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596 E. Bauer et al.1. IntrodutionIn the past few years, renewed interest was direted to new lasses of om-plex materials feasible with respet to thermoeletri appliations. Amongsuh multinary systems are skutterudites REyTM4X12 with RE = rare earth,TM = transition metal and X = pnitogen, rystallising in the LaFe4P12struture, a �lled ternary derivative of ubi CoAs3 [1℄.Depending on the partiular rare earth element, features like super-ondutivity, long range magneti order, heavy fermion, non-Fermi-liquid,intermediate and mixed valene behaviour or hopping ondutivity werefound [2℄.Signi�ant interest in this family of ompounds, however, stems fromthe fat that �lled skutterudites are potential andidates for thermoeletriappliations. Materials onsidered for suh a purpose should exhibit largevalues of the �gure of merit ZT (ZT = S2T=(��), T . . . temperature, S. . . Seebek oe�ient, � . . . eletrial resistivity and � . . . thermal ondu-tivity). Depending on the arrier onentration and on partiular intera-tion mehanisms present in a partiular sample, Seebek values well above100 �V/K are observed. Besides, ternary skutterudites are outstanding withrespet to their low thermal ondutivity whih, in some ases, an be nearthe theoretial lower limit. As a matter of fat, the dramatially diminished�(T ) values refer to an exeptionally large thermal parameter of the looselybound rare earth element, orresponding to a �rattling� (i.e., soft phononmode) of this atom in an oversized age [3℄.In the present paper we will review a number of physial properties re-lated to eletron orrelations and we will show how transport and thus thethermoeletri performane is modi�ed by interation proesses like Kondosattering, intermediate valene or rystal �eld splitting. The latter phe-nomena are frequently found in �lled skutterudites based on Ce, Pr, Eu andYb. 2. Formation of skutteruditesFilled skutterudites rystallise in the ubi LaFe4P12 type struture,whih is a �lled ternary derivative of ubi CoAs3 [4℄. The transition el-ements (TM) oupy the 8 position and the pnitogen atoms (X) are foundon the 24h. Together otahedras are formed that are slightly tilted with re-spet to eah other. The otahedra reate large voids in the struture, thatare able to aommodate eletropositive elements (EP) suh as rare earthsor alkali metals. These �ller elements, however, are just loosely bound in theages, giving rise to low energy optial modes [5℄. A systemati investigationonerning the formation of skutterudites is summarised in Fig. 1, revealing7 di�erent groups of un�lled skutterudites. The �rst group ontains samples
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598 E. Bauer et al.pnitogen elements are emulated by �syntheti pnitogens�, i.e., an appro-priate mixture of IVa and VIa elements. Distortions, however, may our.A similar approah is possible with respet to 3d substitutions. In groupsix and seven, partial substitution on the pnitogen and on the TM site isobserved.The �lled skutterudites an be divided into two di�erent groups: (i)Compounds are formed by a simple �lling of the 2a site of the frameworkbuilt by 8 and 24h atoms. (ii) Eletronially promoted formation of �lledskutterudites. If the polyanion framework has less than 72 eletrons, ele-trons provided by eletropositive �ller elements an stabilise the struture.3. Transport, thermodynami and magneti propertiesPhysial properties of �lled skutterudites depend in a subtle manner onthe eletropositive rare earth ion as �ller element of the voids and on thearrier onentration as well as on the magneti state of the transition metal�pnitogen sublattie. Moreover, the partiular �lling of a ertain ompoundis of importane. In the following setion we will outline a number of out-standing features of �lled skutterudites where eletron orrelations may playa ruial role.3.1. Heavy eletron behaviour in Pr-based skutteruditesBesides the traditional materials explored with respet to strong eletronorrelations and heavy fermion behaviour due to Kondo interation, suhas, e.g., CeFe4Sb12 and YbFe4Sb12, skutterudites based on Pr have reentlybeen shown to exhibit a number of extraordinary low temperature anoma-lies. Just to mention a few, superondutivity was found in PrRu4As12 andPrRu4Sb12 below 2.4 and 1 K, respetively [6,7℄, a metal to insulator transi-tion is obvious in PrRu4P12 at TMI = 60 K [8℄. Very reently, heavy fermionsuperondutivity was disovered in PrOs4Sb12 with a transition tempera-ture of 1.8 K. Spei� heat studies suggest that the superonduting groundstate is formed by heavy quasipartiles as onluded from a normal stateSommerfeld value  of about 500 mJ/molK2 [9℄.PrFe4P12 shows a phase transition at T = 6:2 K, whih aording toreent studies [2,10℄ is assoiated with a prinipal order parameter of, mostlikely, quadrupolar origin. Thus, Kondo-like anomalies found in transportphenomena as well as the huge Cp=T (T ! 0) value of 1.4 J=molK2 [11, 12℄may refer to a quadrupolar Kondo e�et. Additionally, de Haas van Alphenmeasurements evidened heavy eletrons and unusual features of the Fermisurfae topology [13℄, suggesting strongly orrelated eletrons in this om-pound.



