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Specific-heat measurements and 1%5pt NMR studies have been carried out for actinoid-bearing filled skut-
terudite superconductor ThPt,Ge, with 7,.=4.62 K. The lattice contribution to the total specific heat has been
analyzed in terms of combination of the Einstein and Debye theories. The data show that ThPt,Ge,, has one
optical and two acoustic vibrational modes. The numbers of such modes and the magnitudes of the vibration
frequencies suggest that the two acoustic modes can be attributed to the Pt and Ge atoms forming two different
cages in the cubic bec skutterudite structure, while the optical mode can be associated with weakly bonded Th
atoms occupying a center of these cages. The 195p¢ Knight shift and spin-lattice relaxation rates in ThPt,Ge;,
can be understood in terms of conventional Fermi-liquid picture. Distinct anisotropy in these quantities pre-
sumably arises from d(p)-orbital components. The experimental data have been confronted with the electronic
band structure of ThPt,Ge;, calculated by ab initio full-potential relativistic local-orbital method within the
local-density approximation. Enhanced value of the mass enhancement coefficient points to considerable
electron-phonon interaction and some electron-electron correlations. The Fermi surface of metallic ThPt,Ge,

consists of nonspherical hole and electron sheets.
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I. INTRODUCTION

Ternary  skutterudites  RT,X;, (R=rare earth,
T=transition metal, X=P,As,Sb) have been the subject of
intensive research for many years.! Due to strong hybridiza-
tion between 4f electrons and conduction electrons, associ-
ated with unique cage structures, some of these compounds
exhibit exotic phenomena, such as intermediate valence,
heavy-fermion state, Kondo semiconducting properties, non-
Fermi-liquid behavior or/and superconductivity.> Most re-
cently, superconductivity has also been discovered in a novel
family of Ge-based skutterudites MPt,Ge;, with M =Sr, Ba,
La, Pr, and Th.®? Interestingly, all these phases show similar
values of the critical temperatures, which range from ~5 to
~8 K. This fact points to a minor role of the filler M ele-
ment, but a dominating contribution to the superconducting
properties from interactions within the cages formed by the
Pt and Ge atoms.

In the skutterudites, the 7" and X atoms form cages round-
ing the guest M atoms shown in Fig. 1. There are two inter-
esting aspects of this structure that are worthwhile to be
taken into consideration. First, the bonding stabilization of
the structure is owed to hybridization and electron donation
between the M atoms and the T, and X, frameworks. These
factors govern the character of the conduction band and vari-
ous strongly correlated electron phenomena. The second fea-
ture is the location of the filler M atom in the oversized
cages. The cages are sufficiently large for loosing rigid bonds
of the M atoms with the cages, and as a result these atoms
exhibit incoherent vibrations, so-called rattling motion.'©

In order to build a complete picture of the role of Pt and
Ge in the physical properties of ThPt,Ge,,, especially in the
superconductivity that sets in at 7.=4.62 K, it is useful to
study the behavior of these atoms within the cages they form.
For this purpose, we have investigated the lattice specific
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heat and the nuclear magnetic resonance (NMR) on the 195p¢
nuclei. The experimental studies have been supplemented by
band-structure calculations performed using the full-potential
local-orbital (FPLO) and full-potential linearized augmented-
plane wave (FP-LAPW) codes. Previously, the density of
states (DOS) of ThPt,Ge,, calculated using ab initio
quantum-mechanical molecular dynamics using pseudopo-
tentials and a plane-wave basis set within the VASP package.
The general finding of that study can be briefly summarized
as follows: there is a strong hybridization between the Ge
and Pt states, which contribute to the peak in DOS at the
Fermi level Er being equal to 9.63 states eV™! f.u.”™!. Ac-
cording to the report, the density of states near Ej is pre-
dominantly due to germanium p- and s-like states.” There
have been published two reports on the specific heat of
ThPt,Ge,,.5? The low-temperature data indicated that the lat-
tice specific heat follows a Cp,~ BT +0T° relation,® where
the first term is derived from the Debye model and the sec-
ond term represents deviations from the T° approximation.
This observation would imply the existence of several vibra-

