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RESISTIVITY AND THERMOELECTRIC POWER OFHEAVY FERMION SYSTEMS�G. CzyhollInstitut für Theoretishe Physik, Universität Bremen28359 Bremen, Bibliothekstr. 1, Germany(Reeived June 21, 2001)Heavy-fermion systems are modelled by the Periodi Anderson Model (PAM)in the limit of in�nite dimensions (d!1), in whih the loal approximation forthe selfenergy or the Dynamial Mean-Field Theory (DMFT), respetively, be-ome exat. As a onsequene, vertex orretions for transport quantities vanish,whih means that transport quantities like the ondutivity (resistivity) and thethermoeletri power an be alulated from the selfenergy. Di�erent approxima-tions are used to determine the selfenergy, namely the Seond Order PerturbationTheory (SOPT) for the PAM and a Modi�ed Perturbation Theory (MPT) withina DMFT-mapping of the PAM on an e�etive Single-Impurity Anderson Model(SIAM). The MPT reprodues the SOPT for the SIAM for weak interations andsimultaneously ful�lls the atomi limit. Both approximations yield an f -eletronspetral funtion at the hemial potential whih is strongly temperature de-pendent and dereases on a harateristi temperature sale T � approahing aonstant value for high temperatures. This harateristi low temperature T �an be interpreted as the Kondo temperature within these approximations, butT � does not yet have the harateristi (exponential, non-analyti) dependeneon the model parameters expeted from the Shrie�er�Wol� transformation. Theresistivity R(T ) obtained shows qualitatively exatly the behavior, whih is har-ateristi for heavy-fermion systems, namely a low value for zero temperature,a T 2 inrease for low temperatures, a maximum exatly at T �, and R(T ) de-reases with inreasing T for higher temperatures T > T �. The thermoeletripower obtained is absolutely very large (of the magnitude 10�4 V/K), and ithas an extremum at a temperature, whih sales linearly with T �; the absolutevalue at the extremum even beomes larger with inreasing T �. The in�uene ofimpurity sattering (alloying) was also investigated treating the disorder withinthe Coherent Potential Approximation (CPA). Possible extensions of these inves-tigations to inlude rystal-�eld e�ets are disussed.PACS numbers: 71.27.+a, 72.15.�v, 72.15.Jf, 75.30.Mb� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3345)



3346 G. Czyholl1. IntrodutionThe unusual transport properties of Heavy Fermion Systems (HFS) on-taining Ce and Yb ions are still not properly understood. Pure metalli HFS,for example CePd3 [1℄, CeCu6 [2℄, have a small zero temperature resistivityR(T = 0), a sharp inrease of R(T ) for low temperature T , a maximum atsome harateristi temperature T �, and a R(T ) dereasing with inreas-ing T , i.e. a Negative Temperature Coe�ient (NTC), for higher tempera-tures. Another interesting transport quantity is the Thermoeletri Power(TEP); for early monographs on the TEP of metals and alloys see [3℄. InHFS the thermoeletri power S(T ) is often non-monotoni, and in somesystems one observes a sign hange at lowest temperatures [4�11℄; above100ÆK the thermopower an assume giant values, and muh of the reentinterest in the heavy fermion thermo-eletriity is due to the belief that someof the new systems, with the thermopower larger than 150�V/K, might beuseful for appliation. The low temperature behavior an be very sensitiveto alloying and external pressure. Substituting Ce-ions in stoihiometriCePd3 systems by non-magneti La-ions reates �Kondo holes�, and a on-entration of only a few perent may be su�ient to obtain a R(T ) showingonly a NTC [2℄. For the TEP the behavior with a negative minimum at lowtemperatures and a broad positive high-temperature peak between 100ÆKand 200Æ K in systems like CeCu2Si2, [5℄, CeCu2Ge2, [7℄, CePd2Si2, [7℄ anhange into a behavior with no sign hange and two positive maxima ora shoulder on the low temperature side of the large S(T ) peak in systemslike Ce1�YCu2Si2 [8℄ or CeCu2Ge2 under alloying or under external pres-sure. 2. ModelsIt is well aepted that the basi eletroni properties of HFS are de-sribed by the periodi Anderson model, whih ontains a ondution band,strongly orrelated f -levels loalized at the sites of a lattie simulating therare-earth or atinide ions, and a hybridization between f -states and on-dution eletron states. For real rare earth or atinide atoms or ions thef -shells are highly degenerate, namely 14-fold degenerate in the bare (hy-drogen like) atom, whih is splitted into a 6- and an 8-fold degenerate leveldue to spin-orbit oupling, and this degeneray is further redued in a rys-tal due to rystalline eletri �elds so that the lowest f -level may be onlytwo-fold degenerate. But the Crystal Field (CF) split level is thermallyaessible so that taking into aount only a two-fold degenerate f -level isprobably not su�ient to aount for the full temperature dependene ofthe relevant physial quantities.



