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Systematic Study of New Rare Earth Elementlron —Antimony Skutterudites Synthesized
Using Multilayer Precursors
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We have synthesized a series of stable and metastable rare earth eleareantimonides, controlling both
composition and structure using multilayer reactants. The stable rare earth iron element antimonides have the
filled skutterudite structure (Lakg®;,) with a stoichiometry of 1 for the rare earth element. The metastable rare
earth elementiron antimonides could be prepared with the entire sequence of rare earth elements. The lattice
parameters of these metastable compounds were always larger than those of the corresponding more stable analog,
and the occupancy of the rare earth element cation was found to be less than 1. Reitveld analysj&efShy,

suggests that the late rare earth element compounds have a new distorted filled skutterudite structure. Structural
trends are discussed in terms of their potential use as thermoelectric materials.

Introduction temperature, is often used. A reduction in the lattice thermal
conductivity increaseg directly and also increases it in a way
not obvious by the formula above. Since the losses in
maintaining the thermal gradient are reduced by a reduction in
lattice thermal conductivity, less current needs to flow through
the device. A semiconductor with a smaller carrier concentra-
Stion can then be used. Since the Seebeck coefficient increases
with decreasing carrier concentration, this results in an increased
Seebeck coefficient and a further enhanced figure of rerit.

The electronic contribution to the thermal conductivity and
the electrical conductivity are, of course, related. The Wiede-
mann-Franz law states that the ratio of these quantities is
proportional to temperature. The proportionality factor, called
the Lorenz numbell(), depends only on fundamental constants
and has the value of 2.45 1078 W Q/K2. In the limit of
negligible lattice thermal conductivity compared with the
magnitude of the electronic contribution, the dimensionless
figure of merit,ZT reduces to

The iron—cobalt antimonides with the filled skutterudite
structure were recently promoted as possible new thermoelectric
materialst These materials are structurally related to the cubic
mineral skutterudite (CoAk? Compounds with the CoAs
structure can also be synthesized with the other pnictogens a
well as isoelectronic mixtures of group 4 and 6 eleméni&hen
iron is substituted for cobalt, the structure is electron deficient
but can be stabilized by incorporating an electropositive element
into an interstitial site, producing a compound with the “filled
skutterudite” (LaFgPi,) structure typé.

The antimonides with this filled structure are promising
thermoelectric materials because of an unusual structural
property. They can be formed with cations which are signifi-
cantly smaller than their interstitial site. As a result, these ions
have unusually large thermal vibration amplitudes and therefore
are strong phonon scatters. The electrical conduction, however
occurs in the transition metal and antimony framework and is
not affected by the motion of the cations. The result is a 7T= L
suppression of the phonon thermal conductivity without adverse

affects on the electrical propertigésThis suppressionis alarge  The magnitude of the figure of merit is then intimately tied to
effect, with a reduction in lattice thermal conductivity by a factor he magnitude of the cooling power required. An increase in
of 10._-5 ) ~_ required cooling power requires an increase in the carrier
~ This suppression of the phonon thermal conductivity is concentration, which reduces the Seebeck coefficient. One
important, since thermoelectric materials are evaluated for yoyd Jike to vary the electropositive cation in the structure to
perf_ormance on the basis of the magnitude of their figure of fing the cation with the minimal lattice thermal conductivity.
merit The electrical properties could then be optimized by varying
the iron to cobalt ratio (or replacing antimony with germanium
Z=Solk or tin) to maximize the Seebeck coefficient independently of
the lattice thermal conductivity. A Seebeck coefficient of
whereSis the Seebeck CoefﬁCiem,iS the electrical conductiv- several hundred microvolts per kelvin would result in a

ity, and« is the total thermal conductivity. The total thermal  commercially useful material if the thermal conductivity was
conductivity is the sum of the lattice and electronic contributions. reduced to the theoretical minimum value.

