PHYSICAL REVIEW B 70, 214418(2004)

Weak itinerant ferromagnetism and electronic and crystal structures of alkali-metal iron
antimonides: NaFgSh;, and KFe,Sb,,

A. Leithe-Jaspet, W. Schnelle, H. Rosner, M. Baenitz, A. Rabis, A. A. Gippiug, N. Morozova! H. Borrmann,
U. Burkhardt, R. Ramlau, U. Schwarz, J. A. Myddsand Y. Grin
Max-Planck-Institut fir Chemische Physik fester Stoffe, Néthnitzer Str. 40, 01187 Dresden, Germany

V. Ksenofontov and S. Reiman
Institut fur Anorganische Chemie und Analytische Chemie, Johannes-Gutenberg-Universitat Mainz, Staudinger-Weg 9,
55099 Mainz, Germany
(Received 14 May 2004; revised manuscript received 13 August 2004; published 17 December 2004

The synthesis, chemical, structural, and magnetic properties of alkali-metal compounds with filled-
skutterudite structure, Nag®b, and KFgSh,,, are described. X-ray and neutron diffraction and elemental
analysis established the crystal structure without defects and disorder on the cation site. The temperature and
pressure dependence of the cubic unit cell of N&Bg and the displacement parameter of Na are investigated.
The electronic structure is calculated by density functional methiati$TO, FPLO). Quantum chemical
calculations(electron localization functionreveal the covalent character of both Fe-Sb and Sb-Sb interac-
tions. Electronic structure calculations within the local density approximation exhibit a band ferromagnetic
ground state and predict a half-metallic behavior. In contrast to isostructural alkaline-earth compounds
(CaFgSh;, and BaFgSh,), the alkali-metal skutterudites are itinerant electron ferromagnets with small mag-
netic moment§~0.25ug/Fe atom and Tc~85 K. Yet the paramagnetic moments of all four compounds are
between 1.ag and 1.7z per Fe atom, indicating similar Stoner factors. Temperature-depen@emtand
1215h Mossbauer spectroscopies confirm the ferromagnetic state in the sodium compound with very small
hyperfine fields at the iron and antimony sites.
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[. INTRODUCTION and 8. All these studies suggest that the physics of filled
skutterudites is governed by a subtle interplay of the filler

The class of compounds known as “skutterudites” exhibions and their surrounding transition-metal pnicogen host
its a wealth of topical behaviors, which are the source angtructure.
motivation of increasing interest and efforts to study and |n order to gain a better understanding of these processes
understand the underlying physics. All these materials derivand to explore non-rare-earth skutterudites, we have success-
from the archetypal mineral skutterudit€oAs;).! Binary  fully synthesized new alkali-metal compounds with sodium
skutterudites having the general chemical formlilg are  and potassiurfl. The filler atoms ares-electron metals of
formed by the members of the ninth group of the periodicsmall mass that are not magnetic and, therefore, are a good
systemT=(Co, Rh, Iy with pnicogensX=(P,As,Sh. No bi-  choice for the investigation of théelectron influence on the
nary compounds with iron, ruthenium, and osmium could beproperties of filled skutterudites.
synthesized under equilibrium conditions. In order to stabi- In this article, we present our investigations of the re-
lize such compounds it is necessary to include electroposiently synthesized skutterudites NaEh, and KFgSh;,.
tive elements as a third component leading to the total forThese materials exhibit bulk ferromagnetic transition3 at
mula R T,X;, (filled skutterudite$. Here, R can be an ~85K with weak itinerant iron magnetic moments and
alkaline-earth, rare-earth, and actinide metal or thallium. Dif-strong spin fluctuationsWe propose that these compounds
ferent degrees of filling/ can be realized up tg=1; how-  belong to the class of half-metallic ferromagn&shich are
ever, the real limits foly depend strongly on the “fillerR  promising materials for spin-electronic devidgagpintronics.
and the “host"T,X;, and are not yet well explored. These We compare them with the alkaline-eart@a, Bg com-
compoundsRT,X;, are called “filled” since the stabilizing pounds previously studied by Danebrock, Evers, and
atoms reside in large voids already present in the transitiondeitschké! which remain paramagnetic down to helium tem-
metal pnicogen frameworisee Ref. 2 and Fig.)3 peratures.

A variety of properties has been observed for rare-earth- Section Il will describe our experimental techniques, re-
filled skutterudites ranging from metal-insulator transitionsgarding synthesis, structural, and physical properties and the
to magnetic and quadrupole orderings, conventional and urealculational methods of electron localization functi&i.F)
conventional superconductivity, heavy fermion and non-and band structure. In Sec. Il we show results for the crystal
Fermi liquids, and fluctuating and mixed valerfcyFurther-  structure, chemical bonding, and electronic band structure
more, interest in these compounds is fueled by their possiblalong with the magnetic properties of the two ferromagnetic
use in thermoelectric applicatioh§.For exhaustive reviews compoundgNa and KFgSh;,) and the isostructural Ca and
on the skutterudite physics and chemistry we refer to Refs. Ba skutterudites’’Fe and'?'Sh Méssbauer spectroscopy for
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NaFeSh;, is employed to determine the hyperfine splitting Guinier Huber technique using LgEs an internal standard

in the ferromagnetic ground state of the sodium compounda=4.156 92 A. Low-temperature powder XRD was per-

Finally, Sec. IV summarizes the results. formed on a Huber Guinier camera with a sample holder

incorporated in a closed-cycle helium cryostat. For correct

lattice parameter determination, the measurement was per-
A. Synthesis formed with silicon powdefa=5.431194 6 A used as an

Due to the h|gh vapor pressure of the alkali meta|3, po]yjnternal Standaréﬁ Powder neutron diffraction data were

Crysta”ine Samp|e5 of NaEﬁblz and KFQSblZ were pre- collected at the Hahn-Meitner-lnStitUt, Berlin, with instru-
pared in a two-step synthesis. First, the binary compoundgent E9. Single-crystal data were collected on a Stoe IPDS
NaSb and KSb were synthesized from the eleméNes K,  System(Ag Ka radiation;\=0.560 86 A and on an Rigaku
99.99% from ABCR; Sb’ Shot’ 99.99% Chemﬁufa sealed R-axis RAPID dif‘fractomete(’MO Ka radiation 0.710 73 A
tantalum ampoule. Then, a stoichiometric mixture of pow-Crystallographic calculations were made with thevcsp
dered alkali-metal monoantimonides together with ReSb(Ref. 14 and thesHELXL-97 (Ref. 15 program packages.