FIG. 1. (Color online) Schematic view of the filled skutterudite
ThPt,Ge;,. (a) Cages centered on the Th atoms (the biggest ball)
are formed by the Pt atoms (the middle size balls) and by the Ge
atoms (the smallest balls). (b) The Pt atoms are in distorted octahe-
dral Ge coordination with distance dp_g.=2.46 A. Two Th atoms
with dp.m,=3.72 A are far away from the central Pt atom.
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tional modes in ThPt,Ge;,. Further, the high-temperature
data revealed, in addition to one acoustic mode with one
Debye temperature ®,=260 K, two other optical modes
with two Einstein temperatures =347 K and
0;,=63.8 K, respectively.? To the best of our knowledge no
NMR data have been published for ThPt,Ge;,. Most re-
cently, Pt NMR spectra and the temperature variations in
Knight shifts and spin-lattice relaxation rates were reported
for superconducting LaPt,Ge,, and its magnetic counterpart
CePt,Ge,,.!! In La-based compound, the Pt NMR spec-
trum shows uniaxially symmetric pattern associated with an-
isotropic Knight shift due to orbital contribution. The mea-
surement also revealed some enhancement in the Korringa
relation, indicating the presence of magnetic correlations. In
CePt,Ge,,, a remarkable result was the observation of an
activation-type temperature dependence of the nuclear spin-
lattice relaxation above 100 K and 7;T=const below 20 K.
T, is the spin-lattice relaxation time. The observed behavior
has been attributed to residual states at the Fermi energy
existing inside the gap.

II. EXPERIMENTAL DETAILS

Polycrystalline sample of ThPt,Ge;, was prepared and
characterized as described in Ref. 8. The specific heat was
measured by the thermal-relaxation method in the tempera-
ture range between 1.8 and 300 K and in applied fields up to
2.6 T, employing a Quantum Design PPMS platform.

Pt NMR measurements were performed in the tempera-
ture range 25-300 K using a Bruker Avance DSX-300 spec-
trometer (operating at a field of 7.05 T) and an Oxford In-
struments ITC-503 temperature controller. The spectra were
obtained by the Fourier transforms of the solid echo signals
produced by a sequence of two equal-width pulses (90°).,
—7-(90°)~, using quadrature detection and extended phase
cycling procedures.'2 The '*>Pt Knight shifts (K) are given
with reference to = '**Pt=0.21400000, (IUPAC d scale).!?
Here = is defined as the ratio of the isotope-specific fre-
quency to that of 'H in tetramethylsilane (TMS) in the same
magnetic field.'> More positive values of Knight shifts cor-
respond to high-frequency, low-field, paramagnetic,
deshielded values. Pt nuclear spin-lattice relaxation times
(T,) were measured using a saturation recovery pulse se-
quence in which the solid echo pulse sequence has been used
in position of a single monitoring 90° pulse, i.e.,
(90°),—variable delay 7-(90°).,—7-(90°).,~7—echo.
The recovery of the echo amplitude after the saturation of
nuclear spins by single 90° radio-frequency (RF) pulse was
found to be of single exponential form, and 7 was deter-
mined by fitting the data to the three-parameters recovery
function M(t)=M()[1-C exp(~t/T;)]. The quantities T},
M(0) and C(=1) were treated as adjustable parameters.

The electronic properties of ThPt,;Ge;, were calculated by
ab initio full-potential relativistic local-orbital (FPLO)
method within the local-density approximation (LDA).!4-16
The exchange correlation potential was used in the form of
Pardew and Wang.!” The self-consistent potentials were car-
ried out on a k mesh of 396 k points in each direction of the
Brillouin zone. In these calculations, the valence states were
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FIG. 2. (Color online) Calculated total and partial densities of
states in ThPt,Ge,, that arise from the constituting atoms (upper
panel) and from the s, p, d, and f states (lower panel).

assumed for 7s, 7p, 6d orbitals of Th, 6s, 6p and 5d orbitals
for Pt, and 4s, 4p and 3d orbitals for Ge. It should be noted
that local orbitals of Th (6s,6p), Pt (5s,5p,4f) and Ge
(3s,3p) were treated as semicore states. The calculations
were performed fully relativistically including the relativistic
effect of spin-orbit coupling. The input parameters were the
experimental room-temperature value of the lattice parameter
a=8.5924 A (Ref. 8) and the atomic positions 2(a) for Th,
8(c) for Pt and 24(g) for Ge with yg.=0.1515, z5.=0.3556
(Ref. 9). In addition to the FPLO analysis, the density of
states in ThPt,Ge;, were calculated by full-potential linear-
ized augmented-plane-wave (FP-LAPW) method within the
exact-exchange density-functional theory (DFT) using the
EXCITING code.'® In these latter calculations all core-valence
interactions were taken into account.