Resistivity and Thermoeletri Power of : : : 3347Nevertheless, for the atual alulations presented in this paper the stan-dard PAM with only a two-fold degeneray of the f -levels has been used, i.e.H = X~k� "~ky~k�~k�+X~R� �Eff y~R�f~R�+ U2 f y~R�f~R�f y~R��f~R��+ V �y~R�f~R�+ ::�� ; (1)where "~k = 2tPdl=1 os(kla) denotes the band eletron dispersion (t� near-est neighbor hopping, a� lattie onstant), for whih a tight-binding modelon a simple-ubi lattie in dimension d is assumed. To alulate transportquantities one needs also the urrent operator, and for the urrent operatorbeing onsistent with the PAM the omponent in x-diretion is given byjx =X~k� �"~k�kx y~k�~k�"+ �Vk�kx (f y~k�~k� + ::)| {z }=0; if V k-independent# : (2)So for k-independent hybridization V one has in site representationjx = ita X~R�x� �y~R+�x�~R� � y~R�~R+�x�� ; (3)(i � imaginary unit, t � hopping, a � lattie onstant).The in�uene of alloying with non-HFS systems an be studied by on-sidering the following generalization of the PAMH = X~k� "~ky~k�~k�+X~R� �ERff y~R�f~R� + U2 f y~R�f~R�f y~R�f~R� + VR(y~R�f~R� + ::)� ; (4)where ERf = � Ef with probability 1�  ;Ef +�Ef with probability  : (5)For large �Ef the f -level remains unoupied meaning physially thatthere is no rare-earth ion at this site with probability , whih orrespondsto the onentration of the non-rare-earth onstituent.



3348 G. CzyhollBeing interested in transport quantities two-partile Green funtions forthe PAM have to be alulated. To alulate the ondutivity we start fromthe Kubo formula for the (diagonal element of the) frequeny (!-) dependentondutivity (tensor), whih (aording to standard linear response theory[12�14℄) is given by the urrent�urrent response funtion:�xx(!) = � 1! + i0 Im �jx;jx(! + i0) ; (6)�jx;jx(z) = � jx; jx �z= �i 1Z0 dt0eizt0h[jx(t0); jx(0)℄�i : (7)The stati ondutivity an be obtained as the zero frequeny (! ! 0)limit of the dynamial ondutivity and then the TEP follows by means ofthe standard Mott relation [15℄. So one must determine two-partile Greenfuntions of the kind � y~k�~k�; y~k�0~k�0 �z. Using standard relations ofmany-body theory [12℄ the two-partile Green funtions an be obtainedfrom (produts of) one-partile Green funtions and additional vertex or-retions. The one-partile Green funtions are de�ned byGab~k�(z) =� a~k�; by~k� �z= �i 1Z0 dt0eizt0Dha~k�(t0); by~k�(0)i+E (8)(with a; b 2 f; fg). The f -eletron selfenergy is de�ned by: � ~k�; y~k� �z � ~k�; f y~k� �z� f~k�; y~k� �z � f~k�; f y~k� �z ! =  z�"~k �V�V z�Ef��~kf (z) !�1 (9)and for the model(s) de�ned above one has to expet a orrelation- (inter-ation-) and a disorder- (impurity-) ontribution to the selfenergy:�~kf (z) = �orr~kf (z) +�imp~kf (z) : (10)3. ApproximationsWe study the PAM in the limit of in�nite dimension d ! 1, t ! 0keeping dt2 = onst. [16℄; in this limit ertain simpli�ations beome exat,whih extremely simplify pratial alulations. It has been shown [17℄ thatthese simpli�ations are already a reasonable additional approximation forrealisti dimension d = 3, i.e. 3-dimensional systems behave already similaras systems in the mathematial limit d!1. The most important simpli�-ation is that the selfenergy beomes site-diagonal (k-independent), i.e. the



