
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
6:

58
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Thermoelectric p
Department of Physics, Faculty of Sciences

Avenue, Isfahan 81746-73441, Iran. E-m

sjalali@sci.ui.ac.ir; Fax: +98 31 37934800;

† Electronic supplementary information (
results together with two Fortran progr
authors for extracting the maximum va
calculated by the WIEN2k and BoltzTrap

Cite this: RSC Adv., 2019, 9, 36182

Received 27th September 2019
Accepted 18th October 2019

DOI: 10.1039/c9ra07859b

rsc.li/rsc-advances

36182 | RSC Adv., 2019, 9, 36182–3619
roperties of heavy fermion
CeRhIn5 using density functional theory combined
with semiclassical Boltzmann theory†

M. Yazdani-Kachoei and S. Jalali-Asadabadi *

Experimental evidences show that Ce-based compounds can be good candidates for thermoelectric

applications due to their high thermoelectric efficiencies at low temperatures. However, thermoelectric

properties have been studied less than the other properties for CeRhIn5, a technologically and

fundamentally important compound. Thus, we comprehensively investigate the thermoelectric

properties, including the Seebeck coefficient, electrical conductivity, electronic part of thermal

conductivity, power factor and electronic figure of merit, by a combination of quantum mechanical

density functional and semiclassical Boltzmann theories, including relativistic spin–orbit interactions

using different exchange–correlation functionals at temperatures T # 300 K for CeRhIn5 along its a and

c crystalline axes. The temperature dependences of the thermoelectric quantities are investigated. Our

results reveal a better Seebeck coefficient, electrical conductivity, power factor and thermoelectric

efficiency at T � 300, in agreement with various other Ce-based compounds, when a high degree of

localization is considered for the 4f-Ce electrons. The Seebeck coefficient, power factor and

thermoelectric efficiency are made more efficient near room temperature by decreasing the degree of

localization for 4f-Ce electrons. Our results also show that the thermoelectric efficiency along the

a crystalline axis is slightly better than that of the c axis. We also investigate the effects of hydrostatic

pressure on the thermoelectric properties of the compound at low and high temperatures. The results

show that the effects of imposing pressure strongly depend on the degree of localization considered for

4f-Ce electrons.
1 Introduction

The Peltier cooling mechanism using thermoelectric (TE)
materials has attracted considerable attention as a replacement
for common refrigeration methods.1–8 In contrast to common
cooling techniques, the Peltier mechanism can be more useful
in small scale and site-specic applications. However, the
applications of this method are limited by the low efficiency of
TE materials. Therefore, many researches have been performed
to explore new efficient TE materials and improve the efficiency
of the available TE materials as renewable energy resources.9–18

The thermoelectric efficiency of a material is characterized by

its gure of merit (ZT) parameter, where Z is
sS2

k
, s is the elec-

trical conductivity, S is the Seebeck coefficient and k is the
thermal conductivity of the compound. Usually, the ZT value is
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equal to or more than unity for an efficient thermoelectric
material.19 Rare earths, and specically cerium-based
compounds, compose a class of strongly correlated materials
that exhibit good thermoelectric properties with large Z values
at low temperatures (T# 300 K).20–29 Among them, CeRhIn5 has
attracted considerable attention due to its fascinating proper-
ties. So far the electronic,30–34 magnetic32,35–38 and optical prop-
erties39 of this compound have been extensively studied both
theoretically and experimentally. CeRhIn5 is a well-known
heavy-fermion antiferromagnet that becomes a bulk heavy-
fermion superconductor at higher pressures and very low
temperatures, as would be seen in the (P, T) phase diagram of
this compound in zero eld.40 In this work, the range of
temperatures is much higher, i.e., up to about T ¼ 300 K, than
the superconductivity dome. Comprehensive experimental
researches have been performed for CeRhIn5 in the last decade,
including a detailed study of the heat and charge transport
properties.41–43 Despite strong experimental evidences of high
thermoelectric efficiency for the other Ce-based compounds,
the thermoelectric efficiency of CeRhIn5 has not been theoret-
ically or experimentally investigated yet. All this motivated us to
theoretically study the thermoelectric efficiency of CeRhIn5

compound using a combination of quantum mechanical
This journal is © The Royal Society of Chemistry 2019
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density functional theory (DFT)44,45 and semiclassical Boltz-
mann theories.46,47 Thus, one of the important aims of this
study is to nd the temperature range in which the maximum
thermoelectric efficiency can be observed. Here, we calculate
the Seebeck coefficient (S), electrical conductivity (s), electronic
part of thermal conductivity (ke) and numerator of the Z ratio,
i.e., power factor (PF ¼ sS2), along both a and c crystalline axes
at zero pressure. So far, in most of the theoretical Boltzmann
based investigations of thermoelectric properties, the afore-
mentioned characters, i.e., S, s, ke, PF, have been calculated as
functions of chemical potential at some xed temperature or
vice versa; as functions of temperature at some xed chemical
potential. In the present study, however, we calculate these
characters as functions of temperature and nd their maximum
values to discuss in which temperature range the best thermo-
electric efficiency can be achieved.

Our results show that the maximum value for the Seebeck
coefficient occurs at low temperatures for CeRhIn5, consistent
with previous experimental reports for other Ce-based
compounds,13,20,21,24,48 when the 4f-Ce electrons lie in the high
localized regime. Furthermore, based on our results the Ze value
of our studied case in lower temperatures is more than that of
higher temperatures.

Experimental results24,25,49 have shown that applying pres-
sure can affect the thermoelectric efficiency of the other rare
earth based compounds. In addition, experimental measure-
ments41,43 have shown that imposing pressure can affect the
electrical conductivity and thereby the thermoelectric efficiency
of CeRhIn5. Moreover, Shishido et al.50,51 have experimentally
veried that the degree of localization of 4f-electrons in
CeRhIn5 is decreased by imposing pressure. Thus, these
experimental evidences motivated us to investigate the effects of
pressure as well as the degree of localization of 4f-Ce electrons
on the thermoelectric properties and thermoelectric efficiency
of CeRhIn5. For this purpose, we have performed our calcula-
tions in different volumes using various exchange–correlation
functionals (XCFs) with different degrees of localization for 4f-
Ce electrons, including LDA+U52 and hybrid53,54 approaches as
well as PBE-GGA. Our results show that the Seebeck coefficient
of CeRhIn5, its power factor and Ze value increase as the degree
of localization decreases at high temperatures. This shows that
the Seebeck coefficient, power factor and Ze value are made
more efficient near room temperature by decreasing the degree
of localization of 4f-Ce electrons. Our results also reveal that the
effect of hydrostatic pressure on the thermoelectric parameters
strongly depends on the considered degree of localization for 4f-
Ce electrons, in accordance with our previous work.55 The
electronic structures of CeRhIn5, including its density of states
(DOS) and band structure are also investigated in this study.

2 Details of calculations

CeRhIn5 crystallizes in P4/mmm space group number 123.56–58

The chemical structure of this material is shown in Fig. 1 of the
ESI.† Our calculations are performed using experimental lattice
parameters a ¼ 4.656 (Å) and c ¼ 7.542 (Å).57,58 The electronic
calculations in the present work are performed in the
This journal is © The Royal Society of Chemistry 2019
framework of density functional theory (DFT)44,45 using the
WIEN2k code through the full potential APW+lomethod59 in the
presence of spin–orbit coupling (SOC) . The GGA+U with Ueff ¼
5.5 eV, hybrid B3PW91 with a ¼ 0.30 and PBE-GGA approaches
are used to describe the exchange–correlation term. A grid of 18
� 18 � 11 for CeRhIn5 in the scheme of Monkhorst–Pack is
selected for the mesh of k points for the electronic structure
calculations. The cutoff parameters Kmax, lmax and Gmax are set
to 8(RMT)

�1, 10 and 12 bohr�1, respectively. The muffin-tin radii
(RMT) are chosen to be 2.8 a.u. for Ce and 2.2 a.u. for In and Rh.
We performed the full-relaxation to reduce the total forces on all
atoms down to values smaller than 0.5 mRy bohr�1. In addition
to the volume corresponding to the experimental volume (rst
volume), the calculations have been performed for two other
volumes, where the second volume is 2% smaller and the third
volume is 5% smaller than the rst volume. From now on, in the
rest of this paper and its corresponding ESI, these three cases
are called “the rst volume”, “the second volume” and “the
third volume”.

