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Effect of Sn substituting for Sb on the low-temperature transport properties
of ytterbium-filled skutterudites

J. Yang! D. T. Morelli,> G. P. Meisnef, W. Chen® J. S. Dyck® and C. Uhet
IMaterials and Processes Laboratory, GM R&D and Planning, Warren, Michigan 48090
“Delphi Corporation Research Labs, Shelby Township, Michigan 48315
3Department of Physics, University of Michigan, Ann Arbor, Michigan 48109
(Received 20 June 2002; revised manuscript received 12 December 2002; published 24 April 2003

We examine the effect of alloying Sn on the Sb site of ytterbium-filled skutterudites, a promising class of
thermoelectric materials. We report measurements of the Hall effect, electrical resistivity, Seebeck coefficient,
and thermal conductivity between 2 and 300 K on two series of samples having different ytterbium filling
fractions: Yk 14C0,Sby,_,Sn,, with x=0, 0.05, 0.1, and 0.2, and ¥ECo,Sh;,_,Sn, with x=0.5, 0.6, 0.8,

0.83, and 0.9. We find that the substitution of Sn does not lower the electron concentration of these samples,
but rather gives rise to p-type carrier. Hall measurement data fory¥80,Sh;;, 1S g3 can be understood in

the context of two-carrier electrical conduction. Although the thermal conductivity of these ytterbium-filled
skutterudites is significantly suppressed from that of the unfilled go&hs nearly independent of the Sn
concentration. The role of phonon-point defect scattering and phonon resonance scattering in reducing the
lattice thermal conductivity of the Yb-filled samples is assessed by a theoretical model.

DOI: 10.1103/PhysRevB.67.165207 PACS nuniber63.20—-e, 66.70+f, 72.20—i

INTRODUCTION merit of these compounds, including most of the rare earth
element$? Ba? T1,1° and Sn'! Recently, higher figures of
Skutterudite compounds have been extensively studietherit were reported for Yb-filled skutterudit&s'® Specifi-
over the past several years for their potential advanced thegally, the Yk ;dC0,Sh;, composition reachedT= 1.0 at 600
moelectric applications by researchers worldwid&he ef-  K.'?Interestingly, even thoughT of Yb, 5{C0,Shy, is lower
ficiency of a thermoelectric material is characterized by thehan that of Yk,4C0,Sh;, over the entire temperature
dimensionless thermoelectric figure of mei, defined as  range!? the room temperature power factoiS?(p) of
Ybo,06C0,Shy, is 39.7 uW/cm K2, about 20% higher than
ST ST that of Yhy ;dC0,Shy, (33.3 uW/cm K?). Our Hall measure-
ZT= PKiotal  P(KLT Ke)’ ments indicate that the room temperature carrier concentra-
tion is 4.9x10%cm 3 for YbgoeC0,Sh, and 1.7
whereS, T, p, ko, kL, @ndk, are the Seebeck coefficient, x 10?° cm™2 for Yby, ;4C0,Shy,.*? It has been suggested that
absolute temperature, electrical resistivity, total thermal conthe power factor ofn-type skutterudites is maximum at a
ductivity, lattice thermal conductivity, and electronic thermal carrier concentration betweer<10*® and 5x 10t cm™ 3.4
conductivity, respectively. The energy conversion efficiencyin our previous studies, we demonstrated that the lattice ther-
of a thermoelectric material increases with increasfigA  mal conductivity of filled skutterudites is minimized with a
good thermoelectric material should possess a large Seebeﬁlﬁng fraction y~0.5° and Fe alloying on the Co site of the
coefficient, a low electrical resistivity, and a low total ther- skutteruditeswhich allows the skutterudite structure to ac-
mal conductivity. Binary skutterudite compounds crystallizecommodate a higher concentration of guest ajoraduces
in a body-centered-cubic structure with space group and  sjgnificantly the carrier mobility® In light of our previous
have the formM X3, whereM is Co, Rh, or Ir, anXis P, As,  studies and the recent encouraging results by others on Yb-
or Sb. Binary skutterudites are semiconductors with Sma|f|||ed Skutterudite§?_l4we carried out a study on a series of
band gaps of-100 meV, high carrier mobilities, and modest polycrystalline samples with two different Yb filling frac-
Seebeck coefficients. Despite their excellent electronic propsons: Yhy 14C0,Sby o, Sn, with x=0, 0.05, 0.1, and 0.2, and
erties, binary skutterudites have thermal conductivities thayp, .Co,Sh, ,Sn, with x=0.5, 0.7, 0.8, 0.83, and 0.9. In
are too high to compete with state-of-the-art thermoelectrigddition to the dramatic reduction of the lattice thermal con-
materials. Filled skutterudites can be formed by insertingyyctivity upon void filling with Yb atoms, the thermoelectric
gueSt atoms |nterst|t|a”y into the Iarge voids in the Crystalproperties of these Compounds are influenced by the pres-

