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Large thermoelectric power factor in TiS, crystal with nearly stoichiometric composition
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ATIS, crystal with a layered structure was found to have a large thermoelectric power factor. The in-plane
power factorS?/p at 300 K is 37.1uW/K?cm with resistivity (p) of 1.7 mQ cm and thermopowetS) of
—251 wVI/K, and this value is comparable to that of the best thermoelectric materigleBalloy. The
electrical resistivity shows both metallic and highly anisotropic behaviors, suggesting that the electronic struc-
ture of this TiS crystal has a quasi-two-dimensional nature. The large thermoelectric response can be ascribed
to the large density of states just above the Fermi energy and inter-valley scattering. In spite of the large power
factor, the figure of meriZ T of TiS, is 0.16 at 300 K, because of relatively large thermal conductivity, 68
mW/K cm. However, most of this value comes from reducible lattice contribution. #iligan be improved
by reducing lattice thermal conductivity, e.g., by introducing a rattling unit into the inter-layer sites.
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Thermoelectric energy conversion, which transforms heatombined with each other tightly through strong covalent
directly into electricity, has attracted much interest in recenbonds, while each layer stacks weakly by van der Waals
years for possible applications to “environmentally friendly” force. Transport properties of TiSre strongly affected by
electric-power generators and highly reliable, small-scale reits large off stoichiometry'~*® Excess titanium atoms are
frigerators used for electronic devices. The efficiency of antercalated into the van der Waals gap, and they introduce
thermoelectric device is defined by its material propertielectrons into the host TiSlayers, giving rise to metallic
through the dimension less figure of me@T=S?T/p(k,  conductivity with a carrier density of £#8-1C¢* cm™2. Al-

+ k), whereSis the Seebeck coefficieri,is operating tem-  though the basic transport properties of Téd their depen-
peraturep is resistivity, andk, and x, are carrier and lattice d€nce on chemical composition have been extensively stud-
thermal conductivities, respectively. Although some thermo €d: the thermoelectric properties of Tiiave not been
electrics, such as BTes, are used in particular fields of ap- discussed, probably pecause metallic materials are not suit-
plication, their efficiencies, at the be&fT of about 1, are able for thermoelectrics.

not enouah for wider use in commercial applications. Thus In this study we investigate the electrical, thermal trans-
9 . . . PP . port, and thermoelectric properties of JiSingle crystal
development of materials with higher efficiency is one of

o . .with nearly stoichiometric composition, since it is expected
the current main interests in research on thermoelectrli:0 have a more two-dimensional nature than large-

materials. off-stoichiometric TiS and, thus, good thermoelectric
A newly proposed concept, “phonon-glass and eleCtrO”'properties.

crystal’(PGEQ, gives us clues to develop new materials A single crystal (dimensions: 185x0.1 mn?) was
and high electrical conductivity usually observed in crystalstransport agent. In-plane resistivity) and out-of-plane
Filled skutterudite antimonidés’ and Ge chraslatés are resistivity (o,) were measured by the van der Pauw and
newly discovered PGEC. By introducing rattling atoms intopjontgomery methods, respectively, using a lock-in tech-

parent electrically conductive cageo make phonon glass nique in the temperature range from 4 to 300 K. Ther-
statg, we can produce largéT materials. Other examples of

PGEC are superlatticds8 in which the mean free path of
heat-carrying phonons is considerably reduced because of
their two-dimensional structure. In addition, a theoretical cal-
culation predicted that a two-dimensional electronic structure
enhances thermopowgand such a structure is a great ad-
vantage of thermoelectrics. In light of this PGEC concept,
conducting compounds with naturally layered structure are
candidate materials for thermoelectrics, if they have a large
power factor, PE S?/p. They are expected to have intrinsi-
cally low k;, like superlattices, an@, can be reduced by
introducing rattling units into inter-layer sites.

A layered-structure material TjSexhibits metallic con-
ductivity, thus it can be a good thermoelectric material. It has

an anisotropic structure with a trigonal space grd@®m, as

shown in Fig. 1:° And it consists of infinite layers of edge-  FIG. 1. Crystal structure of TiS(space grou@3m1) and TiS
sharing Tig octahedra. In the layers, T§Soctahedra are octahedral unit.
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T® FIG. 4. Temperature dependence of in-plane thermopower. The

FIG. 2. Temperature dependence of in-plane resistipify,and ~ INSet shows the thermoelectric power factor.
out-of-plane resistivityp.. The inset shows the anisotropy ratio,

pe!pa. than that in thermoelectric Ble; with optimum carrier

density.