Since the dimensions of Z are inverse temperature, the This “rattling” cation structural feature is unusual in solid
dimensionless figure of meriZT, where T is the absolute  state compounds because such size mismatches cause a reduc-
tion in the Madelung energy, which is important for the stability

of the crystalline structure. A compound in which an ion is
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Table 1. Summary of Samples Used in This Stady
intended thickness (A) compn (Sb 12)
sample  Ln Fe Sb meast(A) Ln Fe
La 15 1.9 15 21.4 0.81 4.17 2
Ce 1.2 1.6 15 20.4 1.33 3.90 2
Pr 1.2 1.6 15 21.0 0.92 4.00 %
Nd 1.2 1.6 15 20.6 1.20 4.13 o
Sm 1.2 1.6 15 19.2 0.93 3.27 2
Eu 1.7 1.6 15 21.0 0.94 3.40 -
Gd 1.2 1.6 15 20.0 1.09 4.38 ©
Tb 1.2 1.6 15 20.3 0.87 3.62
Dy 1.0 1.6 15 19.1 0.60 3.60
Ho 1.1 1.6 15 19.7 0.97 3.64
Er 1.1 1.6 15 19.9 ~0.9 ~3.8
Tm 1.1 1.6 15 19.0 0.77 3.74
Yb 1.4 1.6 15 19.2 0.85  3.89 0 1 2 3 4 5 6 7
Lu 1.0 1.6 15 20.0 073  3.76 Angle (20)

Figure 1. Low-angle diffraction of a EtrFe—Sb multilayer on silicon.

Top curve is from the as-deposited sample. Lower two curves are after
successig 1 h annealings at the indicated temperature. Each curve is
offset by a factor of 1000 for clarity.

a Multilayer repeat thicknesses were measured by low-angle X-ray
diffraction to the nearest 0.1 A. Compositions were determined by an
electron microprobe to approximately 1%.

cally study the effects of the cation radius on the structural and ) )
the physical properties of the filled skutterudites. With the ©-2 AJs. Each source was independently monitored by quartz crystal
thickness monitors. The thickness of each elemental layer was

excepilodn tOf t;eur.oplulm tand. y'gtet[lrjllum, the Ianthgnlckj)ef tareh all controlled to the nearest angstrom. The elemental compositions of the
expectea to be ISoelectronic in these compounds but to avesamples were found to be repeatable to within about 5%. The films
ionic radii which decrease monotonically from lanthanum to \yere simultaneously deposited on silicon and photoresist-coated silicon

lutetium?® ) _wafers. The silicon substrates were used for low-angle diffraction
In order to study these structural and electronic trends, it is studies. The coated substrates where used to allow the sample to be
necessary to synthesize the entire sequence of{Stice The removed from the substrate by soaking in acetone and collecting with

majority of these compounds are not thermodynamically stable, PTFE filters.
and so we used the multilayer precursor method, which is Low-angle X-ray diffraction was used to characterize the multilayer
capable of producing metastable compounds at low tempera_periodicity and to study the interdiffusion of the elements. High-angle

tures? In this method. the elements to be reacted are vacuum- X"ay diffraction was used to identify crystalline compounds. The
deposited to form a tf’1in-film multilayer structure. The multi- average composition of the multilayer films was determined by electron

. . ’ microprobe analysis using an energy-dispersive X-ray detector.
layer repeat distance is kept extremely small so that the elements Samples were annealed under a nitrogen atmosphere. Substrate-

need only diffuse a short distance to react. If this length is oo samples were annealed in a differential scanning calorimeter.
short enough, the elements will mix before any crystalline \easured exotherms were correlated with X-ray results to identify and
compounds can nucleat®. The result is a kinetically stable, track the interdiffusion of the elements and the crystallization of any
amorphous reaction intermediate. From there, compound compounds.

formation is determined by nucleation kinetics and is no longer ) _

diffusion limited! The reaction kinetics can be controlled to Results and Discussion

produce a particular compound by the average composition — Tapje 1 contains a summary of the samples prepared in the
or possibly by seeding, either with an isostructural compound ¢qrse of this research. The intended thicknesses are listed
or with an epitaxially matched substradfe. _ along with the measured repeat distances obtained from low-
We have prepared LAFe—Sb multilayer films with every ~ gngie diffraction measurements. The actual thickness is sys-
lanthanide except promethium (because of its radioactivity). ematically greater than the sum of the intended thicknesses.
From these multilayer films we were able to produce the entire This is, in part, due to the multilayer having a lower density
series of low-temperature, metastable, filled skutterudites. Heréihan the bulk elements. However, the thickness monitors
we report the structural trends observed in these compoundsyrimarily measure deposited mass so density variations do not
which can be used to guide the search for optimal thermoelectric sjgnificantly affect the sample composition. The iron to
materials. antimony ratio was calibrated on the basis of a series of La
Fe—Sb samples and was chosen to be slightly iron poor to
suppress the formation of FeSbThe intended thickness of
The multilayer samples were prepared in a high-vacuum evaporationthe rare earth element component was calculated to give a
system which has been described in detail elsewter@riefly, the stoichiometric composition based on the density of the bulk rare
elements were sequentially deposited under high vacuum (approx1matelyearth metal. The composition determined by microprobe
5x 107 Tor_r) under the control of a personal computer. The elements nalysis shows an approximately 10% variation from sample
were deposited from electron beam evaporation sources at a rate otf:) sample, which is sufficiently precise to produce the desired
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(11) fggztgigﬂgggmbwe" M. D.; Johnson, D. €. Am. Chem. Soc. 4 the as-deposited multilayer sample. The other patterns

