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Belgium., School of Materials Science and Engineering, Beijing University of Technology,

Chaoyang District, Beijing 100124, China., Physique des Matériaux et Nanostructures,
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Abstract

The Seebeck coe�cient, thermoelectric power factor, electrical conductivity, and

electronic thermal conductivity of the orthorhombic Pbnm phase of SrRuO3 are stud-

ied comprehensively by combining first-principles density functional calculations and

Boltzmann transport theory. The influence of exchange-correlation functional on the

Seebeck coe�cient is carefully investigated. We show that the best agreement with

experimental data is achieved when SrRuO3 is described as being at the limit of a

half-metal. Furthermore, we analyse the role of individual symmetry-adapted atomic

distortions on the Seebeck coe�cient, highlighting a particularly strong sensitivity to

R+
4 oxygen rotational motions, which may shed light on how to manipulate the See-

beck coe�cient. We confirm that the power factor of SrRuO3 can only be slightly

improved by carrier doping. Our results provide a complete understanding of the ther-

moelectric properties of SrRuO3 and an interesting insight on the relationship between

exchange-correlation functionals, atomic motions, and thermoelectric quantities.

Keywords

SrRuO3; Atomic Motions; Thermoelectric Properties; Electronic Structure; First-principles

Calculation
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1. Introduction

SrRuO3 (SRO) is a simple perovskite compound that belongs to the interesting Ruddlesden-

Popper ruthenates series Srn+1RunO3n+1 and has been attracting researchers for a few

decades due to its surprising itinerant ferromagnetism, its unusual transport properties,

and the nature and degree of its electronic correlations.1 Experimentally, SRO is found to

adopt the ideal Pm3̄m cubic perovskite structure above 950 K and then exhibits a sequence

of consecutive structural and magnetic phase-transitions as the temperature is lowered. Be-

tween 825 K and 950 K it adopts a tetragonal I4/mcm structure. An orthorhombic Imma

phase has been sometimes reported between 685 K and 825 K.2,3 Finally, an orthorhombic

Pbnm structure emerges as the ground state. The ferromagnetic transition occurs at ⇠160

K.1

The Pbnm ground state of SRO is a conductive metallic oxide that is widely used as

an electrode material in oxide heterostructures and superlattices,1,4,5 owing to its reason-

ably good conducting properties6,7 and its structural compatiblity with other perovskite

oxides. In some recent studies, SRO and related compounds were also revealed as in-

teresting candidates for thermoelectric applications.8–12 Experimentally, SRO-based solid

solutions have been synthesized with di↵erent alloying elements or vacancies and their ther-

moelectric properties have been characterized.13 Theoretically, the thermoelectric properties

of SrTiO3/SrRuO3 superlattices have been studied14 and a metallic non-censtrosymmetric

ruthenate double-perovskite oxide SrCaRu2O6 with large thermopower anisotropy has been

proposed.15 Although the electronic, structural, magnetic and lattice dynamical properties

of bulk SRO have already been extensively explored theoretically,16–21 to the best of our

knowledge, the thermoelectric aspects has not been reported. In spite of the fact that the

thermoelectric performances of SRO appear relatively modest and do not make it a very

promising candidate for technological applications, it remains a very important magnetic

oxide compound. Such a study will reveal interesting insight in order to provide a distinct

and complementary point of view on its complex and still debated electronic properties and
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will benefit for the development of other perovskite thermoelectric materials.

In this paper, we investigate theoretically the thermoelectric properties of bulk SRO

combining first-principles density functional calculations (using various exchange-correlation

functionals) and semi-classical Boltzmann transport theory. In Section 3.1, we discuss the

individual influences of the exchange-correlation functional and atomic relaxations on the

electronic properties and Seebeck coe�cient. We emphasize that the best agreement with

experimental data is obtained when SRO is described at the limit of a half-metal. We also

reveal that SRO presents interesting features for spin-Seebeck applications. In Section 3.2,

we investigate the influence on the Seebeck coe�cient of the individual symmetry-adapted

distortions giving rise to the Pbnm phase and point out the crucial role of the R

+
4 oxygen

rotational motions. In Sections 3.3 and 3.4, we discuss the anisotropy of the thermoelectric

properties and their possible optimization with doping.