structure of the binary compounds. The lattice thermal conence of Sn substituting on the Sb site—the effect that is the
ductivities of the filled skutterudites are significantly reducedfocus of this paper.

over a wide temperature range compared to the binary

. -7 . . .
skutte_rud|tes", making _them viable Cfandldates fo_r _thermo- EXPERIMENTAL TECHNIQUES

electric power generatichThe chemical composition for

filled skutterudites can be written &, M,X;,, where G Polycrystalline samples of the form Y©o,Sh;, S

represents a guest atom anis its filling fraction. In the past were synthesized by melting stoichiometric amounts of high
several years, a number of filling elements have been expurity constituents in sealed quartz tubes, which were filled
plored in an effort to optimize the thermoelectric figure of with ultrahigh purity argon at 25 kPa pressure. The tubes

0163-1829/2003/61.6)/1652076)/$20.00 67 165207-1 ©2003 The American Physical Society



YANG, MORELLI, MEISNER, CHEN, DYCK, AND UHER PHYSICAL REVIEW B67, 165207 (2003

were then loaded into a box furnace, heated to 600 °C at 1028 T T I I T
5°C/min, soaked at 600 °C for 30 min, heated slow@yC/ 1021 0 o o o . o o
min) to 950 °C, soaked at 950 °C for 48 h, annealed at 650°C 4021 |
for 72 h, and finally cooled to room temperature at 2 °C/min. e 100 - ;b"s-fo“Sb“‘snﬁg
The middle sections of the final ingots were cut for transport % A, 4 OSh
and structural characterization. X-ray powder diffraction 107
spectra were collected in order to determine the crystalline 108 |- 2. a a
phases and the lattice parameters, usind@uadiation and 10" . : 1 21 t
scanning from 10° to 140°@with a step time of 4 sec and a 0 %0 100 150 200 250 300
step interval of 0.04°. Sample compositions were analyzed T(K)
by electron probe mircroanalysiEPMA). Density measure- 107 | | T
ments were performed with an ACCUPYC 1330 pycnometer. 1018 - o Vb .Co.Sb...Sn
Thermal conductivity, Seebeck coefficient, and resistivity —_ 1q |- o sz':Co:Sb:':s n‘;:
measurements were made from 1.7 to 300 K in a cryostat € 4| m  Yb,,Co,Sb,,,Snys
with a radiation shield. Hall effect measurements were made 2 1021 ’ S
in a cryostat equipped with a 5.5 T magnet using a standard PE s s aaQfg oo
four-probe ac technique. Details of the experiment were de- 102 - | | 1 | | -
. 23
scribed elsewhert. T 50 10 150 200 250 00
T (K)
RESULTS AND DISCUSSION FIG. 1. Temperature dependence of the carrier concentration for