(12) Oyelaran, O.; Novet, T.; Johnson, C. D.; Johnson, 0. @m. Chem. ~ are from consecutivel h annealing steps at the indicated
Soc.1996 118 2422, temperatures. The feature beloWid all of the patterns is the

(13) (’;‘Oghg"r; Jﬁg{‘eﬁ‘fggﬁ'gDieg%mbOSte" M. D.; Thiel, J.; Johnson, D.  gpecylar reflection of the X-ray beam from the top surface of
(14) Fister, L.. Li, X. M.; Novet, T.. McConnell, J.: Johnson, D.ZVac. the sample. The smaller peaks are due to interference between

Sci. Technol., A993 11, 3014. reflections from the top and bottom surfaces of the film. From
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these, the film thicknesses can be determined. For the sample
shown, the total film thickness is 406 A. In addition, there is

a gradual modulation of the intensity of these peaks due to a
surface oxide layer. This oxide is approximately 30 A thick
before annealing and 50 A thick after the first annealing. No
further oxide growth is observed after the second annealing step.
These samples were stored in air, and we suspect that the oxide
formation most likely occurred during storage rather than during
the annealing, which was done under a nitrogen atmosphere. o L v ey
The large peak at 4°ds the first-order Bragg reflection from La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
the periodic multilayer structure. The position of this peak Figyre 4. Formation (triangles) and decomposition (circles) temper-
corresponds to a thickness of 21 A for the repeating unit atures of each Lu,Fe;Shy. The promethium compound was not studied
containing elemental layers of Eu, Fe, and Sb. Higher order because of its radioactivity. The GgFe;Shi, decomposition exotherm
peaks are not observed, indicating that the elements arewas too weak to be observed.

sufficiently intermixed on deposition that the electron density

varies in a sinusoidal fashion, with no higher order Fourier  Diffraction data collected after heating past the second
components. This implies the composition profile is also exotherm indicate that both samples contain several compounds.
approximately sinusoidal. The multilayer diffraction peak is Inthe cerium sample, the distribution of compounds is consistent
seen to decrease in intensity, particularly after the 160  with the reported high-temperature synthesis of GBBg.2 This
annealing. This shows that significant diffusion of the elements sample contained the stoichiometric Cgfla,, as determined
occurs in the 106200 °C temperature rang€. The short by the smaller unit celk axis, cerium, antimony, and FeSb
diffusion distances built into the multilayer sample allow the This phase separation from the single phase F&Sh; is
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elements to mix at a sufficiently low temperature (2@ in exothermic and irreversible, which indicates that this low-
this case) that the nucleation kinetics can control the formation temperature, partially filled skutterudite is metastable with
of crystalline product§. respect to a mixture of elements, binary compounds, and the

Calorimetry data for cerium and lutetium samples are shown stoichiometric CeF&Shi. In contrast, no skutterudite was

in Figure 2. The data are strikingly similar for these two observed in the lutetium sample after heating past its second
samples, each having two irreversible exotherms. This is exotherm, confirming that while CefF®h, is stable, LuFg
surprising because the early rare earth elements form stableSh, is not.
iron—antimony skutterudites while the later rare earth elements  The calorimetry data for the entire rare earth element sequence
do not. Diffraction data, shown in Figure 3, were collected t0 are summarized in Figure 4, which shows the formation and
determine the structural changes occurring during each of thesejecomposition temperatures of metastable, partially filled skut-
transitions. Diffraction data taken after heating past the first terudites. Every sample had an exotherm near ZD0wvhich
exotherm of both samples show the formation of the cubic corresponded to the formation of a filled skutterudite compound.
Ce—Fe—Sb sample, however, is significantly larger than the ature required to interdiffuse the elements) indicates the
reported value for the compound CeBbi2? The large lattice  pycleation of the skutterudite structure is particularly facile. The
parameter is consistent with the low-temperature crystallization |5k of any variation among these compounds indicates that
of the lanthanum analog, where structural refinement indicated pe ucleation and growth of this structure are independent of
a partial occupancy of the rare earth metal cation in the large he cation. This can be understood by considering the skut-
lattice parameter structut€. This result suggests that the low- terudite structure as a simple corner-sharing network of [feSb
temperature CeFe—-Sb compound also has a partial occupancy geiahedra. The iron can be expected to be octahedrally
of the rare earth metal cation. coordinated even in the amorphous mixture, because of the
favorable local bonding arrangement. From there, only small
(15) 2'703:’9“ T.; McConnell, J. M.; Johnson, D. Chem. Mater1992 4, rearrangements of the [Fe$loctahedra are required to form
(16) Hornbostel, M. D.; Hyer, E. J.; Thiel, J.; Johnson, DJCAm. Chem. the desired structure. The activation energy for this rearrange-