2. Computational methods

The structural and electronic properties have been computed within density functional theory

(DFT). Most of our calculations were done using a projector-augmented wave method22 as

implemented in the Vienna ab initio Simulation Package (VASP).23 The 2s and 2p levels of O,

4s, 4p and 5s levels of Sr, and 4p, 4d and 5s levels of Ru were treated as valence electrons. As

recent theoretical and experimental works suggest that SRO is a weakly correlated compound

and its physical properties can be well captured by standard DFT methods,24,25 we focused

at first on the usual exchange-correlation functionals: the local spin density approximation

(LSDA)26 and the generalized gradient approximations (GGA-PBE27 and GGA-PBEsol 28).

The cut-o↵ energy for the plane wave basis set was set to 650 eV. The relaxation convergence

for ions and electrons were 1⇥10�5 eV and 1⇥10�6 eV, respectively. A 8⇥8⇥6 k-point

mesh, centred in �, was used in the geometry optimization of orthorhombic SRO. For the

electronic structure calculations, a denser 16⇥16⇥12 k-point mesh was adopted to ensure
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the convergence and accuracy of eigenvalues. For comparison, some additional calculations

have also been performed with the CRYSTAL code29 and the B1-WC hybrid functional30

as previously described in Ref. 14.

The thermoelectric properties were estimated from the first-principles data using the

semi-classical Boltzmann transport theory within the constant relaxation time and rigid

band approximations using the BoltzTraP code.31 Within the rigid band approximation, the

electronic band structure is assumed to not change with carrier doping or temperature. For

comparison with experiment, the total thermoelectric quantities were obtained from their

averaged trace of xx, yy, and zz components.

3. Results and discussion

Studying the evolution of the thermoelectric properties of SRO with temperature is a priori

very challenging since there are various structural and magnetic phase transitions in this

complicated system. However, available experiments8,9,11 did not detect any drastic change of

the Seebeck coe�cient at these transitions: a continuous evolution was observed, suggesting

a rather universal behaviour. For that reason, in our study, we will focus below on the Pbnm

phase of SRO with a ferromagnetic solution in a wide temperature range. First, we will

discuss the role of the exchange-correlation functionals. Then, we will investigate the e↵ect

of various lattice mode distortions.

3.1 Role of the exchange-correlation functional

The total Seebeck coe�cients of fully relaxed SRO, calculated using di↵erent exchange-

correlation functionals, are compared in Figure 1a with available experimental data from

Maekawa et.al. (JAC-2005),8 Klein et.al. (PRB-2006)9 and Keawprak et.al. (MSEB-

2009).11 Experimentally, S rises rapidly from 0 to 200 K before reaching a saturated value of

⇠30-35 µVK�1. Among the calculated results, S from LSDA shows relatively large under-
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Figure 1 The calculated Seebeck coe�cient of SRO with di↵erent exchange-correlation
functionals (filled symbols) compared with available experimental data (open symbols): (a) fully
relaxed structure, (b) fixed experimental structure32 and (c) atomic positions relaxed while
keeping the lattice volume fixed to experimental data,32 respectively.
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estimation, especially at low temperatures. More significantly, the shape of the temperature

evolution deviates substantially from the measured data. The magnitude of S from PBEsol

shows a clear improvement compared with LSDA. However, some discrepancies in the tem-

perature dependence still exist, i.e., smaller slope below 200 K and no sign of saturation even

above 800 K. The PBE functional yields a much better agreement with experimental data:

the magnitude of S at high temperature is comparable to the experiments; the T -dependence

also correctly resembles the measured trend. It is worth mentioning that, even in di↵erent

experimental studies, the di↵erence of the measured S can be as large as 20%, e.g., at 450 K,

the measured data are ⇠36 µVK�1 from Maekawa et.al.’s experiment8 and ⇠30 µVK�1 from

Keawprak et.al.,11 respectively. Finally, the hybrid B1-WC functional appears significantly

less accurate than the GGA: the shape is better than in LDA but the amplitudes comparable

and significantly underestimate the experimental data.

