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Lattice dynamics of filled skutterudites: La(Fe,Co ,Sb;»
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Materials for thermoelectric application should have low lattice thermal conductivities. Here we use a
comparison of theoretical calculations and Raman spectroscopy to study the lattice dynamics of a La filled
skutterudite and identify the Raman active modes. Polarized Raman spectra from polycrystalline
Lay 74-6;C0Sh, are presented. First principles calculations of atomic forces generated by small displacements
from the ideal skutterudite structure are utilized in a least squares procedure to evaluate the general force
constant tensors. These are used to predict the normal mode frequencies and displacement patterns. The
relative Raman intensity for each vibration is then estimated using a bond polarizability model. We find that
both the centers of gravity of the eight symmetry-allowed Raman peaks and their relative intensities are in
excellent agreement with the theoretical predictions. This agreement supports our mode assignments, particu-
larly for those ofAy symmetry, which exhibit a strong polarization dependence. The “rattling” vibrations of
interstitial La are expected to be Raman inactive for an ideal fully filled material and are not observed.
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[. INTRODUCTION alloys of varying composition and filling fractidt®’ It has
been demonstrated that chemical disorder on the transition-
Materials of the skutterudite structure and the so-callednetal site alone can cause a substantial decrease in thermal
filled skutterudite structure have stoichiometAB;, and  conductivity. In materials with nonzero filling fraction, it is
AB,C,,, respectively, where typicall is a rare earth atom, found that a factor of 2 decrease in room temperature thermal
B a transition metal atom, ar@a pnicogen atom. They have conductivity comes from transition metal atom substitution,
a wide range of unusual and potentially technologically im-whereas factors of 5 or better come from filler atdiiSys-
portant physical properties. In particular the antimonide skuttematic experimental studies of the partial filling effect on
terudites have been the subject of numerous recent studi@ige thermal conductivifff indicate that the most favorable
due to their potential for thermoelectric application$Ad-  materials are the partially filled ones. Some evidence has
ditionally, some filled skutterudites display superconductingalso been given in support of a solid-solution model of par-
and magnetic transitions as well as rather exotic electronigally filled materials®°®
state propertied=*! Vibrational studies on skutterudites in the literature in-
The skutterudite structure itself is unusual and may beude infrared(IR) absorptionl,G'“ and Ramatft~2° and in-
exploited to obtain materials with good thermoelectric prop-elastic neutron scatterifig?? experiments as well as a lim-
erties. The structural “filling” refers to the occupation of jted number of frozen phonon local density approximation
interstitial sites(*void” sites) of the skutterudite structure (LDA) calculationd*?*?*and Born von-Karman modeling
with no change in space groupnt3). The prevailing para- calculations-®2>%|R active low frequency modes associated
digm holds that thermoelectric properties can be optimizedvith the filling atom have been identifi€dand the inelastic
by filling the voids with heavy “rattling” ions, which are neutron scattering studies have also provided evidence of
weakly bonded to the latticg Within this framework, filling  low frequency filling atom mode%:?The measured specific
is used to frustrate lattice thermal conduction, with the ex-eat and LDA calculations have been found to be consistent
pectation of a minimal effect on electrical properties. Whilewith some of those measurements as WeFurther, large
this is likely an oversimplification as regards electricalfilling atom mean square displacements have been obtained
properties:® and while calculations show that the filling via neutron diffraction studies in the case of several filled
atom interacts covalently with the “host” atom$jt is ob-  skutterudite materials, e.g., see Ref. 27, consistent with the
served that filling does indeed substantially reduce the thembserved frequencies. These studies do not clearly imply
mal conductivity. For good thermoelectrical propertiesstrong deviations from harmonic theory, and the simple pic-
charge compensation is needed to maintain a semiconductirigre of a rattling atom in a void remains to be established.
band structure. Generally it is also found that it is not pos+or a perfect crystal of a filled skutterudite the normal modes
sible to synthesize single phase materials of an arbitrargre Bloch-like, even those modes with a strong La compo-
composition and that the filling fraction depends on thenent, and the thermal conductivity is limited by anharmonic-
amount of substitution on the transition metal site. Thereforaty alone. Perhaps the large mean square displacements of the
the filled skutterudites that are of most interest are generallfilling atom can lead to strong anharmonic scattering. Mass
at least quaternary compounds. The thermal conductivity as disorder effects of partial filling have been considered on the
function of temperature has been measured for a variety dfasis of Klemens’ Rayleigh scattering treatment with con-
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flicting results*® Not considered thus far for thermal resis- 700 T
tance associated with partial filling are resonati@@monig 600 L L.910_75Fe3008b1 » vV ]
scattering effects over a narrow range of phorf§riginally, 500 L 300K 1
fully filled skutterudites can also be expected to have some [ © Data A=514nm
difference in thermal conductivity from unfilled skutterudites 400 § (P)?Iit:" ]
simply from the difference in their normal mode dispersion 300 .
curves. 2 o0l ]
It is the purpose of this paper to obtain reliable informa- 5 100 [ h
tion on the dynamics and interatomic force constants for par- E - ]
ticular filled skutterudites as a step towards obtaining a better 5 .
understanding of the thermal transport in these materials. We & L L | o Ly e e | s
present and compare first principl@€fA ) theoretical results g 600 [ HY
and Raman experimental results for rare-earth-filed skutteru- & 500 I _ alel olelel o h
dite materials. In particular, experiments were performed on = . g2 o I o] o)
a polycrystalline sample of lad~e;CoSh, with polarized 400 1 ]
light and the theory is for LaR&b,. It is not necessarily 300 -
expected that one should get agreement in the Raman scat- 200 L ]
tering from two such differing materials especially upon not- 100 L ]
ing the above mentioned dependencies of thermal conductiv- - ;
ity. On the other hand, we note that the Raman active modes 0 | T
of the perfect crystal exclusively involve vibrations on the Sb -100 —r-———"+1"—+—+""—"—"Tr—""—rT
sites, for which there is no nominal site disorder in the ma- 80 100 120 140 160 180 200
terial of our experimental study. Furthermore, recent specific Raman Shift (cm”)

