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HEAVY QUASIPARTICLES AND PSEUDOGAPFORMATION IN YbAl3:OPTICAL CONDUCTIVITY STUDY�H. OkamuraDepartment of Physis, Kobe University, Kobe 657-8501, JapanT. EbiharaDepartment of Physis, Shizuoka University, Shizuoka 422-8529, JapanT. NanbaGraduate Shool of Siene and TehnologyKobe University, Kobe 657-8501, Japan(Reeived July 10, 2002)We have measured the optial ondutivity �(!) of the mixed-valentompound YbAl3. �(!) exhibits a mid-infrared peak entered at 0.15-0.2 eV, whih beomes more pronouned with dereasing temperature (T ).In addition, a strong depletion of the spetral weight, i.e., a pseudogapformation, is observed in �(!) below � 0.1 eV. A omparison of �(!) withthe d ondutivity indiates the existene of an extremely narrow Drudepeak at very low energy. Energy-dependent e�etive mass and satteringrate of the arriers are evaluated from the optial data, whih indiates theformation of a heavy-mass Fermi liquid state within � 40 meV from theFermi level. These observations are disussed in terms of the hybridizationof a ondution band and a narrow 4f band.PACS numbers: 71.27.+a, 78.20.�eYbAl3 is a valene-�utuating (VF) ompound whih is gaining inreas-ing interest reently [1�3℄. At low temperature (T ), de Haas�van Alphen os-illations of YbAl3 were learly observed, indiating the formation of heavymass Fermi liquid with e�etive masses of 14�24 m0 [2℄. The magneti sus-eptibility (�) shows a loal moment (Curie�Weiss) behavior at high T and� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1075)



1076 H. Okamura, T. Ebihara, T. Nanbaa broad maximum at Tmax � 120 K, whih is typial of VF ompounds witha Kondo temperature of � 500 K. Typially, properties suh as � and theeletroni spei� heat (Ce) for suh VF ompounds show T dependenesthat are very similar to preditions of the Anderson impurity model (AIM).However, reent work on high quality single rystalline YbAl3 has shownthat �(T ) and Ce(T ) below � 40 K deviate from the preditions of AIM. Inthe same T range, the resistivity shows a T 2 dependene, i.e., a Fermi liquidproperty. These observations suggest that e�ets of the Yb lattie may beresponsible for the deviation from AIM [3℄.In this work, we use optial spetrosopy to probe the interesting ele-troni strutures of YbAl3 near the Fermi level (EF). The YbAl3 and LuAl3samples used in this work were high-quality single rystals grown with a self-�ux method [1℄. The optial re�etivity R(!) was measured in the range20 meV�30 eV under a near-normal inidene. Optial ondutivity �(!)was obtained from a measured R(!) using Kramers�Kronig relations [4℄.For low-energy extrapolation, a Hagen�Rubens formula was used [4℄. Moredetails of the optial experiments an be found elsewhere [5℄.
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Fig. 1. (a) Infrared optial re�etivity R(!) of YbAl3 and LuAl3. (b) Optialondutivity [�(!)℄ of YbAl3. The inset ompares low-energy �(!) with the orre-sponding �d, indiated by the symbols on the vertial axis (note the logarithmisale). The �(!) urves below 0.02 eV are extrapolations.Figure 1(a) shows R(!) of YbAl3 at temperatures 7 K � T � 295 K, andthat of non-magneti LuAl3 at 295 K. YbAl3 has a broad dip in R(!), whihis strongly T -dependent and beomes more pronouned with dereasing T .In ontrast, LuAl3 has no suh feature, indiating that the dip for YbAl3results from Yb 4f -related states near EF. Figure 1(b) shows �(!) of YbAl3.It is seen that the broad dip in R(!) gives rise to a strong mid-IR peakin �(!), whih grows with dereasing T . At the same time, the spetral



Heavy Quasipartiles and Pseudogap Formation in . . . 1077weight below the mid-IR peak energy is gradually depleted with dereasingT . This spetral depletion in �(!), i.e., a pseudogap formation, shows thatthe density of states in the region 10-50 meV away from EF beomes smallat low T . This may appear striking sine YbAl3 is a good metal, with ad ondutivity �d exeeding 106 
