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Abstract

The normal and high pressure thermoelectric power (TEP) of three cerium compounds are compared and the origin of the differences in
their behaviour is discussed. CgRhows a monotonic increase in thermopower as a function of pressure up to maximum pressure studied
~5 GPa. In sharp contrast, CeShows an increase only up to 2—3 GPa and then starts decreasing. The ambient and high pressure behaviour
is discussed by computing electronic structures of three Ce compounds, viz, CeBdy and Celn using TB-LMTO method. The f-band
width is larger in Celpas compared to the other two compounds, explaining the cause for its lower ambient TEP. The density of states of the
f-band is maximum, narrower and the closest to the Fermi level in Seldaining its highest TEP. The band structure does not show much
variation at higher compressions for CgRathd Celn. However, in the case of Ce§rthe band structure at higher compressions indicates an
electronic topological transition, a possible cause for the pronounced peak TEP, observed in experiment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction scarce in literature. In the search for materials having higher
thermoelectric power by means of pressure tuning, itis impor-
The search for improved thermoelectric materials has re- tant to obtain better insight into the underlying mechanisms
newed interest in thermoelectric power (TEP) measurementsthat cause changes in the thermoelectric power upon com-
[1,2]. A variety of materials like skutturudites, intermedi- pression. Intermediate valence (IV) has been an interesting
ate valence compoundg,4], semiconducting Bi—-Sb alloys  property of many rare earth (RE) intermetallic compounds
[5,6] and clathrate§7,8] have been studied and reported to [10,11] It is believed that certain IV compounds go through
have improved thermoelectric properties. In many of these the sequence: magnetically ordered trivalence, non-magnetic
compounds, pressure tuning of the electronic structure hastrivalence (Kondo effect), intermediate valence and tetrava-
demonstrated unprecedented thermoelectric figures of meritlence, as 4f level is gradually raised from well bel&w to
[3,9]. But reports on thermoelectric power under pressure arewell aboveEr [10]. The intermediate valence state produces
anomalies in many of the physical properties including ther-
- ) moelectric power butis not understood fully y2t11]. Many
* (E:orre'spondmg author. TeI..: +91-4114-280347; fax: +91-4114-280081. cerium compounds show an increase in TEP at low pressures,
-mail addresschandru@igcar.ernet.in (N.V. Chandra Shekar). . . . )
1 permanent address: Physics Department, Anna University, Chennai, Which has been traditionally attributed to the valence transi-
Tamil Nadu 600025, India. tion of the cerium ion from trivalent to the tetravalent state
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Table 1

Experimental parameters of three Geeompounds

Compound CePgd Celmg CeSn

Experimental ,(0\) 4.128 4.689 4.742

Structure AuCy type Pm3m, 221 AuGiitype Pm3m, 221 AuGitype Pm3m, 221
Valence (experiment) 3[40] 3.0[10] 3.1[10]

Bulk modulus (GPa) experiment 1023] 67[14] 54[10]

Kondo temperature (K) experiment 2401 175[15] 200[16]
Thermopower | V/K) experiment at STP 75 B2] 23

Transition pressure (GPa) experiment - - 25

[12]. The transition pressure is supposed to scale according taln sharp contrast, Ceghas low TEP at ambient, but shows a
Er—E;, whereEg is the Fermi energy an is the energy of peak at low pressure, which is attributed to the f-level pinned
the f-band centre. It is also known that in these compounds,to Er [12]. It is expected that compounds having similar
the physical properties influenced by the Kondo temperature Kondo temperatures will have similar properties. Electronic
and compounds with similar temperatures might behave in structure calculatiorf20,21]and recent photoemission spec-
the same fashion. troscopy experimentd 7] do not address this difference in