The transport properties are calculated by BoltzTraP code61

which is based on the Boltzmann theory.46,47 Since this code
needs a very high k-mesh, a denser mesh of 150 000 k-points is
considered for the thermoelectric calculations. The Seebeck
coefficient, electrical conductivity and the electronic part of the
thermal conductivity tensors are calculated by the following
formulas:61,62

sabðm;TÞ ¼ 1

U

ð
sabð3Þ

�
� vf0ðm; 3;TÞ

v3

�
d3; (1)

Sabðm;TÞ ¼ 1

eTUsabðm;TÞ
ð
sabð3Þð3� mÞ �

�
� vf0ðm; 3;TÞ

v3

�
d3;

(2)

keabðm;TÞ ¼ 1

e2TU

ð
sabð3Þð3� mÞ2 �

�
� vf0ðm; 3;TÞ

v3

�
d3; (3)

where m is the chemical potential, U is the volume of unit cell,
a and b are the tensor indices, f0 is the Fermi–Dirac distribution
function, e is the charge carrier and

sabð3Þ ¼ 1

N

X
i;k

sabði; kÞ dð3� 3i;kÞ
d3

; (4)

while

sab(i,k) ¼ e2si,kya(i,k)yb(i,k), (5)

where N is the number of k points, s is the relaxation time and
ya(i,k) is the component of group velocities. It is noticeable that
the thermal conductivity and electrical conductivity are calcu-
lated with respect to the relaxation time here. According to ref.
63, the relaxation time approximation is valid for high doping
levels >1 � 1018 carriers per cm3. In this work, the range of
doping levels is limited to vary from �1021 to 1021 carriers per
cm3, which is realized in the experiment and consistent with
previous theoretical results in other cases.64 The limitation of
the doping levels is equivalent to the limitation of the chemical
potential.65,66 In our case, the limited doping level [�1021, 1021
RSC Adv., 2019, 9, 36182–36197 | 36183
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carriers per cm3] interval which is equivalent to [�1.6 to 1.6
carriers per uc] can be corresponded to a chemical potential
interval of [�0.7, 0.7 eV] around the Fermi level (EF). The key
input parameters for BoltzTraP calculations61 are set as follows:
delta ¼ 0.0001 Ry, cut-off energy around the Fermi level or
ecut ¼ 0.5, energy range of chemical potential or efcut ¼ 0.4 Ry,
maximum considered temperature of Tmax ¼ 300 K, tempera-
ture grid ¼ 1 K and lpfac ¼ 30.

In many previous works, the thermoelectric parameters have
been studied at xed temperature versus chemical potential (m)
or at xed m versus temperature (T). However, as eqn (1)–(3) in
the manuscript show, the elements of electrical conductivity
(sab(m,T)), Seebeck coefficient (Sab(m,T)) and thermal conduc-
tivity (kab(m,T)) tensors are the functions of two parameters, i.e.
m and T. The BoltzTraP code calculates these parameters versus
T and m. In fact, BoltzTraP changes the value for m step by step
and calculates sab(m,T), Sab(m,T) and kab(m,T) at xed m versus
temperature at each step. Thus, a change of the m or T values can
change sab(m,T), Sab(m,T), kab(m,T). Therefore, to optimize the
thermoelectric parameters, m and T should be considered
simultaneously. For this, we follow a new strategy to analyze the
outputs of BoltzTraP code. In our strategy, we change the
temperature step by step (1 K in our calculations) and nd the
maximum of thermoelectric parameters for xed temperature
at each step from the outputs of BoltzTraP code, i.e., case.-
condtens and the value of m or doping level which leads to this
maximum value. We encounter too many numbers in the
case.condtens. Therefore, to nd the maximum values of
sab(m,T), Sab(m,T) and kab(m,T) at xed m, we use a simple
program, max-conduct. To calculate the maximum values of
power factor (PF ¼ sS2) and electronic gure of merit�
Z ¼ PF

ke

�
, we use another program, i.e. max-PF. This program

calculates the diagonal elements of PF ¼ sS2 and Z ¼ PF
ke

versus

m and T, then nds the maximum values of these parameters
the same as S, s and k.
3 Electronic structure

Thermoelectric properties of materials can be related to their
corresponding electronic structures.19,67–70 For metals or
degenerate semiconductors, the Seebeck coefficient can be
written as:19,67,71

SðTÞ ¼ 8p2kB
2

3eh2
m*T

�p
3n

�2=3

; (6)

where n is the carrier concentration andm* is the effective mass
of the carrier which depends on the electronic structure of the
system; the higher the DOS(EF), the larger the m*. kB and h are
the Boltzmann and Planck constants, respectively, and e is the
electron charge. Furthermore, from the Mott relation we
have:69,72

SðTÞ ¼ p2kB
2T

3

�
d logðSðEÞÞ

dE

�
E¼EF

; (7)
36184 | RSC Adv., 2019, 9, 36182–36197
where S(E) ¼ N(E)v2(E)s(E) is the transport parameter. Here,
N(E), v(E) and s(E) are the DOS(E), Fermi velocity and scattering
time. The electrical conductivity (s) and electrical resistivity (r)
are given by:19,67

s ¼ 1/r ¼ nem, (8)

where m is the carrier mobility which can be related to the
effective masses of the carriers. This relationship also depends
on the electronic structure of the system. Furthermore, the
thermal conductivity is related to the electronic structure
through the electrical conductivity and Wiedemann–Franz law.

All the above evidences explicitly conrm that the thermo-
electric parameters depend on the electronic structures of the
materials. Thus, the electronic structure plays a key role and
a discussion in this respect can give physical insight into the
thermoelectric properties of the system in question. Before
discussing the electronic structure results, however, it is
important to consider and keep in mind the following three
points. The rst point is that to perform accurate electronic
structure calculations, it is essential to be aware of the degree of
localization of the system for selecting an appropriate func-
tional to satisfactorily deal with the exchange–correlation term.
The following evidences may assist with the rst point. Previous
dHvA measurements show that 4f-Ce electrons in CeRhIn5 are
localized at zero pressure.50,51 Experimental measurements73

performed at zero pressure by Fujimori et al. also conrm that
the 4f-Ce electrons in CeRhIn5 have localized character.
Furthermore, the dynamical mean eld theory calculations30

demonstrate that 4f-Ce electrons of CeRhIn5 are more localized
than those of CeCoIn5 and CeIrIn5 at zero pressure. The latter
cases (CeCoIn5 and CeIrIn5) themselves are also demonstrated
by ARPES measurements to be localized systems.74,75 All these
theoretical and experimental evidences clearly show that the 4f-
Ce electrons are localized in CeRhIn5 at zero pressure. The
second point which should be considered for producing accu-
rate electronic structures concerns the validity of the functional
used for the exchange–correlation term. It is well-known that
the standard GGA oen fails to reproduce the correct electronic
structures for strongly correlated f-electron systems. For highly
correlated systems, the thermoelectric properties, especially the
thermopower S, can be strongly inuenced by the location of
the narrow DOSs with respect to the Fermi level. Therefore, in
this work, we use the band-correlated GGA+U and hybrid
B3PW91 approaches to investigate the electronic structures of
CeRhIn5. The third point, which is also crucial for an accurate
prediction of the electronic structure, concerns the pressure
dependence of the localization degree. Although the 4f-Ce
electrons are localized in CeRhIn5 at zero pressure, the dHvA
measurements50,51 show that the localization degree of 4f-Ce
electrons in CeRhIn5 is pressure dependent. This implies that
the localization degree of these electrons can be reduced by
imposing pressure. Furthermore, we discussed in our recent
work,55 in agreement with previous works,76 that the exchange–
correlation energy of Ce-based compounds could not be satis-
factorily described only by a single functional for every pressure.
Therefore, for a specic pressure range an appropriate
This journal is © The Royal Society of Chemistry 2019
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functional must be selected; band-correlated (band-like) func-
tionals are more appropriate for low (high) pressures.55 Thus,
following this strategy, in addition to the band-correlated
GGA+U and hybrid B3PW91 approaches, the band-like PBE-
GGA functional is also used for the electronic structure
investigation.

Now, we can discuss the electronic structure of the system by
considering the above points. To this end, we have calculated
the spin up and spin down band structures of CeRhIn5

compound using PBE-GGA, PBE-GGA+U with Ueff ¼ 5.5 eV and
hybrid B3PW91 with a¼ 0.3 for the three volumes introduced in
Section 2. Here, the band structures are shown only for the rst
volume (which corresponds to the experimental volume)
together with the available experimental results60 for compar-
ison to validate our calculations in Fig. 1. The complete results
including band characters are presented in detail in Fig. 2 and 3
of the ESI.† The comparison conrms that our calculated band
structures are consistent with the experimental results.

