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LOW-TEMPERATURE MAGNETIC AND TRANSPORTPROPERTIES OF THE CLEAN NFL SYSTEMYbRh2(Si1�xGex)2�J. Custers, P. Gegenwart, C. Geibel, F. Steglih, T. TayamayO. TrovarelliMax Plank Institute for the Chemial Physis of Solids01187 Dresden, Germanyand N. HarrisonLos Alamos National LaboratoryLos Alamos, New Mexio 87545, USA(Reeived June 21, 2001)High-quality single rystals of YbRh2(Si1�xGex)2 (x = 0; 0:05) havebeen studied by low-temperature (T ) and high-magneti-�eld (B) measure-ments of the eletrial resistivity �(T;B), d-magnetization M(T;B) andmagneti a-suseptibility �a(T;B). For the undoped ompound (x = 0) aweak AntiFerromagneti (AF) transition at TN ' 70mK is observed whihan be suppressed for small �elds B ' 0:06T and 0:7T applied alongthe rystallographi a- and -diretion, respetively. Below TN, a �(T ) =�0+ aT 2 behavior is found with very low residual resistivity �0 ' 1�
 m.Above TN pronouned Non-Fermi-Liquid (NFL) e�ets are observed witha linear T -dependene of the eletrial resistivity. A small volume expan-sion of �V � +0:3% is su�ient to tune the system YbRh2(Si1�xGex)2to its Quantum Critial Point (QCP) at x = (0:06� 0:01). The x = 0:05ompound shows a �(T ) = �0 + bT dependene from below 10mK up toabove 10K. The low �0 � 5�
m proves that this NFL behavior is in-trinsi due to the proximity to the QCP and not related to the disorderindued by Ge-alloying. No evidene for a metamagneti phase transitionin �elds up to 56T applied along the magneti hard diretion (B k ) hasbeen observed.PACS numbers: 71.27.+a, 71.10.Hf� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.y Present address: Institute for Solid State Physis, University of Tokyo, Kashiwa,Chiba 277-8581, Japan. (3211)



3212 J. Custers et al.1. IntrodutionIn the last deade a lot of work has been done on Heavy Fermion (HF)f -eletron systems showing pronouned deviations from onventional Lan-dau Fermi Liquid (LFL) behavior [1℄. By hemial doping as well as theappliation of pressure or magneti �eld these HF systems an be tunedthrough their AntiFerromagneti (AF) instability. Close to this AF Quan-tum Critial Point (QCP) at TN ! 0, low-lying and extended spin �utu-ations mediate the interation between the quasipartiles. Instead of beingonstant as in the ase of a LFL, the e�etive quasipartile mass and thee�etive quasipartile�quasipartile sattering ross setion hene beomestrongly energy dependent [2�5℄. This is manifested in the 4f -inrement tothe Sommerfeld oe�ient in the eletroni spei� heat, �C=T � � lnTand the eletrial resistivity �� = �(T ) � �0 (�0: residual resistivity),for whih an unusual T -dependene �� � T ", with 1 � " < 2 is ob-served [2℄. Beause of the eletron�hole analogy between 4f 1-Ce3+ and the4f 13-Yb3+ eletroni on�gurations, Yb-based heavy fermion ompoundshave attrated some attention, sine they open an alternative way of study-ing the physis lose to an AF�QCP. In ontrast to the Ce ase, the exhangeinteration between the loal 4f moments and the ondution eletrons de-reases upon inreasing pressure. It is therefore possible to drive a nonmag-neti Yb system into a magnetially ordered state under pressure and toinvestigate the upoming magnetism in the viinity of the QCP. Owing tothe high Yb vapor pressure up to now only a few nonmagneti Yb-based sys-tems were driven into the magnetially ordered state [6�8℄. Sine for thesematerials the ritial pressure p neessary to indue magnetism is equal oreven larger than 8GPa, thermodynami measurements required for a studyof quantum ritial behavior are inaessible at present.2. Experimental detailsSingle rystalline platelets of YbRh2(Si1�xGex)2 (x = 0; 0:05) weregrown from In �ux, using a molten-metal-solvent tehnique in losed Taruibles, as desribed in Ref. [9℄. X-ray powder-di�ration patterns showedsingle-phase samples with the proper tetragonal struture (spae groupI4/mmm) and lattie parameters a = 4:007Å and  = 9:858Å for x = 0.The low-T a-suseptibility and -resistivity was measured by utilizinga low-frequeny (17Hz) lok-in tehnique adapted to 3He=4He dilution re-frigerator. The absolute values of �a have been determined from a om-parison in the temperature range 2K � T � 6K with the results of thed-suseptibility measured in 50mT using a Quantum Design SQUID mag-



