than the current, resulting in a drawback for TE appli-
cation. Violation of the WF law has been reported in
many strongly correlated systems [I5HI7] but suggested
value of L/Lg is less than unity. Although the relation-
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FIG. 4. Electronic structure and transport properties of
BCMO. (a) The density of states of BCMO. The blue (red)
line refers to spin-up (down) states. (b) The Seebeck coeffi-
cient as a function of temperature from Eq. [1] (blue line) and
experimental results (dots). (c) The Seebeck coefficient as a
function of the Fermi energy p and temperature 7T'.

ship of L with the strength of Coulomb interaction U
is very instructive to study in detail to understand this
phenomenon, the in-depth investigation will be presented
elsewhere and not of main importance in this discussion
as k. value is negligible compared with total x in Fig. [7}
As can be seen later in Fig. [f] Bi substitution on Ca site
reduces L/L ratio recovering the metallic nature.

C. BCMO electronic structure and transport

One way to improve thermoelectric properties of CMO
is by performing atomic substitution of Bi to the Ca site.
With this substitution, the two distinct ions, Mn3* that
sits next to Bi ion and Mn** in the proximity of Ca
ions, will perform double exchange (DE) mechanism me-
diated by oxygen [3,20]. This DE interaction delocalizes
electrons in the Mn d orbitals and favors metal ferromag-
netic ground state [20]. This can be seen in the density
of states of BCMO in Fig. [4fa). The Fermi energy lies in
the conduction band with an imbalanced spin-up popu-
lation over the spin-down component. As a result, elec-
tronic transport properties would be expected to mimic
metallic Fermi gas. Nevertheless, the strongly correlated
nature remains, as can be seen in the reduced band gap
(~ 0.5 eV) below the Fermi level owing to the on-site
Coulomb interaction U.

In contrast to that of pristine CMO, the Seebeck co-
efficient of BCMO is proportional to temperature [cf.
Fig. [db) and Fig. 2(b)], as expected from linear scal-
ing in metal |S| = 7n%kpT/2ep [12]. From this fitting, we
obtain y = —0.25 eV which means that the Fermi en-
ergy is located at the edge of the conduction band. The
optimum Seebeck coefficient is about 500 4V /K or about
four times smaller than that of the pristine sample. This
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FIG. 5. (a) Electronic thermal conductivity k. of BCMO
as a function of temperature from Eq. (blue solid line)
compared with the prediction from the Wiedemann-Franz law
(black dashed line). (b) Calculated Lorenz number as a func-
tion of temperature compared with Lo = (rkp/e)?/3.

optimum value can be achieved by positioning the Fermi
energy p at the band gap and at a small temperature as
shown in Fig. [ilc).

Opposite behavior of CMO with respect to BCMO
transport can also be seen from the resistivity p pro-
file that increases proportional to 7' in Fig. [f{d). For a
conventional metal with p > kpT, electrical conductiv-
ity takes the form ¢ = p~! = 27‘?22 7. Thus the only
dependence of p on T comes from the temperature de-
pendence of relaxation time (7). Indeed, by taking the
relaxation rate as 7=1 = a7+, with o = 0.013 fs 'K ~1
and 8 = 0.2 fs™!, the calculated resistivity reproduces
the experimental results. We note parenthetically that
scattering rate of BCMO is 1.5 times larger than that
of CMO. In other words, electron lifetime in the BCMO
is reduced due to Bi doping. Importantly, despite the
reduction of electronic lifetime, the resistivity of BCMO
decreases by one order of magnitude compared with the
CMO, thanks to the metallic nature of the BCMO, hence
resulting in a better TE performance.

The electronic thermal conductivity of BCMO is shown
to be linearly proportional to temperature. However,
this trend cannot be reproduced from the WF law [see
Fig.[5(a)] because this system also possesses Lorenz num-
ber that depends on temperature [Fig. [f[b)]. Neverthe-
less, the L/Lg ratio does not strongly depart from unity
which signifies the contribution from Bi doping to recover
the metallic character of CMO. In contrast to pristine
CMO, L/Lg can be less than unity at temperature below
380 K.