III. RESULTS AND DISCUSSION
A. Electronic structure

The two methods applied to calculate the electronic struc-
ture ThPt,Ge,,, i.e., FPLO and FP-LAPW, yielded very simi-
lar results, and therefore in the following only the data ob-
tained by the FPLO code are discussed. The calculated
density of states in ThPt,Ge,, is shown in Fig. 2. The bands
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FIG. 3. Calculated energy band structure of ThPt,Ge;, near the Fermi level along high-symmetry lines.

up to —8 eV mainly originate from the Ge-s band. Between
-8 eV and -6 eV the contributions of both Pt and Ge atoms
are apparent. Here, the Pt-5d components are strongly hy-
bridized with the Ge-3p and Ge-3s components. The contri-
bution of the Pt-5d states becomes dominating in the hybrid-
ized band between —6 and —2.5 eV. The Ge-4p states are
rather dispersive, extending from —5.5 eV to about 1 eV, and
make the dominant contribution to the total density of states
at the Fermi level. An interesting feature of the conduction
bands of ThPt,Ge;, is a very sharp peak structure in DOS
just below Ef. The peak arises due to hybridization between
the d orbitals of Pt and Ge as well as the d and f orbitals of
Th with the p orbitals of Ge and Pt. The contributions of the
particular atoms to the total DOS at Ef are as follows:

(i) Th atom: 1.22 states eV~! f.u.”! with the partial densi-
ties: 6d: 0.33, 5f: 0.85, 7s: 0.02, 7p: 0.02.

(ii) Pt atom: 1.27 states eV~! f.u.”! with the partial densi-
ties: 6s: 0.11, 6p: 0.43, 5d: 0.73.

(iii) Ge atom: 7.26 states eV~! f.u.”! with the partial den-
sities: 4s: 0.25, 4p: 6.75, 4d: 0.26.

It should be noted that the Th 64 and 5f components are
noticeably large near Ej (see the lower panel in Fig. 2). In
particular, the contribution of the 5f orbital to total DOS
reaches as much as 8.7% compared to 13.5% coming from
the total d orbitals and 73.8% arising from the total p orbit-
als. In contrast, the contribution of the s orbitals is negligible.
The obtained data suggest that the f-pd mixing interaction
plays an important role in ThPt,Ge,,, especially in the elec-
tronic conduction of this compound. One may add that the
presence of the Th f orbital at the Fermi level was previously
observed in Korringa—Kohn—Rostoker band-structure calcu-
lations for ThB,Co.!?

The overall characteristics of the density of states pre-
sented in Fig. 2 are similar to those reported previously.’
However, there is an essential difference in the peak structure
in DOS just below E. The present calculations revealed two
sharp DOS features at the binding energies 0.25 and 0.1 eV,
respectively, compared to the one peak structure in the pre-
viously published data. This implies that DOS near the Fermi
energy is very sensitive to either the calculation method em-

ployed or to the values of the crystallographic input param-
eters used. The density of states at the Fermi level is esti-
mated to be N(Ep)=9.75 (states eV~'fu."'), which
corresponds to the theoretical Sommerfeld coefficient 7y,
=1mkzNAN(Ep)/3 of 23 mJ mol~' K2 The total electron-
mass enhancement A:%”-—l is estimated to be 0.74, which
is somewhat larger than the previously reported electron-
phonon enhancement factor of 0.62-0.66.%° This important
finding points to a considerable electron-phonon interaction
and some electron-electron correlations in the compound
studied.