(Fe, powder, 99.9% ChemBuand elemental Sb was com-

pacted to a pellet which was annealed in a sealed Ta ampoule C. Physical properties

at 400 °C for 1 week, followed by regrinding and additional , . )
heat treatment cycles. Since binary alkali-metal antimony Magnetic properties were measured on a superconducting

compounds are very sensitive to air, all these steps wergUanium interference devicSQUID) magnetometer
carried out in an argon-filled glove box with oxygen and (MPMS XL-7, Quantum Design Zero-field cooling(ZFC,
moisture content less 1 ppm. measured in warmingand field-cooling(FC) runs and iso-

The ternary compounds were obtained as dark gray povx&herm""I magnetization loops were performed up Hg
ders. In contrast to the educts, they are not at all sensitive t5 /0 KO€. Additional isothermal magnetization curves up to
air or moisture. The compounds CaBby, and BaFgSh;, Hex=140 kOe were measured by an extraction technique
were synthesized in a similar manner. Compacted blends §PPMS, Quantum DesignNo demagnetization or diamag-

FeSh, Sb, CaSk and BaSh, respectively, were annealed at NetiC core corrections were applied.
500 °C in sealed Ta tubes. Mossbauer measurements of powder samples of

Single-crystal grains of Nag8h,, could be isolated from NaFeSh;, were performed in a transmission geometry using

a sample which was heated to 700 °C and furnace cooled i constant-acceleration spectrometer and a helium bath cry-

57 "
order to obtain larger grains. Physical properties measuréStat:*'Fe Mossbauer spectra were recorded at room tem-
ature and 4.2 K using the 50 mCi souré€o(Rh). The

ments were performed on specimens cut from compacteB®" t : :

samples which were prepared by spark plasma sintering RECOIL 1.03 Moéssbauer analy5|s_software was used to fit the

(SPS the powders at 200 °C and at a pressure of 600 Mpg_xperlmental spectr®. Isomer sh|ft"values are quoted rela-

for 3 h under an atmosphere of argon. In this way, 92% oflVe 10 a-Fe at 293 K. For Sb Mossbauer spectroscopy, a

the theoretical density of the bulk material could be ~ onCaSnQ) source with an activity of 3.0 mCi was

achieved. placed together with the absorber in the helium bath cryostat.
Metallographic microstructure analyses on polished surThe spectra were analyzed with the prograrfi (Ref. 17

faces were performed with optical microscopy and electrontsing the transmission integral. During the fit the source

probe microanalysi$SEPMA). The latter investigations were recoil-free fraction value was kept 0.6.

done with a wavelength-dispersiy@/DX) Cameca SX100

system. I_Elemental standards for iron and an_timony and NaC! D. Calculation procedures

as a sodium standard were used. Energy-dispersive analysis | o ) )

(EDX) of the samples was carried out in a Philips XL30 Linear muffin-tin orbital (LMTO) methodThe tight-

scanning electron microscope. These investigations revealdinding (TB) LMTO atomic sphere approximatioASA)

elementary antimony as a common impurity phgabout ~ Program packag.}éwqh exchange correlgnon potentigbcal

2 vol. %) present after SPS treatment. denglty approximation(LDA)] accordw_mg to Barth_ and
Magnetization measuremer(iee belowshowed that as- Hedin'® was used'for guantum 'c_he'mlcgl calculat'lons on

synthesized powders and SPS-treated samples contained\@FeShi,. The radial scalar-relativistic Dirac equation was

ferromagnetic impurity with a Curie temperature well aboveSO/ved to obtain the partial waves. Although the calculation
400 K. This impurity is most probably metallic irofr, ~ Within the ASA includes corrections for the neglect of inter-

=1043 K). The content is some 100g/g, well below the stitial regions and partial waves of higher ordan addition
detection limits of conventional analytical methods. Batchef émpty spheres in the case of Nabh,, was not necessary.
of skutterudite material were therefore finely powdered,The following radii of atomic spheres were usedNa)
etched in hydrochloric acigHCI; 20%), and rinsed in dis- =2.642 A,r(F9=1528 A, andr(Sh=1.714 A. A basis set
tilled water repeatedly. This treatment strongly reduced th&ontaining N&3s), Fe(4s,4p,3d), and Skf5s,5p) orbitals

Il. EXPERIMENT

amount of ferromagnetic impurities. was employed for the self-consistent calculations with the
_ o Na(3p, 3d) and Si§5d, 5f) functions being downfolded. The
B. Structure investigations calculation was performed spin-polarized.

Powder x-ray diffraction (XRD) measurements were Electron localization function (ELE)The ELF was evalu-
made using CiKa; radiation(\=1.540 60 A applying the ated according to Saviat al?%22with an ELF module al-
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TABLE |. Crystallographic data of cubic Naf®h;, at different temperatures. Structure type: LgdRe Space grouptm?, Z=2.Nais
in 2a (0,0,0; Fe in & (3,7,3). Sbin 24 (0, y, 2).