- . . . .. YbysCo,Shi»_,Sn, samples, all of which ara-type, except for
We can definitely |Qent|fy the predommgnt SkuuerUdlt?Yb0'5C04Sbll_1Srb.9. For comparison, data for Cogkom Ref. 19
phase for all samples in the x-ray powder diffraction experi-3a 3150 plotted.

ment. Our x-ray powder diffraction data also reveal the pres-

ence of impurity phases of Cogland YbSh. The ratio tjce a sharp transition in carrier concentration from heawily
between the highest impurity peak and the highest skutteryyoped k=0.8) to heavilyp doped &=0.9).
dite peak is about a few percent; we therefore estimate all the The Jow temperature Hall data of ¥5C0,Sby; 1SN s,
samples contain a few percent of impurity phases. This i$|otted in Fig. 2, may shed some light on these puzzles.
confirmed by our EPMA, which gives actuglandx values Figure 2 displays the Hall resistanBg, as a function of the
within 10% of their nominal values. The chemical formulas magnetic field H between 5 and 100 K for
in the rest of the paper will refer to the nominal stoichiom- Ybo :C0,;Shy; 1Sty ss. At each temperatureR,, decreases
etry of the samples. Similar results for stoichiometry were,;iih increasihg—| at low H. R,y then reaches a )r/ninimum and
reported by other¥ All samples are at least 95% dense. finally attains a positive slopéR,,/dH at high magnetic
field. This is indicative of a two-carrier electrical transport
A Hall effect measurements consisting of bothn- and p-type carriers where the carrier
' mobility of then-type carrier is higher than that of tipetype
All samples, except for YHCo,SbhiqSryg, exhibit
n-type electrical conduction at room temperature with carrier 0.06 1 , ] |

. . 9 °
concelntra_tlgns of approximately &a0® and 5.0 Yby 5C0,Sb,; 7SNy g5 o
X107 cm for Ybo 14C0,Sby,_ SN, and 0.04 - ‘ e .
Ybo sCo,Shy, ,Sn (x<0.8), respectively. Figure 1 displays
the temperature dependence of the carrier concentration for 0.02 - 7
the Yk Co,Shy, ,Sn, samples. Their Halltransversgre-

. Lz ' T 0.00 [ —
sistanceR,, is a linear function of the external magnetic field a B8R
at all temperatures, indicating that the electrical transportis £ o0 | B 8 o
most likely dominated by a single carrier type. The Hall data & E o "
for pure CoSh from Ref. 19 is also plotted for comparison. 004 ® 5K R o -
The samples witlx<0.8 shown in Fig. 1 have electron con- o ;gﬁ a
centrations of the order of ¥bcm™2 over the entire tem- 006~ B 50K A .
perature range, and all have weak temperature dependences. A4 75K
This suggests that they are all heavilydoped, which is 008 = & 100K a .
expected for the Yb-filled skutterudites. Surprisingly, as the | | | | |

. . -0.10

Sn content increasesx€0.8), the electron concentration 0 1 2 3 4 5 6
does not decrease as one would expect upon substituting a H(T)

group IV element for a group V element. This is also ob-
served for the Yp,4L0,Sby,_,Sn, samples. Interestingly, as FIG. 2. Magnetic field dependence of the Hall resistaRggfor
X increases from 0.8 to 0.9 for ¥BCo,Sb;,_,Sn,, we no-  Yb,sCo,Shy; 15 g3 between 5 and 100 K.