In order to clarify better how the exchange-correlation functional a↵ects the Seebeck

coe�cients, we recomputed S with di↵erent functionals while fixing in all calculations the

lattice parameters and atomic positions to the same values, corresponding to the experi-

mental structure32 (Figure 1b). In this case, S from LSDA exhibits an improved agreement

with experiment, compared with the LSDA results with the fully-relaxed structure, but the

temperature dependence is still incorrect, showing a trend similar to PBEsol results with

fully-relaxed structure. For PBEsol, the description of S has been greatly improved and

agrees now well with experimental data.8,9,11 On the other hand, the B1-WC functional

does not show any improvement on the S calculated with the experimental structure. In-

terestingly also, using the experimental structure, S from the PBE functional above 300 K

becomes smaller than for the fully relaxed structure, indicating that the deviation obtained

on the crystallographic structure with di↵erent exchange-correlation functionals, influence

strongly the amplitude of the computed Seebeck coe�cient.

Aiming to discriminate between purely strain and internal relaxation e↵ects, we redid

the calculations while fixing the lattice constants to the experimental values but relaxing the
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atomic positions. As one can see in Figure 1c, the relaxation of the atomic positions does

not a↵ect the Seebeck coe�cient very much within the LSDA, but enhances its value above

400 K in both PBE and PBEsol calculations.
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Figure 2 Panels a, b, c, and d: Majority-spin (circles) and minority-spin (triangles) e↵ective
Seebeck coe�cients (S⇤) as obtained with di↵erent functionals while using the fully relaxed (open
symbols) or experimental32 (filled symbols) structures. Panels e, f, g, and h: Majority-spin
(circles) and minority-spin (triangles) Seebeck coe�cients (S, in blue) and electrical
conductivities over relaxation time (�/⌧ , in red) as obtained with the di↵erent functionals while
using the fully relaxed (open symbols) or experimental32 (filled symbols) structures.

The role of the exchange-correlation functional and crystallographic structure can be

further revealed from the inspection of the spin-dependent e↵ective Seebeck coe�cient. The

e↵ective S ⇤ can be defined as S ⇤
up

=S
up

�

up

/(�
up

+�

down

) and S ⇤
down

=S
down

�

down

/(�
up

+�

down

),

where majority (minority) indicates the up- (down-) spin channel, so that S =S ⇤
up

+S ⇤
down

.

As seen from Figure 2a, within the LSDA, S ⇤
up

is larger than S ⇤
down

for both fully-relaxed

and experimental structures. Moreover, the latter structure yields a larger e↵ective Seebeck

coe�cient for both channels. For PBE, (Figure 2b), it is just the opposite: S is dominated

by a large S ⇤
down

and S ⇤
up

is reduced. This remains true using the experimental structure,

although yielding slightly smaller contributions to S. In Figure 2c, we see that, within PBEsol,

the results resemble more the LDA ones using the relaxed structure while they are close
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to those obtained within PBE by using the experimental structure. Within B1-WC, it is

observed in Figure 2d that: the S ⇤
up

is around 0 due to the appearance of gap in the up-spin

density of states (DOS) which will be discussed later; there is not much di↵erence on the

S ⇤
down

. In summary, the improved description of S achieved in PBE and in PBEsol while

using the experimental structure is coming from a much larger and temperature-dependent

S ⇤
down

and a reduced S ⇤
up

. The sensitive balance between up-spin and down-spin highlights

that the computed S depends strongly on how each functional describes the electronic and

magnetic properties. It also suggests that the down-spin electrons might have the largest

Seebeck coe�cient, which we will see below is not the case.

In Figure 3, we compare the spin-resolved DOS, as obtained with the di↵erent functionals

using either the fully relaxed structures or the same fixed experimental structure. For the

down spins (minority spin channel), the Fermi level is located in all cases more or less in

the middle of an asymmetric peak, which is similar in all calculations. For the up spins

(majority spin channel), the Fermi level appears always on the right side of a peak but,

in this case, the position of E

F

is much more sensitive to the functional and structural

details. Using the LSDA and PBEsol at the fully-relaxed structure, the Fermi energy is

inside the peak and close to its maximum. This yields a small magnetic moment on the

Ru atom and a behaviour of S that poorly reproduces the experimental measurements. In

the other cases, except B1-WC, the Fermi energy appears closer to the right bottom of

the peak. As E

F

approaches the peak bottom, the magnetic moment tends to be 2 µ

B

,

the value expected at the critical limit of a half-metal, and the thermoelectric properties

are in much better agreement with the experiments as indicated by the calculation within

