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We studied the electrical, thermal, and thermoelectric properties of the polycrystalline compound of SmNiC,.
The electrical resistivity and magnetization measurement show the interplay between the charge density wave at

Tepw = 150 K and the ferromagnetic ordering of 7. = 18 K. Below the ferromagnetic transition temperature,
we observed the magnon gap formation of A >~ 4.3-4.4 meV by p(T) and C,(T) measurements. The charge
density wave is attributed to the increase of the Seebeck coefficient resulting in the increase of the power factor
S20. The thermal conductivity anomalously increases with increasing temperature along the whole measured

temperature range, which implies the weak attribution of Umklapp phonon scattering. The thermoelectric figure
of merit ZT significantly increases due to the increase of the power factor at Tcpw = 150 K. Here we argue that
the competing interaction between electron-phonon and electron-magnon couplings exhibits the unconventional

behavior of electrical and thermal properties.
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I. INTRODUCTION

There has been growing attention given to thermoelec-
tric materials because of the raised awareness of environ-
mentally friendly solid-state cooling and energy harvesting
technologies.!> The thermoelectric materials’ performance
is evaluated by the materials’ dimensionless figure of merit
ZT = SZO’T/K), where S, o, T, and « are the Seebeck
coefficient, electrical conductivity, absolute temperature, and
thermal conductivity, respectively. Many attempts have been
made to increase ZT by employing nanocomposite,** quantum
well, and quantum dot superlattice structures,>° which is based
upon the low-dimensional electronic states.’

Recently, we proposed that the charge density wave is a
promising pathway to enhance Z7T by lowering thermal con-
ductivity originated from phonon softening and lattice distor-
tion and by increasing the Seebeck coefficient due to reduced
dimensionality of the electronic transport properties.>'* In
addition, there are many studies on thermoelectric properties in
strongly correlated system. For example, the Kondo impurity
and Kondo lattice system give rise to the large Kondo resonant
peak in the electronic density of states due to the localized f
electrons, resulting in the large Seebeck coefficient.!!

SmNiC,; is a good candidate to investigate the thermoelec-
tric properties of correlated electron behavior. It exhibits the
interplay between ferromagnetic ordering at 7, = 17.7 K and
the charge density wave (CDW) instability at Tcpw = 148 K,
which is a moderately high transition temperature.'>!> The
CDW transition temperatures of CeTe, and InySe;_s are quite
high near the melting temperatures.®® The intermediate CDW
transition temperature of SmNiC, is appropriate to investigate
the effect of CDW on thermoelectric properties. The phonon
softening by diffuse x-ray scattering, incommensurate modula-
tion nesting vector of ¢ = (0.5, 0.52, 0), and peak of the real and
imaginary part of the electronic susceptibility atq = (0.5,0.57,
0) indicate the two-dimensional charge density wave formation
on this compound.'>'* The x-ray diffraction of SmNiC,
reveals the commensurate CDW state centered on the Ni
chain along the a direction and the frustrated incommensurate
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three-dimensional coupling resulting in the incommensurate
modulation of the CDW state.'® From the high-resolution pho-
toemission spectroscopy study, the pseudogap of Apg >~ 60—
70 meV gradually appears with lowering the temperature due
to the imperfect nature of the Fermi surface nesting.!> The
frustrated interchain coupling and pseudogap state imply the
quasi-two-dimensional nature of the charge density wave in
SmNiC,.

Here we report the thermoelectric properties of SmNiC; in
terms of electrical resistivity, Seebeck coefficient, heat capac-
ity, and thermal-conductivity measurements. The power factor
(820) is significantly enhanced by the increase of the Seebeck
coefficient in spite of the corresponding increase of electrical
resistivity. At low temperatures, we observed the magnon gap
opening below the ferromagnetic ordering temperature.

II. EXPERIMENTAL DETAILS

We synthesized the polycrystalline compound of SmNiC,
by the arc-melting method. Due to the vapor pressure of Sm,
the initial stoichiometry of the compound was Sm; | NiC,. The
initial stoichiometric mixture of Sm (99.9%), Ni (99.99%),
and C (99.99%) was arc melted under a high-purity argon
atmosphere. To increase homogeneity, the specimen was
turned over and remelted several times. The compound was
sealed in a quartz ampoule under high vacuum followed by
heat treatment at 1173 K for ten days.