Coordinates Displacement parameters Interatomic distances
T a . U2 ‘ d;,dy(Sb-SH  d(Fe-Sb  d(Na-Sb
K] [A] y z We  [0°A7 Uy [A] [A] [A]
29%  9.17675  0.15881)  0.33691)  22.Q3) 3.53) 5.34)  2.991), 2.911) 2.571) 3.4171)
300 9.17593)  0.15934)  0.33634) 41(5) 4.46) 6.55)  3.001), 2.931) 2.572) 3.4154)
50 9.15415)  0.15844)  0.33624) 133) 5.2(4) 4.36)  3.0q1), 2.911) 2.561) 3.4064)
20 9.15242) 0.15884) 0.33694) 8(3) 3.75) 3.25) 2.991), 2.941) 2.562) 3.4094)

8-rom room-temperature single-crystal XRD dé®a0.014,wR,=0.025.
bFrom powder neutron diffraction datdi=300 K: R =0.041,Rp=0.12.T=50 K: R=0.042,R,=0.12.T=2 K: R =0.039,Rp=0.11.

ready implemented within the TB-LMTO-ASA program cupancy. Iron and antimony positions also do not show any
packagée?® To gain a deeper insight in the chemical bonding,deviation from full occupancy. This result is also confirmed
the topology of the ELF was analyzed with the programby WDX analysis of a polished surface of the sample from
BASIN.2® The electron density was integrated in the basingvhich the single crystal for structure analysis was selected.
which are bounded by zero flux surfaces in the ELF gradienf he composition Nggs1)Fes 0g1)Sbi1 2q1) is obtained. Addi-
field. This method, analogous to the procedure proposed b§jonally, the WDX-EPMA of SPS-treated bulk samples gives
Bader for the electron densi{,gave electron counts for @  composition  of  NggzsFes062Shi10g3  and
each basin, which reveal basic information for the descripKo og1)F€1.052Shi1.973), respectively.
tion of the bonding situation. At room temperature sodium shows a large displacement
Full-potential local-orbital (FPLO) schemeTo obtain  parametersee Table )l Since the chemical analysis of our
more accurate total energies and detailed electronic structursaterial gives no evidence of partial occupation, we can rule
information, in addition, a full-potential nonorthogonal local- out defects on this position on the level of 3%.
orbital calculation schem@within the L(S)DA was used. In In order to obtain more information about the displace-
the scalar-relativistic calculations the exchange and correldnent factors, the crystal structure of Nabky, as a function
tion potentials of Perdew and Waiigwere used. As the Of temperature was investigated from powder neutron dif-
basis set, N&s,2p,3s,3p,3d), Fe3s,3p,4s,4p,3d), and fraction data(see Table)l_ The atomic displacement param-
Sh(4s,4p,4d, 5s,5p, 5d) states were employed. The lower- €terUis;=Biso/87 of Na is strongly temperature dependent,
lying states were treated fully relativistically as core statesWhile the values for Sb and Fe show only a weak dependence
The Na 3l states as well as the Stil States were taken into OF @lmost no dependence on temperature, respectively. At
account as polarization states to increase the completeness®f< the Uis, values for all three positions are of similar mag-
the basis set. The treatment of the(R& 2p), Fe(3s, 3p), and n!tude close to zergFig. 1). The difference between the
Sh(4s, 4p, 4d) semicorelike states as valence states was nediSplacement parameters for Na and(5e) extrapolated to
essary to account for non-negligible core-core overlaps. Th K is less than 0.005 %Wh'Ch. range roughly 3 mean e.s.q.
spatial extension of the basis orbitals, controlled by a confin- h.'s reyeals .only the convenUonaI P'y‘?am'c thgrmal motion
ing potential (r/ry)*, was optimized to minimize the total (Einstein oscillatoy of sodium atoms inside the slightly over-

L : : sized antimony cage.
energy?’ A k mesh of 396 points in the irreducible part of the .
Brillouin zone (8000 in the full zong was used to ensure It has been speculated that the skutterudites are therefore

accurate density of states and band structure informatiorfrrone. tgg 3Ova;|ous Iklnds of d|spIaC|\;]e—typef_ phqse
especially in the region close to the Fermi level. ansition >~ where at lower temperatures t. e configuration
becomes increasingly unstable due to freezing of the thermal
motion of the filler atom® which might then lock-in to off-
lll. RESULTS AND DISCUSSION center positions in the cag@sP and, thus, possibly induce
structural distortions which could lower the crystal symme-
i ; ) try. Indications of static off-center movement have been in-
Powder XRD data give cubic lattice parameteds {eed found in metastable skutterudites filled with heavy rare
=9.17675) A for NaFeSh, and a=9.19945) A for  arths3233 However, no indications of a lock-in-type phase
KFe,Shy,, respectively. These values are larger than those iyansition were found for Nag8h;,. At room temperature,
CaFgSh;, [a=9.16344) A; cf. a=9.1621) A (Ref. 28] but  off-center displacements of the sodium atom can be ruled out
smaller than for BaR@Sh, [a=9.20582) A; cf. a due to the spherical distribution of the difference electron
=9.2022) A (Ref. 28; a=9.2003) A (Ref. 29]. Single-  densit$* in the vicinity of the Na positior(Fig. 2).
crystal XRD analysigsee Table)l of NaFgSh;, corroborates Thermal expansion of Nag8b,, was studied by powder
the full occupancy(100%9 of the 2a site by sodium. The XRD (determination of the cubic lattice parametar the
refinement of the occupancy for the sodium position does naiemperature range from 15 K to 300 K and is rather small.
improve the residual values in comparison with the full oc-For the temperature range 100-300(With an approxi-

A. Crystal structure
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FIG. 2. Experimental difference electron density distribution
@round the Na position in Naf®hy,. “+" indicates the position of
the sodium atom. Dashed lines shows the zero level; the isolines are
drawn with the step & /AS3; the step width on each axis is 0.2 A.