Resistivity and Thermoeletri Power of : : : 3349so alled �loal approximation� beomes exat for large dimension d and isa reasonable approximation for d = 3. Consistent with the site diagonality ofthe self energy is the vanishing of vertex orretions for the urrent�urrentresponse funtions. Then the stati (zero frequeny) ondutivity is simplygiven by [18℄ �xx = e2a2�d2�~ t2 Z dE �� dfdE�L(E) ; (11)where a is the lattie onstant, d the dimension, t the hopping matrix elementof the band eletrons, f(E) the Fermi funtion, and the funtion L(E) isde�ned by L(E) = 2N X~k� � ImG~k�(E + i0)�2 ; (12)where G~k�(z) = 1z � V 2z �Ef ��f (z) � "k ; (13)is the band eletron Green funtion of the PAM and �f (z) the (k-indepen-dent) f -eletron selfenergy. The TEP is also determined by the funtionL(E) aording to [15℄S = R dE �� dfdE� (E � �)L(E)eT R dE �� dfdE�L(E) : (14)Therefore, in the limit d ! 1 the transport quantities of interest an beobtained from the one-partile Green funtions or the (k-independent) self-energy alone.But a full exat solution of the PAM is not possible even in in�nite di-mensions and one needs additional approximations. We have applied thestandard selfonsistent seond order perturbation theory with respet to theCoulomb orrelation U . The SOPT is the simplest non-trivial extensionof the Hartree�Fok approximation, and it has the advantage that Fermiliquid properties (Luttinger sum rules) are automatially ful�lled withinthis approah. Furthermore, a selfonsistent mapping on an e�etive single-impurity Anderson model, i.e. the �dynamial mean-�eld theory� beomesexat in in�nite dimensions [19℄. The DMFT selfonsisteny relation readsGfSIAMR (z) = 1z �Ef ��f (z)��(z)= 1N X~k 1z �Ef ��f (z)� V 2z�"~k : (15)



3350 G. CzyhollHere the �bath� Green funtion �(z) (i.e. the e�etive SIAM ondutionband Green funtion) has to be determined selfonsistently. The selfenergyfor the e�etive SIAM has to be determined either by numerial methods(quantum Monte Carlo or numerial renormalization group) or by a suitableapproximation for the SIAM. We have applied the �modi�ed perturbationtheory�, whih starts from the following Ansatz [20�22℄�f (z) = Unf�� + ��SOPTf (z)1� ��SOPTf (z) ; (16)where �SOPTf (z) is the SIAM selfenergy in seond order in U relative to theHartree�Fok solution and the parameters �; � an be determined by theondition that the atomi limit (of vanishing V ) and an additional riterion(Fermi liquid sum rule, reprodution of the �rst four moments) are ful�lled.The MPT has the advantage that it is exat up to order U2 and the atomilimit is ful�lled simultaneously.Conerning the disorder ontribution to the selfenergy the oherent po-tential approximation (CPA) beomes exat in the large-d limit. Therefore,the exat selfonsisteny relation for the impurity selfenergy reads�imp(z) = ERf1� (ERf ��imp(z))GffR (z) ; (17)where the bar denotes the on�gurational average. For �Ef ! 1, i.e. fornon-magneti impurities with unoupied f -shell, this leads to [23℄�imp(z) = Ef � GffR (z) ; (18)where  is the onentration of the impurities.4. ResultsWithin the SOPT the selfenergy imaginary part at the Fermi energyvanishes at zero temperature T in aordane with the Luttinger theoremleading to a mass enhanement of the quasi partiles at low temperatures,i.e. �heavy quasipartiles� are easily reprodued within this approah. Asa onsequene the f -eletron Density Of States (DOS) at the hemial po-tential � is strongly temperature dependent and dereases on a harater-isti low temperature sale T � towards an asymptoti T -independent value.Therefore, T � an be de�ned as the half width of the T -dependent part of thef -DOS at �. This temperature T � an be interpreted as Kondo temperature;