The x-ray diffraction using 12 kW Cu Ko radiation (Rigaku,
Japan) showed the single phase of the sample with a CeNiC,-
type orthorhombic crystal structure (space group Amm?2).
The lattice parameters were calculated by the least-square
refinement with the POWDER CELL and CELREF programs with
a=23.707,b=4.529, and ¢ = 6.099 A, which is close to the
reported one.'310

We used the physical property measurement system (Quan-
tum Design, Inc.) to measure the electrical resistivity p,
Seebeck coefficient S, thermal conductivity «, heat capacity
C,, and Hall resistivity p,,. The temperature-dependent
electrical resistivity po(7T") and Seebeck coefficient S(7") were
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simultaneously measured by the four-point probe method from
2 to 300 K. We used the thermal relaxation method to measure
the thermal conductivity « (T') and heat capacity C,(T) at T <
300 K. The isothermal Hall resistivity p.,(H) measurement
was carried out by five-point contact under magnetic fields
ranging from 1 to 5 T in order to minimize and eliminate the
longitudinal electrical resistivity o, .

III. RESULTS AND DISCUSSION

A. Magnon gap formation

Figure 1(a) shows the temperature-dependent electrical
resistivity p(7) of SmNiC,. It shows conventional metallic
behavior at 150 < T < 300 K. Below 150 K, the o(T) is
gradually increased from 0.113 to 0.125 mS2 cm at 150 and
120 K, respectively [10.6% enhancement of p(7)], which is
driven by the formation of the CDW energy gap. At the critical
temperature 7. = 18 K, a drastic decrease of p(T) is revealed
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FIG. 1. (Color online) (a) Temperature-dependent electrical resis-
tivity p(T) of the SmNiC, from 2 to 300 K. Inset shows the expanded
plot with ferromagnetic magnon gap fitting at low temperatures
(T < 15 K) for various magnetic fields of H =0, 1, 3, and 5 T.
(b) Temperature-dependent specific heat C,(T) from 2 to 150 K.
Inset shows the expanded plot at low temperatures (7' < 15 K) with
ferromagnetic magnon gap fitting (red line).
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due to the ferromagnetic ordering. The residual resistivity
ratio [RRR = p(300K)/p(2K)] is very high (RRR = 63.4),
indicating good quality of the sample. The CDW (Tcpw =
150 K) and ferromagnetic transition (7, = 18 K) behavior of
o(T) are similar to the previously reported ones.!>!%!7 The
significant drop of electrical resistivity near 7, = 18 K is the
result of the destruction of the CDW state due to the ordered
ferromagnetic metallic state. The p(7T") behavior at Tcpw =
150 K is similar to the metal-semiconductor transition feature
of the NbSe; compound.'® The anomalous transition behavior
is explained by the destruction of a partial fraction of the Fermi
surface due to the formation of the charge density wave. !

The conventional electrical resistivity should follow
T?-dependent behavior at low temperature in terms of the
Fermi-liquid theory. The resistivity fitting to po(T) = py +
AT* at low temperature (2 < T < 16 K) gives an unphysical
value of x = 4.8, where py is the residual resistivity and A is
the prefactor of metallic resistivity. Instead, the p(7T') is fitted
to the resistivity behavior with Eq. (1), which is associated
with the ferromagnetic magnon gap as shown in the inset of
Fig. 1(a):2%%!

rrara(ieag)ee(-5)

p=po+AT"+C,TA{1+2— Jexp| — =), (1)

A T
where A is the magnon gap energy and C,, is the prefac-
tor of resistivity by electron-magnon scattering. The fitted
parameters are listed in Table I. The magnon energy gap
is slightly increased linearly from 4.37 meV (50.7 K) to
4.42 meV (51.3 K) without and with applying a magnetic

field of 5 T, respectively. The explicit form of C,, is

Cor = % JkgNunA2(gy — D2 = )
m — 32 B{Vion 8J h612;€2 )

where J is the total angular momentum, Nj,, is the number
of ions per unit volume, A is the interaction between spin
and total angular momentum, g; is the gyromagnetic ratio,
and € is the Fermi energy. For J = 5/2 of Sm** (4 f©), the
C,, indicates the ratio between the s - J interaction and the
Fermi energy er. If we assume that the § - J interaction is
constant, then the Fermi energy slightly increases by applying
magnetic fields because C,, decreases at high magnetic fields
(H=21T).