Soc.1997 119, 26665. ment is less than that of forming the more stable mixture of
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Figure 5. Cubic unit cella axis length for low-temperature (triangles) ~ Multilayer used for structural analysis. The multilayer peak corresponds
and high-temperature (open circles) skutterudites as a function of the 0 @ repeat length of 21 A. The total film thickness is 906 A.
ionic radii of the trivalent cations (from ref 8). Data for previously

reported compounds are also shown for comparison (filled cirgles). e
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compounds because this disproportionation requires long-range
diffusion of the elements.

The low-temperature, partially filled skutterudites all decom-
posed upon heating to 55 into a mixture of phases. As
shown in Figure 4, a decomposition exotherm was observed =
for every sample except the gadolinium sample, where the o [ ROMOS O]

N W

tensity (kCounts)
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decomposition rate was probably too slow to produce a heat e . i bebuanped

signal in the scanning calorimeter. The La, Pr, Nd, Sm, and A . s . . . :

Gd samples all contained the stoichiometric filled skutterudite 15 25 35 45 55 65 75 85 95
after heating to 550°C, although the gadolinium sample Angle (20)

contained only trace quantities of this high-temperature skut- Figure 7. Results of the refinement of LuFe,Shi,. Space group:
terudite. m3. a=9.1921(2) ARy, = 8.9 Atomic positions: Lu, 1#6x = 0.048-

To understand the change in stability of the low- and high- (8), occupancy=0.65(8)); Fe, 8, Sb, 24 (y = 0.3341(6)z = 0.1592-
temperature skutterudites across the rare earth element sequencg))- Erors for least significant digits are given in parentheses. Data
fined the latti f al th K di are shown as crosses; the line is the refined pattern. The difference
we refined the lattice parameters of all the skutterudite plot is shown underneath on the same scale.
compounds formed in this study. Naively, one expects a
gradual, steady decrease in the lattice parameters due to the

decrease in size of the rare earth metal cations as a result of th his is b th | ; divalent it of th
lanthanide contraction. Since the host matrix is not very IS IS because these elements are divalent as a resuit ot the

oxidizing, europium and ytterbium are expected to be formally N€ar half-filling or filling of.the 4f shell. The observed lattice
divalent, as observed, for example, in ternary selerfifiess parameters of the europium and ytterbium compounds are

shown in Figure 5, a more complicated behavior is observed. consistent with this interpretation. Euis slightly larger than
The lattice parameters reported here for the high-temperatureLa®", and the europium-containing low-temperature skutterudite
compounds LaR&Sh,, CeFaShy,, and PrFgShy, are consistent is slightly larger than the lanthanum-containing compound-"Yb
with previously reported values. From these first three com- is similar in size to G&f, and the respective skutterudites have
pounds, there was no obvious contraction of the unit cell, which similar lattice parameters.

supports the model of the lanthanide fitting loosely in the-iron To search for a potential structural difference between the

antimony framework. With the three new high-temperature earl ;
. y and late rare earth elements, alke—Sb multilayer was
skutterudites NdR&Sbio, SmFaShy,, and GdFgShy, reported prepared which was designed to allow structure refinement by

here, it is clear that the unit cell does contract. The nonlinear the Reitveld procedure. The multilaver was directly deposited
nature of the contraction relative to the lanthanide ionic radius P ) y y dep

suggests a complicated behavior involving, for example, small on an off-cut, s_lngle-cry_stal quartz substrate. The substrate was
rotations of the iror-antimony octahedra. The magnitude of ©f-Cut to provide a uniform, featureless background for the
the contraction, however, is much less than expected on thediffraction experiment. Low-angle X-ray diffraction, shown in
basis of changes in the ionic radii. This continues to support Figure 6, was used to measure the film thickness (900 A)soan

the model of the lanthanide cation fitting loosely in the iron ~ accurate absorption correction could be applied to the Reitveld

antimony framework. refinement. Care was taken to ensure that the incident beam
The variation in the unit cell size of the low-temperature did not extend beyond the edges of the sample at the lowest

phases with the rare earth metal cation is surprisingly compli- angle in the scan and that the detector field of view contained

cated. The unit cell size decreases monotonically with decreas-the entire illuminated area of the sample.

