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DIVERGENCE OF THE HEAVY QUASIPARTICLEMASS AT THE ANTIFERROMAGNETIC QUANTUMCRITICAL POINT IN YbRh2Si2�P. Gegenwart, J. Custers, T. Tayamay, K. Tenyaz, C. Geibel,O. Trovarellix, F. SteglihMax-Plank Institute for Chemial Physis of Solids, 01187 Dresden, Germanyand K. NeumaierWalther Meissner Institute, 85748 Garhing, Germany(Reeived July 10, 2002)We report low temperature spei� heat, C, magnetization, M , sus-eptibility, �, and eletrial resistivity, �, measurements on high-qualitysingle rystals of the heavy-fermion system YbRh2(Si1�xGex)2 (x = 0 and0.05). The undoped ompound shows weak antiferromagneti (AF) order atTN = 70 mK whih is suppressed to below 20 mK by a tiny volume expan-sion in the x = 0:05 system. In the latter pronouned deviations from Lan-dau Fermi liquid (LFL) behavior our, e.g. �� � T over three deades inT . Both thermodynami and magneti properties show a rossover at about0.3 K: At 0.3 K � T � 10 K we observe C=T � log(T0=T ) and a �non-Curie�behavior ��1 � T� with � < 1 similar to what was found for the prototyp-ial system CeCu5:9Au0:1. Below 0.3 K, � turns into a Curie�Weiss depen-dene ��1 � (T ��) indiating large unsreened Yb3+ moments whereasin C(T )=T a pronouned upturn ours. In the undoped ompound the AForder is suppressed ontinuously by ritial �elds B0 ' 0:06 T and 0.7 Tapplied perpendiular and parallel to the -axis, respetively. For B > B0a LFL state with �� = A(B)T 2 and C(T )=T = 0(B) is indued, that ful-�lls the Kadowaki�Woods saling A � 20 . Upon reduing the magneti�eld to B0 a 1=(B �B0) dependene of A(B) and 20(B) indiates sin-gular sattering at the whole Fermi surfae and a divergene of the heavyquasipartile mass.PACS numbers: 71.10.Hf, 71.27.+a



324 P. Gegenwart et al.1. IntrodutionThe origin of non-Fermi liquid (NFL) behavior in heavy-fermion (HF)systems has been studied intensively in the past deade but is still unlearup to now [1, 2℄. In partiular two di�erent senarios are disussed for thequantum-ritial point (QCP), where long-range antiferromagneti (AF) or-der emerges from the HF state; one in whih NFL behavior arises from Braggdi�ration of the eletrons o� a ritial spin-density wave (SDW) [3�5℄, theother in whih the bound-state struture of the omposite heavy fermionsbreaks up at the QCP resulting in a ollapse of the e�etive Fermi temper-ature [2, 6℄. In the SDW senario, assuming three-dimensional (3D) spin-�utuations, singular sattering ours only along ertain �hot lines� on-neted by the vetor q of the near AF order while the remaining Fermisurfae still behaves as a Fermi liquid. Therefore, the low-temperature(T ) spei� heat oe�ient C(T )=T , that measures the heavy quasipar-tile (QP) mass, is expeted to show an anomalous temperature depen-dene C(T )=T = 0 � �p



Divergene of the Heavy Quasipartile Mass at . . . 325the NFL behavior extends to the lowest aessible temperatures, in parti-ular ��(T ) � T is observed from above 10 K down to below 15 mK [11℄.This artile is organized as follows: After giving details onerning ex-perimental tehniques in the next setion, we address in Setion 3 the pro-nouned NFL behavior at zero magneti �eld in thermodynami, magnetiand transport properties at the QCP in YbRh2(Si0:95Ge0:05)2. In Setion 4we onentrate on the undoped system and prove that magneti �elds anbe used to tune the system ontinuously from the AF ordered state throughthe QCP into a �eld-indued LFL state. We present evidene for the diver-gene of the heavy quasipartiles at the QCP and end with the onlusionsin Setion 5. 