We have found that the pressure cannot considerably change
the band structures of the system for spins up and down using
PBE-GGA. We have also observed that the number of bands
crossing the Fermi level is 5 and not changed by pressure using
PBE-GGA. To validate these observations, the maximum and
minimum energies and bandwidths, as well as occupation
numbers, are extracted from the calculated band structures and
tabulated in Table 1. The results show that the PBE-GGA bands
Fig. 1 Spin up and spin down band structures calculated by PBE-GGA, G
using the experimental volume. In the right figure, the ARPES experimen

This journal is © The Royal Society of Chemistry 2019
data can be only slightly changed by pressure. Although the
widths of the 5 PBE-GGA bands are increased by pressure (due
to the small decrease of the minimum energies and the small
increase of their maximum energies), these increments are not
very considerable. We noticed that in contrast to the pressure,
however, the degree of localization could more considerably
affect the band structures. If instead of the band-like PBE-GGA,
the band-correlated PBE-GGA+U and B3PW91 functionals are
used, more bands (6 bands) cross the Fermi level. The latter
number of band crossing (6 bands) is different from that ob-
tained using the band-like PBE-GGA (5 bands). This difference
conrms a more signicant effect of the localization degree
than pressure in complete agreement with the result reported
for CeIn3 in our recent work.55 This result can be reconrmed if
we consider the fact that the degree of localization predicted by
PBE-GGA is lower than those predicted by GGA+U and B3PW91.
Keeping the latter fact in mind, we see in Table 1 that, in
contrast to pressure, the bands data are substantially affected by
the degree of 4f localization. The results show that the
minimum energy (Emin) decreases as the degree of localization
increases and inversely the results show that the maximum
energy (Emax) increases as the degree of localization increases.
Therefore, the bandwidths increase for the ve bands, but this
time, the increments of the bandwidths are remarkable and
should be considered. The difference between the effect of
pressure and localization degree can be also seen in the band
GA+U with Ueff ¼ 5.5 eV and hybrid B3PW91 with a ¼ 0.3 for CeRhIn5
tal result60 is also shown for comparison.

RSC Adv., 2019, 9, 36182–36197 | 36185
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Table 1 Maximum energy (Emax), minimum energy (Emin), bandwidth (width) and occupation number (occup) of bands crossing the Fermi level
within various functionals in various volumes of CeRhIn5. The first volume corresponds to the experimental volume at zero pressure, the second
and third volumes are 2% and 5% smaller than the first volume, respectively. Emax and Emin are measured with respect to the Fermi level so that
positive energies are located above the Fermi level while negative energies are located below the Fermi level.

XCF Band

First volume Second volume Third volume

Emin (eV) Emax (eV) Width (eV) Occup Emin (eV) Emax (eV) Width (eV) Occup Emin (eV) Emax (eV) Width (eV) Occup

PBE-GGA g1 �1.3783 0.0729 1.4512 0.9728 �1.4055 0.0753 1.4808 0.9727 �1.4462 0.0791 1.5253 0.9730
g2 �1.2030 0.0940 1.2970 0.9269 �1.2328 0.0968 1.3296 0.9247 �1.2783 0.1021 1.3804 0.9211
g3 �1.1729 0.3588 1.5317 0.602 �1.2010 0.3579 1.5589 0.6015 �1.2445 0.3537 1.5983 0.6001
g4 �1.0897 0.3931 1.4828 0.2954 �1.1154 0.3916 1.5070 0.2948 �1.1539 0.3891 1.5430 0.2944
g5 �1.0506 0.4999 1.5505 0.2033 �1.0747 0.4939 1.5686 0.2068 �1.1114 0.4832 1.5947 0.2119

GGA+U
(Ueff ¼ 5.5 eV)

g1 �1.5310 0.5243 2.0553 0.9186 �1.5491 0.5341 2.0832 0.9154 �1.5754 0.5479 2.1233 0.9116
g2 �1.5050 0.5513 2.0563 0.9060 �1.5229 0.5584 2.0812 0.9037 �1.5450 0.5733 2.1183 0.8982
g3 �1.3006 1.1148 2.4155 0.3807 �1.3278 1.1328 2.4606 0.3821 �1.3719 1.1543 2.5263 0.3848
g4 �1.2836 1.1211 2.4047 0.3747 �1.3113 1.1350 2.4463 0.3765 �1.3526 1.1556 2.5082 0.3789
g5 �1.1880 1.5800 2.7680 0.2143 �1.2106 1.6159 2.8265 0.2151 �1.2501 1.6610 2.9112 0.2175
g6 �1.1670 1.5914 2.7584 0.2057 �1.1902 1.6314 2.8216 0.2071 �1.2255 1.6943 2.9198 0.2089

B3PW91-a
¼ 0.30

g1 �1.5011 0.4869 1.9880 0.9267 �1.4417 0.2728 1.7145 0.9509 �1.4703 0.3187 1.7890 0.9463
g2 �1.4829 0.5660 2.0489 0.9014 �1.4185 0.5566 1.9750 0.9006 �1.4463 0.5589 2.0052 0.9005
g3 �1.2863 0.9585 2.2448 0.3821 �1.2466 0.6066 1.8533 0.3952 �1.2786 0.6362 1.9148 0.3913
g4 �1.2731 1.0699 2.3430 0.3725 �1.2262 0.8002 2.0264 0.3598 �1.2573 0.8453 2.1025 0.3633
g5 �1.1719 1.3956 2.5675 0.2097 �1.1208 0.9026 2.0234 0.2074 �1.1495 0.9265 2.0760 0.2096
g6 �1.1580 1.4800 2.6380 0.2076 �1.0938 0.9960 2.0899 0.1859 �1.1218 1.0333 2.1551 0.1890
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structures presented in the ESI,† if we follow the effects of
localization degree and pressure on the distributions of the 4f-
Ce states and their locations with respect to the Fermi level.
These results are in good agreement with previous works.32

The above results on the difference between the effects of
localization degree and pressure are also supported and
reconrmed by the total and partial up and down DOSs calcu-
lated by PBE-GGA, GGA+U and B3PW91 for the three considered
volumes of the compound. The DOSs are presented in Fig. 4 and
5 of the ESI,† and here we only quantitatively present the values
of the total DOStot(EF) in Table 2, since the negligible effects of
pressure can be straightforwardly seen in the total DOStot(EF). As
clearly seen in Table 2, the DOStot(EF) using PBE-GGA only very
slightly decreases as pressure increases. A similar trend can be
seen in this table using GGA+U and hybrid B3PW91 approaches.
However, the DOStot(EF) is much more considerably affected by
GGA+U and B3PW91 than PBE-GGA. This theoretical investi-
gation shows that the effect of the degree of localization is more
considerable than the weak effect of pressure.
Table 2 Total up and down DOSs(EF) for CeRhIn5 using various XCFs
for three different volumes of CeRhIn5. The first volume corresponds
to the experimental volume at zero pressure. The second and third
volumes are 2% and 5% smaller than the first volume, respectively.

XCF Spin
First
volume

Second
volume

Third
volume

PBE-GGA Up 5.63 5.52 5.34
Down 1.68 1.65 1.63

GGA+U
(Ueff ¼ 5.5 eV)

Up 0.99 0.97 0.96
Down 1.04 1.03 1.01

B3PW91�a ¼
0.30

Up 1.63 1.54 1.36
Down 1.07 1.04 1.02

36186 | RSC Adv., 2019, 9, 36182–36197
Despite all the above discussed theoretical differences
between the effects of pressure and localization degree, we
should note that in experiment, however, the effect of the
localization degree is tightly related to the effect of pressure.
This is so because the degree of localization is itself changed by
pressure for strongly correlated systems in nature.55,76 So why is
pressure not as effective as localization degree in our above
theoretical discussion? Do the theoretical results contradict the
experimental results? The answer is that when we apply pres-
sure experimentally, the degree of localization is also naturally
changed, but the degree of localization theoretically depends on
the functional used. Therefore, when we apply pressure theo-
retically the degree of localization is not remarkably changed
automatically, because in the current available DFT approaches
the degree of localization should be applied manually by
selecting an appropriate functional and tuning by hand its
parameter such as U parameter in GGA+U or a parameter in
B3PW91 for the exchange–correlation term.55 Thus, the theo-
retical results can be consistent with the experimental results, if
a proper degree of localization is considered. This reconrms
our recent report on the pressure dependency of localization
degree in CeIn3.55 This point will be considered in the subse-
quent sections.
4 Seebeck coefficient