In this paper, the behaviour of the thermoelectric power of the TEP behaviour. Our objective was to repeat the measure-
CeXs (X =Pd, Sn and In), isostructural (cubic, Augjwand ments to confirm the high pressure-TEP behaviour of GePd
intermediate valence compounds as a function of pressure ar@and CeSg. Also in order to understand the trends in the am-
comparedTable 1lists the properties of CeXcompounds. bient as well as high pressure behaviour of thermoelectric
It is worth noting the large difference in the thermoelectric power, band structure calculations have been performed on
power of the three compounds. The Kondo temperature of three compounds, viz. CePdCeSn and Cela.
these compounds is in the vicinity of 200 K indicating possi-
ble similar properties and also reducing the possibility of any
anomaly at room temperature because of Kondo correlation2, Experiment and computation
[17]. But the unusually high thermoelectric power of CePd
has received considerable attention and studies of its various  The technique for measuring TEP under pressure on small
alloys have been madé8,19] It is also suggestive of the  samples of materials has been reported in dga]l Briefly,
existence of Kondo resonance pealeat[2]. It is reported  the pressure dependence is measured using the Mao—Bell
that in CePd TEP does not change much with presga&. diamond anvil cells at pressures between room pressure and

10 GPa. A culet size of about 1 mm and a gasket hole for
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Fig. 1. Thermoelectric power of Ce$as a function of pressure. Fig. 2. Thermoelectric power of Cepés a function of pressure.
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the same size were used. Typical sample dimensions werdncluded which account for the non-spherical shape of the
700pm x 50pm x 50um. Monoclinic Zr was used asthe  atomic spheres and the truncation of the higher partial waves
pressure-transmitting medium. A focused Nd-YLF infrared inside the spheres were included so as to minimize the er-
laser beam is used to induce a temperature gradient. An errorors in the LMTO method. The Wigner—Seitz sphere radii
analysisindicates thatthe resolutioninthe TEP measurementare chosen in such a way that the sphere boundary potential
ASYS is approximately 0.008. Pressure is measured by theis minimum and the charge flow is in accordance with the
ruby fluorescence methgd3]. electro negativity criteria.
We have carried out electronic structure calculations on
CePd, CeSn and Celn, in order to compare the electronic
structure for three compounds and to look for any system- 3. Results and discussion
atics. Within the framework of density functional theory,
the electronic structure calculations are performed using the  Thermoelectric power CeBénd CeSg have been stud-
TB-LMTO approach24,25] The exchange-correlation po- ied upto 5 GPa. At ambient, Cefldas a high thermoelectric
tential within the local density approximation is calculated power of about 7p.V/K (there are reports up to 13268//K),
using the parameterization scheme of von Barth and Hedin CeSr shows about 28V/K and Celry ~ 8 uV/K [12]. Un-
[26]. We have used the scalar relativistic approach that in- der pressure, all three compounds show increase in ther-
cludes the mass velocity and Darwin corrections, but omits mopower. However, in CeSnTEP starts decreasing by
the spin—orbit couplings. All K space integrations are per- ~2.5GPaFig. 1). The coefficient of thermoelectric power is
formed with the tetrahedron meth{i’] and the self consis-  ~0.03/GPa for CePgl whereas, for CeSnt is ~0.07/GPa
tency in the charge density is obtained with 624 irreducible up to 2.5 GPa. Our experiments show that the increase ob-
K points. The basis set consists of 6s, 5d and 4f orbitals for served in CePglcontinues even up to 10 GF28] which is
Ce and 5s, 5p and 4d orbitals for Sn and In, and 5s and 4din contrast to the belief that TEP stays constant with pressure
orbitals for Pd. The 6p orbitals of Ce are treated by the down [18]. Also, the increase observed in CgRslof the same or-
folding technique. The combined corrections terms are also der of magnitude as in Cegkig. 2 In CeSn, TEP reached
a maximum of about 24V/K and started decreasing, con-
CePd3 (Ambient) firming one of the earlier resulf42]. The experiments were
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carried out several times and the observations were repro-far from the Fermi level. Our computations support the be-
ducible. Looking at the results on cerium compounds, it is lief that the transition pressure, the pressure where TEP may