heat measurements on two nominally fully filled materials,
one with Fg and the other with CoRetransition metal con-
tent, indicate that the lattice dynamical properties of the tw
materials are simila? Lastly, j[he measured structural pa- Lorentzian functions(thin solid lineg were used to fit the data
rameters of the sampieare quite close to those of the pure (open squares

material. We shall present data with features that are prob-
ably due to the disorder in our sample, but with several feacollected within anf/#2 cone normal to the surface. The
tures that can be explained in terms of an ordered materiatollected light was dispersed using a triple grating spectrom-
Through our use of both parallel and cross polarization geeter in subtractive mode and integrated using an tbbled
ometry, we are able to identify the twa, peaks of the CCD array. Both the incident and scattered light were lin-
spectrum. We compare both Raman frequencies and intengarly polarized. Where the incoming and outgoing photon
ties, although the latter are not calculated from first prin-polarizations were parallel, the spectra are indicatet\as
ciples. We use the bond polarizabilitBP) model approach HV indicates that the incoming and outgoing polarizations
in this paper and introduce a BP model for the skutteruditavere orthogonal.

structure to estimate the intensities. Thus both LDA based The sample was measured in an atmosphere of helium gas
normal mode frequencies and eigenvectors are utilized. |0 avoid rotational lines due to air. Several laser wavelengths
addition we present the LDA results for the second ordeivere tested to demonstrate that the observed features were
force constant tensors limited to zone-center-like displacedue to the Raman process. The data presented were taken
ments as well as for cubic anharmonic central force paramusing the 514.5 nm line of an Arion laser at an ambient

eters. The theoretical methods will be discussed in detail in #&mperature close to 300 K. Because the samples are poor
following section. thermal conductors, there is some local heating due to the

laser. The spectra exhibited a relatively weak temperature
dependence that is beyond the scope of the present study.

FIG. 1. Experimental Raman spectra forgkg#e;CoSh,. VV
corresponds to parallel polarizations aHY¥ to perpendicular po-
arizations between incident and observed scattered light. Eight

Il. EXPERIMENTAL DETAILS

. .. I1l. EXPERIMENTAL RESULTS
The details of sample fabrication and the structural

properties have been given in an earlier pa&pahe nominal In Fig. 1 we show the room temperature Stokes Raman
composition of the sample is haCoFgSh, and the spectrum for bottHV andVV polarization. The background
measured composition is haufe 7400 265h,. At room  “continuum” offset has been subtracted using a smooth
temperature the lattice parameter=9.0971(6) A and function in order to simplify the presentation and fitting of
there are 24 Sb atoms in the conventional cell atglsites  the normal modes. The maximum depolarization ratio of a
(Wyckoff notation at (Oy,z) with y=0.336782(9) and randomly oriented system is expected to be 3:4 for perfectly
z=0.160218). polarized ligh?® Except for frequencies close to 130 tihn
The Raman scattering measurements were performed ihe depolarization ratio can be easily observed to be mark-
pseudobackscattering geometry where the incident lasexdly less than 1 and, for most frequencies, close to 3/4. The
beam impinged on the sample at an angle of roughly 45fitted functions shown in the figure are Lorentzians. We ob-
with respect to the surface normal. Scattered radiation waserve all eight Raman modes allowed by group theory\ih
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polarization. We also observe at least seven moded\in 60
geometry. As seen in Fig. 1, we can determine which peaks
correspond to the twéy modes by their markedly weaker
intensities inHV. The observation of incomplete selection 50
rules for theAy phonons is an indication of some local dis-
order within the material. The other likely indication of dis-
order is the relatively broad peak widths we measure. How-
ever, the disorder is not enough to allow violation of the
selection rules for the IR-active modes. We did not observe
any intensity peaks outside the range of frequency shown.
Specifically, we did not observe any Raman activity at the
frequencies where IR or acoustic modes are calculated to be
present. The parameters of the fits will be given later in order
that they may be directly compared with the theoretical
guantities determined in this paper.