Materials efficiency in thermoelectricity is evaluated by

Z ¼ sS2

k
, where S is the Seebeck coefficient, s is the electrical

conductivity and k is the thermal conductivity. Therefore, the
thermoelectric efficiency can be improved by increasing the
Seebeck coefficient and electrical conductivity as well as
decreasing the thermal conductivity. Seebeck coefficient, as
This journal is © The Royal Society of Chemistry 2019
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expressed in eqn (2), is a 9-components tensor. However, for our
case the three diagonal components, i.e., Sii; (i ¼ x, y, z), are
much (an order of magnitude) larger than the off-diagonal
components, viz., Sij � Sii; (isj). Furthermore, the tetragonal
crystal structure requires that Sxx ¼ Syy. Thus, we only investi-
gate the remaining two components of the Seebeck coefficient,
Sxx and Szz. The maximum positive xx and zz components of the
Seebeck coefficient, Smax-pos

xx and Smax-pos
zz , as indicators of hole-

like Seebeck coefficient components are calculated as func-
tions of temperature for the three aforementioned volumes of
CeRhIn5 using PBE-GGA, PBE-GGA+U with Ueff ¼ 5.5 eV and
B3PW91 with a ¼ 0.30, as shown in Fig. 2(ai1) and (bi1) (i ¼ 1 to
3) for spin up, respectively. Furthermore, the maximum nega-
tive xx and zz components of the Seebeck coefficient,
Smax-neg
xx and Smax-neg

zz , as indicators of electron-like Seebeck
coefficient components are also calculated as functions of
temperature for the three aforementioned volumes of CeRhIn5

using the PBE-GGA, PBE-GGA+U with Ueff ¼ 5.5 eV and B3PW91
with a ¼ 0.30, as shown in Fig. 3(ai1) and (bi1) for spin up,
respectively. Our results show that the results for spin down are
very similar to spin up, so we only discuss the spin up results.
One of the important aims of this study is nding the temper-
ature range in which the maximum Seebeck coefficient can be
observed. Let us start the Seebeck coefficient discussion with
the results of the high localized GGA+U and B3PW91 func-
tionals. A maximum value of about 5.5 mV K�1 (6.7 mV K�1) can
be seen around T x 7 K for spin up of Smax-pos

xx (Smax-pos
zz ) in the

rst volume using the GGA+U functional, as shown in
Fig. 2(a11) (Fig. 2(b11)). Likewise, a maximum value of 6 mV K�1
Fig. 2 Maximum positive or hole-like of spin up Seebeck coefficient vers
a ¼ 0.30 and PBE-GGA for the three different volumes of CeRhIn5. The
The second and third volumes are 2% and 5% smaller than the first v
Smax-pos
xx , while the (bi1) panels display the zz components, i.e., Smax-pos

zz . Do
and (bi2) panels, respectively. The i-index varies from 1 to 3.

This journal is © The Royal Society of Chemistry 2019
(10 mV K�1) is predicted by B3PW91 for Smax-pos
xx (Smax-pos

zz ), as
shown in Fig. 2(a21) (Fig. 2(b21)). The maximum values pre-
dicted by the B3PW91 functional are larger than those predicted
by GGA+U. This is in agreement with the direct relation between
DOS and Seebeck coefficient (eqn (7)), because B3PW91 DOS(EF)
is higher than GGA+U DOS(EF), as shown in (Table 2). Aer Tx
7 K, the Smax-pos

xx and Smax-pos
zz values monotonically started to

decrease up to Tx 50 K in the rst volume as predicted by both
the B3PW91 and GGA+U approaches. They then increase as
temperature increases up to T¼ 300 K, see Fig. 2(a11) and (b11)
for GGA+U as well as Fig. 2(a21) and (b21) for B3PW91. The
above discussed behavior, i.e., showing a maximum value at low
temperatures (T � 300 K), was reported experimentally for the
Seebeck coefficients of CeIrIn5

24 and CeRhIn,48 in agreement
with our theoretical predictions. The crystal structure of the
CeIrIn5 is identical to the CeRhIn5; they are isostructural
compounds. Furthermore, the constituent elements of CeRhIn
are the same as CeRhIn5. Moreover, consistent with our results,
the same behavior of the Seebeck coefficient was previously
reported experimentally not only for the other Ce-based
compounds, but also for the other rare earth-based
metals.27,29,77,78 For the xx component of the electron-like See-
beck coefficient, Smax-neg

xx , the GGA+U [B3PW91] functional
predicts a local [global] minimum (negative maximum) value of
�5.5 mV K�1 [�6.6 mV K�1] around T ¼ 7 K in the rst volume,
and then this value decreases as temperature increases up to
T x 50 K [T x 70 K]. Aer T x 50 K [T x 70 K], the
Smax-neg
xx increases by increase of temperature up to room

temperature within GGA+U [B3PW91], as shown in Fig. 3(a11)
us temperature calculated by GGA+U with Ueff ¼ 5.5 eV, B3PW91 with
first volume corresponds to the experimental volume at zero pressure.
olume, respectively. The (ai1) panels display the xx components, i.e.,
ping levels related to the Smax-pos

xx and Smax-pos
zz are displayed in the (ai2)

RSC Adv., 2019, 9, 36182–36197 | 36187
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Fig. 3 Maximum negative or electron-like of spin up Seebeck coefficient versus temperature calculated by GGA+U with Ueff ¼ 5.5 eV, B3PW91
with a ¼ 0.30 and PBE-GGA for the three different volumes of CeRhIn5. The first volume corresponds to the experimental volume at zero
pressure. The second and third volumes are 2% and 5% smaller than the first volume, respectively. The (ai1) panels display the xx components, i.e.,
Smax-neg
xx , while the (bi1) panels display the zz components, i.e., Smax-neg

zz . Doping levels related to the Smax-neg
xx and Smax-neg

zz are displayed in the (ai2)
and (bi2) panels, respectively. The i-index varies from 1 to 3.
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[Fig. 3(a21)]. The behavior of Smax-neg
zz within the GGA+U func-

tional is very similar to the Smax-neg
xx behavior, as shown when

comparing the (b11) panel with the (a11) panel of Fig. 3. Similar
behavior is also predicted for Smax-neg

zz using the B3PW91 func-
tional; as shown when comparing the (b21) and (a21) panels of
Fig. 3. From the above presented and discussed evidences, in
complete agreement with a variety of experimental observations
on the other Ce-based and rare earth based compounds,27,29,77,78

we conclude that in the rst volume, all the components of the
electron-like, as well as the hole-like, Seebeck coefficients of
CeRhIn5 show a maximum value at low temperatures within the
high localized GGA+U and B3PW91 approaches.

The doping levels corresponding to the maximum values of
the spin up positive (negative) xx and zz components of the
hole-like (electron-like) Seebeck coefficients, Nmax-pos (Nmax-neg),
are shown as functions of temperature in Fig. 2(ai2) and (bi2)
(Fig. 3(ai2) and (bi2)) for i ¼ 1–3. In all these hole- and electron-
like gures, regardless of the carrier type, the unit of the doping
level is evidently electron per unit cell, e per uc, even though the
negative carriers are electrons and the positive carriers are
holes. We limited the range of the doping level to between
�1021 and 1021 carriers per cm3 so that it can be realized in
experiments. As can be clearly seen from Fig. 2(a12) and (a22),
in the rst volume the carriers related to spin up Smax-pos

xx are
electrons, i.e., Nmax-pos < 0, at most of the temperature range
within GGA+U and B3PW91 approaches. The same results are
observed for the doping level related to spin up Smax-neg

xx within
GGA+U and B3PW91 approaches, see Fig. 3(a12) and (a22).
However, the value of Nmax-pos is typically higher than the value
36188 | RSC Adv., 2019, 9, 36182–36197
of Nmax-neg for the xx component in all of the considered
temperature range using both GGA+U and B3PW91. For
Smax-pos
zz the related carriers are holes, i.e., Nmax-pos > 0, up to Tx

45 K within both GGA+U and B3PW91 functionals. However, in
the rst volume and at T x 45 K, a considerable gap suddenly
occurs and the zz-component of the doping level Nmax-pos drops
down from around 1.5 e per uc to about �0.017 e per uc (�1.5 e
per uc) within GGA+U (B3PW91), and hence aer this temper-
ature the carriers change their type and become electrons, see
Fig. 2(b12) (Fig. 2(b22)). Aer Tx 45 K, the zz-component of the
doping level Nmax-pos changes slightly up to room temperature
within the B3PW91 functional, see Fig. 2(b22). But, within
GGA+U, the zz-component of the doping level Nmax-pos again
experiences a considerable gap at T x 270 K and the doping
level drops from around �0.03 e per uc to about �1.6 e per uc.
The GGA+U approach predicts that for the electron-like spin up
Smax-neg
zz in the rst volume the related carriers are holes up to T

x 20 K, while at T x 20 K a considerable gap occurs and the
carriers change their type to electrons up to room temperature,
see Fig. 3(a12). In contrast to GGA+U, B3PW91 does not predict
a regular behavior for the zz-component of spin up Nmax-neg, as
can be seen in Fig. 3(b22); there are several considerable gaps in
the zz-component of Nmax-neg within the B3PW91. In summary,
in most of the temperature range, the predominant carriers
related to the xx-components of Smax-pos and Smax-neg, i.e.,
Nmax-pos and Nmax-neg, are electrons using GGA+U and B3PW91,
see Fig. 2(ai2) and 3(ai2) for i¼ 1 and 2. This result holds for the
carriers related to the zz-components of Smax-pos within the
GGA+U and B3PW91, as shown in the (bi2) panels of Fig. 2 for
This journal is © The Royal Society of Chemistry 2019
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i ¼ 1 and 2, as well as for the zz-components of Smax-neg within
GGA+U, see Fig. 3(b12). Available experimental reports24,25,49