The specific heat can measure the magnon contribution
at low temperatures. Figure 1(b) shows the temperature
dependence of specific heat. The specific heat, including the
magnon contribution, can be expressed as C, = Ce; + Cpp +
Cmag, Where the first, second, and third terms represent the
electronic, phonon, and magnon contribution, respectively. In
the ferromagnetic metal of a noncubic crystal structure, the

TABLE I. The parameters of the fitting result by Eq. (1) from 2
to 16 Kunder H =0-5T.

H po (u2cm) A (nQ cm/Kz) C, (nQ2 cm/Kz) A (K)
0T 2.8 1.3 52 50.7
1T 2.2 1.1 55 51.1
3T 2.7 1.3 50 51.2
5T 3.2 1.4 47 51.3
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specific heat below T¢ can be formulated as
C,=yT + BT +aT*?e /7, 3)

where «, B, and y are constants.?>2 The specific-heat
prefactors o, 8, and y below T¢ [inset of Fig. 1(b)] are obtained
as y >~ 8.0 mJ mol~! K2, B~ 04 ml] mol~! K™, a ~
6.2 J mol~! K723, and A ~ 51.8 K. The magnon gap (A)
from the specific heat is comparable to the value from the
electrical resistivity, which is the evidence of the existence of
magnon excitation.

The specific heat shows the anomalously huge value
(146.6 J mol~! K~!) and narrow peak (half width at full
maximum, HWFM = 0.36 K) near the ferromagnetic transition
temperature. This peak value of specific heat at T, is similar to
the ferromagnetic Celn, compound.?® This sharp and narrow
peak indicates the first-order magnetic phase transition. The
huge value of specific heat is attributed to the significant
magnetic contribution of specific heat on this material. When
we extract the electronic and phonon contribution of specific
heat, the magnetic specific heat at 7, is obtained as C,, =
145.5 J mol~! K~'. It means that the sharp peak of specific
heat is mainly from the first-order magnetic phase transition
and the huge contribution of magnetic specific heat near the
ferromagnetic transition temperature.

Figure 2(a) shows the Hall resistivity o, of SmNiC, under
magnetic field from 1 to 5 T. It shows a conventional linear
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FIG. 2. (Color online) (a) Isothermal field-dependent Hall resis-
tivity p.,(H) of the SmNiC,. Inset shows the nonlinear behavior of
pxy(H) at low temperatures (7 = 2 and 10 K). (b) Temperature-
dependent carrier concentration of SmNiC,.
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increase of p,,(H) with increasing magnetic fields at high
temperatures from 25 to 300 K. At low temperatures (7" <
10 K), we can observe the small nonlinear behavior of py,,
as shown in the inset of Fig. 2(a). The nonlinear behavior of
Pxy(H) can be understood by the anomalous Hall effect. In a
magnetized material, the Hall resistivity is expressed by py, =
RoB + poR M, where Ry is the ordinary Hall coefficient, B
is the magnetic induction, 1 is the magnetic permeability of
free space, R; is the anomalous Hall coefficient, and M is the
magnetization.’* The nonlinear behavior of Pxy 18 originated
from the skew scattering and side jump effect of the electric
charge carrier by magnetic spin due to the ferromagnetic
ordering at low temperatures.”

When we estimate the Hall carrier concentration by ny =
1/(Rpe), where R is the normal Hall coefficient, the Hall
carrier density at room temperature is about 4.2 x 10?! cm™3,
as shown in Fig. 2(b). The temperature-dependent Hall carrier
density decreases linearly with decreasing temperatures from
300 to 150 K. The slope dny(T)/dT changes near 150 K,
which is caused by the charge density wave gap formation.
The reduction of ny near the CDW transition temperature
is consistent with the increase of electrical resistivity at the
temperature range. At low temperature (7" < 20 K), the carrier
density significantly increases with the increase of one order
of magnitude. The abrupt metallization is related to the ferro-
magnetic ordering at 7, = 18 K. The ferromagnetic ordering
has a destructive effect on the charge density wave, resulting in
the emergence of metallization. The abrupt decrease of p(T')
and the increase of ny(T) below the ferromagnetic transition
temperature were also observed in the EuB¢.2° In EuBg, the
ferromagnetic ordering competes with a magnetic polaron,>’
whereas in SmNiC, it competes with the charge density wave
instability.