Finally, the Raman scattering data of Ref. 20 are on nomi-
nally very similar composition compounds, JF&;CoSh,,
as ours. Specifically, Liet al?® have performed measure- 10 | :
ments, for parallel polarization, on four samples wittang-
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ing from 0.2 to 0.8. They obtained largely different results

from those presented in this paper, although there is some

similarity. Forx=0.8 their data show two strong peaks cen- 0
tered at 157 and 179 c¢m plus very weak structure in the

remaining portion of the spectrum. For decreasing values of

X, a strong low frequency (90 cm) peak becomes promi- FIG. 2. Distribution function for deviations from least squares
nent as well. Their results clearly differ from ours except forfit. The absissa i$f; (see text The Gaussiafdashed lingwas fit
the overall range of frequencies for which there are Ramatp the distribution function.

peaks. Liet al. have also interpreted certain features in their h icity | ligible. We al h displ
data as arising from a small amount of crystalline phasegm armonicity 1S negiigible. We aiso chose some displace-

other than the skutterudite structure in their samples. In aog]ueiirgﬁst?:obuel dsgfeﬂg'stglzelgr%es g:?(t:lfsusbe'g ﬁ\n?haerrxongzng?xnt\r;\}e
dition, Raman data on related filled skutterudited are ’ PP '

| I diff tf the data of th i K I approximate the form of the cubic anharmonic force contri-
argely ditierent from the data of the present work as Well. p tions to be within the central force leading téfrapproxi-

mation. We then perform a least squares fit of the theoretical
independent “data,” i.e., independent forces, to the usual
Taylor series expression. Our results are presented in the
The space group symmetry operations, as well as thérm of interatomic force constants, although they are strictly
physical constraints of rigid translational invariance and conatom-sublattice force constants. We have determined that
servative forces? have been used to identify 60 independentthere are 10 independent sets of atom-sublattice force con-
second order force constant parameters for the skutterudiant matrices for the filled skutterudite structure of 17 basis
structure appropriate to zone-center-like atomic displacegtoms(sublattices In comparison to the process of choosing
ments. The rigid rotationally invariant condition provides & Minimum number of displacement sets with use of group
two additional constraints leading to 58 independent seconff!€oretic methods, our least square method provides a more

order force constants required to obtain all of the nonzer recise force constant determination. It also allows for a re-
frequency zone-center vibrational modes. These latter tw jable estimate of the computational uncertainties and cubic

. i inharmonic parameters.
constraints were not imposed on the force constant parar'r‘"fl In Fig. 2 we plot the distribution of the deviations; , of

eters, but we have found that they are approximately obeye(ilhe Cartesian force componentqLDA). from the fitted
The direct method has been used to evaluate the paramete{‘sélrtesian force components(fit) wheré thef,(LDA) are
The atomic forces generated by chosen atomic diSplacemeq_f)A-calculated values and ttfe(fft) are aiven t|>y the Taylor
from perfect crystalline geometrical positions of a referenc

; S eexpansions in the atomic displacemetitS.he plot antici-
structure(to be discussed belgvnave been calculated within pates the results of the following section. Figure 2 clearly

the local density approximation using the linearized augshows the level of the computational uncertainties inherent
mented plane wave methdl.We restrict these displace- in our DA calculations of atomic forces as the rangeséf
ments to maintain the lattice periodicity; hence the abovgs consistent with uncertainties found fromonzero values
restriction to zone-center parameters. Our Implementatlon Qﬁf sums of forces over the unit cell for particular displace-
the direct method differs from some oth&r that we use a ment sets and from forces obtained in the reference configu-
larger number of displacement sé¢tee the Appendixthan  ration. The r.m.s., or standard, deviation of the LDA force
are necessary to obtain values of the independent force conemponents is determined to be 0.00014 Ryd/Bohr. This
stant parameters if one assumes that the above physical coralue is used to obtain the uncertainties of the force constant
straints are exactly satisfied within the computations and thgtarameters.

-0.001  -0.0005 0 0.0005 0.001
Force deviation (Ryd/Bahr)

IV. CALCULATIONAL APPROACH
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TABLE I. Interatomic force constantg-, (i ,j)(10* dyn/cm). The labels,j are atom labels. The primes indicate that the atom is shifted
by a lattice vector from what is shown in Fig. 3. Entries “0” and, e.g=XZ are a result of space group symmetry, where the latter denotes
the negative of the corresponding entry. The values in parentheses are standard errors.

i,] 2,15 11,15 5,6 9,17 6,15
r (2.284,0.794,0.818 (0,0,-2.93) (2.979,0,0 (—1.466,0,3.079 (—1.450,-0.024,3.102
XX 4.21(6) 0.6012 3.665) 0.121) 0.222)
Xy 0.622) 0 —0.574) 0 -0.01(2)
Xz 0.852) 0 0 —-1.272) —-0.224)
yX 1.106) 0 Xy 0 —0.052)
vy 1.61(2) 0.005) 0.2977) —0.061) —0.033)
yz 0.21(2) 0.0315 0 0 —0.203)
ZX 1.156) 0 0 -0.672) —0.956)
zy 0.292) -yz 0 0 0.042)
zz 1.502) 4.947) 0.2512) 1.531) 1.462)
i,] 5,16 1,17 5,13 1,11 1,2

r (—3.079-1.613-1.466 (2.284,2.284:2.284 (2.979,2.931,0 (—2.284,0.794-3.750 (4.568,0,0
XX 0.542) -0.231) 0.575) 0.366) 0.785)
Xy 0.4012) -0.191) 0.804) -0.382) —0.283)
XZ 0.204) 0.421) 0 -0.272) —0.083)
yX 0.372) —XzZ 0 0.256) —Xy
vy 0.01(3) XX 0.367) —-0.022) 0.175)
yz 0.163) —Xy 0 0.2318) 0.163)
ZX 0.426) —Xy 0 —0.226) —Xz
zy 0.342) XZ 0 0.062) yz