show that applying hydrostatic pressure can improve the See-
beck coefficient of the other Ce-based compounds near room
temperature. Furthermore, for strongly correlated f-electron
systems the thermoelectric properties, especially the thermo-
power S, are strongly inuenced by the position of a very narrow
maximum in the density of states relative to the Fermi level. In
this case, it is necessary to analyze the calculated S versus the
change of the Fermi level, due to the high gradient of the
density of states at the Fermi level. This analysis can be per-
formed through the imposing pressure, because imposing
pressure can change the Fermi level and the DOSs relative to the
Fermi level, see Table 2. This motivated us to investigate the
effect of pressure on the thermoelectric parameters of the
compound under study. Therefore, we have performed our
calculations for the two other considered volumes in addition to
the rst one. For convenience, these volumes are called the
second and third volumes from now on. We recall that the
second and third volumes are 2% and 5% smaller than the rst
volume, while the rst volume corresponds to the experimental
volume. This means that the second and third volumes are
under pressure. The results displayed in Fig. 2(a11) and (b11)
clearly show that applying pressure within GGA+U does not
change Smax-pos

xx and Smax-pos
zz drastically for low temperatures,

but it makes worse (better) the Smax-pos
xx (Smax-pos

zz ) at high
temperatures. Similar results can be obtained for Smax-neg

xx and
Smax-neg
zz . The (a11) panels of Fig. 2 and 3 indicate that within

GGA+U the Smax-pos
xx and Smax-neg

xx values of the rst volume are
higher than those of the second and third volumes for T > 35 K
and T > 100 K, respectively. On the contrary, within GGA+U,
Smax-pos
zz and Smax-neg

zz in the rst volume are less than those of the
second and third volumes for T > 65 K.

As per the result obtained by GGA+U, the volume reduction
changes the Smax-pos

xx , Smax-neg
xx and Smax-neg

zz values very slightly at
low temperatures using B3PW91, however, in contrast to the
result obtained by GGA+U, the effect of volume reduction on
Smax-pos
zz at low temperatures is more than high temperatures

using B3PW91, see Fig. 2(b21). The maximum values of
Smax-pos
zz in the second and third volumes are about 5.8 and 4.2

mV K�1 lower than the maximum value of Smax-pos
zz in the rst

volume at T x 7 K using B3PW91. For high temperatures, the
B3PW91 predicts very different results compared to the GGA+U
by applying pressure. In contrast to the GGA+U, the B3PW91
predicts that the Smax-pos

xx (Smax-neg
xx ) in the rst volume is less

than that of second and third volumes for T > 20 K (T > 65 K).
This effect of pressure is consistent with the experimental
report on the Seebeck coefficient of CeIrIn5.24 Moreover, based
on Fig. 3(b21), Smax-neg

zz is larger in the rst volume than that in
the second volume but lower than that in the third volume for T
> 65 K. The volume reduction effect on Smax-pos

zz is negligible at
high temperatures. The effect of volume reduction on both
components of Nmax-pos (Nmax-neg) doping levels is signicant
only at low temperatures using GGA+U, see the (a12) and (b12)
panels of Fig. 2 (Fig. 3). The xx and zz components of Nmax-pos

(Nmax-neg) remain approximately unchanged by the volume
reduction for T > 35 K (T > 20 K) and T > 45 K (T > 36 K),
This journal is © The Royal Society of Chemistry 2019
respectively. On the other hand, B3PW91 predicts that both
components of Nmax-pos and Nmax-neg doping levels in the rst
volume are signicantly different from the second and third
volumes in most of the considered temperature range, see the
(a22) and (b22) panels of Fig. 2 and 3. But, the doping levels in
the second and third volumes are very similar for both
components and both electron- and hole-like Seebeck coeffi-
cient using B3PW91.

Shishido and coworkers,50,51 using dHvA experiments, have
shown that the degree of 4f-electron localization has been
decreased by imposing pressure on CeRhIn5. Hence, it is
interesting to investigate the localization effects on the ther-
moelectric parameters of CeRhIn5. Moreover, variation of the
Hubbard U parameter can strongly affect the calculated ther-
moelectric properties. Thus, we have calculated these parame-
ters using three different functionals with three different
degrees of localization, i.e., PBE-GGA, GGA+U and B3PW91, to
study the effects of the degree of localization on the thermo-
electric parameters. The degree of 4f-Ce electron localization is
predicted to be much lower by PBE-GGA than GGA+U and
B3PW91 schemes. The xx and zz components of
Smax-pos (Smax-neg), as calculated by PBE-GGA, are shown in the
(a31) and (b31) panels of Fig. 2 (Fig. 3) for the three considered
volumes. PBE-GGA predicts a peak with a value of about 6.7 mV
K�1 (4.9 mV K�1) for Smax-pos

xx (Smax-pos
zz ) at T x 7 K (T x 10 K) in

the rst volume, as shown in Fig. 2(a31) (Fig. 2(b31)). This
prediction of the low localized PBE-GGA is very close to the
predictions of the high localized GGA+U and B3PW91. Aer this
temperature (T x 7 K), where the maximums occur in the
Seebeck curves, the Smax-pos

xx (Smax-pos
zz ) decreases to a value of

about 5.4 mV K�1 (4.3 mV K�1) at around T x 20 K, and then it
increases again as temperature increases up to the room
temperature. These results indicate that the behavior of
Smax-pos
xx and Smax-pos

zz predicted by the low localized PBE-GGA is
the same as those predicted by the high localized GGA+U and
B3PW91 at low temperatures. Consequently, it can be
concluded that at low temperatures the degree of 4f-Ce locali-
zation has no considerable effect on the Smax-pos

xx and
Smax-pos
zz values. But, the low localized PBE-GGA predicts much

higher values for the Smax-pos
xx and Smax-pos

zz values at high
temperatures compared to the high localized GGA+U and
B3PW91. This can be clearly seen for the xx [zz] component by
comparing the (a31) [(b31)] panel with the (a11) [(b11)] and (a21)
[(b21)] panels of Fig. 2. This comparison also indicates that
within the low localized PBE-GGA, the values of Smax-pos

xx at high
temperatures are about four times larger than those at low
temperatures, while its values are in the same range at low and
at high temperatures using the high localized GGA+U and
B3PW91. This result also holds for Smax-pos

zz . Therefore, the
maximum values of Smax-pos components as predicted by PBE-
GGA at low temperatures can be approximately neglected
compared to the 4 times higher values of Smax-pos components at
high temperatures. In this case, we can assume that the PBE-
GGA Seebeck curves monotonically increase by temperature.

The monotonic increase of the Seebeck curves by tempera-
ture is a well-known character of normal metals. Therefore,
CeRhIn5 is estimated by PBE-GGA to behave almost like
RSC Adv., 2019, 9, 36182–36197 | 36189
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a normal metal, if the small peaks at low temperatures are
omitted in the (a31) and (b31) panels of Fig. 2 compared to the
large values of the Seebeck components at high temperatures.
The effect of volume reduction also depends on the functional
used so that it is differently predicted by PBE-GGA compared to
GGA+U and B3PW91. Fig. 2(a31) and (b31) reveal that volume
reduction makes worse both the xx and zz components of
Smax-pos at high temperatures. The same result can be also seen
for the xx component at low temperatures, because the PBE-
GGA xx component of Smax-pos in the rst volume is more
than those in the second and third volumes, see Fig. 2(a31).
Thus, volume reduction decreases the xx component of Smax-pos

and as a result makes it worse. But, the zz component is slightly
improved by volume reduction at low temperatures using PBE-
GGA. In contrast to Smax-pos, the Smax-neg components are
completely zero at high temperatures using PBE-GGA, see
Fig. 3(a31) and (b31). This zero value implies that it may be
impossible to nd the electron-like Seebeck coefficient using
PBE-GGA at the considered doping level range. Fig. 3(a31) and
(b31) show that PBE-GGA, the same as GGA+U and B3PW91,
predicts a maximum (negative minimum) for the xx and zz
components of Smax-neg at low temperatures, i.e., T x 7 K in the
rst volume. The latter gures also show that the volume
reduction slightly improves the xx and zz components of
Smax-neg at low temperatures within PBE-GGA, but does not
change their zero values at high temperatures. In summary,
a comparison of the (ai1) [(bi1)] panels of Fig. 3 for i ¼ 1–3
demonstrates that reduction of the localization degree consid-
erably inuences Smax-neg

xx (Smax-neg
zz ) at high temperatures, but it

is not very remarkable at low temperatures. The doping levels
related to the xx and zz components of Smax-pos (Smax-neg) pre-
dicted using PBE-GGA, are displayed in the (a32) and (b32)
panels of Fig. 2 (Fig. 3). Both components of Nmax-pos are
approximately xed at most of the temperature range, except for
a considerable gap at low temperatures, as shown in Fig. 2(a32).
The latter gures also show that the volume reduction does not
considerably change the doping levels. For most of the
temperature range, PBE-GGA predicts about 1.5 e per uc elec-
tron doping for the Smax-pos components in the three considered
volumes. The xx [zz] component of Nmax-pos is not considerably
affected by decreasing the localization degree, see the (a32)
[(b32)] panel and the (a12) [(b12)] and (a22) [(b22)] panels of
Fig. 2.