Low-Temperature Magneti and Transport Properties : : : 3213netometer. To perform d-magnetization measurements down to 50mK weused a high-resolution apaitive Faraday magnetometer developed in ourinstitute [10℄.High-�eld magnetization experiments were performed in the Los AlamosHigh Magneti Field Laboratory using a short pulse (25mse) 60T magnet.Absolute values have been obtained from a omparison with the results ofan Oxford Instruments magnetometer in the �eld range 0T < B � 18T.3. Magneti propertiesAt high temperatures (T � 200K) the magneti suseptibility ofYbRh2Si2 measured along both major rystallographi diretions (a and) follows a Curie�Weiss law with e�etive magneti moments very lose tothe value of free Yb3+ (�e� = 4:5�B); but due to the strong magnetorys-talline anisotropy there is a marked di�erene in the respetive extrapolatedvalues for the Weiss temperatures �aP � �9K and �P � �180K [11℄. AtT = 2K the magneti suseptibility measured along the basal plane is about20 times larger ompared to the value measured with applied �eld parallelto the -axis. Figure 1(a) is indiating that in YbRh2Si2 the Yb3+ momentsform an �easy-plane� square lattie with a strongly anisotropi response.This anisotropy is also re�eted in the isothermal magnetization. For �eldsapplied along the magneti hard diretion (B k ) an almost linear magneti-zation urve up to 56T is observed without any indiation of a metamagnetitransition, �gure 1(b).
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B (T)Fig. 1. Magneti suseptibility �(T ) = M=B vs T in B = 1T (a) and isother-mal magnetization M vs B at 2K (b) for YbRh2Si2 in magneti �elds appliedalong the a- (Æ) and -axis (�). Pulsed-�eld data in (b) for B k  were taken onYbRh2(Si0:95Ge0:05)2 and agree at least for B � 14T with those obtained frompure YbRh2Si2 .



3214 J. Custers et al.4. Weak antiferromagneti orderPrevious low-T a-suseptibility measurements on YbRh2Si2 have de-teted an AF transition at T � 65mK in zero �eld [11℄. A magneti �eldof only about 0:05T applied along the easy diretion (B k a) was foundto be su�ient to suppress the ordering. This indiates the weakness ofthe AF-state. d-magnetization measurements for B k a have on�rmedthese observations. As presented in �gure 2 for T � TN a sharp derease ofthe magnetization urve sets in for B � B , with B � 50mT and B k a.
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B(T)Fig. 2. DC magnetization M vs B for B k a at two di�erent temperatures T < TNand T > TN. The arrow marks the ritial �eld B = 0:05T.The staggered magnetization per Yb-atom, as extrapolated from the data in�gure 2 for B ! 0, is low, only �Yb � 0:1�B, indiating that the saturationmoments involved in the AF ordered state are very small. The evolutionof the weak AF transition has been followed in resistivity measurementstoo [12℄. For this purpose, high-quality single rystals with residual resis-tivities as low as �0 � 1�
m orresponding to a Residual Resistivity Ratio(RRR) = �(300K)=�0 � 68 were studied in magneti �elds along both di-retions B k a and B k . The eletrial resistivity in zero �eld shows asharp kink at T � 70mK independent on the urrent diretion j k a andj k  (�gure 3(a), inset �gure 4(b)). Above this harateristi tempera-ture the resistivity follows a power-law dependene � � T " with " = 1 overmore than one deade in T , whereupon the resistivity data below the tran-sition an be best desribed by a �� � T 2 behavior, in the temperaturerange 20mK < T < 60mK. With inreasing magneti �eld B the resistivityanomaly shifts to lower temperatures. Figure 3(b) shows the �eld depen-dene of the Néel temperature as determined from the maximum value of
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Fig. 3. (a) � Low-temperature resistivity �(T ) of YbRh2Si2 in various appliedmagneti �elds. The arrows mark the Néel temperature TN dedued from ��=�T .The dashed arrow indiates the ross-over temperature T �(B), see text. (b) �Phase diagram derived from resistivity measurements for B k  and B k a. Note,for the latter one the ritial-�eld values have been multiplied by a fator 11.
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T (K)Fig. 4. (a) � a magneti suseptibility of YbRh2(Si1�xGex)2 (x = 0 (�),x = 0:05 (Æ)) as �a vs T (on a logarithmi sale), measured along the tetrago-nal plane in zero d-�eld. (b) � Eletrial resistivity � of YbRh2(Si0:95Ge0:05)2showing a linear behavior � � T over a large temperature range 10mK � T < 10K.Inset: low-temperature eletrial resistivity of pure YbRh2Si2 in zero �eld, arrowmarks derease at the Néel temperature.