FIG. 1. Upper panel: temperature dependence of the cubic la
tice paramete(®) for NaFgSh,, from the powder x-ray diffraction
data. Isotropic displacement parameteks, for Na (squares Fe
(circles, and Sh(triangleg are displayed. Lower panel: pressure
dependence of the unit cell volume. The line represents a fit of dility of a skutterudite structure to compressiofB,
Murnaghan equation of state. =1365) GPa, B;=4.8(5)] was found for the binary com-

40
mately linear slope o#) the coefficient of linear expansion pound ISk,

a=11x10°%K™ which is only slightly larger than 9
X106 K™ derived from neutron diffraction data for
LaFeSh;,.3t According to these data, the iron-antimony  The electron localization functiofELF, », normalized to
framework is rather rigid. Similar conclusions were drawnvalues between 0 and is an appropriate tool for the inves-
from lattice dynamics calculatiorf8:36 Also the high Debye tigation of chemical bonding in real sp&té? and helps in
temperature for the Os-Sb framework in PgSlg, understanding the nature of the atomic interactions. For more
[=375 K (Ref. 33] and for CoSh [307 K (Ref. 39] gener-  details we refer to Refs. 41 and 42.
ally point to a rigid skutterudite lattice. No indications of  The positions of the ELF maxim@attractor$ visualize the
possible structural transitions are found from the temperaturdirect interatomic bonds in the structu¢eeal spacg The
dependence of the lattice parameters for N&Bg (see Fig. topological analysis of the ELF of Naf&b,, displays only
1 and the distances listed in Table | three types of attractors in the valence regieee Fig. 3.

The pressure dependence of the unit cell volume offwo of them are located on the shortest Sb-Sb contgcts
NaFegSh, (Fig. 1) in the range up to 9.5 GPa is character-and d, in the Fe-Sb frameworKcf. Table | and Fig. 8
istic for intermetallic compounds. The least-squares fit of aconfirming the covalent character of the interaction between
Murnaghan-type equation of st&¢o the experimental data the antimony atoms belonging to the neighbor{ieeSk]
leads to the zero-pressure unit cell voluMg=772.78 B  octahedrons. The third one is located slightly shifted off the
and a bulk modulugat p=0) B,=85(1) GPa usingB;=4  Fe-Sb bond lines, showing a pronounced covalency of these
(fixed first derivativg. A similar value ofBy=88(4) GPawas bonds[Fig. 3b)]. No unique attractors were found in the
recently found for the intermetallic compound YbAgGa valence region in between the sodium and framework atoms
with a covalently bonded polyanidigGa,].3° A higher sta-  (antimony or iron.

B. Chemical bonding and electronic structure
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Sh contacts the count of 2.03 electrons was obsefFay
3(b)]. For the inner shell of the iron atoms, 13.76 elec-
trons were foundinstead of the 14 expectgdwvhich is in
good agreement with the calculation for free até#rend
confirms the participation of the inner-shell electrons in
the interactions in the valence region. For the core region
of the sodium atoms 9.98 electrons were found from the
integration procedure in good agreement with ten ex-
pected from the Aufbau principle for NaThis would give
a charge transfer of 1.02 electrons from each sodium to
the polyanion. On the other hand, the polyanionS¥g, is
formed by 6 Sb-Sh(d,), 6 Sb-Sb(d,), and 24 Fe-Sb
bonds. This gives a total count of 69.90 electrons for the
polyanion and suggests a charge transfer of 0.94 electrons
from each sodium to the polyanioisubtracting 1X 5e~
of Sh and 4x 2.24e” of Fe from69.9(&"). Both evaluation
procedures give similar results; thus, the mean value of
1.79 ¢ d,(Sb-Sb) charge transfer is 0.98 electrons. Accordingly, the total
electron balance can be written as®N&[Fe,Sb;,]%%8".
Considering the strong overlap of the Band of Na with
Sb 5 band in the density of statd®0OS) (see below and
taking into account the rectangular arrangement of the Sb-
Sb bonds in the structur@ig. 3), we propose the transfer
of the sodium charge to the Sb-Sb bonds. Further details
will be discussed in a forthcoming publication about the
chemical bonding and electronic structure in the skutteru-
Sb dites MFe,Sh;, (M=alkali, alkaline-earth, or rare-earth
meta).** Following the ELF representation, the whole
structure ofNaFgSh;, has to be considered as a three-
d(Fe-Sb) 13.76 ¢~ dimensional covalently bonded polyanionic framework of
: iron and antimony atoms with sodium cations embedded
(b) into the cavities. This scenario is in good agreement with
the rigidity of the structure found from the experimental
FIG. 3. (Color onling Electron localization functionyn for thermal expansion and compressibility.
NaFeShy,. (a) Crystal structure of NaR8hby, with shortest inter- The significantly larger bulk modulus of Ir§lcan be ra-

atomic distances Fe-Sb and Sb-Sbh. Isosurfaces of ELF i”UStratﬁonanzed Considering the |arger number of electrons avail-
the covalent interaction between Fe and($0.53 and between gple  for bonding in [Ir,Sby,]° in comparison with
antimony atomg$#%=0.56. The isosurface witliy=0.72 shows the [Fe48blﬂ°-98‘

structuring of the third shell for the iron atoms; see tekj. Elec-
tron counts for relevant bonds in the Nabb,, structure.

The influence of this bonding mechanism on the magne-
tism and transport properti®® can be understood from the

Each attractor has a so-called basin defined by zero-flukesults of the band structure calculations. The density of
surfaces in the gradient field of EFThe lowest ELF val- States and band structure data for N, calculated by
ues on the border between two basins are called interconnet® LMTO and FPLO procedures are in good agreement.
points. The lower the ELF value at the interconnecting point, Figure 4 shows the total as well as the partial Fe and Sb
the better the basins are separated; consequently, there exi@S from the spin-polarized calculatiotF=PLO) for
a larger charge separation. The basin of the sodium innd¥aF@Sb,,. Due to the high DOS value of 42 states
shell interconnects with the framework basin only at a veryeV *f.u." for the paramagnetic solutiosee Fig. 5 in Ref.
low value of 7<0.1. Both facts—the absence of bonding 9). spin splitting of the mainly Fedrelated states leads to a
attractors in the vicinity of sodium atoms and the clearconsiderable reduction of the total enerf.236 eV/f.u),
charge separation—strongly suggest a charge transfer frofgsulting in a ferromagnetic ground state with a magnetic
sodium to the Fe-Sb framework. Another relevant topologi-moment of 2.9%g per cell. The most striking feature on the
cal feature of ELF in NaFSh;, is the structuring of the DOS plot is the almost negligible contribution of the major-
inner shell of the iron atomgsee isosurface wit=0.72 in ity channel (DOS) at the Fermi level. It amounts to
Fig. 3(b)]. According to Ref. 41 this suggests a participation0.1 eV f.u."* only, compared to 21.1 eVf.u.”* for the mi-
of the inner-shell electrons of iron in the interactions in thenority states(DOS;). This results in a spin polarization of
valence region between the atoms. (DOS,-D0OS))/(DOS; +D0S)=0.99, and thus, an almost