Figure 3 displays the band structure of ThPt,Ge,, along
various high symmetry directions in the Brillouin zone. The
data reveal three bands crossing the Fermi level along the
N-H direction. These bands yield a considerable density of
states in the valence and conduction bands around the Fermi
energy, hence reflecting a metallic nature the compound, in
agreement with the experiments.®?

The calculated Fermi surface of ThPt,Ge;, is shown in
Fig. 4. There are three kinds of the Fermi surfaces, denoted
in the figure as band A, B and C. The band A constructs large
hole sheet centered at the I" point, which exhibits a complex
network consisting of big pockets. Rather unexpectedly for
the cubic crystal structure, the Fermi surface of ThPt,Ge;,
has no fourfold symmetry. Instead, it has sixfold symmetry
along the I'— P axis, shown by the cross section. The band B
forms four structure sheets, for which twofold symmetry is
visible along the I'=P or I'=H axes. In turn, the Fermi sur-
faces from the band C have six sheets with two disklike and
four cushionlike shapes. Such asymmetrical Fermi surfaces
of bands A, B, and C are probably related to a strong hybrid-
ization of the Ge-5p states with the Pt-4d states and in a
weaker strength with the Th 5f states. The revealed asym-
metricity of the Fermi surfaces in an intriguing feature of
ThPt,Ge,, that deserves further investigations being focused
on the expected anisotropic physical properties of this com-
pound.

B. Specific heat

The specific-heat data of ThPt,Ge,, are presented in Fig.
5. In the normal state, the compound is a weak diamagnet,’
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FIG. 4. (Color online) Calculated Fermi surfaces of ThPt,Ge,,
and their cross sections. The I" point is placed at the center of the
boxes.

thus C, above T, is assumed to be a sum of two terms:
electronic specific heat C,; and phonon specific heat Cy,. The
specific heat C,; can be estimated from the low-temperature
data taken in a magnetic field of 0.5 T that totally suppresses
the superconductivity (see the inset of Fig. 5). Fitting in this
region the expression C,=v,T+pBT°+0T° (cf. Ref. 8)
yielded 7,=40(2) mJ mol~! K2, and the parameters S
=3.25(2) mImol"' K* and ¢=0.03(1) mJ mol~! K™°.
Then, by subtracting C. =%, from the measured C, in the
entire temperature range the phonon specific heat Cp;, can be
determined, as shown in Fig. 6 as the ratio Cph/T3 vs T.
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FIG. 5. (Color online) Temperature dependence of the total spe-
cific heat of ThPt,Ge;, divided by temperature. The inset shows the
specific-heat data collected at 0 and 0.5 T as a ratio C,,/ T vs T2. The
dashed line is the low-temperature fit described in the text.
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FIG. 6. (Color online) Temperature dependence of the phonon
specific heat of ThPt,Ge;, divided by 73. The solid line is the fit
discussed in the text. The dotted, dash-dotted, and dashed lines
represent the contributions of the two acoustic and one optical
modes, respectively.

In general, the lattice specific heat is due to acoustic
and/or optical phonons. For a compound having n atoms per
unit cell, one expects three acoustic and 3n—3 optical modes.
The acoustic modes are represented as Debye oscillators,
which contribute to Ehe total specific heat as Cp, p(7)
=9Rn;(T/Op)3 fg)D/TX—eXpiidx, while the optical modes

: [exp(x)-17 (O, 2exp(©,/T)
are given by the formula Cph’E(T)=3RnE[e)q)(®E—/T)_l]zdx,

where R is the gas constant, ©p, O, np, and ny are the
Debye temperature, the Einstein temperature, the number of
Debye oscillators and the number of Einstein oscillators,
respectively.?’ In filled skutterudites RT,X,, the low-energy
optical modes are associated with the incoherent vibrations
of the R ions in the T,X;, cages.'® For ThPt,Ge,,, the pres-
ence of such optical phonons is evidenced by a maximum
around 12 K in the plot Cp/T3 vs T (see Fig. 6).