2. Experimental detailsSingle rystalline platelets of YbRh2(Si1�xGex)2 prepared with the nom-inal Ge ompositions x = 0 and 0.05 were grown from In �ux as desribedearlier [10,11℄. A miroprobe analysis (MA) of the x = 0:05 sample revealeda Ge onentration xMA � 0:02, only. The solubility of Ge atoms in In �uxis muh higher ompared to that of Si atoms. This auses the atual Ge on-entration being smaller than 0.05 in these single rystals. To be onsistentwith previous publiations [11, 12℄, the Ge-doped single rystals studied inthis paper are labeled by their nominal Ge omposition x = 0:05. To demon-strate that the main e�et of Ge doping is primarily the expansion of thevolume, measurements of the eletrial resistivity under hydrostati pressurehave been performed on a x = 0:05 single rystal [11, 13℄. At a pressure of0.63 GPa the onset of AF order has been observed at TN = 0:185 K. Further-more, the TN vs p phase diagram of the Ge-doped rystal mathes perfetlywith that found for pure YbRh2Si2 [10℄ if the pressure axis is shifted by�0:2 GPa [13℄. Taking the value B = (198 � 15) GPa for the bulk modu-lus as determined from reent Mössbauer measurements under hydrostatipressure [14℄, this pressure shift orresponds to a volume expansion of 0.1%for the Ge-doped sample onsistent with a Ge ontent of 0:02 � 0:004.The new generation of x = 0 rystals show a residual resistivity �0 '1�
m, i.e., twie as low as �0 of the previous ones. Whereas for the latterthe phase transition at TN disovered by AC-suseptibility measurementsould not be resolved in the resistivity [10℄, the new rystals show a learkink of �(T ) at TN, see below.For all low-temperature measurements, 3He/4He dilution refrigeratorswere used. The spei� heat was determined with the aid of a quasi-adiabati heat pulse tehnique. The eletrial resistivity, �, and the magnetiAC-suseptibility, �, were measured utilizing a Linear Researh Co. (LR700)bridge at 16.67 Hz. Amplitudes of 0.1 mA and 1 Oe for the urrent and mag-



326 P. Gegenwart et al.neti �eld, respetively, were hosen to determine � and �. Absolute valuesof � have been determined from a omparison in the temperature range2 K � T � 6 K with the results of the d-suseptibility in 50 mT using aQuantum Design SQUID magnetometer. Low temperature magnetizationmeasurements were performed utilizing a high-resolution apaitive Faradaymagnetometer as desribed in [15℄.3. Zero �eld NFL behavior in YbRh2(Si0:95Ge0:05)2In undoped YbRh2Si2 we observe a seond order phase transition in spe-i� heat (Fig. 1(a)) whih, aording to AC-suseptibility measurements(inset of Fig. 2), marks the onset of AF order [10℄. The resistivity fol-
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Fig. 1. Comparison of the low-temperature eletroni spei� heat Cel = C � CQas Cel=T vs log(T ) (a) and the eletrial resistivity � (b and ) of high-qualityYbRh2(Si1�xGex)2 single rystals with Ge-ontents x = 0 and x = 0:05. CQ � T�2is the nulear quadrupole ontribution alulated from reent Mössbauer re-sults [14℄. Dotted line in (a) marks log(T0=T ) dependene with T0 ' 24 K. Re-sistivity data shown in () were obtained for the urrent j �owing along (�) andperpendiular (Æ) to the -axis. The arrow indiates TN as obtained from themaximum in d�=dT .lows a quasi-linear T -dependene down to about 80 mK, below whih asharp derease, independent of the urrent diretion, is observed (inset ofFig. 1(b)). Thus the resistivity does not show any signatures of the forma-tion of a SDW for whih an inrease of �(T ) along the diretion of the SDWmodulation, indiating the partial gapping of the Fermi surfae, should beexpeted. The absene of this behavior favors the interpretation of loal-



Divergene of the Heavy Quasipartile Mass at . . . 327moment type of magneti order in YbRh2Si2. The resistivity in the AFordered state (at B = 0) is best desribed by �� = AT 2 with a huge oe�-ient, A = 22 �
 m/K2, for 20 mK � T � 60 mK. Extrapolating Cel(T )=Tas T ! 0 to 0 = (1:7 � 0:2) J/K2mol reveals an entropy gain at the AFphase transition of only about 0:03R ln 2. This provides evidene for theweakness of the AF order in YbRh2Si2. The ratio of A=20 in the orderedstate is lose to that expeted for a LFL [16℄, i.e., one with very heavy quasi-partile masses. The AF ordering is suppressed to below 20 mK by doping
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328 P. Gegenwart et al.Cel=T whose origin will be disussed in the onlusion. A ross-over around0.3 K is observed in the suseptibility, too: Below 0.3 K, � follows a Curie�Weiss type behavior (Fig. 2) implying �utuating moments of the order of1:4 �B= Yb3+-ion. The Weiss-temperature of � ' �0:32 K suggests strongAF orrelations in this regime. Above 0.3 K, the suseptibility an be de-sribed by ��1 � (T� ��) with the exponent � dereasing ontinuouslyfrom 1 (below 0.3 K) to 0.5 at 2 K. As displayed in Fig. 2, in the T interval0.2 K � T � 1.4 K the suseptibility roughly follows ��1 � (T� ��) with� � 0:75 and � � �0:05 K, i.e. a �non Curie�Weiss� behavior reminisentof CeCu5:9Au0:1 [9℄.4. Field tuning YbRh2Si2 through the QCPAs disussed in the previous setion, the weak AF order in YbRh2Si2an be suppressed by a tiny volume expansion upon replaing Si by largerGe-atoms, and pronouned deviations from LFL behavior our at the QCPin YbRh2(Si0:95Ge0:05)2. To study how the heavy quasipartiles deay intothe quantum ritial state it is required to investigate their properties uponrossing the QCP at zero temperature as a funtion of a ontrol parameterthat an be varied ontinuously. In the following we will show that theappliation of magneti �elds to YbRh2Si2 an be used for this purpose. Thisstudy was motivated by the observation of �eld-indued NFL behavior in thedoped AF systems CeCu6�xAgx [17, 18℄ and YbCu5�xAlx [19℄. YbRh2Si2is highly suited to study the properties of a B-indued QCP, beause thein�uene of disorder in this lean stoihiometri system should be negligible.Furthermore, the ordering temperature TN = 70 mK is the lowest among allundoped HF systems at ambient pressure and already a very small ritialmagneti �eld B(0) = B0 is su�ient to push TN towards zero temperature.We �rst disuss the low-temperature magnetization whih proves thatthe AF phase transition as a funtion of �eld is a ontinuous one. YbRh2Si2exhibits a highly anisotropi magneti response, indiating that Yb3+ mo-ments are forming an �easy-plane� square lattie perpendiular to the rys-tallographi -diretion [10℄. The isothermal magnetization (Fig. 3) shows astrongly nonlinear response for �elds B ? . For T < TN a lear redution inslope is observed above 0.06 T whih indiates the suppression of AF orderresulting in a weakly polarized state. A smooth extrapolation of M(B) forB > 0:06 T towards zero �eld reveals a value of �s < 0:1�B for the staggeredmagnetization in the AF state, indiating that the size of the ordered mo-ments is muh smaller than that of the e�etive moments observed in theparamagneti state above TN. Thus a large fration of the loal momentsappears to remain (quantum) �utuating within the easy plane in the AFordered state. Their ontinuous polarization for �elds exeeding B0 gives



Divergene of the Heavy Quasipartile Mass at . . . 329rise to a strong urvature in M(B) for B ? . For �elds applied along themagneti hard diretion, B k , the magnetization shows an almost linearbehavior (Fig. 1(b)) whih was found to extend at least up to 58 T [12℄. AtT < TN a very tiny inrease in theM(B) slope is observed below about 0.7 Twhih, aording to the resistivity measurements disussed below, representsthe ritial �eld B0 for B k .