Integration of the total electron density in the ELF basinsperfect half-metallic behavior of the compound.
for the Sb-Sb attractors gives electron counts of 1.74 and The results for the isovalent KF8b, compound are
1.79 ford,(Sb-Sh andd,(Sb-Sb, respectively. For the Fe- nearly identical. From the very similar features in the energy
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density of states (eV cell)

20l 1 spin down

FIG. 4. (Color onling Total, Fe &I, and Sb p
derived density of states, respectively, for
NaFegSh, for the ferromagnetic state. The Fermi
level is at zero energy.

-6 -4 -2 0
energy (eV)

region between -2 eV and 2 eV in the partial Feahd Sh

point). For a comparative study of the influence of different

5p DOS we can conclude a strong hybridization of thesefiller cations on the electronic structure of skutterudites and
stateq(i.e., bonding in agreement with the ELF results. This the importance of spin fluctuations we refer to Ref. 44.

is also confirmed by “fat band analysis” of the F&&nd Sb
5p states(not shown. The Na(K) contribution to the occu-
pied states is small. The Nas Ztates overlap with Sbb
states in the entire valence regidretween -5 eV ané).

C. Magnetic properties

The magnetizatiorM(T) of SPS-compacted samples of

The corresponding spin-polarized band structure for theyaresh , and KFgShy, in different external magnetic fields

valence band region of Naf®h,, is presented in Fig. 5. It

Hey: is displayed in Fig. 6. The new alkali-metal compounds

shows that only one majority|) band crosses the Fermi qder ferromagnetically 8.~ 85 K. The magnetization per

level, whereas five minority bandg]) contribute to the
Fermi surface. The majority band) at the Fermi level is
dominated by Sb 5 states, whereas the minority) bands
are mainly due to Fed® The high DOS for the minority

Fe atom for both the Na and the K compound reaches about
0.52ug at 1.8 K in the highest external field of the SQUID
magnetometet70 kO8. The gross features for the ZFC and
FC curves in lower external fields are the same for both

channel results from the rather flat dispersion of the minoritycompounds: the ZFC and FC curves are indistinguishable for
bands in parts of the Brillouin zorsee Fig. 5 around the H  a1ds of 10 kOe and higher; thus, domain effects do not play

2.0} =A<
2 /
106 73027 >

0.0

Energy ¢ n(k) [eV]

FIG. 5. (Color onling Band structure of NaR8b;, for the fer-
romagnetic state; the Fermi level is at zero energy; the mingrity
solid lineg and majority bandg|, dashed lines

an important role and the isotherms are reversible. However,
the magnetic moment at 10 kOe is about 25%-30% less than
in 70 kOe. ForH=1 kOe and lower fields a clear ZFC-FC
splitting is observed, typical for ferromagnetic domain ef-
fects. An interesting feature of the FC curve fét,y,
=10 kOe of KFgSh;, is thatM(T) decreases with decreasing
temperature below 20 K. This effects was reproduced on a
different SPS-treated bulk sample and on purified }Sbg,
powder. This unusual behavior exists only fdfg
~10 kOe whereM(H) (see below becomes reversible and

is probably connected to domain effects.

Isothermal magnetization loops provide further informa-
tion on the ferromagnetic state. For the current sample of
NaFeSh;, (SPS, Fig. 7 the remanent momeril, per Fe
atom at 1.8 K is 0.2hg which is slightly smaller than for the
previously published sam@#l€0.28ug). M(H) at 1.8 K in-
creases smoothly with field and reaches @§0n Hg,
=140 kOe(sample from Ref. § The low remanent moment
and the continuous increase with,; are due to strong spin
fluctuations(see below. Almost identicalM(H) curves are
found for as-prepared powder, purified powder, and SPS-
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FIG. 8. (Color online Magnetization per Fe atom versus exter-
nal magnetic field for SPS-treated KfSb,,. Isotherms were regis-
tered for nine different temperatures out of which three are shown.

(0.74ug per Fe atorf). The hysteresis curves close for exter-
nal fields around 10 kO€éFig. 8). For powder samples the
magnetization loop is more rounded dffiot shown, the
coercive field is only=0.6 kOe(while H.~ 1.2 kOe for SPS
sample§ and the remanent moment is a little smaller due to
the different ferromagnetic domain structure. With increasing
temperature the magnetization loops become regularly
Temperature (K) smaller and narrower as demonstrated for SPS treated
KFe,Shy, in Fig. 8.