In Ref. 9, it was argued that the phonon specific heat of
ThPt,Ge,, can be expressed by considering one Debye and
two Einstein oscillators with the characteristic temperatures
0,=260 K, 05=34.7 K, and ©;=63.8 K. However, it
appeared not possible to describe the specific heat data ob-
tained in the present work around the C/ T° maximum, and
even much worse agreement was found for temperatures be-
tween 20 and 100 K. Instead, it turned out that very good fit
can be derived assuming one optical mode with O
=59(1) K and n;=0.85(0.2), and two acoustic modes with
0,,=340(5) K, np;=12.65(0.5) and O,,=144(5) K, np,
=3.5(0.5). The description of the lattice specific heat in terms
of a combination of acoustic and optical vibrational modes
can be naturally associated with the specific cage crystal
structure of ThPt,Ge,. In this compound, the Th atoms have
much larger mass than the other atoms in the lattice and
therefore they are expected to have a significantly lower os-
cillation frequency. Thus, the motion with @z=59(1) K can
reasonably be attributed to the Th atoms. In turn, the Pt and
Ge atoms with different atomic distances to the central Th
atoms (dpy,.ge=3.31 A and dpy,p=3.72 A) are confined to
two different cages (see Fig. 1), and therefore they may have
different frequencies of the oscillations. The lighter Ge atoms
can be associated to the higher frequency ®,;=340(5) K,
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whereas the heaver Pt atoms can be characterized by the
lower frequency ©,,=144(5) K. It is worth emphasizing
that such a distribution of the modes is supported by the
calculated numbers of the Einstein and Debye oscillators.
One may also note that the Debye temperature of 217 K,
estimated in Ref. 8 from the low-temperature specific heat
data, approximately corresponds to the average value of @),
and O, being about 240 K. Nonetheless, in order to verify
the present or hitherto proposed models of the optical and
acoustic phonon modes in ThPt,Ge;,, inelastic neutron or
Raman scattering experiments are required.

C. Pt NMR

In ThPt,Ge;, all the Pt atoms are crystallographically
equivalent and are located at the center of distorted octahedra
formed by the Ge atoms. More specifically, their point group
symmetry is .—3. with threefold symmetry axis being along
the one of the four [111] directions. Accordingly, the NMR
spectra of the 195pt nuclei in ThPt,Ge,, should reveal the
powder-pattern line shapes characteristic for situation when a
nucleus under investigation is in an environment of axial
symmetry.?! In such a case the hyperfine interaction produces
an NMR Knight shift, K(0)=K,+K,,(3 cos’ ®—1), where
K, and K, are the isotropic and axial components of the
Knight shift, respectively, and © is the angle between the
local symmetry axis and the applied magnetic field B,. The
principal components of the shift tensor are defined as

KaX:1/3(1}\\_VL)/V(J:l/s(KH_KL)’ (1)

Kiso=1/3(V\\+2vL_3V0)/V0=1/3(KH+2KL)’ (2)

where v, represents the frequency corresponding to zero
Knight shift value. Here K| and K, stand for the Knight
shifts parallel and perpendicular to the symmetry axis, re-
spectively. Then, the powder pattern shows a peak at K
=Kj,— K, and a shoulder at K=K;,+2K,;.

The shape of the Pt NMR spectra measured for
ThPt,Ge;, appeared to be independent of temperature in the
covered temperature range 25-300 K. For illustration, two
typical spectra recorded at 50 and 200 K in a field of 7.05 T
are shown in the inset of Fig. 7. For both temperatures the
carrier frequency was held at the value corresponding to the
resonance shift of the Pt nuclei, '*°K,,. As seen in Fig. 7,
K, is positive and only weakly temperature dependent
whereas the anisotropic component, K, is negative, small
(0.05%) and almost temperature independent. The '*°Pt an-
isotropic Knight shift is a correct measure of the magnetic
susceptibility anisotropy since K, % 1/3(x;—x.)p, Where
xpi=1/3(xy+2x . )p, represents the magnetic susceptibility of
the Pt atoms sublattice in ThPt,Ge,.

In order to study the nuclear spin-lattice relaxation pro-
cess of the Pt nuclei in ThPt,Ge,,, the NMR signal was
sampled at different delay times ¢ after the perturbation of
nuclear spins by RF pulses. Some examples of such spectra
are shown in Fig. 8. As might be expected, the relaxation rate
1/T; of the '>Pt nuclei exhibits an anisotropic behavior with
(T)) >(T)),. In fact, an NMR signal at K, recovers much
faster than that at K,. The curve recorded after t=15 ms
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FIG. 7. (Color online) Temperature dependencies of the 195Pt
Knight shift components K|, K|, Kj,, and K, in ThPt,Ge,. The
inset presents 195py NMR spectra recorded at 50 and 200 K in a
field of 7.05 T.