Filled Skutterudites: Formation, Ground State Properties and . . . 599Although Pr moments in skutterudites are almost loalised, a signif-iant hybridisation an originate from strong p�f mixing in onjuntionwith a large oordination number. Another possible soure for a numberof extraordinary features in suh Pr-based skutterudites is that rystallineeletri �elds (CEF) ause a splitting of the J = 4 total angular momen-tum of non-Kramers ion Pr into a �1 singlet, a �3 doublet and in the �4and �5 triplets. Both the �1 singlet and the �3 doublet are non-magneti,i.e., the projetion of the magneti moment Jz onto the �3 state is zero;however, the eletri quadrupolar moment 3J2z � J(J + 1) does not vanish.The ondution eletrons an then, in priniple, interat with the internaldegrees of freedom assoiated with the quadrupolar moment of the Pr ionand this interation an lift the ground state degeneray. Ternary skutteru-dite Pr0:73Fe4Sb12, however, exhibits the magneti triplet �5 as CEF groundstate, linked to a moment � = 2 �B. Thus, long range magneti order oursat Tmag � 5:5 K [14℄.The heat apaity of Pr0:73Fe4Sb12, shown in Fig. 2 exhibits a pro-nouned anomaly around T � 5 K, indiating the onset of long range mag-neti order. Inreasing �elds suppress the anomaly in Cp(T ), eventuallyvanishing for external �elds higher than 3 T. At eah �eld value, however,the low temperature heat apaity is remarkably high, resembling well knownheavy fermion systems based on Ce, Yb or U as well as observations madefor PrFe4P12 [2℄.At very low temperatures Cp=T of Pr0:73Fe4Sb12 displays a signi�antrise due to the nulear heat apaity (inset, Fig. 2). This ontribution is pri-marily attributed to the I = 5=2 state of Pr, referring to a strong intra-sitehyper�ne oupling between the nulei and 4f eletrons. At temperaturesslightly above (� 1 K), Cp=T inreases with external magneti �elds. Flu-tuations of the order parameter prior to a phase transition or destroying ofthe ordered state by the magneti �eld may ause suh an enhanement. Asimilar trend of Cp=T (H) was derived previously for PrFe4P12 [2℄.To estimate the harateristi temperature sale of the heavy quasipar-tiles assoiated with the large Cp=T values of Pr0:73Fe4Sb12, the resonanelevel model of Shotte and Shotte [15℄ is adopted. This model assumes anarrow Lorentzian density of states at the Fermi energy EF with a width� � TK, where the Kondo temperature TK is supposed to represent the ap-propriate temperature sale whih desribes thermal exitations in a stronglyrenormalised quasipartile band formed around EF. A least squares �t tothe experimental data is shown in Fig. 2(b) as solid line, yielding TK � 25 K.Furthermore, this model shows that the jump in the spei� heat Æ at thetransition temperature is muh smaller than expeted e.g., in a mean-�eldlike desription. Suh a redution, however, is well known in magnetiallyordered Kondo latties where Æ is ontinuously diminished as TK inreases