B. Thermoelectric properties

The temperature dependence of Seebeck coefficient S(7') is
shown in Fig. 3(a). The positive Seebeck coefficient indicates
the holelike charge-carrier transport. The S(7') increases at
the CDW transition temperature (150 K), following the broad
hump at 110 K (§ = 7.02 uV/K). The increase of S at the
CDW transition temperature is due to the opening of the CDW
energy gap. It is well known that the Seebeck coefficient is
proportional to the size of the energy gap. The CDW energy-
gap opening induces the increase of electrical resistivity and
the Seebeck coefficient at the transition temperature. The
ratio of increase in the Seebeck coefficient with the S of the
CDW onset temperature is S(110 K)/S(150 K) = 1.56; on
the other hand, the ratio of increase in electrical resistivity is
p(120 K)/p(150 K) = 1.12. In a simple band picture, there is
a trade-off relationship between the Seebeck coefficient and
electrical conductivity. In this CDW system, the increase of
the Seebeck coefficient is more significant than that of the
electrical resistivity.

For metals and degenerate semiconductors, the Seebeck
coefficient is expressed by”®

) 2, N2
g dm <@> <l> T 4)
3e h 3n
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FIG. 3. (a) Temperature-dependent Seebeck coefficient S(7") of
the SmNiC, from 2 to 200 K. Inset shows the expanded plot at low
temperatures (7 < 18 K). (b) Temperature-dependent power factor
(52/p) of SmNiCy.

where m*, kg, h, and n are the effective mass of the carrier,
Boltzmann constant, Planck constant, and carrier density,
respectively. Using the above equation and the carrier con-
centration, the increase of effective mass at 100 K m*(100 K)
compared with that of the CDW transition temperature
m*(150 K) is about m*(100 K)/m*(150 K) = 1.31; in other
words, the effective mass of the charge carrier is increased
by the CDW formation. Near the ferromagnetic transition
temperatures (7, >~ 17.5 K), the Seebeck coefficient abruptly
decreases to an extremely low value. The significant metal-
lization by the magnetic ordering results in the electron and
hole mixing, which gives rise to the low Seebeck coefficient.

Owing to the increase of the Seebeck coefficient, the power
factor S?/p is increased at the CDW transition temperature, as
shown in Fig. 3(b). The maximum value of the power factor is
relatively small, 41.93 uW m~! K2, at 108 K compared with
values of the conventional thermoelectric materials, such as
Bi, Te;.2° However, it definitely shows that the thermoelectric
performance is increased by the CDW gap formation in
SmNiC,, as we reported that the CDW gap can optimize
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FIG. 4. (Color online) (a) Temperature-dependent total thermal
conductivity ki (black dot), lattice thermal conductivity «; (blue
triangle), and electrical thermal conductivity « (red circle) of
SmNiC, from 2 to 300 K, calculated from the Wiedemann-Franz
law (see text). (b) Temperature-dependent thermoelectric figure of
merit (ZT) of SmNiC, from 2 to 200 K.

the power factor.® From the high-resolution photoemission
spectroscopy, the CDW energy gap of SmNiC, is revealed as
the partial pseudogap of Apg >~ 6070 meV.'> This energy gap
is very small to have a high thermoelectric performance.* The
larger CDW energy gap may give rise to the larger power factor
on this material. At low temperature, the competing behavior
with the ferromagnetic ordering suppresses the CDW energy
gap, resulting in the decrease of the power factor.

The temperature-dependent thermal conductivity is shown
in Fig. 4(a). The decrease of thermal conductivity near 150 K
and sharp transition near 17 K correspond to the CDW and
ferromagnetic phase transitions, respectively. The total thermal
conductivity is increased with the increasing temperature. At
room temperature, the total thermal conductivity is about
7.9 W m~! K~!. The total thermal conductivity composes with
the electric and phonon contribution of thermal conductivity,
Kiotal = Kel =+ Kph, Where ke and kp are the electronic and
phonon thermal conductivity, respectively. The electronic
thermal conductivity is calculated by the Wiedemann-Franz
law, «eo = Loo T, where L, is the Lorenz number Ly =

235101-4



MAGNON GAP FORMATION AND CHARGE DENSITY WAVE ...