(see Fig. 8) represents the NMR signal at thermal equilib-
rium, i.e., the signal which has completely recovered after
initial saturation of the nuclear magnetization. The signal-to-
noise ratio at K; was too small to determine precisely (T);,
however it was sufficient to estimate (7)) , that is longer. The
obtained temperature dependence of the relaxation rate
1/(T}), is shown in Fig. 9. Apparently (1/7}), varies with
temperature in a linear manner, which can be understood in
terms of a conventional Fermi-liquid picture.?? This finding
shows that the dominant spin-lattice relaxation process in
ThPt,Ge, arises from hyperfine interaction between the
195pt nuclear spins and the conduction electrons with the
product (1/T,T), being equal to 8.5+0.1 s~! K7\,

In elemental Pt and its alloys the main contributions to the
Knight shift and the spin-lattice relaxation rate of '*>Pt nu-
clei have their origin in the following magnetic
interactions:2!32 (i) direct contact Fermi interaction of
nucleus with the conduction 6s electrons, (ii) orbital and (iii)
dipolar hyperfine interactions with the p and d components
of conduction electron wave functions at the Fermi level, (iv)
indirect contact interaction of unpaired 5d conduction elec-

® [ 195ptNMR — t=15ms
- ——— t=2ms
S T=s0K t=1ms
: ———— t=0.5ms
o L i 1
—_
<
N
>
=
2] v,
2 A E SN
E Le -
c .
n K K

500 400 300 200

v-v, (kHz)

FIG. 8. (Color online) Evolution of the '*>Pt NMR spectra of
ThPt,Ge, recorded at 50 K with a few different time delays after
initial saturation of the nuclear magnetization. Note an anisotropic
character of the nuclear spin-lattice relaxation rate.
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FIG. 9. (Color online) Temperature dependence of the nuclear
spin-lattice relaxation rate (1/7;), for the '®Pt nuclei in
ThPt,Ge;,. The solid line represents the fit with (1/7,7),
=8.5+0.1 sT' K.

trons via exchange polarization of closed inner s-shell elec-
trons (core polarization) and (v) conduction 6s electron po-
larization through the s-d exchange and s-d mixing
interactions. The interactions (i) and (iv) are intrinsically iso-
tropic. For local cubic symmetry, and in the absence of sig-
nificant spin-orbit effects, each of these mechanisms contrib-
utes independently to the Knight shift and the spin-lattice
relaxation rate:

K= (upN,y) ™ Hysi) x;, (3)

1
i = 2hkg| 7nNi(EF)th(i)]2Fi’ “4)
T,T

where up is the Bohr magneton, N, is Avogadro’s number,
Hy(i) are appropriate hyperfine fields (per Bohr magneton),
X; are electronic susceptibilities, / is the Planck constant, 7,
is the nuclear gyromagnetic ratio, N,(Ey) are the partial s-, p-
and d-bare electron state densities at the Fermi level for one
direction of the spin, F; are inhibition factors which arise
from the orbital degeneracy of the p(d)-wave functions at the
Fermi level. It is obvious that quantitative interpretation of
transition-metal hyperfine effects requires a knowledge of
many interaction parameters. In the case of local cubic or
tetrahedral symmetry, the inhibition factors are functions of
single parameter f(t,,) or f(e,), indicating the degree of ad-
mixture of #,, and e, character of the electron d-wave func-
tions at the Fermi level. In the present case, the analysis can
further be complicated by the trigonal point-group symmetry
of Pt atoms which make it more difficult to estimate the
p(d)-relaxation inhibition factors. The lower symmetry leads
also to an anisotropic orbital relaxation rates, as well as to
interference effects.?®?° The filled skutterudite ThPt,Ge, is
characterized by rather rapid nuclear spin-lattice relaxation
rate and relatively small positive Knight shift. Interestingly,
the derived relaxation rate (isotropic part) is comparable to
that observed in elemental platinum, while the measured
Knight shift is distinctly different from that in Pt. In this
context it is worth recalling that platinum metal is dominated
by d-band DOS [the literature value of (1/7,T) is
34 s K7!], whereas the Knight shift is large and negative
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(~=3.5% at low temperatures) being almost entirely due to
core-polarization mechanism.?!2