165207-2



EFFECT OF Sn SUBSTITUTING FOR Sb ON THE LOW. . PHYSICAL REVIEW B 67, 165207 (2003

30 I T T | T 0
® (x)=0505  YbCo,Sbh,, Sn Yb,Co,Sb,,.,Sn,
05 | (x,y)=(0.7,05) ¥ d Y
— A (xy)=(08 05) — , vy
v (% y)=(0.83,0.5) 50 4 2 Yve,
o (xy)=(0,0.19 Yvy
o0 DO (xY)=(005019 B X
A (%Y¥)=(0.1,0.19) A A 4
= v (xy)=(020.19 A A < °
£ ass S ‘g,
i 15 N | = -100 1 o e 2o
= n ® (xy)=(0505) %gmv A°
a RN B (x,y)=(0.7,05) \4 [
a ® A 0’ v
10 poy T3 | &" 8 a b A (xy)=(08,05) 2V v
- a b 00 v (xy)=(083,05) 200 v
a &% B -150 1 o (xy)=(0,0.19) A@E
oy AR O (xy)=(0.050.19)
5 8 oo D ul] S A (x,y)=(0.1,0.19)
Gwyvyww YvYvy v (XY =(020.19
0 | | | -200 : : : : : !
0 50 100 1
0 50 100 150 200 250 300 Tf}i’) 200 250 300
T (K)

. L FIG. 4. Temperature dependence of the Seebeck coefficient for
FIG. 3. Temperature dependence of the electrical resistivity forYb Co,Shy, SN,
y — X

Yb,Co,Sby,_,Sn.

. . . trical resistivity. The room temperature resistivity values are
carrier at any given temperature. As temperature increases

dR,y/dH>0 occurs at higher magnetic field. crozg 0 th4os(,je rgpt)orttr?d tm Ref. ]j[s' d d fthe S
At even higher temperatureB,, becomes a linear func- igure epicts the lemperature dependence of the See-

tion of H with JR,,/dH <0 over the whole range di. This beck coefficient for the Y{€o,Shy, ,Sn, samples. We find
indicates that the mobility of the-type carrier decreases S0 for all the samples in the entire temperature range,
rapidly as temperature increases. Bt 200 K, a 5 T mag- m@catmg the carriers are dominantiytype in agreement
netic field is not sufficient to detect tipetype carriers. From With the Hall data. In the case of tlye=0.19 series, both the
our Hall data, we believe that alloying Sn on the Sb site off@gnitude and temperature dependences of the Seebeck co-
skutterudites does not lower the Fermi level with respect tfficient are nearly independent of the Sn concentration, with
the conduction band, which would result in lowering the car-room temperature values clustered betwed®0 and—160
rier concentration; rather it gives rise tgpdand. We specu- wV/K. A similar behavior is seen in thg=0.5 series for
late that further increasing the Sn content increases the msamples withx=<0.8, with all samples having a room tem-
bility of the p band, leading to electrical conduction perature Seebeck coefficient betweenl20 and —130
dominated byp-type carriers. This point of view is further nV/K. This is, again, consistent with our Hall results de-
corroborated byp-type carrier dominated electrical conduc- scribed earlier, because the Seebeck coefficient is, to a first
tion in our Yh, sCo,Shy; 1Sy g sample plotted in Fig. 1, and approximation, determined by the position of the Fermi level
in the Yk, sCo,Shy;Sny and Yy sCo,ShycSn, samples from  with respect to the band structure. Our Hall data suggest that
Ref. 18. The exact location of theband is not known at this alloying Sn on the Sb site does not alter the relative position
time, and band structure calculations would be very helpfubf the Fermi level with respect to the conduction band.
in clarifying its existence and location. Therefore, we do not expect significant changes in the See-
beck coefficient forx=<0.8, and this is borne out by the re-
o o sults shown in Fig. 4. The«=0.83 sample has a much
B. Resistivity and Seebeck coefficient smaller room temperature Seebeck coefficient vaiué5s.3
Temperature dependence of the electrical resistivity for altV/K, and reflects the trend in the Hall data for the sample.
the Yh,Co,Shy,_,Sn, samples is shown in Fig. 3. Except for In the presence of the-type carriers in addition to thetype
the Yhy sCo,Shy; Sn, s sample(filled circles, which has a  carriers from the conduction band in this sample, the total
semiconducting behavior at low temperature, the electricabeebeck coefficient can be expressed as
resistivity for all the samples has a metallic behavior over the
entire temperature range. This is typical for heavily doped
semiconductors. The resistivities for YRCo,Shy,_,Sn, are TSyt opS,
lower than that of YpsCo,Sh, ,Sn, except that S= T oato,
Ybo sCo,Shy; 1Sy g3 has the lowest resistivity among all
samples. The lower resistivity for ¥h4C0,Sb;»_,Sn, is due
to their much higher electron mobility compared to that ofwhere S;, , and o, , are the Seebeck coefficients and the
Yb, sCo,Shy,_Sn,. For Yh, sCo,Shy; 1/Sn g3, the addition  electrical conductivities for the- and p-type carriers, re-
of the p-type carriers results in an increase in the electricaspectively. Because of the opposite signsSpfand Sp,|S|
conduction, and therefore a significant lowering of the elecwill be smaller than's,|.