7z —0.01(2) XX 0.7812) 0.092) 0.11(5)

Finally, let us consider the reference structure used to obForce constants for interatomic separations related to these
tain force constants. Generally the LDA yields a static equi-by space group operations are of course determined by the
librium lattice parameter that is a few percent too small com-appropriate relationship8.The atom labels refer to the at-
pared to experiment. Also, the LDA typically yields best oms of Fig. 3. In the tables ® ,4(i,) is the « component
agreement with experiment for normal mode frequencie®f the force on atom generated by a unit displacement,
when the experimental structure is used in the calculationsalong theg direction, of atomj andr is defined ag;—r;.
Therefore, we adopt the room temperature experimentalhe assumption is made that the forces are appropriately cut
structure of LaFgSh;, as our reference structure, i.@, off as discussed in the following section. The atom-sublattice
=9.136 A and Slx, y, andz coordinate values of 0, 0.33696, force constants, which, strictly, are the quantities obtained
0.16042. We obtain for the LDA force on this Sb site through our least square fit, are identical to the values in the
(0,—0.00942,0.0124 Ryd/Bohr. For comparison, we also table except for the entries in columns labeled 1,17 and 1,2
computed the minimum energy y, andz coordinate values which are half the atom-sublattice values. As mentioned
to be 0, 0.33416, 0.16422, with the lattice parameter kepabove, the uncertainties shown in the tables are the standard
fixed at the experimental value. We compare these values terrors that come from the standard deviation of the LDA
the room temperature experimental values, and see that tlidata.” Almost all of the quantities of Table | were treated as
differences, i.e., respectively0.003 and 0.004 foy andz, independent parameters in the least squares procedure; ex-
are small on a scale of where anharmonic effects in theeptions are thgz elements in the 11,15 and 1,1thbeled
forces become significant, for we used displacements ofolumns that have been expressed in terms of the indepen-
these sizes in our analysis. Therefore we may expect that thent parameter¥.On the other hand, all of the parameters of
theoretical minimum energy structure would yield effectively

identical results to the present ones. TABLE II. Self force-constants- @ ,4(i,i) (10 dyn/cm).

Atom XX yy 7z Xy Xz yz
V. RESULTS FOR FORCE CONSTANTS
AND VIBRATIONAL SPECTRUM Fe(® -17.22) XX xx 162 xy o xy
Sb(11) -15.13) -10.41) -11.72) O 0 0.22
We present the least squares fitted results for the represepa (179  —4.51) XX XX 0 0 0

tative harmonic force constant parameters in Tables | and I
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12000 T T T T T

10000 B

8000 | B

8000

VDOS (arb. units)

FIG. 3. The 17 atoms that make up the primitive unit cell. The 4000
labelings are defined as Fe, 1-4; Sb, 5-16; and La, 17 zExés
points towards the reader. In fractional coordinates atom 17 is at the
origin, atom 3 is at1/4, 1/4, 1/4—(1/2, 1/2, 1/2, and atom 11 is at 2000
(0, 0.337, 0.16)~(-1/2, 1/2, 1/2.

us 1 1
150 200 250 300

Frequency (cm™")

Table Il have been expressed in terms of the independen 0
parameters of Table I. The least squares uncertainties give

in parentheses are therefore either directly obtained in the

least squares fit, in the case of the independent parameters, orFIG. 4. Calculated vibrational density of stat§DOS): Total
cumulative, in the case of the dependent parameters. VDOS (solid) and La projected VDO%dashed

. The_ fitted cubic anharmonic central force_parameters arﬁeighbor, etc., atoms associated with a particular sublattice.
given in Table Ill. Note that there are no entries correspond - exampled,(2,15) is strictly the force on atoni=2
ing to Fe-Fe and La-Fe. There are only eight values, cong,e 1 identical displacements of an atom at a distance 2.55,
trasted with the fact that there are ten interatomic pairs fopng gt a distance 5.77, etc. We expect that the forces are short
which second order force constants were obtained. Indeed jhnged. Therefore we generally expect that the contribution
can be shown that forces generated by zone center displacgy the force from the atom at the distance 5.77 is consider-
ment sets cannot provide any information on odd order anaply smaller than that from the atom at 2.55, but of course
harmonic coefficients that do not involve Sb. This is relatedthe results may also be dependent on the particular Cartesian
to the fact that La and Fe sites are inversion centers plus theomponents considered. In the following, nearest-neighbor
fact that under inversion these sites go into equivalent oneand next-nearest-neighbor distances are separated by hy-
via a lattice translation. phens and given in the same order as the quantities in Table

Table | shows that the magnitudes of the harmonic forcd: 2.55-5.77, 2.93-6.20, 2.98-6.16, 3.41-5.72, 3.44-5.68,

constants appear to rapidly decrease after the lowest few ir3.77-4.54, 3.96-7.58, 4.18-5.10, 4.46-4.49, 4.57-6.46 A. Note
teratomic distances and then to level off to values less thathat two second-neighbor distancé4.54 and 4.4P are
one fifth of the largest values. A somewhat larger computasmaller than the largest, 4.57, of the first-neighbor distances.
tional cell than the primitive unit cell is probably necessary This demonstrates an idiosynchratic feature of the inter-
for an accurate determination of interatomic force constantsatomic force constant “model.” Possibly certain of our inter-
In assessing our results it is useful to specify the nearest argfomic force constant values would be more meaningful if
next nearest neighbor distances corresponding to each of t§¢e had included more distant atoms in the fit, but restricted
representative basis atom pairs. In principle, each force corfhe matrix form to be in accord with central forces.