Data of the paramagnetic susceptibility of Fe-containing

M/Fe atom (ug)

FIG. 6. (Color online Magnetization per Fe atom versus tem-

perature for different external magnetic fields,, for SPS-treated . - 1246 . .
NaFeSby, and KFaShy, Generally, the lower-lying curves for a skutterudite materiat$“® where the filler cation does not

field are the ZFC runs. Fdflg=1 kOe, ZFC rungA), FC runs have a magnetic moment are scarce. The data a_na_lysis is
). o_ften hampered by the c_ontrlbutlon Qf_ a ferror_nagm_atlc impu-
rity. The inverse magnetic susceptibiligy/M (Fig. 9) in the
treated NaFgSh, and KFeSh,, samples. The observed Paramagnetic range can thus be significantly field dependent.
magnetic moment foH,=140 kOe(0.60ug, and 0.6%g Assuming a saturation of the magnetization of the ferromag-

when extrapolating/l to 1/H— 0) is only little less than the netic impurity in fields well above 10 kOe the susceptibility
moment obtained from fixed spin moment calculationsM/H of the skutterudite can be extrapolated from data taken

T T T T T T T T T T T T T T LN B B B B B B B e B E L B S m
0.6_ OOOQOOOOOOOOOOOOOOOOOO— 200-- KFe4Sb12
° SPSsintered purifiedpowder
g 0.4 NaFe,Sb, T Z ol 70 kQe zfc o 70k0e fc |
1 ° m 35k0e fc o 35k0e fc
£ 02 . 3 [ e 10koezfe/fe et
2 Laanasssnt E 120F ¢ H—00 -
o N aaann® | ; -
] a 3 an "]
{ 0 AcaFe Sb _ } ok _.---- ]
X 4>V 12 |
-0.2 -1 % XXX A4
401 g cssso0000e E
0.4 L P S T S SR R S B OM' N T S
40 60 80 100 120 140 0 100 200 300 400
Heye (kQe) Temperature (K)
FIG. 7. (Color onling Isothermal magnetizatiofT=1.8 K) per FIG. 9. (Color onling Inverse magnetic susceptibilitiet/ M(T)

Fe atom versus external magnetic field for SPS-treated Mdi-e ~ for different external magnetic fields and extrapolated val{i¢s
(sample from Ref. Pand non-SPS Cakg8b;, powder. Data below — ) for an SPS-treated sample and a purified powder sample of
70 kOe (SQUID magnetometgrand up to 140 kOgextraction  KFesShy,. The line represents the Curie-Weiss fit for the SPS bulk
method were combined. sample listed in Table II.
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TABLE II. Results of Curie-Weiss fits oM /H(T) data for filled skutterudite samples: external figle=extrapolated by the Honda-
Owen methodRef. 47], paramagnetic effective moment per Fe atag (typical e.s.d. 0.0gg), and Weiss temperatuf® from the fit. The
mass content of metallic iron impurity is derived from the difference of magnetization taken in fields of 35 kOe and 70 kOe.

Hext Trninimax Meft 0 Fe content

Sample [kOe] (K] (el (K] [ng/g]
NaFgSh;, SPS bulk e 150/400 1.76 +77(3) ~600
NaFgSh;, SPS bulk e 150/350 1.68 +76(4) ~=1000
NaFgSh;, powdeP: 70 150/400 1.60 +87(2) <5
KFe,Shy, SPS bulk e 150/400 1.66 +81(B) ~500
KFe,Shy, powdef 70 150/400 1.67 +86(2) <5
CaFgShy, SPS bulk © 150/390 151 +45(F) 50
CaFgSh;, powdef 70 150/400 1.51 +49(3) 10
BaFgSh;, SPS bulk © 150/380 1.61 +9.@1) =90
BaFegSh;, powdef £ 130/380 1.57 +15(@) 25-30

aSample from Ref. 9 with lower density.
bSample contained ca. 5 vol % Sb metal.
¢Sample washed in HCI in order to remove the impurity of metallic Fe.

in 35kOe and 70 kOe external fieldéHonda-Owen magnetic effective moment with field which may be due to a
method”). small dampening of spin fluctuations with increasing exter-
In order to remove the impurity, powder samples werenal field. These subtle effects, however, require further inves-
washed in HCI. The field dependence dfT) of these puri- tigations.
fied materials is very small; thus, the ferromagnetic impurity From the magnetization data for Na and Kb, the
was almost completely removed. Figure 9 demonstrates théollowing picture evolves. Both alkali-metal skutterudites are
the extrapolation method allows to extract the intrinsic susweak itinerant electron ferromagnets with a small spontane-
ceptibility even for “impure” SPS material. Calculating the ous magnetization which increases strongly with the applied
impurity content from the saturation magnetization of Fefield. Remarkably, the magnetic hysteresis behavior of
(222 emu/g a mass fraction of 5—3@g/g iron is found in  Na/KFegShy, is significantly harder than that of the half-
the cleaned powdersee Table Ii. Unfortunately, by sinter- metallic ferromagnets Go,FeS, with pyrite structuref
ing, the impurity content increases again. The Fe metal con- In the alkaline—earth-metal compounds Cgtg, and
tent in SPS samples is estimated to be between 50 arf¥aFgSh;; no magnetic phase transitions are observed down
~1000ug/g. to 2 K (Figs. 11 and 1 SPS-treated material again shows
Interestingly, for the purified KF&b, material, y(T  the influence of ferromagnetic impurities in the paramagnetic
>120 K) is minimal for H=20 kOe and increases both for susceptibility, but the iron contents are lower in the Ca and
larger(35 kOe, 70 kOe; see Fig. 10, right panahd smaller Ba compounds than in Naf®h, and KFgSh;, samples.
fields (10 kOe, influence of tiny residual iron impurities However, even the purified powder sample of C&kg, dis-