We also see considerable gaps in the Nmax-neg components at
low temperatures, within PBE-GGA in three volumes, see
Fig. 3(a32) and (b23). We do not show any doping level, Nmax-neg,
in the latter gures for temperatures in which the Smax-neg

components are zero, because the doping level for this situation
is meaningless. At the end of this section and based on the
presented results, we can conclude that for the rst volume
corresponding to the experimental volume, both xx and zz
Seebeck coefficient components of CeRhIn5 show maximum
values at low temperatures around the T x 7 K using the three
considered XCFs. Based on our results, the volume reduction
does not affect the Seebeck coefficient components consider-
ably at low temperatures, except for Smax-pos

zz . But, this is not the
case for high temperatures. The effect of volume reduction
36190 | RSC Adv., 2019, 9, 36182–36197
depends on the functionals used, in agreement with our recent
report.55 The volume reduction makes worse the Seebeck coef-
cient component along the a crystalline axis within the GGA+U
and PBE-GGA approaches at high temperatures. Along the c
crystalline axis, volume reduction improves the Seebeck coeffi-
cient component at high temperatures within GGA+U, but
makes it worse within PBE-GGA. On the contrary, the xx
components of the hole- and electron-like Seebeck coefficients,
as calculated by B3PW91, along the a (c) crystalline axis in the
rst volume are less (more) than those in the second and third
volumes at high (low) temperatures. Our results also show that
the degree of localization for the 4f-Ce electrons has a signi-
cant effect on the Seebeck coefficient components at high
temperatures, but at low temperatures these effects are negli-
gible. Decreasing the Seebeck coefficient causes the hole like
Seebeck coefficient components of heavy fermion CeRhIn5 to
almost behave like the normal metals. Moreover, the doping
levels related to the maximum values of the hole-like and
electron-like components are electrons at most of the consid-
ered temperature range in all the considered volumes and XCFs.

5 Electrical conductivity

Electrical conductivity is another important quantity that
affects the thermoelectric efficiency. According to the denition
of the gure of merit, higher values of electrical conductivity can
improve thermoelectric efficiency. As expressed in eqn (1), the
electrical conductivity, s(m,T), is a tensor of rank 2 with nine
components. However, similar to the Seebeck coefficient, we
only investigate the xx and zz components of s(m,T). In the
Boltzmann equations, the electrical conductivity is a function of
relaxation time (s), see eqn (1). Thus, in this study we discuss
the electrical conductivity per relaxation time, i.e., s(m,T)/s. The
maximum values of the xx and zz components of s(m,T)/s, i.e.,
smax
xx /s and smax

zz /s calculated using the three GGA+U, B3PW91
and PBE-GGA XCFs for CeRhIn5 are shown in the (ai1) and (bi1)
panels of Fig. 4 in the three considered volumes versus
temperature at low temperatures, i.e., T # 10 K. The results of
the high temperatures, i.e., 10 K # T # 300 K, are displayed in
Fig. 5. The results show that both xx and zz components of smax/
s decrease as temperature increases at low temperatures for the
three considered volumes, see Fig. 4(ai1) and (bi1) for i ¼ 1–3.
The components of smax/s also decrease by increase of
temperature at high temperatures, but the slopes of smax/s
components at high temperatures are much lower than those at
low temperatures, see Fig. 5(xi1) and Fig. 4(xi1) for x¼ a & b and
i ¼ 1–3. These results are in agreement with the experimental
results.43 As can be clearly seen from Fig. 4(a11), the smax

xx /s value
slightly increases by volume reduction for T < 10 K using
GGA+U. In contrast to GGA+U, smax

xx /s considerably decreases by
the volume reduction from the rst to the second or third
volume for the T < 10 K within the B3PW91 XCF, see Fig. 4(b21).
But, smax

xx /s in the second and third volumes are very similar
within B3PW91. Within the PBE-GGA XCF the xx component
does not change drastically by the volume reduction at low
temperatures, see Fig. 4(a31). The same results can be reached
at high temperatures, see Fig. 5(ai1). As an important result,
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Maximum values of (ai1) xx and (bi1) zz components of spin up electrical conductivity per relaxation time (s), i.e., (ai1) smax
xx /s and (bi1) smax

zz /
s, versus temperature calculated using GGA+UwithUeff¼ 5.5 eV, B3PW91 with a¼ 0.30 and PBE-GGA functionals in the three different volumes
at low temperatures (T# 10 K). The first volume corresponds to the experimental volume at zero pressure. The second and third volumes are 2%
and 5% smaller than the first volume, respectively. Doping levels related to smax

xx /s (Nmax
xx (e per uc)) and smax

zz /s (Nmax
zz (e per uc)) are displayed in the

(ai2) and (bi2) panels, respectively. The i-index varies from 1 to 3.

Fig. 5 Maximum values of (ai1) xx and (bi1) zz components of spin up electrical conductivity per relaxation time (s), i.e., (ai1) smax
xx /s and (bi1) smax

zz /
s, versus temperature calculated using GGA+UwithUeff¼ 5.5 eV, B3PW91 with a¼ 0.30 and PBE-GGA functionals in the three different volumes
at high temperature (10 K # T # 300 K). The first volume corresponds to the experimental volume at zero pressure. The second and third
volumes are 2% and 5% smaller than the first volume, respectively. Doping levels related to smax

xx /s (Nmax
xx (e per uc)) and smax

zz /s (Nmax
zz (e per uc)) are

displayed in the (ai2) and (bi2) panels, respectively. The i-index varies from 1 to 3.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 36182–36197 | 36191
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comparing the results of GGA+U, B3PW91 and PBE-GGA reveals
that the effect of volume reduction on smax

xx /s strongly depends
on the degree of localization of 4f-Ce electrons, consistent with
our previous work.55 But this is not the case for smax

zz /s, viz. the
smax
zz /s is not drastically changed by the volume reduction using

all the considered XCFs, see Fig. 4(bi1) [Fig. 5(bi1)] i ¼ 1–3 for
low [high] temperatures. Moreover, smax

xx /s [smax
zz /s] is predicted

to be slightly larger by the high localized GGA+U and B3PW91
than by the low localized PBE-GGA at low temperatures, see
Fig. 4(ai1) [Fig. 4(bi1)] (i ¼ 1–3). Similar results can be observed
for the xx [zz] component at high temperatures through the
comparison of Fig. 5(ai1) [Fig. 5(bi1)] (i ¼ 1–3).

The doping levels related to the components of the
maximum electrical conductivity are presented in Fig. 4(ai2)
and (bi2) for i ¼ 1–3. As shown in Fig. 4(a12) and 5(a12), the
doping carriers related to smax

xx /s are electrons for all the
temperature range in the three considered volumes using
GGA+U. B3PW91 predicts that the doping levels corresponding
to the smax

xx /s are electron (hole) for all the temperature range in
the rst (second and third) volume(s), see Fig. 4(a22) and 5(a22).
PBE-GGA predicts the hole doping levels corresponding to the
smax
xx /s for all the temperature range for the three considered

volumes, as shown in Fig. 4(a32) and 5(a32). These results
conrm that the volume reduction effects on the doping levels
related to smax

xx /s depend on the degree of localization for 4f-Ce
electrons. For smax

zz /s, the doping levels are holes using all the
considered XCFs at all the temperature range, see (bi2) panels of
Fig. 4 and 5 for i ¼ 1–3.
6 Thermal conductivity

Thermal conductivity is another parameter that can affect the
thermoelectricity. Thermal conductivity includes lattice and
electronic contributions. Here, we only concentrate on the
electronic part, because in metals the lattice part constitutes
only a small fraction of the total thermal conductivity (less than
2 percent).79,80 Therefore, we use the character of ZeT as the
electronic gure of merit to investigate the thermoelectric effi-

ciency of our case along several directions, where Ze ¼ sS2

ke
.