stant of the table is contributed to by individual interatomic We have calculated the vibrational density of states

sults. The results shown in Fig. 4 were based on a grid of
11 726 points in the irreducible portion of the Brillouin zone
as well as a Gaussian of FWHML cm 1. These results
improve upon our previous calculatiGisvhich only par-

TABLE Ill. Cubic anharmonic parameters,”, and corre-
sponding interatomic distances,

(. r(A) —r¢"” (10* dynes/cm) tially made use of LDA results. There are clear quantitative
differences between the two calculations. For example, the
(2,15) 2.553 90.83.5) strong low frequency La-motion dominated peak is much
(11,19 2,931 49.17.9 narrower than for the previous calculation. However, un-
(5,6 2.980 42.83.0 changed from the previous paper, is the conclusion that there
(9,17 3.410 29.21.0 are normal mode hybridization effects in the rare-earth
(6,15) 3.442 14.13.9 weighted VDOS that seem consistent with inelastic neutron
(5,16) 3.772 15.02.2) scattering results.
(5,13 4.180 —3.4(9.0 Insight into the nature of the high frequency vibrations is
(1,17) 4.462 2.25.1) gained by diagonalizing the Fe self-force-constant matrix,

the results of which yield the effective Einstein vibrational
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TABLE IV. Zone center frequencies and Raman intensitiels Experimental results are parameters of
Lorentzian fits to the Raman dafsee text The theoretical intensities are bond polarizability model results.
The La force constant effects on the frequencies is represented as the différeneg,,,,— v. Frequency
units are cm*

Theory Experiment
Rep. v I (VV) I (HV) Vempty v I (VV) I (HV) Width
Fu 54.01.3
A, 91.75.0 8.3
Fu 94.01.2) -145
Fq 95.1(1.6) 0.085 0.066 -10.5 93.8 0.053 0.037 35
Fq 101.11.2 0.092 0.071 -2.1 101.8 0.143 0.081 34
Fu 119.51.1 -1.2
E, 124.82.5 -0.4
Eq 133.51.7) 0.377 0.270 -14.3 122.0 0.154 0.239 10.6
Fq 136.91.9 0.711 0.552 -8.3 130.8 0.701 0.540 13.2
Fu 139.60.9 -11.0
Aq 148.21.8 0.281 -13.2 146.5 0.248 0.110 6.3
Fu 151.21.0 -0.9
Aq 155.91.8) 1.000 45 153.9 1.000 0.106 9.0
Eq 157.61.5 0.784 0.562 4.1 161.2 0.714 0.625 9.6
Fq 164.31.6) 0.013 0.010 0.3 172.0 0.218 0.199 5.6
Ay 211.93.9 11.0
Fu 223.32.6) 7.9
Fu 240.82.1) 0.8
E, 251.42.3 -1.9
Fu 258.82.1) -1.7

modes corresponding to the Fe atoms. The results are a fre- VI. ZONE CENTER NORMAL MODE PROPERTIES
quency of 239 cm!, corresponding to doubly degenerate

gsgei’h;ﬂ? SQ:D aLta?ISs gj?s C_I?r:;e\s/%ogg'Z%JSVSFS\/?;?; mode properties that are obtained with no additional approxi-
9 9 ' 19 ation than the LDA, namely, the frequencies and eigenvec-

pef?"‘s with a ratio of 1/2 for the areas under the peaks E.mdt%rs and we discuss the comparison with the Raman-peak
split upper peak. CIearIy,_ the two peaks correspon_d_to dlﬁeri‘requencies. The LDA often achieves roughly 10-20 % ac-
ent directions of F_e motion; the brgadths z_and Sp“tt'ngs Cor'c:uracy in phonon frequencies, but in addition there always
respond to dyngm|cal effects associated .W'th Sb motion. Ou(!:\xist computational uncertainties. In Table IV we present all
results are also in excellent agreement with neutron data ovel

the whol trurd® with  tak fthe inst tal f the zone center frequencies as well as Raman scattering
€ whole spectrurm, with account taken ot the instrumental oq 115 The computational uncertainties, which are the val-

resolution. Furthermorg, these results have implications fO{jes in parentheses, were calculated from the force constant
the Fe mean square displacements. The fact that the loWgkcertainties presented in Table | using standard error analy-
(frequency peak corresponds to motion primarily along the gis and we see that aside from the 5% uncertainty for the low
trigonal axis which is toward the rare earth site means thaﬁ'equencyAu mode the frequencies are precise to 2% or
the mean square displacement is greatest along the trigongétter. The most careful comparison between theory and ex-
axis within harmonic theory. That result has also been Obperiment can be achieved for tw% modes since they have
served experimentalfy. been identified experimentally by tHéV-VV comparison.
Finally, it is interesting to compare the calculated VDOSThe observed 1% agreement is well within theoretical error
with the measured Raman spectra of Fig. 1. The shapes ektimates, but there is a caveat, as we cannot measure the
the spectra in the Raman region are substantially differenpolarization vectors and conceivably the characters of the
except for the region of the depletion of modes neartwo Ay modes could be reversed from what we claim theo-
110 cm' . The results are roughly consistent with the ordi-retically. The group theoretical symmetries of the remaining
narily weaker coupling to the field of low frequency modes Raman modes have not been identified experimentally be-
in comparison to high frequency modes. It is also emphaeause of the polycrystalline nature of the sample. The unique
sized that despite the substitutional and partial filling naturédentification of each mode experimentally would require
of our sample there is no obvious leakage of possible infrasingle crystal samples with site specific isotopic substitu-
red active modes—either high frequency transition-metations. If we assume that the theory correctly gives the fre-
modes or low frequency La modes. quency ordering of the symmetries—and the placements of