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Divergene of the Heavy Quasipartile Mass at . . . 331Next we address spei�-heat measurements (Fig. 6) whih have beenperformed at magneti �elds along the -axis. Due to the strong mag-neti anisotropy, the sample plate used for the spei�-heat measurementould not be aligned perfetly along the hard magneti diretion. There-fore, a ritial �eld B0 of only about 0.3 T was su�ient to suppress AForder ompletely in these experiments. As shown in Fig. 6, at B = B0 thespei�-heat oe�ient �C(T )=T inreases down to the lowest T , indiativeof a �eld-indued NFL ground state. Within 40 mK � T � 120 mK it fol-lows a steep inrease similar to the upturn observed for the x = 0:05 singlerystal below 0.3 K (f. Fig. 1(a)). While this anomalous ontribution isstrongly redued upon inreasing B, at magneti �elds B � 1 T, the nulearontribution beomes visible at the lowest temperatures, above whih a on-stant 0(B) value is observed within a limited temperature window (Fig. 6).0(B) dereases in magnitude upon inreasing the �eld. A very similar be-
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Fig. 6. Spei� heat as �C=T = (C � CQ)=T vs T (on a logarithmi sale) forYbRh2Si2 at varying �elds applied parallel to the -axis. CQ � T�2 is the nulearquadrupole ontribution alulated from reent Mössbauer results [14℄.havior has been found in the �eld dependene of the low temperature ACsuseptibility, too [10℄. For magneti �elds exeeding B0 onstant values�0(B) have been observed whih derease in size upon inreasing B.In Fig. 7 we present our analysis of the magneti-�eld dependene of theoe�ients A, 0 and �0 observed for T ! 0 in the resistivity, �� = A(B)T 2,spei� heat, �C=T =0(B) [10℄, and magneti AC-suseptibility, �=�0(B)[10℄ when approahing the QCP upon reduing B towards B0. As shownin the inset of Fig. 7, we observe A � 20 ; A � �20 and thus also 0 � �0,



332 P. Gegenwart et al.independent of the �eld orientation and for all B values exeeding B0. Likein the AF ordered state (at B = 0) we �nd that the A=20 ratio roughlyequals that observed for many HF systems [16℄. A very large Sommerfeld�Wilson ratio R = (�0=0)(�2k2B=�0�2e�) of about 14 (�e� = 1:4�B) indiatesa strongly enhaned suseptibility in the �eld-aligned state of YbRh2Si2pointing to the importane of low-lying ferromagneti (q = 0) �utuations,as also inferred from reent 29Si-NMR measurements [21℄.
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Divergene of the Heavy Quasipartile Mass at . . . 3335. ConlusionThe HF metal YbRh2Si2 shows a weakly antiferromagnetially polarizedground state whih is suppressed to TN ! 0 either by a small volume expan-sion in YbRh2(Si0:95Ge0:05)2 or by the appliation of a ritial magneti �eldB0. At the QCP, pronouned deviations from LFL behavior are observedbelow 10 K in the spei� heat and the eletrial resistivity, in partiularC=T � log(T0=T ) (above 0.3 K) and ���T (down to the lowest T ): Aord-ing to the SDW senario, suh T -dependenes would only arise assuming thesattering of truly 2D ritial spin-�utuations.In order to study the deay of the heavy quasipartiles in the quantum-ritial state, we have used magneti �elds to suppress the AF order inYbRh2Si2. By �eld tuning the system through the QCP at a ritial �eldB0 one reahes a �eld-aligned state whih at low temperatures an be de-sribed by the LFL model. The 1=(B �B0) divergene of A(B) and 20(B)indiates a divergene of the QP mass and QP�QP sattering ross setionupon approahing the QCP. In the SDW model the parameter Æ, given bythe square of the inverse magneti orrelation length in the 2D spin �uid,measures the distane from the QCP, i.e., Æ � (B �B0). Assuming that thespin �uid renders the entire Fermi surfae �hot�, the oe�ient A divergesas A � 1=Æ, whereas for the spei� heat oe�ient 0 a muh weaker diver-gene 0 � log(1=Æ) is expeted [23℄. Thus, this model would predit theratio A=20 to diverge upon dereasing B instead of being onstant. Theonstany of the Kadowaki�Woods ratio when approahing the QCP ratherfavors the loally ritial senario [24℄.A stronger than logarithmi divergene of the QP mass is also evidentfrom our B = 0 measurements of Cel(T )=T for YbRh2(Si0:95Ge0:05)2 below0.3 K (Fig. 1(a)). The upturn annot be explained assuming a nulearontribution to the low-T spei� heat. Furthermore a very similar behavioris observed for the volume thermal expansion oe�ient � too: As found forCel=T , above 0.3 K �=T follows a logarithmi T dependene [22℄. Belowthat temperature an even stronger divergene has been observed, providingadditional evidene for the eletroni origin of the upturn in the spei�-heat oe�ient. The Curie�Weiss behavior, observed in �(T ) in the sameT -range, where the upturn in Cel(T )=T ours, hints to large unsreened�utuating Yb3+ moments persisting down to the lowest T at the QCP.This strongly suggests a loal nature of the ritial �utuations.To onlude, the QP mass diverges faster than logarithmi upon ap-proahing the QCP in YbRh2Si2 in ontradition to the SDW piture andsuggests a loally ritial senario for this system.
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