Similar to the electrical conductivity, thermal conductivity is
a tensor of rank two which depends on the relaxation time, as
expressed in eqn (3). The maximum values of the electronic
thermal conductivity per relaxation time, kmax

e /s along the a and
c crystalline axes calculated using GGA+U, B3PW91 and PBE-
GGA XCFs are plotted versus temperature in the (ai1) and (bi1)
panels of Fig. 6 for the rst, second and third volumes. The
results show that the maximum values of the electronic thermal
conductivity components increase as temperature increases for
all the considered volumes, see Fig. 6(ai1) and (bi1) for i ¼ 1–3.
By comparing Fig. 6(ai1) and (bi1), it can be observed that in the
three considered volumes the xx and zz components of
kmax
e /s are of the same order of magnitude. According to our
results, the volume reduction does not drastically change the xx
and zz components of kmax

e /s, apart from the xx component
calculated by B3PW91 at high temperatures.
36192 | RSC Adv., 2019, 9, 36182–36197
The values of doping levels corresponding to the maximum
values of kmax

e /s components are presented in the (ai2) and (bi2)
panels of Fig. 6 for i ¼ 1–3. As shown in Fig. 6(a12), the electron
doping levels can be attributed to the xx component of kmax

e /s for
all the temperature range in the three considered volumes using
the GGA+U approach. The same result can be observed using
B3PW91 for the xx component of kmax

e /s in all the temperature
range in the rst volume, see Fig. 6(a22). However, this is
completely different for the xx component of kmax

e /s in the
second and third volumes using B3PW91 XCF, as shown in
Fig. 6(a22). As the latter gure shows, in all the considered
temperature range, the hole doping is related to the xx
component of kmax

e /s in the second and third volumes using
B3PW91. The hole doping levels are related to the xx component
of kmax

e /s in the three considered volumes using PBE-GGA in all
the considered temperature range, as shown in Fig. 6(a32).
Similar results can be observed for the electrical conductivity.
All the considered XCFs predict the hole doping levels for the zz
component of kmax

e /s in the three considered volumes, as shown
in the (bi2) panels of Fig. 6 for i ¼ 1–3.

7 Power factor

The numerator of ZT, i.e., sS2, is known as the power factor (PF).
Since the electrical conductivity in the Boltzmann equations is
calculated by means of the relaxation time approximation, the
PF also depends on the relaxation time and thereby we consider
PF/s. The maximum values of the xx and zz components of the
power factor of the compound per s, PFmax/s, calculated using
GGA+U, B3PW91 and PBE-GGA XCFs in the rst, second and
third volumes, are shown as functions of temperature in
Fig. 7(ai1) and (bi1) for i ¼ 1–3. As can be clearly seen in
Fig. 7(ai1) and (bi1) for i ¼ 1–2, at the experimental zero pres-
sure, i.e., (the rst volume), there are considerable peaks for the
xx and zz components of PFmax, i.e., PFmax

xx and PFmax
zz , at low

temperatures around T ¼ 7 K using the GGA+U and B3PW91
approaches. Aer T ¼ 7 K, the GGA+U (B3PW91) predicts that
the PFmax

xx and PFmax
zz values decrease as temperature increases

up to about T ¼ 45 K (T ¼ 70 K), and then they increase as
temperature increases up to about room temperature. One also
would notice that in the rst volume, the zz component of PFmax

is slightly more than the xx component using both high local-
ized GGA+U and B3PW91 methods, specically at high
temperatures. As Fig. 7(a11) and (b11) display, the GGA+U
predicts that volume reduction does not change
PFmax

xx considerably, but PFmax
zz slightly increases (decreases) at

high (low) temperatures by the volume reduction. The B3PW91
XCF predicts that at low temperatures, PFmax

zz in the rst volume
is the same as the second and third volumes, but at high
temperatures (T > 50 K), PFmax

xx in the rst volume is consider-
ably less than the volumes under pressure, i.e., the second and
third volumes, see Fig. 7(a21). The volume reduction effect on
PFmax

zz is completely different within B3PW91; at low tempera-
tures, PFmax

zz in the rst volume is considerably more than the
second and third volumes, but at high temperatures PFmax

zz in
the rst volume is the same as the second and third volumes,
see Fig. 7(b21). The same as the high localized GGA+U and
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Maximum values of (ai1) xx and (bi1) zz components of spin up electronic thermal conductivity per relaxation time (s), i.e., (ai1) kmax
exx /s and (bi1)

kmax
ezz /s versus temperature calculated using GGA+UwithUeff ¼ 5.5 eV, B3PW91 with a¼ 0.30 and PBE-GGA functionals in the three different volumes.
The first volume corresponds to the experimental volume at zero pressure. The second and third volumes are 2% and 5% smaller than the first volume,
respectively. Doping levels related to kmax

exx /s and kmax
ezz /s and are displayed in the (ai2) and (bi2) panels, respectively. The i-index varies from 1 to 3.
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B3PW91 approaches, the low localized PBE-GGA predicts a peak
for PFmax

xx and another peak for PFmax
zz at low temperature (Tx 7

K) for the three considered volumes. But, the values of the peaks
Fig. 7 Maximum values of (ai1) xx and (bi1) zz components of spin up pow
temperature calculated using GGA+U with Ueff ¼ 5.5 eV, B3PW91 with a ¼
volume corresponds to the experimental volume at zero pressure. The s
respectively. Doping levels related to PFmax-pos

xx /s and PFmax-pos
zz /s are display

This journal is © The Royal Society of Chemistry 2019
are negligible compared to the high values of PFmax compo-
nents at high temperatures. By ignoring the negligible peak at
low temperatures, the behavior of the PFmax components of
er factor per relaxation time (s), i.e., (ai1) PFmax
xx /s and (bi1) PFmax

zz /s versus
0.30 and PBE-GGA functionals in the three different volumes. The first

econd and third volumes are 2% and 5% smaller than the first volume,
ed in the (ai2) and (bi2) panels, respectively. The i-index varies from 1 to 3.
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CeRhIn5 using PBE-GGA is very similar to the behavior of the
PFmax components of a normal metal, i.e., PFmax components
increase as temperature increases. As shown in Fig. 7(a31), the
PFmax

xx value calculated by PBE-GGA decreases as volume
decreases, specically at high temperatures. The same results
can be seen for PFmax

zz , see Fig. 7(b31), however, the effect of
volume reduction on the PFmax

xx value is more considerable
compared to that of PFmax

zz . The comparison of Fig. 7(ai1) for i ¼
1–3 shows that PFmax

xx considerably increases as the degree of
localization decreases in all the considered volumes at high
temperatures but not signicantly at low temperatures. Similar
result can be seen for PFmax

zz by the comparison of Fig. 7(bil) for
i ¼ 1–3. The doping levels corresponding to PFmax components
in the three considered volumes are shown in the (ai2) and (bi2)
panels of Fig. 7 (i ¼ 1–3) for the xx and zz components,
respectively. Based on Fig. 7(a21), the low level of electron
doping (about 0.3 e per uc) originates from PFmax

xx in most of the
temperature range (in the rst volume) using GGA+U. The same
result can be seen for PFmax

zz at zero pressure and T $ 50 K. The
types of the doping level related to PFmax

zz are electrons with
about 0.03 e per uc concentration at most of the considered
temperature range (T $ 50 K) in the rst volume using GGA+U.
But, at low temperatures, the doping levels related to PFmax

zz are
holes with about 1.6 e per uc in the rst volume using GGA+U.
As with the rst volume, we see very low doping concentration
of electrons for both xx and zz components of PFmax at the
considered nonzero pressures, i.e., in the second and third
volumes at most of the considered temperature range within
the GGA+U. B3PW91 predicts the electron doping levels for
Fig. 8 Maximum values of (ai1) xx and (bi1) zz components of electron
temperature calculated using GGA+UwithUeff¼ 5.5 eV, B3PW91 with a¼
volume corresponds to the experimental volume at zero pressure. The s
respectively. Doping levels related to Zmax

exx and Zmax
ezz are displayed in the

36194 | RSC Adv., 2019, 9, 36182–36197
PFmax
xx in most of the temperature range in the rst volume, as

shown in Fig. 7(a22). This Figure also indicates that imposing
pressure within B3PW91 decreases the values of doping levels
related to PFmax

xx and PFmax
zz at most of the temperature range.