�1m�1 at 7 K [1℄. �d and �(!) areompared to eah other in the inset of Fig. 1(b), where �d are indiated bythe symbols on the vertial axis. It is immediately apparent that a narrowDrude peak, i.e., a very sharp rise in �(!), should exist in the low-energyregion below the measurement range of this work. A similar spetral featurewas �rst reported for mixed-valent CePd3 [6℄, and later for many otherf -eletron ompounds [7℄. The narrow Drude peaks in these works havebeen understood in terms of the eletrodynamial response of a heavy-massFermi liquid, i.e., a �heavy fermion plasma� [8℄. Namely, the formation of aspatially oherent heavy fermion state leads to a large e�etive mass and aredued sattering rate of the arriers. Sine the sattering rate is diretlyrelated to the width of a Drude peak in �(!), it beomes extremely narrow,often observed in the mirowave region [7℄.In addition to the narrow Drude peak, the present data show two keyfeatures in �(!), namely the mid-IR peak and the pseudogap below � 0.1 eV.Again, similar features have been observed for many heavy fermion andmixed valent ompounds. A generally aepted mehanism leading to suhspetral features is a hybridization of wide ondution () band and a narrowf band. This �f hybridization leads to the formation of a small energy gap,and the optial exitation of quasipartiles aross this gap leads to a mid-IRpeak in �(!). Heavy fermions arise when EF is loated slightly above orbelow the gap. It is noteworthy that the spetral variation between 7 Kand 40 K (not shown) was muh smaller than that between 40 K and 80 K.This may be regarded as evidene that the development of �f hybridizationstate is omplete below 40 K, whih is onsistent with the resistivity datashowing a T 2 (Fermi liquid) dependene below 40 K.In order to obtain more information about the eletroni strutures nearEF of YbAl3, we apply the so-alled �generalized Drude� analysis [7℄ to thepresent data. In this model, the energy-dependent sattering rate 1=�(!)and optial e�etive mass m�(!) of the quasipartiles an be evaluated fromthe optial spetra. Figure 2 shows the results. Below 80 K, 1=�(!) isstrongly suppressed at energies below � 40 meV, where it shows approxi-mately a !2 dependene. This strongly suggests the formation of a oherentFermi liquid state. m�(!) below � 40 meV beomes large with dereasing T ,reahing about 25 times the bare band mass at 7 K. The observed behaviorsof 1=�(!) and m�(!) indiate that a Fermi liquid state with a heavy massis formed within � 40 meV from EF. The mass enhanement fator of 25is lose to the ylotron masses of 14�24 m0 dedued from the de Haas�
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Fig. 2. Energy-dependent sattering rate 1=�(!) and e�etive mass m�(!) nor-malized by optial band bass mb for YbAl3, obtained using the generalized Drudemodel. The dotted urve in the left graph is guide to the eye, showing a !2 depen-dene.van Alphen data [2℄. The observed T dependenes of 1=�(!) and m�(!)are quite similar to those previously reported for CePd3 [6℄, where �(!)was measured to muh lower energy (0.5 meV) than in the present work.Hene, although our measurement range is not su�ient to diretly observethe narrow Drude peak in �(!), the present data appear to have apturedimportant features of the heavy fermion dynamis in YbAl3. Measurementsin lower-energy region are in progress, to study the heavy fermion dynamismore quantitatively.We thank J. Lawrene for useful omments on this work. This work isfunded by Grant-in-Aid from MEXT of Japan. T.E. is �nanially supportedby Yukawa Foundation and Corning Japan.REFERENCES[1℄ T. Ebihara et al., Physia B281&282, 754 (2000).[2℄ T. Ebihara et al., J. Phys. So. Jpn. 69, 895 (2000).[3℄ A.L. Cornelius et al., Phys. Rev. Lett. 88, 117201 (2002).[4℄ F. Wooten, Optial Properties of Solids, Aademi Press, New York 1972.[5℄ H. Okamura et al., Phys. Rev. B62, R13265 (2000).[6℄ B.C. Webb, A.J. Sievers, T. Mihalisin, Phys. Rev. Lett. 57, 1951 (1986).[7℄ L. Degiorgi, Rev. Mod. Phys. 72, 687 (1999), and referenes therein.[8℄ A.J. Millis, P.A. Lee, Phys. Rev. B35, 3394 (1987).