PBEsol functional using the fixed experimental structure. Within B1-WC functional, E
F

is

beyond the bottom of the DOS peak and within a gap for the up-spin for both relaxed and

experimental structures; this corresponds to a half-metal behaviour, which results in a poor

description of Seebeck coe�cient compared with experiments as discussed above, though the

magnetic moment is 2 µ

B

.
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Figure 3 The density of states (DOS, in States/eV per cell) for up-spin (red solid line) and
down-spin (black solid line) channels in (a), (c), (e), and (g) pannels are calculated with fully
relaxed structure; DOS in (b), (d), (f), and (h) pannels are calculated with fixed experimental
structure,32 respectively. The corresponding magnetic moment µ is denoted in µ

B

/f.u.
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How can we reconcile the fact that, on one hand, the evolution of the electronic properties

with the exchange functionals and atomic structures is essentially limited to the up-spin

electrons and, on the other hand, the e↵ective Seebeck coe�cients show the emergence of

a dominant down-spin contribution in PBE? Figure 2e-2h shows the individual Seebeck

coe�cients and contributions to the electrical conductivity (�/⌧) of up and down spins. In

all cases, the down spins have a large conductivity and a small positive Seebeck coe�cient

as expected when the Fermi energy is in the middle of a peak. For the up spins, the

Seebeck coe�cient significantly increases and the conductivity decreases as the Fermi energy

approaches the bottom of the peak. Within PBE and for the experimental structure using

PBEsol, the up-spin electrons have clearly the largest intrinsic S. The dominant down-spin

e↵ective Seebeck coe�cient is therefore not intrinsic to the down spins but emerges in fact

from the drastic reduction of the up-spin electrical conductivity. In the case of B1-WC, there

is a large negative up-spin Seebeck coe�cient, attributed to the gap in the up-spin DOS as

shown in Figure 3h.

There has been a long debate about the possible half-metal nature of SrRuO3.20,21,24 As

regards the thermoelectric properties, our study reveals that the experimental behaviour is

much better reproduced when the magnetic moment tends toward 2.0 µ

B

and the compound

likely approaches the limit of a half-metal, but is not exactly a half-metal.

We further notice that the Seebeck coe�cient is significantly di↵erent for up and down

spins, suggesting that SrRuO3 might be an interesting candidate for spin-Seebeck applica-

tions.

3.2 Role of lattice mode distortions

The orthorhombic Pbnm phase of SRO appears as a small distortion of the ideal Pm3̄m cubic

perovskite structure, mainly arising from the combination of rotations and tilts of the oxygen

octohedra (corresponding to a

�
a

�
b

+ in Glazer’s notations35). As previously discussed for

instance in Ref. 21, the distortion mainly arises from the combination of in-phase rotations
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Table 1 Symmetry-adapted modes analysis (with the corresponding irreducible
representations) for the ground state SrRuO3 after di↵erent relaxations (full
relaxation, or only allowing volume/atomic optimization) within LSDA, PBE,
PBEsol and B1-WC exchange-correlation functionals (Exc.). L.P. and A.P. denote
the lattice parameters and atomic positions, respectively. Theo. refers to
theoretically optimized structural data, and Expt. indicates the results calculated
with experimental structure from Ref. 32, respectively. Amplitudes in Å for various
modes have been obtained with Amplimode.33,34 The corresponding magnetic
moment is also given in µ

B

/f.u. These atomic motions are also illustrated in Figure 4.

Exc. L. P. A. P.
Oxygen Rotation Anti-polar Motion Jahn-Teller

µ V (Å3)
R+

4 M+
3 X+

5 R+
5 M+

2

LDA
Theo. Theo. 0.9878 0.6569 0.2798 0.0481 0.0024 0.76 231.23
Expt. Expt. 0.8395 0.5631 0.1753 0.0348 0.0131 1.33 241.52
Expt. Theo. 0.9331 0.6317 0.2821 0.0494 0.0023 1.21 241.52

PBE
Theo. Theo. 1.0257 0.7523 0.3209 0.0488 0.0046 1.94 233.28
Expt. Expt. 0.8395 0.5631 0.1753 0.0348 0.0131 1.96 241.52
Expt. Theo. 0.9530 0.7402 0.3187 0.0484 0.0021 1.98 241.52