In this section we concentrate on the zone center normal
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FIG. 5. Raman active modes. The top two &g, the middle
two Eg, and the bottom foulF,. For each symmetry type the
modes are ordered according to frequency with the lowest fre-"~
quency mode at the left. The structure is rotated with respect to Fig.
3. For clarity no bonds are shown connecting the La atom to its
neighboring Sb atoms.

FIG. 6. Infrared active,) modes. The top modes are lowest in
the A; modes with respect to the other modes seem to bgequency and the frequency increases consecutively from left to
consistent with that assumption—then, with only one excepright. The structure is rotated with respect to Fig. 3. For clarity no
tion, the agreement between theory and experiment is seen g@nds are shown connecting the La atom to its neighboring Sh
be better than 5%. atoms.

Within our force constant “model,” the effect of the pres-
ence of the La atom on the zone center frequencies is alsmodes of Figs. 5, 6, and 7 are, respectively, the Raman ac-
given in this table. We present values of;,,—v. Here tive, infrared active, and optically silent modes. Figure 6
vempty IS Obtained by recalculating the frequencies for adepicts theF,, modes, all of which are infrared active, and
modified dynamical matrix whereby the La contributions areFig. 7 deplcts thed, andE, modes that are optically silent.
omitted®’ This has some bearing on our comparison of
theory and experiment. The frequencies calculated for the
fully filled material would be modified somewhat in a true
calculation of Raman peaks of a 75% partially filled mate-
rial. Very roughly, one might expect a shift in calculational
frequency of about 0.25/¢y,. Of course, partial filling can
have other effects on the lattice dynamics than those giver
by this simple estimate. Furthermore anharmonicity associ- o o
ated with large amplitude La atom vibrations at room tem-
perature could also be important for Raman-peak frequen- o 4
cies. Let us next briefly consider the Raman widths given in
the table. Generally they are seen to be larger than Ramal
widths measured for pure unfilled materials. We believe that

structural disorder contributes to those widths and certainly
our simple model for the effect of the La force constants on
the frequencies is suggestive of that fact. However, a rigor-
ous treatment within our force constant results such as & \ \

supercell calculation or a coherent potential approximation
calculation might shed light on our results for the peak
widths. Such calculations are outside the scope of this paper o O

The normal modes are depicted in Figs. 5-7, where only _
one mode of each set of degenerate modes is shown. W I
emphasize that what are depicted are the actual normal mode
patterns—not the eigenvectors, which are related to the FIG. 7. Optically silent modes. The top two modes Areand
atomic displacements by mass factors. The modes are afe bottom twoE,, with frequency ordering such that the lowest
ranged according to irreducible representation and to frefrequency mode of each symmetry is at the left. The structure is
guency as described in the figure captions, where the leftrotated with respect to Fig. 3. For clarity no bonds are shown con-
most mode is the lowest frequency of a symmetry type. Thaecting the La atom to its neighboring Sh atoms.
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The figures show that the modes fall into several classes TABLE V. Parameters for the bond polarizability model. Sub-
as a result of the atomic masses as well as the disparity of thegript 1(2) refers to longeKshortey bond length.
values of force constants. For example, consider the differ
ences between values of inter-ring and intraring Sb-Sb force Sb-Fe (Sb-Sh) (Sb-Sb)
constants of Table |I. The Raman active, gisymmetry r
. . . o~ a; 1.0 0.85 1.0
modes involve only Sb motion and are in the low frequency ,
) . : a|+2a;] 1.7 1.44 1.7
regime by virtue of the relative masses of Fe and Sbh. Th
aj—a,)r;; -0.5 -0.75 -0.5
u-symmetry modes cover the full spectrum of zone-cente
modes, where the higher frequency modes are mainly Fe
vibrations and are separated by a substantial gap in frahere is an admittedly loosely defined range of acceptable
quency from the remaining modes. La motion occurs only invalues of parameters. Lefebvre-Deaisal considered the
the F, (infrared activé modes and substantially only in the nature of the bonds for Coglon the basis of electronic
two lowest frequency modes. Other features of the modes agiructure calculations, as well as of x-ray absorption and Sb
also displayed in the figures. The highest frequegynode ~ Mossbauer experiments. They proposed that the bond
is the one which most strongly affects the areas of the Sgtrengths between neighboring Sb’s and between nearest-
rings. There are also quasi rigid-ring modes, quasi in_p|an@e|ghbor Sh and Co atoms are very similar and that there is