D. Phonons in CMO and BCMO
1. Raman Spectroscopy of CMO and BCMO

Raman spectroscopy offers a sensitive probe to deter-
mine the amount of bismuth-doped to the CMO. Experi-
mental Raman spectra of CMO and BCMO are shown in
Fig. [6] for unpolarized light. Short lines below the spec-

Intensity (a.u.)

200 300 400 500 600 700 800
Raman shift (cmt)

FIG. 6. Experimental Raman spectroscopy of pristine CMO
(red dash line) and BCMO (blue solid line). Short vertical
lines indicate the frequencies of theoretically Raman active
modes in CMO.

tra are theoretical Raman active modes. The prominent
peak at 557 cm ™! of pristine CMO is assigned to the A,
mode due to the in-phase stretching mode of MnQg bi-
octahedral [, 6]. The presence of Bi doping red-shifts
this peak to become 549 cm~! because the average mass
increases. Apart from the peak shifts, the Raman spec-
tral linewidth also broadens indicating shorter phonon
lifetime due to the increase of anharmonicity. This infor-
mation will be useful to characterize thermal conductiv-
ity in the next section.

2. Phonon contribution to thermal conductivity

Using the simplified Callaway-Debye model in Eq.
and assuming that the Umklapp scattering is dominant,
we can reproduce the measured thermal conductivity of
pristine CMO as shown in Fig. (a). For pristine CMO,
we use the Debye temperature 800 K assuming that the
phonon 557 cm ™! observed in Raman spectra as the De-
bye frequency and the Griineissen parameter v = 3.45
from the previous work [3I]. We obtain effective sound
velocity v = 1.38 km/s which is typically comparable to
the similar work by Israel group [§]. For BCMO, we use
the Debye temperature 790 K corresponding to the red-
shifted Raman peak 549 cm~! and Griineissen parameter
~ = 3.47 to obtain v = 0.81 km/s.

It is important to note that Bi doping decreases ther-
mal conductivity and electronic resistivity. The decrease
of resistivity by 10 times can overcome the decrease of
the Seebeck coefficient by 2 times that makes BCMO
power factor, PF = S?/p stays superior compared with
pristine CMO as shown in Fig. [f|(b). We show in this
figure, the power factor of BCMO may, in principle, be
amplified up to four times compared to the experiment
if the Fermi energy is located near u = 1.7 eV. The di-
mensionless figure of merit, ZT = S?T/pr in Fig. [f[c)
shows that the thermoelectric performance in CMO can
be improved by Bi doping.
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The experimental (theoretical) results are denoted by sym-
bols (lines). Red circles and dashed lines are for CMO, while
blue squares and solid lines are for BCMO. Panel (a) shows
experimental thermal conductivity x and theoretical phonon
thermal conductivity kpn from Eq. . Electronic thermal
conductivity can be neglected in the fitting because its values
are about two orders of magnitude smaller than k,,. In pan-
els (b) and (c), respectively, the measured power factor and
dimensionless figure of merit are compared with the optimized
values from theoretical prediction.

V. CONCLUSIONS

We have characterized the electronic and phonon prop-
erties of CMO and BCMO via thermoelectric transport
measurements and first principles calculations. CMO
has anti-ferromagnet insulator ground states thus hav-
ing large Seebeck coefficient and resistivity. The strongly
correlated nature of CMO manifests in the breakdown of
WF law in which the Lorenz number reaching four times
larger than that of ordinary metals. Upon Bi-doping,
the resistivity decreases by ten times and the Seebeck
coefficient decreases by two times giving a larger power
factor than the pristine one. BCMO also recovers the
obedience to WF law. The presence of Bi doping also
lowers down the sound velocity as well as phonon life-
time as confirmed by the Raman spectroscopy. Overall,
Bi doping enhances the TE figure of merit because of
improvement in electronic transport and degradation in
phonon thermal transport.
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