2.45 x 1078 WQ/K?. The electronic thermal conductivity
is 42 W m~! K~!, and the lattice thermal conductivity is
3.7 W m~!' K~! at room temperature. Interestingly, the lattice
thermal conductivity obtained by the subtraction of electronic
thermal conductivity exhibits a linear increase behavior with
increasing temperature. This is very unusual behavior because,
in conventional materials, the lattice thermal conductivity ex-
hibits a 1/ T-type decrease of thermal conductivity at high tem-
perature (7" > ©® p) due to the Umklapp phonon-scattering pro-
cess of the acoustic phonon. At sufficiently low temperature,
the freezing of Umklapp scattering decreases the lattice ther-
mal conductivity, which shows the maximum value near the
freezing temperature and follows the exponential decrease of
thermal conductivity e”/” with decreasing temperature, where
Ty is the temperature of the order of Debye temperature ® p.>"!
We cannot observe the 1/ T -type acoustic phonon contribution
of lattice thermal conductivity as well as the freezing out of
the Umklapp scattering in the lattice thermal conductivity.
The increase of thermal conductivity at high temperature
is also observed in the CDW compound of LusIr,Sijg.32
The CDW melting was investigated on this material
by time-resolved pump-probe reflectivity measurement and
spectral weight analysis.** The compound exhibits the freezing
out of Umklapp scattering and 1/ 7T temperature dependence of
thermal conductivity at low temperature (T < 90 K). However,
the anomalous increase of x(7') at high temperature was not
resolved well. We can consider two possible reasons for this
unusual behavior of thermal conductivity on the SmNiC,
compound. First, the Wiedemann-Franz law is based upon the
relaxation-time approximation with constant relaxation time.
When we take into account the impurity scattering, electron-
phonon interaction, and electron-hole bipolar diffusion,
the electric thermal conductivity is not simply described
by the Wiedemann-Franz law. In the SmNiC, compound,
the competing interaction between ferromagnetic ordering
and the charge density wave with strong electron-phonon
coupling complicates the electrical thermal conductivity.
This is reasonable because the lattice thermal conductivity,
obtained by the subtraction of the electrical conductivity from
total thermal conductivity, kpn = kot — Kel, 1S Negative below
the ferromagnetic transition temperature, which indicates vio-
lation of the Wiedemann-Franz law. Second, the quasiparticle
scattering of the acoustic phonon with the fluctuation effect in
the charge density wave can increase thermal conductivity.??
The increase of thermal conductivity with increasing
temperature is widely observed in the disordered or guest-free
rattling compounds.®* The disordered phonon scattering
exhibits the unconventional behavior of thermal conductivity
with temperature. The fluctuation effect of CDW on the
SmNiC, compound may give rise to the increase of lattice

PHYSICAL REVIEW B 86, 235101 (2012)

thermal conductivity. More intensive investigations are needed
using single-crystalline materials to understand the anomalous
temperature-dependent behavior of thermal conductivity.

Figure 4(b) shows the temperature-dependent dimension-
less figure of merit (Z7). Owing to the increase of the
power factor below the CDW transition, the ZT value is
increased at the temperature range. The maximum Z Ty, value
is 1.06 x 1073 at 108 K. In spite of the small value of ZT .,
the increase of the power factor and ZT driven by the CDW
energy-gap formation indicates that the optimization of the
CDW energy gap is an essential ingredient to maximize the
ZT value on the CDW materials.

IV. CONCLUSIONS

The coexistence of the charge density wave and ferro-
magnetic phase transitions at Tcpw = 150 K and 7, = 18 K,
respectively, is observed in the SmNiC, compound. The
ferromagnetic transition significantly decreases the electrical
resistivity due to the significant increase of electrical carrier
density. Below 7., the magnon gap formation (A ~ 4.3—
4.4 meV) is observed from the electrical resistivity and heat-
capacity measurements. The magnon gap is increased by in-
creasing magnetic fields up to 5 T. The significant metallization
from the increase of carrier density below 7, gives rise to the
extremely small Seebeck coefficient. The thermal-conductivity
measurements show that the Wiedemann-Franz law is violated
in a strong electron-phonon and electron-magnon coupling
limit. The CDW energy-gap formation at Tcpw = 150 K
increases the Seebeck coefficient and effective mass of carriers,
resulting in the increase of the power factor and ZT values.
In spite of the low values of ZTi,ax, we showed that the CDW
gap formation is a useful way to optimize the ZT value.
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