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Fig. 2. (a) Temperature and �eld dependent heat apaity Cp=T vs T ofPr0:73Fe4Sb12. The inset shows low temperature features. (b) left axis: Cp=Tvs T of Pr0:73Fe4Sb12 (opens irles) together with a least squares �t (solid line)aording to the model of Shotte and Shotte; right axis: magneti entropy S ofPr0:73Fe4Sb12.with respet to the magneti interation strength. Some broadening of thephase transition anomaly may arise from inhomogeneities and/or the partly�lled ages of the struture.The magneti entropy Smag of Pr0:73Fe4Sb12 is derived by a omparisonwith La0:83Fe4Sb2. Results of Smag(T ) are shown in Fig. 2(b), right sale.The ground state degeneray of the Pr ion is lifted either by magneti order-ing and/or by Kondo interation, responsible for the large e�etive eletronmasses. The entropy release is found to be R ln 2 at about 7 K and R ln 3around 13 K, in line with the �5 triplet as ground state and the nonmagnetisinglet �1 situated about 30 K above.3.2. Intermediate and mixed valene behaviour in Eu-based skutteruditesIntermediate and mixed valene of the �ller elements an provide a pos-sibility to tune in a subtle manner the arrier onentration of a ertainskutterudite and thus an determine eletroni transport to a large extent.Moreover, valene �utuations are onsidered to be an e�etive mehanismto redue the lattie thermal ondutivity as phonons are strongly satteredon di�erenes of valene states [1℄. Moreover, intermediate and mixed va-lene, in partiular of the �ller elements, also modify magneti properties ofthe system.



Filled Skutterudites: Formation, Ground State Properties and . . . 601A novel phenomenon is the ourrene of mixed valene in Eu(Fe;Co)4Sb12although skutterudites possess just one lattie site for Eu. Shown in Fig. 3are LIII spetra and Mössbauer measurements performed on Eu0:42FeCo3Sb12,in omparison with data of almost divalent magneti Eu0:83Fe4Sb12. The ab-sorption edge spetra obtained (Fig. 3(a)) are haraterised by a double peakstruture, evidening non-integer valene of the Eu ion. Spetral weight isentred around E1 = 6973 eV and E2 = 6982 eV, with no substantial de-pendene on the partiular ompound. While the former peak is assoiatedwith the 2+ state of Eu, the latter orresponds to Eu3+. The magneti be-haviour therefore varies between a stable magneti state and a non-magnetiground state, respetively. Results of a standard analysis of the present datayield an overall valene hange from � = 2:25 (Eu0:83Fe4Sb12) to � = 2:55(Eu0:42FeCo3Sb12). Signi�ant deviations from the 2+ state are usuallyaounted for in terms of intermediate valene, however, (i) the LIII edgespetra do not evolve versus temperature and (ii) the Fe/Co substitutionon a mirosopi sale may be resolved in Fe-rih [TM4Sb12℄ units withalmost divalent Eu (as in Eu0:83Fe4Sb12) and in Co-rih [TM4Sb12℄ units,where the e�et of Eu vaanies may drive the ompound towards the non-magneti state. The double random substitution Fe/Co and Eu/vaany onthe marosopi sale may thus result in a simple average mix of the twoEu valene states. No temperature dependent hanges of spetral weightour for both eletroni on�gurations in the whole series and moreover,the energy separation �E between both absorption maxima is larger than8 eV, independent on temperature and almost independent on the onen-tration. These experimental fats obviously indiate that EuyFe4�xCoxSb12is haraterised by some sort of mixed valene behaviour.
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Fig. 3. LIII and Mössbauer spetra of Eu0:83Fe4Sb12 and Eu0:42FeCo3Sb12.