clear that TEP increases with pressure in general and in somestop its upward trend, increases in the sequence £e$n
compounds TEP peaks at pressBrand starts decreasing. Celrs— CePd asEr—Er increase$l?]. Itis speculated that
This was believed to be caused by valence transition of thethe transitions pressures may be higher in the case of In and
cerium ion in the respective compound aRdthe valence Pd compounds. It seems as though the f-electrons are itiner-
transition pressurgl2]. ant in all three systems and the f-band is the farthest from the
The general increasing trend of the TEP under pressureFermi level for CeSsa
for all the three compounds observed experimentally occurs  The gross features of our calculated electronic properties
as the f-band broadens and simultaneously moves away fromare compared well with earlier calculatiof0,21,29-31]
the Fermi level into the conduction band. Experimentally it But itis known that the position and width of f-level is some-
is observed that in the case of CgRahd Celn [12], the times misleading and depends on the computation method
increase in high pressure-TEP continues up to higher pres-and code. The valug-—E; is much largerin Celyiand CeSg
sures; whereas, in Ceit stops at a pressure 6f2.5 GPa as compared to CeRdrhis clearly explains the higher value
and thereafter starts decreasing. The f-electrons possess vergf TEP in CePd. The f-band width is the highest in the case
high kinetic energy and effective mass and as they becomeof Celrg, which means that relatively the effective mass of
more and more itinerant their contribution increases TEP. the electrons are smaller, explaining its lowest ambient TEP.
But at the same time, the band is also moving away from However, inthe case of Pd and Sn compounds the bandwidths
the Fermi level and their significance in controlling transport are similar. These trends correctly predict the observations in
properties might decrease. It will be interesting to see the our experimentskig. 3a—c) shows the total as well as the
fate of TEP at higher pressures; although, the TEP measure-partial f-density of states (dos) of all three compounds and
ments are known to be difficult to perform above 10 GPa. It gives the idea as to how far f-band is from the Fermi level. It
is predicted that at high enough pressures the increasing TEHs evident that the contribution of f-band is maximum in the
in CePd and Celn might stop as f-band moves sufficiently vicinity of the Fermi level.
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Fig. 6. (a—d) The band structures at gP0.95V,, 0.85/, and 0.8%/, of CeSn.
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In an attempt to understand the high pressure TEP be- [3] J.F. Meng, D.A. Polvani, C.D.W. Jones, F.J. DiSalvo, Y. Fei, J.V.
haviour observed in CeBdCelrg and CeSg, calculations Badding, Chem. Mater. 12 (2000) 197.
were carried out for compressions at 0/950.90V,, 0.85/, [4] K.J. Proctor, C.D.W. Jones, F.J. Di Salvo, J. Phys. Chem. Solids 60
and 0.8W,, whereV, is the equilibrium unit cell .vqume. 5] é)l.??g)cshigﬁg, S. Jobic, T. Hogan, C.R. Kannewurf, R. Brec,
In CePd, one does not observe much change in the band =~ ;. Rrouxel, M.G. Kanatzidis, J. Am. Chem. Soc. 119 (1997)
structure under compression as can be seen by band disper- 2504
sion curves plotted for ambient equilibrium cell volume and  [6] D--Y. Chung, K.S. Choi, L. lordanidis, J.L. Schindler, P.W. Brazis,
0.80V,, shown inFig. 4a and b). From the figure, it can be 3§é:<3”?1e£;r)f’3%éghe”’ S. Hu, C. Uher, M.G. Kanatzidis, Chem.
seen that along th.e ‘G’ direction f-d type of band moving, [7] N.P. élake, L. MoIInit'z, G. Kresse, H. Metiu, J. Chem. Phys. 111
rather slowly, upFig. 5@ and b) shows the band structure (1999) 3133.
for Celng and this compound also does not show any drastic [8] G.S. Nolas, J.L. Cohn, G.A. Slack, S.B. Schujman, Appl. Phys. Lett.
change with pressure. The general featureless behaviour of 73 (1998) 178.
the two compounds, possibly indicate the stability under the [9] D-A. Polvani, N.V. Chandra Shekar, J.F. Meng, J. Sharp, J.V.
acton of pressure. The compounds do ot Show any struc- S0 Chem e S @0 2088
tural transitions under pressure up to the maximum pressureé  kanatzidis, J. Appl. Phys. 94 (2003) 4485
studied. J.F. Meng, N.V. Chandra Shekar, J.V. Badding, D.-Y. Chung, M.G.
However, calculations reveal interesting features in Kanatzidis, J. Appl. Phys. 90 (2001) 2836.
CeSn. Fig. 6(a—d) shows the band structure at ambient and [10] J.M. Lawrence, P.S. Riseborough, R.D. Parks, Rep. Prog. Phys. 44