and out-of-plane mode@o the planes of the Sb ringsand & str?nge_r Sb-Sb_bor:d for the_ shorter_ Iﬁngth ?n the Sb rect-
Sb-Sh shearing and stretching modes. angular ring, as is also consistent with our force constant
results(see Table ). We wish to obtain results that are con-
sistent with these observations. We have performed a trial-
VIl. COMPARISON OF RAMAN INTENSITIES and-error analysis using various choices of parameters. The
It is worthwhile to aply the information on the eigenvec- input into these calculations was our LDA eigenvectors and
. PRy . g€ frequencies. The calculations also required the use of poly-
tors that we obtained to a calculation of the Raman 'ntens'érystalline averages of expressi@h in order to be consis-
. . . e fent with the nature of the sample. The calculation was per-
expression for the Stokes Raman intensity within the harigrmed for room temperature. We found that for most
monic approximation is choices, obviously unphysical values of the parameters gave

quite poor results for the intensities, whereas physically rea-

3N

s Mo, H+1 2 sonable ones, i.e., comparable values for Sh-Sb and Sb-Fe
Ly L= “’S)OC“’L‘”Szl o; | 707Pap | parameters, gave the best results. However, we were unable
to fit the highest frequency peak intensity simultaneously
X (oL — ws— wf). (1) with the other seven within these constraints.

We performed the polycrystalline averages numerically
In this expressionf is a normal mode labely is @a normal  with the use of Euler angles, although the analytic expres-
mode frequencyn is the phonon occupation at temperaturesjons for the Raman intensity of randomly oriented materials
T, andP g ¢ is the derivative of the electronic polarizability in parallel and cross polarization geometries are avaif#ble.
tensor with respect to a normal coordinate. The relevant laserhe sensitivity of the results to the number of random orien-
light properties given in this expression are respectively theations was explored, but only results that are sufficiently
incident and scattered frequencieg, andws, and the inci-  “polycrystalline,” in the sense that the 3:4 ratl$V:VV, is
dent and scattered polarization directions, given by unit vecyell satisfied, are given: For the polycrystalline average of a
tors p and ’. The quantitiesy and z" are parallelperpen-  cubic crystal, the maximum depolarization ratt$\(:VV) of
dicular) vectors forVV (VH) geometries. The areas under the 3:4%° js expected for modes other than thg modes, which
Raman peaks are identified with the integrals of the abovgield zero depolarization ratio. The final results are shown in
expression with respect to the frequency shiftws and we  Taples IV (intensitie3 and V (bond polarizability param-
refer to them asntensitiesin the fO”OWing discussion. The eters_ Since absolute intensities have not been measured,
basic premise of a bond polarizabilitBP) model is that the  only relative quantities are given in these tables, and the
polarizability tensorP . is determined from a linear super- values forl (VV) corresponding to the high frequendy,
position of independent, diatomic molecule, bond polariz-mode are set to unity for purposes of comparison. The agree-
ability tensors. We employ the general BP model expressiongent between theory and experiment is good, supporting the
of Ref. 38 forP,z ¢ in terms of normal mode displacement mode assignments as well as the bond polarizability calcula-
patterns and BP parameters. Based on our electronic baniéns. The results are also quite plausible. For example, the
theoretic knowledg¥-° of the skutterudites the bonds that breathing type modes o, and E, symmetry(see Fig. %
ought to be considered are those between nearest-neighbgeld the largest intensities. A large discrepancy occurs only
Fe and Sb atoms and those between Sb atoms on the sidest@f the highest frequency mode. In view of the simplicity of
the rectangular Sb rings. For each bond one introduces paur bond polarizability model it is not surprising that there is
rameters for the bond-length-derivitives of the isotropic andsome deviation between theory and experiment. In particular
anisotropic components of the bond polarizability tensor, rewe would expect a sensitivity to the inclusion of more distant
spectively,a|+2a] and aj—a] and a parameter for the bonds than those treated here as well as to a slightly more
anisotropic component itselfy—«, . In our case, there are sophisticated model for the bond polarizability tensor asso-
nine parameters and eight Raman intensities to be fit, butiated with the Sb-Sb bonds that are included. We have also
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not attempted to fit the Lorentzians to the data such that thef both the full vibrational density of states and the La
3:4 rule for the intensity ratios is most closely obeyed. Thisweighted vibrational density of states. The latter is sharply
is particularly evident for the low frequency (122 cf) = peaked at a low frequency and has small components at
mode for which the intensity iRV geometry is much larger higher frequencies. These results can be compared to previ-
than inVV geometry, an apparently anomalous result. Nev-ous less rigorous results.The La weighted low frequency
ertheless, thé/V and HV intensities in that spectral region peak is seen to be narrower than previously calculated, but
are comparable to each other, and therefore either the Lorerttie overall agreement with the results of an analysis of in-
zian fits have a large uncertainty due to overlap of peaks ogelastic neutron scattering data remaih$>
perhaps the appropriate shapes of the peaks may deviate Finally, our lattice dynamical results can be used to reli-
from Lorentzians. Furthermore, the low frequeritypeak is  ably estimate several equilibrium vibrational and thermal
the only peak for which the LDA calculation does not give properties, especially those that are primarily describable
the frequency to better than a few percent accuracy. within the harmonic approximation, such as dispersion
curves, specific heat, and Debye Waller factors. They could
also be a basis for calculations of thermal conductivity. The
Viil. SUMMARY AND CONCLUSIONS description of the lattice dynamics given here is a necessary