This effect does not exist for the purified CaBb,, sample 0.12
(Fig. 10, left panel which displays only the influence of L
residual Fe metal impurities og(T). The increase of(T) 0.10 =0, CaFe,Sb,, |
above 20 kOe for KF£&b;, signals an increase of the para- L % o 70kQe fc
2 008l ° o 35k0e fc |
510 — 0 . : : 3o % © 20k0e fc
gogf "+ r +10K0e [ > ° “70kce ° o | S oos-— o 10k0e fc i
Z06F° o000l qf ‘ﬁ\mmch . ]
© g4} = ° o8 ® 5 % | 10K0e e o o -- 0.4k0e zfc/fc
T A > 004 % ° .
o 0.2F o =2 * * L..5.° ° I A x U o, °q
T ot oo oo .70 kpeo o 4 = 350k0?> o ] _\ooo%% h o,
3' . . . . -3 ° [ 20KCe | 002\ o%"% “a, °n°°°ogcﬂ .
300 340 380 320 360 400 | o000, 60088000, , - 0%°%000000]
Temperature (K) Temperature (K) 0 o ‘.’°?o?o§ﬁ$8$2$gg§§§§§§§§§§§§§
. . o 0 100 200 300 400
FIG. 10. (Color online Field dependence of the susceptibility Temperature (K)
x=M/H of purified powder samples of Caf&h;, (left pane) and
KFe,Shy, (right pane). The differences\y to the respective Curie- FIG. 11. (Color onling Magnetization per Fe atom versus tem-
Weiss fit of the susceptibility data taken l,=70 kOe is shown perature for different external magnetic fields for purified powder of
(see text CaFgSh;,.
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FIG. 12. (Color online Magnetization per Fe atom versus tem-
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or KFeShy,. The apparent difference is the paramagnetic
Weiss temperature: while ad are positive(ferromagneti
and almost identical to the Curie temperattige= 85 K for
the alkali-metal compounds, th@ for the Ba compound is
much smaller. For Cag8b;, © is still remarkably large
(® =50 K) whereas no sign of long-range order is detected.
The differences of our findings with the parametggs,
® extracted in Ref. 11 for Cag®b, [1.8510)ug,
+3(1) K] and BaFgSh;,[2.0(1) ug,—36(1) K] from the sus-
ceptibility measurements ifl.,,=30 kOe are probably due
to the presence of ferromagnetic impurities in the samples
which were not accounted for in the data evaluation. Due to
the different preparation route, the amount of ferromagnetic
iron impurities is often negligible in rare-earth-filled skut-
terudites.
In fact, LaFgSh;, has a significantly smallgi.«/ Fe atom

perature for different external magnetic fields for purified powder ofthan the alkali- and alkaline-earth-filled skutterudif@slug

BaFeSh;,.

plays a change of slope at=70 K and a plateau iry(T)
around 40 K. In BaF£b;, (Fig. 12 similar features also

(Ref. 50, 1.12ug (Ref. 48], which fits in the observed trend
of a smaller effective moment with increasing charge of the
cation. As already pointed offt,a simple ionic model is
inadequate since Fe-containing skutterudites are itinerant

signal magnetic ordering phenomena. Upturns of the FC susnagnetic systems. Electrical resistivity measurenféfits
ceptibility for low external fields and much smaller ZFC sig- confirm that all four compounds are “bad metals” with room-
nals may indicate precursor effects of ferromagnetic polartemperature resistivities of 220—-53@) cm 31 As our calcu-
ization below ca. 20 K in both compounds. The temperaturgations prove’** naturally, the major part of the moment
of these features is approximately that of the Weiss temperastems from thel-band polarization of the iron atoms and Sh
tures®; thus, the presence of a nearly ferromagnetic metalliGitoms display a small counter-polarization.
state with strong spin fluctuations is indicated.
Summarizing, all our results indicate that a bulk ferro-of u.; and different® is consistent with Moriya’s self-
magnetic state exists only for the alkali-metal skutteruditeconsistent renormalizatiofBCR) theory? of weak itinerant
compounds. Magnetization measurements in high magnetiferromagnets. The behavior in the paramagnetic range is

fields up to 140 kOe on a Cal®h,, powder sampléFig. 7)

Our observation of Curie-Weiss laws with similar values

governed by spin fluctuations. The positi@evalues of both

show no sign of a possible itinerant electron-metamagneti¢he alkali and alkaline-earth skutterudites are determined by
transition(see, e.g., Ref. 430 a ferromagnetic state.
The high-field susceptibilities for purified samples are dis-spin fluctuations play a crucial role in the formation of fer-
played in Fig. 13 in theH/M representation. The values romagnetism in alkali and alkaline-earth metal iron antimony
resulting from fits of a Curie-Weiss ladleast-squares fits to  skutterudite$. In the former compounds of Na and K the
M/H) to these data in the paramagnetic range are given ignergy gain in the ferromagnetic state overcomes the imped-

Table Il. The effective magnetic momenjigy per Fe atom

the Stoner factor. As already discussed in our previous Letter,

ing fluctuations while the smaller energy gain for alkaline-

are similar for alkali and alkaline-earth skutterudites, how-earth metalCa, Bg skutterudites is insufficient for a static
ever, Ca and BaR€b;, show slightly lower values than Na polarization of thed bands even af=2 K. Presumably, the

o NaFe,Sb,,
o KFe,Sby,
© CaFe,Sb,,
A BaFe,Sb,,

300
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| ‘
>
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>
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FIG. 13. (Color online Inverse magnetic susceptibilitiés/ M

200

300 400

Temperature (K)

of purified powder samples of filled skutterudites.

ferromagnetism depends on the subtle balance of dynamic
and quantum-critical spin fluctuatiofi$as observed recently
for other itinerant ferromagneisee, e.g., Ref. 53In fact,

our recent investigations by nuclear magnetic resonance
methods orf®Na and'*%La nuclei suggest a changeover from
weak itinerant ferromagnetism in NafSb;, to itinernant
nearly antiferromagnetism in Laf®h,,,%° according to the
terminology of Moriya®?

D. Mo@ssbauer spectroscopy

The presence of the Méssbauer-active atotie and
1215h in the compounds under study enables us to explore
their local surrounding and nuclear hyperfine parameters.