As discussed above, the calculated density of states
around Ep in ThPt,Ge;, is mainly composed of hybridized
Ge 4p-like and Pt 5d-like states, and DOS has local peak
structure slightly below the Fermi level (see also Ref. 9).
Moreover, the relativistic effect of spin-orbit coupling does
not significantly influence the band structure. For the sake of
simplicity one may assume that in spite of the hybridization
the wave functions at the Pt site resemble their d(p) charac-
ter. The magnitude of DOS related to the Pt atoms (mainly
5p- and 5d-like) calculated at E, for one spin direction is
0.159 states/eV atom, i.e., it is only about 1/7 of that ob-
served in Pt metal. However, there are several reasons for
believing that in ThPt,Ge,, the s-contact mechanism contrib-
utes significantly to the total hyperfine interaction of the
195pt nuclei. The calculations show that the Ge 4p orbitals
hybridize not only with Pt 5d but also with 6s orbitals, which
produce a large positive Fermi contact type hyperfine field at
the Pt sites. The K, and K, as they are defined here, can be
summarized by the following expressions:

(Kiso = K?E(;n + K?sr(? ’ (5)
(Kux = K2+ K3Y). (6)

K" is due to direct Fermi contact interaction of the '*°Pt

nuclei with the s-electron conduction band (K%) and contri-
bution resulting from the indirect core-polarization process
(K:P) in the case of Pt d-band overlapping the Fermi level,

i.e.,

K" = Kigy + KB = (1upNA) ™ [Hie(5)™ X + Hieep) " xal,

iso iso iso

where Hp(s) and Hy(cp) represent the s-Fermi contact and
d-core-polarization hyperfine fields, respectively. The s and d
parts of the local spin susceptibilities, x, and y,, are given by

Xi=2upNAER/[1 = N(ER) V], (8)

where i=s or d, "N,(Er) and "'N,(E}) are the partial s-band
and d-band densities of states at the Fermi energy, respec-
tively, while V. represents an effective Coulomb interaction
potential, which enhances the spin susceptibilities. However,
in the present case "'N(E)V-<1, and thus

K2 = KIS + KP = 2 g Hyi(5) "N {(Ep) + Hy(cp) "N (Ep)].
9)

For Kf’sr(l,’ no expression of this form exists because x,
does not depend on N(Ey). Actually, xom, ~ 1,1,/ A, where n,
and n, are the numbers of occupied and unoccupied electron
states in the band, respectively, and A is a bandwidth.?! The
band-structure calculations (see above) clearly indicated that
Pt has a nearly filled 54 band, which would give rise to a
very small isotropic orbital shift. Qualitatively, the experi-
mental value of 'K, can be attributed to partial cancella-
tion between positive s contact plus small d-orbital shifts and
a negative d-core-polarization shift. The p-core-polarization
mechanism is usually less effective than d core, and thus can
be ignored in this crude estimation. Assuming for the mo-
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ment that the measured 'K, is entirely due to the Fermi
contact plus core-polarization mechanisms (s-d model), and
taking Hy(s)=1190 T and H,fcp)=—119 T as in Pt
metal,® one obtains Ki&=+0.69%, KP=-0.15% and
P tNS(EF)/P ‘N(Ep) = p,=0. 31 Any small p- or d-orbital con-
tribution to the measured '*°K,, does not essentially change
the magnitude of estimated parameters Ko, K? and p,. On
the other hand, the anisotropic Knight shift and the resulting
anisotropic line shape of the '*>Pt NMR spectra in ThPt,Ge |,
are determined by spin-dipolar and orbital interactions K™
and K2, respectively.’!32 '