PBEsol
Theo. Theo. 1.0361 0.7490 0.3196 0.0487 0.0072 1.38 222.74
Expt. Expt. 0.8395 0.5631 0.1753 0.0348 0.0131 1.90 241.52
Expt. Theo. 0.9530 0.7402 0.3187 0.0484 0.0021 1.94 241.52

B1-WC
Theo. Theo. 0.9711 0.7399 0.3126 0.0414 0.0078 2.00 241.35
Expt. Expt. 0.8395 0.5631 0.1753 0.0348 0.0131 2.00 241.52
Expt. Theo. - - - - - - -
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R4+ M3+ M2+

X5+R5+

Figure 4 A schematic illustration of relevant phonon modes of SrRuO3 with corresponding
atomic motions in crystal lattice. R+

4 , M
+
3 , and M+

2 , on the first line, are pure oxygen motions,
and X+

5 and R+
5 below are cationic motions, respectively. The black arrows indicate atomic

motions.
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of the oxygen octahedra (M+
3 symmetry) along z and anti-phase rotations of the oxygen

octahedra along x and y (R+
4 ) but also involves anti-polar cationic motions (X+

5 and R+
5 )

and even a small Jahn-Teller type distortion (M+
2 ), allowed in the Pbnm symmetry.36,37 All

these relevant atomic motions are illustrated in Figure 4. In order to understand how the

thermoelectric properties evolve not only with the functional but also along the sequence of

phase transitions from Pm3̄m to Pbnm, it is interesting to investigate how these individual

motions eventually a↵ect the Seebeck coe�cient.

The structure-related information from symmetry-adapted mode analysis, calculated

magnetic moment and lattice volume of various constrained structures are summarized in

Table 1 and Table S1 (Supporting Information). Compared with experimental data, it shows

that the DFT simulations typically overestimate the oxygen rotations and anti-polar motions,

but underestimate the Jahn-Teller distortion, volume and magnetic moment except for the

case of PBE. Among these modes, the largest relative discrepancy between fully relaxed

structures and the experimental ones is for the weak M+
2 distortion. In the case of LSDA

and PBEsol, together with Figure 1a, 1b, and 1c, it can be observed that the volume and

magnetic states a↵ect the Seebeck coe�cient, but the role of atomic motions is complex.

To identify the role of individual atomic motions, Figure 5 plots the calculated S with

the PBE functional using structures with various mode configurations, di↵erent magnitude

of Jahn-Teller distortions and finite-temperature experimental structures.38 Among all the

mode configurations, the oxygen rotations appears to play the central role: the R+
4 oxygen

rotations enhance the value of S significantly, while the appearance of M+
3 tends to reduce it.

As evidenced in Figure S1 (Supporting Information), the origin of that can be traced back in

the up-spin DOS which changes strongly when tuning the R+
4 mode amplitude. This suggests

possible strategies to optimize the S by applying tensile epitaxial strain, or decreasing the

tolerance factor by chemical engineering, e.g., Sr! Ca!Mg. Also, as the R+
4 mode appears

in all the intermediate phases of SRO21 (from 0 to ⇠950 K) and contributes greatly to the

total S of SRO, this explains why the experimentally measured S are almost constant even

14
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in the phase-transition regions. Similar to M+
3 , the anti-polar motions slightly lower the S as

shown in Figure 5. As neither the Jahn-Teller-like distortion nor the temperature-dependent

crystal structures could change the calculated magnetic moment and DOS obviously, no

notable di↵erence is observed for the Seebeck coe�cient where the e↵ect is almost negligible

compared with that from volume, magnetic states and R+
4 mode.

Note that the calculated S of cubic phase is much smaller than the experimental values

which may be due to the limitation of FM solution used herein. As discussed above and

shown in Figure 1a, the PBE functional produces the most reasonable values and trend of

Seebeck coe�cient for the fully relaxed structures compared with the one using experimental

structures. Hence, we will report the results from PBE calculations in the following text,

unless stated otherwise.