602 E. Bauer et al.Mössbauer measurements for Eu0:83Fe4Sb12 (Fig. 3(b)) reveal just asingle resonane line in the paramagneti state [16℄, indiating an almostdivalent nature of the Eu ion. This Eu2+ line splits magnetially at 4.2 K dueto the ordering of the Eu2+ moments at low temperatures (Tmag = 84 K). Inthe ase of Eu0:42FeCo3Sb12 one enounters distint di�erenes: as shown inFig. 3(b) a seond line appears at an isomer shift of 0 mm/s (Eu3+), inferringa mixed valene state with a ratio of Eu2+=Eu3+ = 1, in �ne agreement withthe above mentioned LIII data (� = 2:55). This result exludes any dynamivalene �utuations within this series. As expeted, the Eu2+ omponent ofthe spetrum of Eu0:42FeCo3Sb12 is magnetially split due to the orderingof the Eu2+ moments and results in a Be� = �11 T.3.3. Kondo e�et and hopping ondutivity in Yb-based skutteruditesBesides the number of harge arriers, magneti sattering proessesmodify the temperature dependene of transport oe�ients. Simple tem-perature independent spin-disorder sattering, however, is diversi�ed byrystalline eletri �eld e�ets and/or by Kondo interation. The latteryields at somewhat elevated temperatures a negative logarithmi ontribu-tion to �(T ) but an ause at low temperatures a Fermi-liquid behaviour,evidened by a T 2 behaviour of �(T ). To illustrate suh features, �(T )normalised to room temperature is plotted in Fig. 4(a) for a number of�lled skutterudites ontaining Ce and Yb. For a purpose of omparison,La0:8Fe4Sb12 is added. Most obvious, Yb0:22Ce0:3Fe3NiSb12 exhibits a mini-mum in �(T ) and at lower temperature a logarithmi inrease. Both featuresare typial signs for Kondo interation of harge arriers with the indepen-dently behaving magneti moments of Ce and Yb. �(T ) of Yb0:8Fe4Sb12is haraterised by a pronouned urvature around 100 K followed by asigni�ant derease of �(T ) towards lower temperatures and eventually, aT 2 behaviour re�ets a Fermi-liquid ground state, whereas for Ce0:8Fe4Sb12hints of pronouned Kondo interations are absent at low temperatures. Itis interesting to note that even La0:8Fe4Sb12, with non-magneti La, doesnot render a simple �(T ) behaviour, dominated by phonon sattering.The temperature dependent resistivity of YbyRh4Sb12, y � 0:1 andYbyIr4Sb12, y � 0:02 is shown in Fig. 4(b), again in a normalised represen-tation. Both ompounds display a semionduting-like behaviour where theresistivity inreases over some orders of magnitude from room temperatureto 4 K. Applying an ativation-type model to desribe �(T ) in this ase,i.e., � = �0 exp(�E=2kBT ), allows us to estimate the gap width �E of theeletroni density of states (DOS) at the Fermi energy EF. A least squares�t to the data above about 100 K reveals �E = 368 K for TM = Rh and�E = 277 K for TM = Ir. A shoulder in �(T ) around 50 K, however, marks
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604 E. Bauer et al.4. Thermoeletri performane4.1. ThermopowerThe key parameter for thermoeletri materials is the oe�ient of thethermoeletri power S, whih should exeed, at least, values of 100 �V=K.Aording to Mott's formula of di�usion thermopower [19℄, i.e.,Sd = �2k2BT3jej 1N(EF) dN(E)dE ����E=EF (2)the energy derivative dN(E)=dE at the Fermi energy determines both, theabsolute values as well as the sign of thermopower. Sine S(T ) dependsalso on N(EF), a lower value of harge arriers, at least in a one-bandmodel, will ause larger values of the Seebek oe�ient. Thus, systemswith S � 100 �V=K are traditionally found at the border between metalsand semiondutors. Highly orrelated eletron systems, however, have theability to generate large S(T ) values as well. This phenomenon is related toKondo interation, where due to a loss of spin degrees of freedom a narrowresonane (width � � kBTK) emerges in the viinity of the Fermi energy,giving rise to huge values of dN(E)=dEjE=EF .In order to trae both soures for enhaned values of the Seebek oe�-ient, Fig. 5 shows S(T ) of REFe4Sb12, RE = La, Pr, Nd. As evidened inthe preeding hapter onerning spei� heat, PrFe4Sb12 shows signi�anteletron orrelations, observed from large values of Cp=T . These orrelationsause substantially larger S(T ) values in PrFe4Sb12 ompared