@
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100 e—T—7 T T T T Ty reduction in lattice thermal conductivity; at room tempera-
E o B ture x,_ is on the order of 3.5-4.0 W/mK foy=0.19 and
B ", CoSb, . 2.2—-2.6 W/mK fory=0.5. Increasing Yb filling also alters
L : i the temperature at whick, peaks [ ma)- Tmax=29, 68, and
27 K for y=0, 0.19, and 0.5, respectively. This is different
o OF - Y0,00Sbyp,Sny 3 from what we observed in th&, of Fe- and Ni-doped
c . 55 ] CoSh;,162% where the increasing amount of impurities in-
g i i creases scattering of lattice phonons by point deféetsd
3 o (xy)=0505) - electrong®® respectively, resulting in the reduction &f . In
< 1L | (x,y)=(07,05) i both casesT ., increases as the impurity level increases.
2 v oo Ol 3 Wi deled data using the Deb
S v (xy)-(083,05) 3 e modeled our «x data using e ebye
n O (4Y)=(0,0.19) ] approximatio™#?
L 0O (x,y)=(0.050.19) ]
A (x,y) =(0.1,0.19)
v (- 020.19) 1 _ ks (ks S, [folT X q @
0.1 Ll Ll Lt KL_Z'T['?U h 0 T;l(ex—l) %
1 10 100 1000 . . . .
TK where x=%w/kgT is dimensionlessw is the phonon fre-

quency, kg is the Boltzmann constant; is the reduced

FIG. 5. Temperature dependence of the total thermal conductivPlanck constantfp is the Debye temperature, is the ve-
ity for Yb,Co,Shy,_,Sn,. For comparison, data for Coglifrom locity of sound, ands, is the phonon scattering relaxation

Ref. 20 are also plotted. time. The overall phonon relaxation rate can be written as
C. Thermal conductivity -1V 4 21 o 0p/3T Co?
' Te =—+Aw"+Bw‘Te D +2—22, (3)
L (wg— %)

Thermal conductivity is another crucial factor that deter-
mines the thermoelectric properties of these compounds. Owrhere L is the grain size, and\, B, and C are the fitting
thermal conductivity data are plotted in Fig. 5 along with theparameters. The terms on the right side of the Byrepre-
data for CoSk for comparisorf’ The thermal conductivity ~sent grain-boundary, point defect, phonon-phonon Umklapp,
of the Yb-filled skutterudites is significantly lower than their and phonon resonance scatterings, respectively. The interac-
binary parent compound Co$lbver the entire temperature tion between the lattice phonons and the Yb fillers is mod-
range. It is useful to isolate the lattice thermal conductivityeled by an additional phonon resonance scattering term. The
x| by subtracting the electronic component as determined bphonon resonance term was employed previously to describe
the Wiedemann-Franz Law; the results are shown in Fig. 6phonon scattering in KN©containing KCI crystal$? and in
Within each family of compounds, the addition of Sn leavesclathrates* C is supposed to be proportional to the concen-
the lattice thermal conductivity practically unaltered. This istration of the Yb fillers>® and w is the resonance frequency.
because the Sn substitutes for Sb and the resulting mass diks we have shown in Fig. 6, is drastically changed upon
ference(less than 3%causes very little additional phonon Yb filling, but independent of the Sn contert One only
scattering. Consistent with the large body of literature al-needs to fitk, data for differenty values. All samples plotted
ready developed on filled skutterudites, Yb filling causes dn Fig. 6 were fit using Eqs2) and (3), however, to assess