The resistivity-anisotropy ratios are large: 750 at 300 K
d 1500 at 5 K. These ratios suggest that doped electron
carriers are confined within the TgSayers, thus, the elec-

mopower in this temperature range was measured by thgn
conventional constalAT method. In-plane Hall resistivity

up to 2 Twas measurgd n the van der Pauw conf|g_urat|on bYronic structure of Ti$ is quasi-two-dimensional. In-plane
applying the magnetic field normal to the plane in the

) . Hall mobility strongly depends off (1/uT%*) and de-
temperature range from 5 to 300 K. In-plane and out-of creases with increasing from 150 crd/V's at 5 K to

plane thermal conductivities at room temperature were mea: - . L
sured by the ac thermal diffusivity and the laser flush metha—115 cn?/V's at 300 K. The significant increase jnwith in

. creasing T arises from the increase in scattering rate
ods, respectively. g g

Figure 2 shows the in-plane resistivipy, out-of-plane (>1/uyy). The metal-like temperature dependenceppfin

L2 . . ' the order of about 1) cm is quite unusual. Although we
resistivity p., and anisotropy ratip,/p.. Both p, andp, . : )
exhibited metallic behaviors, and they almost depend ®n cannot explain the depe'ndencepgfo.n T satisfactorily, the
(p.T?18 5 «TL™  Figure 3 shows the in-plane carrier random network of marginally metallic paths along thexis

a~. e ' . o between the metallic layers can give rise to it.
density, n=1/Rye and the inverse Hall mobilit . ;
=p/R:|/ as a fl:'nction of T. The carrier density gt ;rllc/)%m Figure 4 shows the dependence of in-plane thermopower

temperature is 2:810%° cm-2 and almost independent of Son temperature. The thermopower shows a broad peak near

T. If the Ti** state is assumed, this carrier density gives30 K due to the phonon-drag effect resuilting from the strong

Y “>electron-phonon interactiod. Above 50 K, S linearly de-
the amount of excess titanium to be 0.0001 atoms/f.u., whic ends oriT, and reaches a large negative valt@51 u\V/K

indicates that the ch_emical comp_osition of this crysta_ll isat 300 K. Since the same order of lar§éabout 200uV/K)
very close tp the s_to!chlqmeti‘§.lt is noted her_e that this has been measured in the,B&;-Sh,Te; system with carrier
carrier density in Tig is still one order of magnitude larger density of 3x 101° cmi3, Sof —251 wV/K is a surprisingly
large value for such a high-carrier-density material.
— T T T 1 10 To understand the above described transport properties, a
characteristic electronic structure of }iShould be consid-
ered. An electronic band-structure calculation revealed that a
primary Ti 3d band crosses the Fermi level, making multi-
valley structures with six small electron pockets around the
L-point in the hexagonal Brillouin zone. In such a multival-
ley electronic structure, inter-valley scattering significantly
contributes to transport properties at higher temperatures,
since it requires phonons with a large wave ved¢amost
half of the Brillouin zone.**8 Taking into account the inter-
3.0 -— valley scattering, we can explain the observed ne@flyle-
pendence op, as discussed in Ref. 11. If we assume simple
2.5 T L intra- and inter-valley scattering with acoustic phonons, the
100, (K)ZOO 300 inverse of total relaxation time is given by = 1/Tinya
+ 1/Tiner- Here, 1k, linearly changes witf, while 1/7;p,
FIG. 3. Temperature dependence of in-plane carrier density ants roughly proportional to 1exp@p/T)—1], where Op
inverse Hall mobility. is the Debye temperatufé.Thus, the temperature depen-

(wfsA 0D/

n (10%%m™)
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TABLE I. Thermoelectric and transport properties of single crystalline, ;BS Te;-Bi,Se;, Ge chras-
lates, and Co-based skutterudeite antimonides at 300 K. Note that La(FeGo)Sih, (,LC0,Shy, haveZT
of about 1 at high temperatures.