to LaFe4Sb12and NdFe4Sb12 (Fig. 5(a)). Driven by substitutions on both the transitionmetal and the pnitogen site, hanges of the arrier onentration an beahieved. The redution of the arrier onentration due to the Fe/Ni sub-stitution has two di�erent onsequenes (ompare Fig. 5(b)): (i) absoluteS(T ) inreases, reahing extraordinarily large room temperature values of190 �V=K (Pr0:2Fe2:5Ni1:5Sb12) and (ii) the sign of thermopower hangesfrom plus to minus, referring to a hange of the arrier type from predomi-nantly hole - to eletron dominated transport. It is interesting to note thateletron orrelations are lost upon the Fe/Ni substitution. This follows fromthe vanishing of the pronouned low temperature struture in S(T ).4.2. Thermal ondutivityIn addition to the important ontribution of thermopower to the �gureof merit, thermal ondutivity should be as low as possible. Filled skutteru-dites provide almost perfet onditions for the requirement above. (i) Sineskutterudites in general possess just smaller numbers of harge arriers, theeletroni ontribution �e to the total thermal ondutivity � is low. (ii)
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Fig. 5. (a) Temperature dependent Seebek oe�ient S(T ) of REyFe4Sb12,RE = La, Pr, Nd. (b) Temperature dependent Seebek oe�ient S(T ) ofPryTM4X12, TM = Fe, Ni; X = Sb, Sn.The strong interation of the heat arrying phonons with the weakly boundeletropositive element dramatially redues the lattie thermal ondutiv-ity �ph, and the theoretial minimum thermal ondutivity, as e.g., found inglass-like materials, is almost reahed.As an example of an evolution of the thermal ondutivity in ternaryskutterudites, �(T ) of NdyFe4Sb12 is shown in Fig. 6 (a). �(T ) of thisseries lowers extraordinarily as the degree y of the �ller element starts toinrease. Thus, sattering on this �ller element an be onsidered as ori-gin for suh a redution. In order to quantitatively understand the mainmehanisms responsible, �(T ) has to be separated into its onstituents, i.e.,� = �e + �ph, where �e and �ph represent the eletroni and the lattiethermal ondutivity, respetively. Both individual ontributions, however,are limited by a number of sattering proesses. Aording to Matthiessen'srule, the thermal resistivity We(ph) � 1=�e(ph) reads1=�e �We =We;0 +We;ph +We;mag (3)where the subsripts (e; 0), (e; ph) and (e;mag) refer to sattering of hargearriers on stati imperfetions, phonons and magneti moments, respe-tively. For simple metals, the eletroni thermal ondutivity is related tothe eletrial resistivity via the Wiedemann Franz law: �e � L0T=� whereL0 = 2:45 � 10�8 W
=K2. Taking this into aount, the total measuredquantity an be separated into the eletroni and the lattie part. Resultsof suh a proedure are shown in Fig. 6(b) for Nd0:2Fe4Sb12. This analysis
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Fig. 6. (a) Temperature dependent thermal ondutivity �(T ) of NdyFe4Sb12. (b)�(T ) of Nd0:2Fe4Sb12 (large open symbols). The eletron and the phonon ontri-bution �e and �ph are shown with smaller symbols. The solid line is a least squares�t aording to Eq. (5) and (6).indiates that the lattie ontribution �ph is primarily responsible for ar-rying heat in this material. �e(T ) smoothly inreases, but is redued by afator of two when proeeding from Nd0:2Fe4Sb12 to NdFe4Sb12. This hangeis assoiated with the lower harge arrier onentration of NdFe4Sb12 withrespet to Nd0:2Fe4Sb12. While in the former the holes of [Fe4Sb12℄ areompensated to a large extent, this does not hold for the latter.Using Matthiessens rule, �ph reads:1=�ph �Wph =XWph;i ; (4)where PWph;i represents the most signi�ant sattering proesses presentin �lled skutterudites, giving rise to di�erent temperature dependenies.Within the Debye approximation, �ph an be expressed as�ph = CT 3 �D=TZ0 �x4 exp(x)[exp(x)� 1℄2 dx ; (5)where x = ~!=kBT , ! is the phonon frequeny and �D is the Debye temper-ature. � is the total relaxation time given by��1 = ��1B + ��1D + ��1U + ��1e (6)�B, �D, �U, �e are the relaxation times for boundary sattering, defet sat-tering, Umklapp proesses and eletron sattering, respetively.
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