the accuracy of the fitting parameters. The fitting parameters
10 T T T T are listed in Table I. Figure 7 shows the experimental

= 3 data with the theoretical fit for Cogbfrom Ref. 20,
B 2 Ybo.14L04Shy», and Yk Co,Shy; sSry 5. The solid lines fit
B . the experimental data very well for all three samples over the
i 7 entire two orders of magnitude temperature span. The devia-
= . tion between the experimental data and the calculation for
< Yb.Co.Sb.. Sn YbosC0o,Shy; sSny 5 near room temperature is attributed to
£ L TR _ the possible radiation losses, similar to those observed
g F ® (xy)=(0505) 3 previously*®2°The grain size determined from the fits to the
3 C &" n g 33:28:; 3;2; ] data(Table ) agree with the backscattered electron image
= v (xy)=(083,05) . results.A, B, G andwq values listed in Table | vary within
- N R A - approximately 20% for the same Yb filling fractign This
L A (xy)=(01,019) i indicates that the error bars of these fitting parameters are
v %)=02019 about 20% of their listed values in Table I. Prefacfofor
0.1 RN I T point defect scattering emerging from the fits to the data is
1 10 100 1000 plotted in Fig. &) as a function ofy(1—y). A varies lin-
T (K) early with y(1—vy) which indicates that the phonon-point

defect scattering is mainly due to the mass-fluctuation on the
FIG. 6. Temperature dependence of the lattice thermal conducYb sites between Ypand[J, _, (CJ represents a lattice va-
tivity for Yb,Co,Shy,_,Sn. cancy, a picture proposed by Ref. 15. We were not able to fit
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TABLE I. Lattice thermal conductivity fitting parameters for CaSRef. 20, Yb, 14£0,Sh;» ,Sn., and
Yby sCo,Shy, Sn, as defined by Eqg2) and (3).

L A B C wo

Sample (um) (1004 s%) (107 sK™ Y (10*3s79) (THz)

CoSh 5.772 2.591 5.375 0 —
Ybo.14C0,Shi, 29.03 150.1 2.593 3.102 2.384
Yb 14C0,Sby1 9:SM 05 27.6 127.8 2.454 3.592 2.309
Ybo.1dC0,Sh1 Sr 1 6.821 150.1 2.721 3.428 3.601
Ybo.1dC0,Shy 1 Shy 2 9.757 133.5 2.089 2.132 1.568
Yb.:C0,Shy; Sry s 8.820 202.4 7.030 7.317 6.060
Yb <C0,Shy; Sry 7 7.439 187.6 8.057 7.361 7.308
Yb :Co,Shy; Sy g 7.699 2315 5.391 7.467 5.314
Ybo £C0,Shy; 15 83 8.581 200.8 6.976 7.241 8.809

the data for all three samples in Fig. 7 using a siBjlealue, tering are very sensitive to the size of the unit cell. In Fig.
and there is no obvious trend f@& as a function of the Yb 8(b), the prefactolC for phonon resonance scattering is plot-
filling fraction y. B is a function of the mean atomic weight, ted as a function of the Yb filling fractiog, and increases
the lattice parametet), the average number of atoms in the linearly with increasing. The partial relaxation rate for pho-
unit cell, and the Gioeisen constang.?>?% yis a measure of non resonance scattering in £§) was derived for a simple
the lattice anharmonicity. Because we do not know the valmechanical oscillator. Therefof@ should be proportional to
ues of §, and vy for these series of samples, the exgct the concentration of the oscillators. Figures 7 ado) 8ug-
dependence dB is not clear. The values @ listed in Table ~ 9€St that, apart from the point defect scattering, the addi-
| are about the same order of magnitude. In additeand ~ tonal phonon scattering due to Yb filing can be well de-
wq for the y=0.5 samples are about 2—3 times larger thanScrlbecj by the phonon resonance scattering term in(&q. .
those of they=0.19 samples. This is attributed to the lattice and the phonon resonance scattering increases linearly with