The same result is reached for PFmax
zz , see Fig. 7(b22). Moreover,

imposing pressure using B3PW91 changes the type of the
doping levels related to PFmax

zz , while this is not the case for
PFmax

xx . In summary, we see a very low concentration of electron
(hole) doping related to PFmax

xx (PFmax
zz ) at most of the tempera-

ture range in the second and third volumes using B3PW91. The
same as the high localized GGA+U and B3PW91 XCFs, the low
localized PBE-GGA predicts the electron doping level corre-
sponding to the PFmax

xx at most of the temperature range, as shown
in Fig. 7(a32). On the contrary, PBE-GGA predicts a hole doping
level corresponding to the zz component of PFmax at most of the
temperature range, see Fig. 7(b32). Fig. 7(a32) and (b32) show that
the volume reduction does not change drastically the xx and zz
components of the doping level using PBE-GGA the same as
GGA+U. In summary, we see that the behavior of the xx and zz
components of PFmax is very similar to those of the Smax-pos, see
Fig. 7(ai1) and (bi1) and Fig. 2(ai1) and (bi1). Within the high
localized XCFs, the xx and zz components of PFmax show a peak at
low temperatures. Furthermore, the values of PFmax components
at low and at high temperatures are in the same range. On the
contrary within the low localized PBE-GGA, the values of PFmax

components at high temperatures are much higher than those at
low temperatures. Our results show that in the experimental zero
pressure (the rst volume) the doping levels related to both
components of PFmax are electrons within all the considered XCFs,
ic figure of merit per temperature, i.e., (ai1) Zmax
exx and (bi1) Zmax

ezz versus
0.30 and PBE-GGA functionals in the three different volumes. The first
econd and third volumes are 2% and 5% smaller than the first volume,
(ai2) and (bi2) panels, respectively. The i-index varies from 1 to 3.
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except for the zz component using PBE-GGA. Furthermore, our
results show that the volume reduction does not change the type
and values of the doping levels within GGA+U and PBE-GGA, while
this is not the case within the B3PW91 XCF. Within the B3PW91
XCF, the doping level is decreased by the volume reduction for
most of the temperature range. Moreover, imposing pressure
within B3PW91 changes the type of the doping levels related to
PFmax

zz . In fact, the efficiency of thermoelectricity depends on both

PF and thermal conductivity, viz. Z ¼ PF
k
. As indicated before,

here, we only calculate the electronic part of the thermal
conductivity by introducing ZeT as electronic gure of merit to
investigate the thermoelectric efficiency of our case, where

Ze ¼ PF
ke
. In general, Ze differs from Z, because the lattice part of

thermal conductivity is ignored in Ze. However, in metals the
lattice part is very small and can be safely neglected.79,80 The
maximum values of the xx and zz components of Zmax

e are shown
in the (ai1) and (bi1) panels of Fig. 8 for i¼ 1–3. The (ai2) and (bi2)
panels of this gure show the doping levels corresponding to the
xx and zz components of Zmax

e . As shown in the (a11) and (b11)
panels of Fig. 8, the GGA+U approach predicts considerable peaks
for both xx and zz components of Zmax

e at low temperatures in the
three considered volumes. Moreover, the height of this peak for
the zz component is slightly higher than that of the xx component.
The same results can be reached within the B3PW91 XCF, see the
(a21) and (b21) panels of Fig. 8. These peaks are also predicted
using the low localized PBE-GGA, see Fig. 8(a31) and (b31). The
effect of imposing pressure on these peaks strongly depends on
the used XCF. The B3PW91 XCF predicts that the height of the xx
(zz) component peak is increased (decreased) by imposing pres-
sure, but in contrast GGA+U and PBE-GGA predict that the xx (zz)
component peak decreases (increases) as pressure increases.
Comparing Fig. 8(a31) with the Fig. 8(a11) and (a21) reveals that
decreasing the degree of localization considerably increases the xx
component of Zmax

e at high temperature. The same result is seen
for the zz component by comparison of Fig. 8(b31) with Fig. 8(b11)
and (b21). The (ai2) and (bi2) panels of the latter gure show that
the doping levels related to Zmax

e are electrons at most of the
temperature range within all the used XCFs in the three consid-
ered volumes.
8 Conclusions

Thermoelectric properties and performance as well as elec-
tronic structures of the heavy fermion CeRhIn5 are studied at
different pressures employing density functional and semi-
classical Boltzmann theories utilizing our developed physical
and practical scheme applied to the well-known BoltzTraP
code for describing the behaviors of the quantities as func-
tions of temperature. It is found that the 4f-Ce electrons play
an important role in the properties of this compound. It is
shown that the electronic structure of the system can be also
affected by pressure. The thermoelectric results reveal that the
maximum values of the hole-like (positive) and electron-like
(negative) Seebeck coefficients occur at low temperatures by
the highly localized exchange–correlation functionals (XCFs)
This journal is © The Royal Society of Chemistry 2019
used here. This prediction is consistent with the available
experimental Seebeck coefficients of the other Ce-based
compounds. In contrast, the maximum values of both See-
beck coefficients of the case increase as temperature increases
using band-like PBE-GGA, and thereby the global maximum
values occur at room temperature as the highest temperature
considered in this study for the hole-like Seebeck coefficient.
In fact, PBE-GGA predicts a normal metal behavior for the
maximum values of the hole-like Seebeck coefficient compo-
nents. Thus, our results reveal that decreasing the degree of 4f-
Ce localization makes the Seebeck coefficient better near room
temperature, but does not change it signicantly at lower
temperatures. We also nd the behavior of power factor (PF)
components very similar to that of the hole-like Seebeck
coefficient components so that decreasing the 4f-Ce degree of
localization can make the maximum values of PF components
better near room temperature, but does not change them
signicantly at lower temperatures. Electrical conductivity
(electronic part of thermal conductivity) calculations reveal
that the maximum of this quantity decreases (increases) as
temperature increases at all the considered pressures within
all of the considered XCFs. These calculations also reveal the
maximum values of the s component (ke component) along
the a crystalline axis are slightly higher than those along the c
crystalline axis. Furthermore, the maximum value of s and ke

components are slightly decreased by decreasing the degree of
localization for 4f-Ce electrons. The type of doping levels
related to the s component and ke component along the
a crystalline axis at the zero and non-zero pressures is electron-
like for most of the temperature range using the high localized
GGA+U, while this is hole-like using the low localized PBE-
GGA. The type of doping levels related to the s component
and ke component along the a crystalline axis is electron-like
for most of the temperature range at zero pressure using
B3PW91, but the type is changed by imposing pressure to the
hole-like. For the components of s and ke along the c crystal-
line axis the related doping levels are holes for most of the
temperature range for zero as well as non-zero pressures
regardless of the used XCF. We also investigate the thermo-
electric efficiency (Ze) quantity. Our results show that the Ze of
our considered case along the a crystalline axis is slightly less
than that of the c axis specically at low temperatures. This
study shows that the thermoelectric efficiency of CeRhIn5

decreases as temperature increases and the efficiency can be
improved by decreasing the degree of localization for the 4f-Ce
electrons near the room temperature.
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33 M. Gamża, A. Źlebarski and J. Deniszczyk, J. Phys.: Condens.
Matter, 2008, 20, 115202.

34 S. Elgazzar, I. Opahle, R. Hayn and P. M. Oppeneer, Phys.
Rev. B: Condens. Matter Mater. Phys., 2004, 69, 214510.

35 S. Raymond, J. Buhot, E. Ressouche, F. Bourdarot, G. Knebel
and G. Lapertot, Phys. Rev. B: Condens. Matter Mater. Phys.,
2014, 90, 014423.

36 G. Knebel, J. Buhot, D. Aoki, G. Lapertot, S. Raymond,
E. Ressouche and J. Flouquet, J. Phys. Soc. Jpn., 2011, 80,
SA001.

37 A. Llobet, J. S. Gardner, E. G. Moshopoulou, J.-M. Mignot,
M. Nicklas, W. Bao, N. O. Moreno, P. G. Pagliuso,
I. N. Goncharenko, J. L. Sarrao and J. D. Thompson, Phys.
Rev. B: Condens. Matter Mater. Phys., 2004, 69, 024403.

38 S. Majumdar, G. Balakrishnan, M. R. Lees, D. M. Paul and
G. J. McIntyre, Phys. Rev. B: Condens. Matter Mater. Phys.,
2002, 66, 212502.

39 F. P. Mena, D. van der Marel and J. L. Sarrao, Phys. Rev. B:
Condens. Matter Mater. Phys., 2005, 72, 045119.

40 G. Knebel, D. Aoki, D. Braithwaite, B. Salce and J. Flouquet,
Phys. Rev. B: Condens. Matter Mater. Phys., 2006, 74, 020501.

41 T. Park, H. Lee, I. Martin, X. Lu, V. A. Sidorov, K. Gofryk,
F. Ronning, E. D. Bauer and J. D. Thompson, Phys. Rev.
Lett., 2012, 108, 077003.

42 J. Paglione, M. A. Tanatar, D. G. Hawthorn, R. W. Hill,
F. Ronning, M. Sutherland, L. Taillefer, C. Petrovic and
P. C. Caneld, Phys. Rev. Lett., 2005, 94, 216602.

43 H. Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley,
J. L. Sarrao, Z. Fisk and J. D. Thompson, Phys. Rev. Lett.,
2000, 84, 4986–4989.

44 W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133–A1138.
45 P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864–

B871.
46 P. B. Allen, in Boltzmann theory and resistivity of metals, ed. J.

Chelikowsky and S. Louie, Kluwer, Boston, 1996, ch. 17, pp.
219–250.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra07859b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
6:

58
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
47 J. Ziman, Electrons and Phonons, Clarendon Press, Oxford,
2001.

48 A. Strydom, S. Paschen and F. Steglich, Phys. B, 2006, 378–
380, 793–794.

49 V. Vijayakumar, S. Vaidya, E. Sampathkumaran and
R. Vijayaraghavan, Solid State Commun., 1983, 46, 549–551.

50 H. Shishido, R. Settai, H. Harima and Y. Ōnuki, Phys. B,
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