Ing 1onic rad!us from Ianthapum thro!igh gadollnlu.m and then e gata are shown in Figure 7. The film thickness is a small

increases with decreasing ionic radius from terbium through

X L ) fraction of the penetration depth of the X-ray beam, so there is
lutetium. This indicates that there may be a structural difference P P y

- o large fluorescent background from the substrate which
between the early and late rare earth elements. Europium an . .
Increases as a function of the angle. It is comparable to the

(17) Shelton, R. N.; McCallum, R. W.; Adrian, ihys. Lett. AL976 56, peak intensities near 8and completely obscures the diffraction
213. between 85 and 95 The refinement program (DBWS-

tterbium stand out from the observed trend in unit cell size.
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90086P@8) overestimates the background intensity and under- any electropositive element in the lanthanum site of the
estimates the peak intensity in this region. This results in a La;—xFeShy, structure. For cations with an ionic radius smaller
systematic error in the refined thermal parameters, despite thethan that of gadolinium (0.94 A), the ion is displaced from the
accurate absorption correction used. However, it was still center of its interstitial site, which opens the possibility of
possible to obtain useful information about atomic positions ferroelectricity in these materials.

from these data. From these results, it is possible to point to a number of
The structure was initially refined in the same space group research directions for seeking improved thermoelectric materi-
and with the same atomic positions as the analogous £aFe 3|s. The disorder on the cation site is credited with reducing
Shi, compound (M3). It was possible to refine this structure  the phonon thermal conductivity. However, it is not obvious
to residuals oRyp = 8.9 andRez = 24. The occupancy of the  \yhether the static disorder of the late rare earth elements or the
lutetium was found to be 65%, close to that of the starting dynamic disorder of the early rare earth elements would be
composition, in contrast to the full occupancy of the high-  syperior in this regard. In addition, the partial occupancy of
temperature compounds. The isotropic thermal parameter ofthe metastable compounds presents an opportunity to tune the
the lutetium atom was anomalously large compared with those g|ectronic properties by controlling that occupancy. However,
of the other atoms in the structure. However, the fit could be jt |l first be necessary to demonstrate that the occupancy can
improved slightly, and the refined thermal parameter of the pe controlled synthetically. These compounds also show a large
lutetium reduced, by allowing the lutetium to be randomly yariation in unit cell dimensions, which can be used to modify
displaced by 0.7 A along one of the eight possible body diagonal the pand structure and therefore optimize the thermopower. The
directions, occupying the 18ather than the 2 Wyckoff site.  thin-film geometry of the films produced is ideal for measure-
This static displacement moves the lutetium toward a triangular ment of the electrical conductivity and Seebeck coefficient.
face of antimony atoms and therefore increases the bonding ofyy/hije techniques to measure thermal conductivity on thin-film
the lutetium to the irorrantimony framework. This distortion samples have been develog@d? bulk measurements on bar
may explain the observed discontinuity in the unit cell size as samples would be the most accepted measurement technique.
a function of rare earth element cation. Itis likely that the Tb, \vith the deposition rates and equipment used in this study, a
Dy, Ho, Er, Tm, and_Lu low-temperature skutterudites all show 3qq mg sample would require approximately 10 h of deposition
the same random displacement of the rare earth element.  {ime and produce sufficient material for hot pressing a suitable
bar specimen. Finally, the insensitivity of the synthesis to the
particular cation used suggests that these metastable materials
We have demonstrated that it is possible to produce meta-can be made with any electropositive element in that position.
stable, filled skutterudites with all the lanthanides using the This provides a wide range of possible compounds to test for
multilayer precursor method. These metastable skutteruditesoptimal thermoelectric properties. Such a search is now possible
have a partial occupancy of the lanthanide site, resulting in a because the multilayer precursor method allows the rapid

deficiency of bonding electrons and an expanded unit cell. The synthesis of large families of related metastable compounds.
formation of the iror-antimony framework controls the nucle-
ation kinetics, and therefore it should be possible to include 1C9702375

Conclusion
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