We have studied the lattice dynamics of,L&e;CoSh, ingredient to a Boltzmann-Peierls approach. We have also
through polarized Raman spectroscopy and first principle§iven an estimate of cubic anharmonic parameters which en-
calculations of interatomic forces based on the ideal compo® into such an approach. With additional considerations to

sition LaFgShy,. By comparing crossed and parallel polar- those which we have made, our results might also be appli-
izations, we have experimentally identified the RamarC@ble to aclassical Green-Kubo calculation of the type per-

modes ofA; symmetry. The results of the first principles formed for a clathrate by Dongt al** Finally the partial
calculations were also adapted into a bond polarizabilityfilling effect might also be taken into account employing our
model for the prediction of Raman intensities for the idealb@-Pased force constants. Note that in the case of partial
composition. The strong agreement of our predicted frequerfilind, resonant scattering in the harmonic approximation
cies and intensities with experiment suggests that the cry&an reduce thermal conductivity, although some anharmonic-
talline model is useful for describing the main features of thdy S required in principle to achieve finite thermal conduc-

experimental results. The combined relationship of fre-VIY-

guency and Raman intensity gives us some confidence in the

assignment of the other six modes. However, features of the

experimental results such as the leakagé\gsymmetry in ACKNOWLEDGMENTS

cross polarization and large broadening of Raman peaks is \ye thank Dr. M. J. Mehl for providing us with the uni-
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fact that our calculated force constants might be used t@aicylating the vibrational density of states. We are grateful
model a disordered structure. Toward that end we have alsg helpful discussions with T. Caillait, J. P. Fleurial, J. Dong,
computed the zone center frequencies without the La forcgnq g Siack. The work at NRL is supported by the Office of
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also possible that the broadening is a dynamical effect ass@y UT-Battelle LLC for the U.S. Department of Energy un-
ciated with the filling atom, as suggested in other wofk$® 4o Contract No. DE-AC05-000R22725.

Some of the aspects of the theoretical methods are also
worth mentioning. More than 1000 LDA atomic force com-
ponents were obtained and these were used in a least squares  A\ppeNDIX: TYPES OF DISPLACEMENT SETS
fitting procedure to obtain not only all of the independent
harmonic force constant valuésithin the limits of the zone Atoms within the unit cell are displaced in three different
center displacement methobut their least squares uncer- ways. In one way (type 1), displacement sets of
tainties as well. These calculational uncertainties, which doehombohedral-like distortions were usedhe point group
not take account of systematic errors of the LDA, were foundsymmetry is reduced t€3.) This entailed seven atom types
to be less than two percent for the strongest force constantwithin the unit cell with a La and an R&e-1) on the trigonal
The force constants were found to decrease, overall, witlxis, and an FéFe-2 and four Sb atoms in general posi-
increasing interatomic distance but force constants outsidgons, yielding seventeen independent force components. We
our maximum 4.5 A interatomic distance cannot be ne-also used displacement sets consistent with the La atoms
glected. The results partially support simpler model resultsdisplaced along one of the cubic axes yielding orthorhombic
which have dominant nearest-neighbor force constants argymmetry (type 2. (The point group is reduced t@,,.)
large central force components. In addition, we have exWithin this reduced symmetry seven atom types are again
tracted effective cubic anharmonic central force parameterdound; the La atom, a single Fe atom, and five Sb’s, where
The cubic anharmonic La-Sb central force parameter is sizethe La is restricted to a single directiom)( one of the Sh
able, and we expect that these values could find use in futurgtoms and the Fe atom is in a general position, and the re-
theoretical treatments of thermal conductivity as well as ofmaining Sb’s are confined to th& andyzplanes. This gives
other anharmonic properties. fifteen independent force components for each set of dis-

We have applied our force constant results to a calculatioplacements. Finally several calculations were done for a gen-
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eral set of displacements whereby 51 independent force paf the four distinct Sb atoms along each of the cubic body
rameters resulted from a single displacement (bgie 3. diagonals by an amount 0.00483The remaining sets of
The cost in time of the LDA calculations depended on thedisplacements involved either a variety of combinations of
symmetry employed, and we obtained much more data fromatoms or separate displacements of Fe-1 and La atoms along
the type 1 calculation than from the others. the trigonal axis.

From thirty nine LDA calculations of type 1, 663 force  Two calculations were also performed for substantially
components are obtained. Nevertheless the much smalléarger La displacements, of 0.82nd 0.04, along one of
number of independent harmonic force constants cannot ke cubic axegtype 2 as compared to all other displace-
entirely determined from this information alone because ofmnents that we chose. These displacements provide informa-
the rhombohedral symmetry restriction. Thus there is muchion on both cubic and quartic anharmonic potential energy
redundancy in this information. By including five displace- terms and will be discussed in detail in a subsequent paper.
ment sets of type 3 and six of type 2, we are able to comHowever, we have included the O@®8@ata set in our analysis
pletely determine all independent harmonic force constantéwith no correction for the quartic anharmonic tejnis or-
within a least squares procedure. A total of 1044 independerter to achieve the most precise results for the “bare” La
force components comprised our “data” set. frequency of Ref. 26: The results are 69.5 and 74.4tm

As a specific example of our choice of displacement setsvithout and with the 0.02 displacement set, respectively, to
of type 1, in sixteen separate calculations we displaced eadie compared with 74.0 cnt of Ref. 26.
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