The room-temperature’’Fe Méssbauer spectrum of
NaFeSh;, (Fig. 14 is a paramagnetic doublet with isomer
shift 8(Fe)=0.2584) mm s, quadrupole splittingAEq(Fe)
=0.21(1) mm s}, and linewidth 0.2567) mm s*. These val-
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FIG. 14. °Fe Mossbauer spectra of NaSé, recorded at

293 K and at 4.2 K K. FIG. 15. 12Sb Mosshauer spectra of NaSé,, measured at

ues correspond formally to a ferriclike oxidation state of 150 K and 4.2 K. Line positions of reference antimony compounds
iron, which is surrounded by six antimony atoms forming a2'€ Shown by arrows.

distorted octahedron. A comparison with literature d4ta,

where a correlation o Eo(Fe) with the distortion of almost  0.4111) mms™ can be attributed to an §Bs impurity.
square Shunits(Fig. 3) was sought for, shows a similafFe  Since the sample for the Mdssbauer measurement was not
quadrupole splitting for FlgCosFeSh,. No lines of elemen- washed in HCI, SfO5 is most likely a product of hydrolysis
tal iron were visible in the spectrum. At=4.2 K a weak Of intermediate sodium-antimonides in the material.
hyperfine magnetic fielth,(Fe)=16.41) kOe is detected on Upon cooling, the fit for thé?'Sb Méssbauer spectrum of
the iron nuclei (Fig. 14) in agreement with the bulk NaFeSh;, reveals a small magnetic hyperfine splitting
ferromagnetisit? from magnetization data. The isomer shift Hy(SP=10.416) kOe, reflecting the ferromagnetic state.
and quadrupole splitting extracted from the magneticallyThis polarization of nonmagnetic antimony atoms is also a
split spectrum are 8(Fe)=0.3792) mms?! and eFe  characteristic of the itinerant magnetism in the skutterudites.
=0.091) mm s, respectively. Applying an external field of 16 kOe the value of the

The antimony Mossbauer Spectra recorded at 150 K angﬂ:ective ﬁeldth on the iron nuclei increased to ca. 32 kOe.
4.2 K are shown in Fig. 15. The positions of Méssbauer lineshis result is surprising, insofar as in the ferromagnetic state
of Sb,0;, Sh,Os and metallic Sb measured at 4.2 K are in- & decrease of the effective field could be expected. Normally,
dicated by arrows. These lines provide the isomer shift refthe Fermi contact terniir dominates in the expression de-
erence scale. Corresponding values of isomer shifts relativécribing the hyperfine field on the Mdssbauer nucleus in a
to the source *Sn (CaSnQ) are &Sh0O,  Metallic ferromagnet:
=-11.652) mm s, 8(ShH=-10.842) mm s, and
8(Sh,05)=0.5712) mm s,

At 150 K a paramagnetic antimony spectrum wiltB)  whereH,,, is the external magnetic field. The Fermi contact
=-10.032) mms* and AEy(SH=6.06) mms™* (Fig. 15  term Hg (negativ@ originates from the imbalance of spin
is observed. The spectrum confirms the existence of only ongensity of cores electron polarized by unpairetielectrons.
crystallographic site of antimonpEq(Sbh) is in the range of However, the LDA calculation(see above and Ref. #4
shifts of the oxide SfD; and of metallic antimony. This shows that, in NaRE&hb;,, the polarization of the Fesdelec-
large value ofAE(Sb) indicates a local surrounding of low trons is positive (+0.006 6&jg; 3s polarization is
symmetry where Sb is coordinated by two Sb and two Fenegligible—i.e., has the same sign as thet @ectron polar-
atoms which form a distorted tetrahedron. A similar pro-ization. In order to understand this the remaining terms have
nounced magnitude of the quadrupole interaction was obto be analyzed. Both the orbital teridy and the dipole term
served in the binary skutterudite CoS8 The presence of Hp, arising from the dipolar interaction of the nucleus with
this distortion agrees well with results t£Sb nuclear quad- the spin moment of the atom, are positive. The demagnetiz-
rupole resonancéNQR) measurements. The weak broad- ing field Hpy and the Lorentz fieldd, are both small. The
ened line with relative intensity about 5% seeffat4.2 K at  polarized conduction electron contribution through the Fermi

Hit=Hexet He + Hg + Hp + Hpy + H + Heong,
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contact interactiorH.,,q is positive. There are no general resistivity data the filled skutterudites of Na, K, Ca, and Ba
theoretical estimates for the magnitude of this contributionare bad metals.

but it might be relatively largé~100 kOe(Ref. 58]. How- The weak itinerant ferromagnetism of NabBg, and
ever, in the case of half-metallic magnets, direct conductiorKFe;Sby, is characterized by a rather high Curie temperature
electron polarization may be important. One cannot exclud@nd by small ordered magnetic moments which increase

that the sum of the dominant positive tertdg+H,qwill  Strongly with the external field. The paramagnetic suscepti-
prevail in this crude estimation ¢, in half-metallic ferro-  Pilities of the alkaline-earth skutterudites as well as of the

served hyperfine field could increase. Another reason leadingost identical effective magnetic moment. These observa-
to the increase of the hyperfine field might be the damping oflons demonstrate the presence of strong spin fluctuations in

spin fluctuations in external magnetic figlsee above the sense of the SCR theory of Moriya. From an experimen-
tal point of view, NaFgSbh;, and KFgSh;, behave almost

identical. CaFgSh,, and BaFgSh;, are paramagnetimearly
IV. CONCLUSIONS ferromagnetie?) down to 2 K, _in spite of sizable Weiss tem-
peratures from Curie-Weiss fits to the high-temperature sus-
Detailed chemical analysis and XRD crystal structure in-ceptibility. In CaFgSh,, and BaFgSh,, the energy gain in
vestigation show full occupancy of the sodium position inthe ferromagnetic state is insufficient to overcome the spin
the NaFgSh;, structure. No indication for off-center dis- fluctuations. They can be addressed as nearly ferromagnetic
placement for Na atoms is found. Only a dynamical thermametals. By Mossbauer spectroscopy small hyperfine fields at
motion is present for Na. The chemical bonding is analyzedhe iron and antimony sites were detected which are in agree-
within the concept of the electron localization function. This ment with the weald-band polarization. The hyperfine field
analysis reveals a strong covalent character of the Fe-Sb amd iron is found to be parallel to the Feshell polarization.
Sb-Sb interactions in the polyanidire,Sh;,]%% and an
almost complete transfer of charge from sodium to the poly- ACKNOWLEDGMENTS
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