; VTIRT (1981) 1.
reduced volumes for Cegnitis seen that along the ‘M’ di- . [11] J.D. Thompson, J.M. Lawrence, Handbook of the Physics and Chem-

rection a f—d type of band is almost tangential to the Fermi istry of Rare Earths, vol. 19, 1994, p. 383.
level, coming down at 0.95y/ This indicates electronic tran-  [12] V. Vijayakumar, S.N. Vaidhya, E.V. Sampathkumaran, R. Vija-
sition, also called electronic topological transition (ETT). yaraghavan, Solid State Commun. 46 (1983) 549.

Such transitions are reported in several intermetalB&3. [13] R. Takke, W. Assmus, B. Luthi, T. Goto, K. Andres, in: J.E. Crow,
R.P. Guertin, T.W. Mihalisin (Eds.), Crystalline Electric Field and

!t is also reported Fhat ETT can i“d%‘ce a pronounced peak Structural Effects in f Electron Systems, Plenum Press, Oxford, 1980,
in the thermoelectric power (TEP), since TEP depends upon 321.

the derivative of the density of states at Fermi |¢88]. This [14] I. Vedel, A.-M. Redon, J.-M. Mignot, J.-M. Leger, J. Phys. F: Met.
differs from the belief that the cause for large increase in TEP Phys. 17 (1987) 849.

in CeSn at low pressure is due to the valence change of the [15] W.H. Dijkman, W.H. De Groot, F.R. de Boer,. PF de Chatel, in:
cerium ion P. Wachter, H. Boppart (Eds.), Valence Instabilities, North-Holland,

. . Amsterdam, 1982, p. 547.

Insummary, high-pressure thermoelectric power measure-[16] p.k. wohllenben, in: P. Wachter, H. Boppart (Eds.), Valence Insta-
ments were carried out for Cefdnd CeSgand TB-LMTO bilities, North-Holland, Amsterdam, 1982, p. 1.
calculations on CePgdCelns and CeSgwere done. CePd [17] K. Kan_ai, Y. Tezgka, T. Terashima, Y. Muro, M. Ishikawa, T.
shows anincrease in TEP up to the maximum pressure studied =~ Y0Zumi. A. Kotani, G. Schmerber, J.P. Kappler, J.C. Parlebas, S.

. Shin, Phys. Rev. B 60 (1999) 5244.
5GPa. CeSnishows an increase only up t2—-3 GPa and [18] H. Sthioul, D. Jaccard, J. Sierro, in: P. Wachter, H. Boppart

then starts decreasing. The large difference in the ambient ~ (g4s), valence Instabilities, North-Holland, Amsterdam, 1982,
TEP between the compounds is understood by comparing  p. 443.

the calculated f-band width and its proximity to the Fermi [19] Y. ljiri, F.J. DiSalvo, Phys. Rev. B 55 (1997) 1283.

level. High-pressure electronic structure of CeRdd Celn [20] A. Hasegawa, H. Yamagami, H. Johbettoh, J. Phys. Soc. Jpn. 59

L ) (1990) 2457.
do not show any gross variation under compression. How- [21] A. Hasegawa, A. Yanase, J. Phys. Soc. Jpn. 56 (1987) 3990.

ever, we observe electronic topological transition in GESn [22] p.A. Polvani, J.F. Meng, M. Hasegawa, J.V. Badding, Rev. Sci. In-
in the pressure regime where a pronounced increase in TEP  strum. 70 (1999) 3586.

is observed in the experiment aroun@.5 GPa. It is clear  [23] G.J. Piermarini, S. Block, J. Barnett, R.A. Foreman, J. Appl. Phys.
that ETT plays an important role in enhancing the TEP; and _ _ 46 (1975) 2774.

. . [24] O.K. Andersen, Phys. Rev. B 12 (1979) 3060.
hence, this correlation needs to be understood further. [25] O.K. Andersen, O. Jepsen, Phys. Rev. Lett. 53 (1984) 2571.

[26] U. von Barth, L. Hedin, J. Phy<C 5 (1972) 1629.

[27] O. Jepsen, O.K. Andersen, Solid State Commun. 9 (1971) 1763.
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