Resistivity and Thermoeletri Power of : : : 3351however, within the SOPT treatment it is not yet of the orret (Shrie�er�Wol�) form and magnitude, whih annot be expeted in a weak-ouplingexpansion like the SOPT.When alulating the T -dependene of the resistivity R(T ) = 1=�xxfrom (11), one obtains for most hoies of the parameters the followingharateristi behavior: A residual resistivity approahing zero for T ! 0,a T 2-dependene for very low T as expeted for Fermi liquids, a nearly lin-ear inrease with inreasing T for T < T �, a maximum of R(T ) exatlyat T �, and an R(T ) dereasing with inreasing T (and thus behaving sim-ilarly as in the ase of inoherent sattering from magneti impurities) forT > T �. This an be seen from Fig. 1, where we show R(T ) for the model
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Fig. 1. Temperature dependene of the resistivity R(T ) obtained withion the SOPTfor the PAM for di�erent hybridizations, a total number of 2.2 eletrons per site,and an f -eletron number of nf = 1:1.with 2.2 eletrons per site, an f -oupany nf = 1:1, and for di�erent hy-bridization V . For �xed other parameters the hybridization V determinesthe low temperature sale T �. The alulations are performed for U = 1.Remarkably, as long as there is a maximum in R(T ) it is very lose to T � asdetermined by the f -DOS riterion desribed above. For too large V and T �(and orresponding less strong mass enhanement) there is no longer a truemaximum but only a plateau behavior in R(T ).Corresponding results for the thermopower are shown in Fig. 2. Here,S(T ) is measured in units of kB=e � 86�V/K. Obviously S(T ) is stronglytemperature dependent and absolutely very large, namely of the magnitude
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Fig. 2. Temperature dependene of the resistivity R(T ) obtained within the SOPTfor the PAM for di�erent hybridizations, a total number of 2.2 eletrons per site,and an f -eletron number of nf = 1:1.50�100�V/K. It has an extremum (negative minimum in the plot) at atemperature T1, whih sales linearly with T �, i.e. T1 = AT �. For theparameters used for the �gure we have A � 0:5, but the exat value ofA depends on the other parameters (U; nf et.) This extremum in S(T )also exists in the situation when the resistivity R(T ) exhibits no maximumbut only a plateau behavior. The absolute value jS(T1)j at the extremumeven slightly inreases with inreasing T �, i.e. aording to this result it isnot neessarily the most �heavy� fermion systems whih exhibit the largestvalues of the TEP. In any ase, in the low temperature regime T � T � thisapproah yields a TEP of the orret absolute magnitude and the qualitativebehavior, in partiular an extremum, whih is harateristi for the TEPexperimentally observed in many heavy fermion systems. Of ourse, forintermediate and high T the features due to the CF splitting annot bereprodued within this SOPT treatment of the PAM, as only the two-folddegenerate PAM was used, whih has no higher CF-split f -levels inluded.Results for another set of parameters are shown in the following �g-ures. Here I hose Ef positive (i.e. within the upper half of the ondutionband) and a total �lling of 2.4. Then the ondution band is more thanhalf �lled, whih has in�uene on the zero temperature sign of S(T ), andthe f -oupation is smaller than 1. The resistivity shows again the hara-teristi behavior mentioned above with a maximum and a NTC. The TEP,
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Fig. 3. Temperature dependene of the resistivity R(T ) obtained within the SOPTfor the PAM for di�erent f -level positions Ef for hybridization V = 0:5 and a totalnumber of 2.4 eletrons per site.

-0.5

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4

S
(T

)

T

Thermopower for different f-level energies E_f

E_f=0.2
E_f=0.3
E_f=0.5

Fig. 4. Temperature dependene of the thermopower S(T ) obtained within theSOPT for the PAM for di�erent f -level positions Ef for hybridization V = 0:5 anda total number of 2.4 eletrons per site.



3354 G. Czyhollhowever, is negative for small T and has a hange of sign at low tempera-tures T , so it is qualitatively similar as that observed experimentally in someHFS. Inreasing Ef (with respet to the ondution band enter) leads tosmaller f -oupations, i.e. to a transition from the Kondo into the moremixed valene regime, and may simulate the in�uene of external pressure.Obviously the negative low-T minimum of S(T ) beomes more shallow withinreasing Ef , and for even larger Ef (not shown in the �gure) it disappearsand only a positive TEP is obtained, whih may have some �ne struture atvery low T . Note that the TEP is zero for temperature T = 0 also withinthe used approximation; the apparant non-zero value of S(T ) for small T isdue to the �nite temperature resolution of the presented alulations, whihfor numerial reasons have not yet been done at the lowest temperaturesT < 0:02. 5. ConlusionThe most harateristi features observed in the T -dependene of the re-sistivity and the thermopower of HFS an qualitatively be reprodued withinsimple approximations of the PAM, in partiular within the U -perturbationapproah, i.e. the SOPT. It has been shown already for the resistivity [23℄that also the e�ets of alloying an be reprodued; appliations of this inves-tigation (using additionally the CPA for disordered systems) to the TEP arepresently in progress. Appliations of the MPT within the DMFT sheme(reently done but not presented in this manusript) an give qualitativelysimilar behavior, only the harateristi low temperature T � omes out dif-ferent within the MPT approah than within the SOPT. I expet that theproper inlusion of orbital degeneray and rystal �eld e�ets will allow forthe desription and understanding also of the details in the low T behaviorof the thermoeletri power.I aknowledge the ontributions of my former and present oworkers andstudents H. Shweitzer, S. Wermbter, K. Wermbter, R. Tietze, M. Buk andC. Grenzebah and many stimulating disussions with V. Zlati.REFERENCES[1℄ P. Soboria, J.E. Crow, T. Mihalisin, J. Appl. Phys. 50, 1895 (1979).[2℄ Y. Onuki, T. Komatsubara, J. Magn. Magn. Matter 63 & 64, 281 (1987).[3℄ F.J. Blatt et al., Thermoeletri Power of Metals, Plenum, New York 1962;R.D. Barnard, Thermoeletriity in Metals and Alloys, Taylor & Franis, Lon-don 1962.
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