3.3 Anisotropy of Seebeck coe�cient, electrical and thermal con-

ductivity

In Figure 6, we plot the calculated Seebeck coe�cient along di↵erent directions and compare

with available experimental data, where the total Seebeck coe�cient S
total

is an average of

the S
xx

, S
yy

and S
zz

. It seems that, below 450 K, the Seebeck coe�cient is not as anisotropic

as that above 450 K. The value of S
xx

is always slightly larger than S
yy

and S
zz

and becomes

closer to S
yy

above 450 K. Unlike S
zz

which becomes saturated above 450 K, S
xx

and S
yy

keep

increasing in the entire temperature range, showing a similar behaviour. This is consistent

with the Pbnm crystal structure, since the a and b lattice parameters are almost identical.

However, compared with the experiments, it seems that the S
zz

is closer to the experimental

data and trend in Keawprak et.al.’s work,11 suggesting that their samples had a preferential

orientation.

Figure 7 shows the calculated electrical conductivity divided by relaxation time (�/⌧),

compared with the experimental electrical conductivity �. It should be noted that the

electrical conductivity of the single crystal and polycrystal are quite di↵erent in various
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compared with experimental data8,9,11 (open symbols).
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experiments.10,11 We compared our result with the experimental data measured on the single

crystal10 herein. The total �/⌧ has a much weaker temperature dependence compared with

the experimental �, indicating that the relaxation time ⌧ is decreasing slightly with the

increase of temperature. If we fit the calculated total �/⌧ (obtained by an average of the xx,

yy and zz components of �/⌧ ) with the experimental value of �, the obtained relaxation

time at 600 K is 1.5⇥10�15 s, which is a typical value for the scattering time in oxides. As

illustrated in Figure 7, obviously, the �/⌧ is anisotropic, where the largest di↵erence can

be up to 35% between the xx and zz components. Unfortunately, there is no experimental

measurement or theoretical literature on the electrical conductivity along di↵erent directions

available for comparison. Our calculations can provide a reference for future works.
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Figure 8 The calculated direction-dependent 
e

/⌧ of SRO (open symbols, left y-axis) as a
function of temperature compared to experimental electronic thermal conductivity8 (filled
symbols, right y-axis).

As seen from Figure 8, contrary to the �/⌧ , the electronic thermal conductivity divided

by relaxation time (
e

/⌧) is increasing with the increase of temperature and it looks rela-

tively isotropic, e.g., the calculated value of 
e

/⌧ along di↵erent directions are quite close

to each other. The xx and yy components of 
e

/⌧ are extremely close and both of them

are a little bit smaller than that along the zz component. Compared with the experimental
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thermal conductivity,8 the calculated total 
e

/⌧ also increases with the increase of temper-

ature but in relatively smaller amplitude, suggesting that the value of ⌧ is decreasing when

temperature increases which is in agreement with the trend of ⌧ indicated by the electrical

conductivity discussed above. If we fit the calculated total 
e

/⌧ to experimental 
e

, the

obtained relaxation time is ⇠1.5⇥10�15 s at 600 K, which is in good agreement with the

fitted value from the calculated �/⌧ against experimental electrical conductivity as men-

tioned above. Interestingly, it seems that the value of relaxation time ⌧ is decreasing from

⇠2⇥10�15 s to ⇠1.2⇥10�15 s with the increase of temperature from 300 K to 800 K. As the

relaxation time of SRO only varies slightly with temperature, we will adopt the ⌧ value of 2

fs for 300 K, 1.75 fs for 450 K and 1.5 fs for 600 K to calculate the thermoelectric quantities

in the following text, respectively.

3.4 Optimal thermoelectric quantities

The calculated direction-dependent Seebeck coe�cient, electrical conductivity, electronic

thermal conductivity, and power factor at 300 K, 450 K and 600 K as a function of chemical

potential from -0.5 eV to 0.5 eV are given in Figure 9. As observed from Figure 9a, the