parameter increase due to the increase of hathdx. Fur- increasing Yb concentrationat least fory=<0.5.

thermore, our magnetic susceptibility, B&bauer spectros- SUMMARY

copy, and X-ray absorption near-edge structure spectroscopy

(XANES) data on the same samples suggest an evolution of We have studied the effect of Sn alloying on the Sb site of
Yb valence parallels an increase in the lattice parameter andb-filled skutterudites YpCo,Shy,_,Sn, by measuring the
hence in the ratio of the Yb ion size versus the void size as

) X ) 250 —_
the Sn content increaséSlt is reasonable to beliewe, does ' ' ' ! s _-
change as a function of boty and x. Both the phonon- 0= //’{ N
phonon Umklapp scattering and the phonon resonance scat- :w 150 o _

hi —~
o —~
100 =TT T T T T T T 3100‘ //// 7
u 4 3 sof 7 -
— — -~
~ - 0 | | | ] |
- . 0.00 005 010 015 020 025 0.30
10 = y (1-y)
e E s
§ 0 ] 8 T T T /‘/
e - 7 ~
—~ 6 (b) ~ -
1E 3 “o -7
= - 3 4= // —
- 3 = -
i ] ol e -
~
~
01 Lot Lol I 0/ | | ] | |
1 10 100 1000 0.0 0.1 0.2 0.3 0.4 0.5 0.6
T (K) y

FIG. 7. Temperature dependence of the lattice thermal conduc- FIG. 8. (a) PrefactorA for point defect scattering as a function
tivity for CoSh; (Ref. 20, Yby 14C0,Shy,, and Yk C0,Shy, sShy 5. of y(1—y), and(b) prefactorC for phonon resonance scattering as
The symbols are the experimental data, and the solid lines represeatfunction ofy. Dashed lines are results of linear fits in bdhand
the calculation based on Eq®) and(3). (b).
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Hall effect, electrical resistivity, Seebeck coefficient, andthe vacancies, an@) phonon resonance scattering increases
thermal conductivity on series of samples wijtk-0.19 and linearly with increasing Yb content in therange we studied.
0.50. Our data suggest that alloying Sn on the Sb site do&Since alloying Sn on the Sb site is unable to alter the Fermi
not lower the Fermi level with respect to the conductionlevel, it is not an effective method for optimizing the ther-

band, but instead gives rise tgpaype band for a sufficiently moelectric power factor of the Yb-filled skutterudites.
large Sn contenk. The Hall data, electrical resistivity and

Seebeck coefficient of YJaCo,Shy; 1Sy g3 can be under-
stood in the framework of two-carrier electrical conduction.
The lattice thermal conductivity of the Yb-filled skutterudites
is significantly lower than the parent binary compound J.Y.and G.P.M. want to thank Dr. J. F. Herbst and Dr. K.
CoShky but is nearly independent of Sn concentration. OurC. Taylor for their support and encouragement throughout
theoretical analysis indicates th@j the increasing Yb filling  this work. The authors would like to thank M. P. Balogh and
increases both phonon point defect scattering and phondR. A. Waldo for assistance in x-ray diffraction and EPMA
resonance scatteringp) point defect scattering is mainly due measurements. The work was also supported in part by
to the mass fluctuation on the Yb sites between Yb atoms an@ARPA under Contract No. 00014-98-3-0011.
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