The former is given by KP"=2uZN(Ep)g, with ¢
=a,(r3),+a,(r*),, where coefficients a,, are related to the
angular dependent p- and d-electron partial DOS at Ef, and
(r >p(d) are the expectation values of r~ for the platinum
electrons in a p or d state, respectively, averaged over all
occupied states in the band. Quite generally,’> ¢
=(r ) [(415)x, 9= (2/5) (xy 1 +x1 )]+ )[4/ T)xa
+(2/7) (g 1425 1) = (4/T) (x5 24X, )], where Xl
=N (EP[Z) Ny, (Ep)]™. The point-group symmetry at
Pt sites in ThPt,Ge,, is .—3. and crystal field splits the Pt d
states into singlet A [z (2,0)] and two doublets: Ej, [x2
-v2(2,2),xy(2,-2)] and Es [xz(2,1),yz(2,-1)]. Thus, if the
d-electron spin dipolar mechanism dominates the Knight
shift anisotropy, the negative value of K;%" corresponds to
(Xp0+Xy _5) >x50+(1/2) (x5 1 +x, ;). This indicates that the
excess spin den51ty at the Pt site resides on the £}, band. The
contribution K°r arises from the interaction of the nuclear
magnetic moment and the electronic current that is induced
by the external magnetic field. It reflects an anisotropy of the
Van Vleck-type orbital magnetic susceptibility:

K3 = 1/3(pN) ™ Hyorb) (X = X L) oro
=2/3(N) )= X Lor- (10)

It is assumed here that the contribution K arises exclu-
sively from d electrons. Because of the large magnitude of
d-orbital hyperfine field (in Pt metal Hygorb)=110 T; Ref.
26), only very small anisotropy of the Van Vleck susceptibil-
ity, |(x;=x 1)o|=7.6 X 107® emu/mol Pt is sufficient to ex-
plain the anisotropic line shape of the Pt NMR spectra in
ThPt,Ge;,. At present we are unable to establish the propor-
tions between the K:P™ and K contributions to the total
observed K,,. Set of the same parameters, i.e., Hys),
H,(orb), Hys(orb) and p,, matches also very well the magni-
tude of the spin-lattice relaxation rate 1/T,T of the Pt
nuclei. The estimated value p,=0.31 evidently exceeds that
one determined in the band-structure calculations. However,
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0.13 electrons are transferred from each Ge atom to Pt atom,
indicating weakly ionic Pt-Ge bonds.’ The contact hyperfine
field should therefore be slightly larger than that assumed
above, and consequently the actual value of p, should be
smaller.

IV. CONCLUSIONS

The analysis of the specific heat of the filled skutterudite
ThPt,Ge,, indicated that its lattice contribution can be de-
scribed with a model that assumes the Th ions as indepen-
dent FEinstein oscillators embedded in two different cages
formed by the Pt and Ge atoms. The latter atoms oscillate as
two independent Debye oscillators. In the normal state, the
microscopic '*>Pt NMR properties of ThPt,Ge,, can be un-
derstood in terms of a conventional Fermi-liquid picture. All
the NMR measurables, i.e., 'K, 'K, and (T,7)"" are
nearly temperature independent, alike the bulk magnetic sus-
ceptibility. From the Knight shift it follows that the dominant
hyperfine coupling is largely isotropic ('K, / 'K, = 10).
The p- and d-band derived density of states at the Fermi
level dominates at the Pt atom sites. Consequently, both the
anisotropic shift and the anisotropic relaxation rate are gov-
erned by the d(p)-orbital components. However, some small
Pt s-electron admixture at the Fermi level is required to yield
the isotropic '°>Pt NMR shifts and the relaxation rates to be
comparable in their magnitudes to the experimentally ob-
served values. The calculated density of states has a structure
with two peaks located at about —0.25 and —0.1 eV below
the Fermi level. This feature may be attributed mainly to the
hybridized p—d-f states. Comparison of the electronic
specific-heat coefficients calculated from DOS at Ey and de-
termined experimentally yielded an enhanced value of the
total electron-mass enhancement of 0.74 that manifests
strong electron-phonon interaction and possibly some
electron-electron correlations. The calculated band structure
indicates that ThPt,Ge,, is a good metal, however, the hole
and electron Fermi surfaces are quite complex. Based on the
observed asymmetricity of Fermi surface it is expected that
the physical properties of ThPt,Ge;, may be anisotropic.
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