Seebeck coe�cient varies significantly with chemical potential and the trend of S
zz

is quite

di↵erent from that of S
xx

and S
yy

. At 600 K, the maximum Seebeck coe�cient of⇠52 µVK�1

(the yy component) can be reached at a chemical potential of around 0.07 eV. Figure 9b

shows that the electrical conductivity decreases with chemical potential from -0.5 eV to 0.5

eV, where strong peak is observed for the �

zz

. A similar trend can be observed for the

electronic thermal conductivity as shown in Figure 9c, which indicates that the relationship

between the electrical conductivity and electronic thermal conductivity in SRO fits the so

called Wiedemann-Franz law (
e

=L�T ) for conductors, where L is the Lorenz number. It

seems that the zz component of � and 

e

is always larger than that of the other components

at a given temperature. Finally, we plot the power factor in Figure 9d. The optimum PF (zz

component) for the undoped crystal at 300 K is around 4⇥10�4 Wm�1K�2, which is close to
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the previous experimental measurement.8 At 450 K, a larger value of ⇠5⇥10�4 Wm�1K�2

can be obtained for the zz component by n-type doping at the chemical potential of 0.05

eV where a maximum value of PF for the yy component can also be reached at 600 K. As

seen from the figure, a comparable PF of ⇠4.7⇥10�4 Wm�1K�2 for the zz component can be

achieved at -0.4 eV, namely by p-type doping, but this might be hard to reach experimentally.

 0

 2

 4

 6

 8

 10

 12

 14 (a)

C
al

c.
 κ

 (W
m
-1

K
-1

)
xx at 300K
yy at 300K
zz at 300K
xx at 450K
yy at 450K
zz at 450K
xx at 600K
yy at 600K
zz at 600K

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

-0.4 -0.2  0  0.2  0.4

(b)

ZT
: F

ig
ur

e 
of

 M
er

it

Chemical potential (eV)

Figure 10 The calculated (a) thermal conductivity and (b) figure of merit of SRO as a function
of chemical potential.

Experimentally, the electronic contribution to total thermal conductivity in SRO is

around 40% at 300 K, 48% at 450 K and 53% at 600 K, respectively.10 Using these pro-

portions for 

e

/, we plotted the total thermal conductivity and figure of merit (ZT ) in
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Figure 10. From Figure 10a, it is observed that the thermal conductivity increases slightly

with temperature and decreases with chemical potential from -0.5 eV to 0.2 eV and then

becomes flat. The maximum value is always achieved for the zz component. As shown in

Figure 10b, the optimal ZT are ⇠0.029 at 450 K and 0.032 at 600 K (the yy component)

within the shown chemical potential range, respectively, which is close to the previous ex-

perimental data.8,11 According to Figure 10b, unfortunately, the ZT of SRO could not be

improved dramatically by carrier doping. As its thermal conductivity is relatively large, i.e.,

the 

min

is around 2 Wm�1K�1, which is a few times larger than that of so called low-

compounds,39 future work would be encouraged to focus on the reduction of the .

4. Conclusions

We have comprehensively investigated the thermoelectric properties of SRO using first-

principles density functional calculations and Boltzmann transport theory. Among the

LSDA, PBE, PBEsol and B1-WC exchange-correlation functionals, PBE is the most suit-

able one to describe the thermoelectric quantities of SRO and a reasonable agreement with

experiments has been achieved. LSDA and B1-WC fail to describe the system reasonably. In

the case of PBEsol, the trend of S can be captured correctly only with the fixed experimen-

tal structure thanks to the resulting improvement of DOS around Fermi level. According

to our investigations, the thermoelectric properties are very sensitive to the electronic prop-

erties: they are better described when the magnetic moment tends toward 2 µ

B

and SRO

approaches the limit of a half-metal. Moreover, they are also a↵ected by the volume and

atomic motions, especially the R+
4 mode of oxygen rotations. The appearance of R+

4 mode

in all the intermediate phases of SRO contributes greatly to the value of S and benefit to

the enhancement of S, while the anti-polar motions and the M+
3 mode of oxygen rotations

reduce S and contribute less than the former. Hence, it might be beneficial to have R+
4

oxygen motions included when designing the ruthenate related thermoelectric materials. We
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may maximize the R+
4 mode by, for example, epitaxial strain, or decreasing the tolerance

factor, e.g., Sr ! Ca ! Mg. Using the fitted scattering relaxation time, we obtain the op-

timal ZT of ⇠0.029 at 450 K and ⇠0.032 at 600 K (the yy component), respectively, which

is in good agreement with previous experimental result. Unfortunately, since neither the

power factor nor the figure of merit can be greatly improved by carrier doping, more future

work on reducing the thermal conductivity are encouraged to achieve a better thermoelectric

performance of SRO.
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R4+

R4
+ octahedral tilt strongly tunes the Seebeck coefficient of SrRuO3.
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