Sample p S K (Ke) ZT Sip n “w Ref.
(mQ cm) (wV/K) (mW/cm K) (kW/K? cm) (16°cm™3) (cn?/Vs)

TiS, 1.7 —-251 67.84.3 0.16 37.1 2.8 15  this work
TiS, (30 K) 015 -87.2 52.3 3.0 133 this work
Bi,Te, g5 15 1.1 —223 15.9(6.7) 0.85 44.8 0.4 250 .24

Bi; geTes 1 —240 20.2(7.4 0.86 57.6 0.23 212 =
SrGayGeyo 10.5 —320 8(0.7 034 9.75 0.001 2200 4%
CoSh 14.2 —452  102(0.5 0.04 14.4 0.004 101 26
La(FeCo)Sh 15 100 12(4.9 0.16 6.66 50 30 !
YbgofCo,Sh, 0.6 -150 45(12.3 0.3 375 5

dence of total resistivity depends on the ratio of inter- andmaterials®®?3-2°As listed in Table |, PF of Ti$at 300 K is
intra-valley scatterings, and resistivity nearly depend¥®n  37.1 ,W/K2cm, which is comparable to that of the best ther-
when thelllntra— and inter-valley equally contribute to thempelectric BjTe; compound? though the carrier density of
resistivity. _ TiS, is one order of magnitude larger than that ofRi,.
Concerning larges values, the density of state above the Despite the large PF, the figure of meZiT of TiS, is small,
Fermi level originated from the conduction band plays any ;5 4t 300 k because 67.8 mW/K cm., is about four times

important role. Due to the large density of state just abov -
the Fermi level, each electron pocket could contribute tgarger than that of BiTe;. However, the largec of TiS, is

large S22 The phonon-mediated inter-valley scattering mainly contributed by the lattice component, and this is in

also enhance$ by giving additional scattering channels to sHharp cont:cast ‘g'ﬂk of B'Zf(.l-:-eések)" whe(;_exe 'S _dom|i]n|a|nt.
the conduction electrons in electron pockets; that is, it in- ence, as found in some filled skutterudite antimon

creases the entropy of carriers. Besides, the strong electroffiermoelectric figure of merit of TiScan be improved ik

phonon coupling contributes to enhanci@y assisting the IS réduced by introducing rattling units. In CoSlby intro-
inter-valley scattering. ducing heavy rattling lanthanide atoms into empty sites of

The power factorS?/p of the TiS, crystal is large as the CoSh cage,x; has been reduced by one-eighth, A0
shown in the inset of Fig. 4. The PF has a maximum ateaches more than unity at high temperature. Inp,V@rious
52.3 uW/K? cm near 30 K, where the phonon-drag effectguest species, such as alkali metals t@&nsition metals, and
occurs. Above 50 K, the PF is almost constant, bec&ass®l  organic molecules, can be intercalated into the van der Waals
p depend ofl and T?, respectively, and its value at 300 K is gaps?’ These intercalated units weakly couple with conduc-
37.1 uW/K? cm. This PF is comparable to that of the besttive TiS; layers and can reduce the lattice thermal conduc-
thermoelectric material, Bies. tivity by rattling or by introducing random scattering centers.

The measured in-plane and out-of-plane thermal condud-ence, the&Z T of TiS, can be increased. Finally, we note that
tivities at room temperature are 67.8 mW/Kcm and 421P|: of T|Sz is |arge over a wide temperature range from 40 K
mW/K cm, respectively. The anisotropy ratio of the thermalty room temperature. This feature is a great advantage in
cond_u_ctivity is much smaller than that of the elect.ricl:gl CON-gpplications such as very low-temperature coolers at, in par-
ductivity. Bec;aug,e of these !arge thermal conductivities, th?icular, below liquid-N temperatures.
thermoelectric figure of merit is small, 0.16, at 300 K. The ", ,hcjysion, by investigating transport and thermoelec-
th(_armal conductivity by carriers is estlmat_ed by using thetric properties of “old material” TiS from the viewpoint of
Wiedemann-Franz law to be 4.3 mW/K cin-plang and a “new concept,” we found that TiScrystal with a nearly
0.006 mW/K cm(out-of-plane at 300 K. The significant dif- o e o

stoichiometric composition has a large power factor,

ference between the measuredand the estimated, im- 5 S
plies that most of the thermal conductivity comes from the37‘1_52'3’“\/\”K cm, which Is com.parable to that of the
best thermoelectric, Bie;, over the wide temperature range.

lattice component. Thus, the anisotropyxncorresponds to T s . ;
the anisotropy inx,, which reflects the anisotropic crystal The characteristic electronic state and scattering mechanism

structure of Ti$: that is, the Ti§ octahedral layers provides ©f TiS; due to the two-dimensional electronic state give the
a highly conductive phonon path in the plane, while the varsignificantly large power factor. Although its thermal con-
der Waals gap reduces the phonon vibrations inctidérec- ductivity is large compared to other thermoelectrics, most of
tion. it comes from the reducible lattice component. Thus two-

It is interesting to compare the thermoelectric and transdimensional metallic Tis may be a good thermoelectric,
port properties of Ti$ with those of other thermoelectric when the PGEC concept is applied.
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