3216 J. Custers et al.the derivative ��(T )=�T . For the �eld orientation B k a the determinedB�T phase diagram (�gure 3(b)) agrees perfetly with earlier results ob-tained from a-suseptibility and d-magnetization studies [11, 13, 14℄. Theritial �elds for B k  are about 11 times larger than those obtained forB k a. This re�ets the strong magneti anisotropy of YbRh2Si2 as alreadydisussed before. The appliation of magneti �elds larger than B, withBa � 0:06T (B k a), see �gure 3(a) (4) data, and B � 0:7T (B k )leads to a �eld-indued LFL state [5℄ below some ross-over temperatureT �(B) whih inreases upon inreasing �eld as evidened by the hangefrom �� � T (T > T �(B)) to �� � T 2 (T < T �(B)).5. Tuning YbRh2(Si1�xGex)2 through the QCPPronouned NFL e�ets in YbRh2Si2 have not only been observed ineletrial-transport properties, but also in spei�-heat measurements. Herea logarithmi temperature dependene of C=T � lnT is found over a widetemperature range [11℄. Both resistivity and spei�-heat measurements un-der hydrostati pressure p show an inrease of TN with inreasing p [16℄ �as expeted for Yb-based alloys. This allows one to de�ne a negative rit-ial pressure p = �(0:3 � 0:1)GPa, whih orresponds to a small volumeexpansion �V of about +0:3%. Suh a small expansion of the unit-ell vol-ume an be ahieved by e.g. alloying the Si-sites of the ThCr2Si2-struturewith isoeletroni Ge. The evolution of the unit-ell volume in the seriesYbRh2(Si1�xGex)2 for x > 0 indiates that �V orresponds to a ritialGe-onentration of only x = (0:06� 0:01). For suh low x value, the ele-troni properties will be almost una�eted and nearly no signi�ant disorderis introdued to the lattie. In a �rst attempt single rystals with x = 0:05were grown from In �ux, as reported elsewhere [9, 17℄. It ould be shownthat the e�et of Ge-alloying is opposite to the e�et due to the appliationof hydrostati pressure [17℄. Therefore magneti order should be suppressedompletely by hoosing a Ge-ontent of x. Indeed, as is shown in �gure (4a),in a-suseptibility measurements down to 10mK a peak signaling the onsetof AF order as has been observed in pure YbRh2Si2 ould not be resolved.Additionally, in the zero-�eld eletrial resistivity, performed in zero-�eld(j k a -axis) no low-temperature anomaly is deteted, see �gure 4(b). In-stead, the linear temperature dependene ��(T ) � T , observed for pureYbRh2Si2 from above 10K down to TN, extends for YbRh2(Si0:95Ge0:05)2down to below 10mK. A linear T -dependene of the resistivity over threedeades in temperature has so far not been observed for any heavy-fermionompound. The residual resistivity is larger than in the undoped ompoundby only a fator of �ve (�0 �= 5�
m), strongly suggesting that this behav-ior is, indeed, due to the proximity of the AF-QCP in YbRh2(Si1�xGex)2 atx �= x rather than being an e�et of disorder introdued by doping.



Low-Temperature Magneti and Transport Properties : : : 32176. ConlusionYbRh2Si2 is a lean stoihiometri Yb-based ompound whih, at am-bient pressure, is loated at the magneti side lose to the AF-QCP. Below10K down to TN, the eletrial resistivity shows a linear T dependene. Thephase transition is re�eted by a signi�ant inrease in the slope of �(T ),while the resistivity is dominated by a T 2 term for T < TN. Appliation ofsmall magneti �elds suppresses the magneti order and leads to a reoveryof LFL state. From d-magnetization measurements it is inferred that onlysmall moments are involved in the AF order. Magnetization data up to �eldsof 56 T reveal no evidene for another magnetially ordered state. Applyingnegative pressure by slightly doping with Ge, one an tune the ompoundthrough the QCP. YbRh2(Si0:95Ge0:05)2 is loated extremely lose to theQCP: a linear temperature dependene in the eletrial resistivity over threedeades of temperature was observed.REFERENCES[1℄ See, e.g., Proeedings on Non-Fermi Liquid Behavior in Metals, ITCP, SantaBarbara, 1996, in J. Phys.: Condens. Matter 8, 9675 (1996).[2℄ A.J. Millis, Phys. Rev. B48, 7183 (1993).[3℄ A. Rosh et al., Phys. Rev. Lett. 80, 4705 (1998).[4℄ G.G. Lonzarih, Proeedings of the College on Quantum Phases, ITCP, Tri-este, 1994 (unpublished).[5℄ T. Moriya, T. Takimoto, J. Phys. So. Jpn. 64, 960 (1995).[6℄ H. Winkelmann et al., Phys. Rev. Lett. 81, 4947 (1998).[7℄ J.M. Mignot, J. Wittig, in Valene Istabilities, eds P. Wahter, H. BoppartNorth-Holland, Amsterdam 1982, p. 203.[8℄ H. Winkelmann et al., Phys. Rev. B60, 3324 (1999).[9℄ See, for instane, P.C. Can�eld, Z. Fisk, Philos. Mag. B70, 1117 (1992) andreferenes therein.[10℄ T. Tayama et al., to be published.[11℄ O. Trovarelli et al., Phys. Rev. Lett. 85, 626 (2000).[12℄ Preliminary results inluded in previous reports did not reveal the anomaly inresistivity at TN � 70mK, f. [11℄.[13℄ J. Custers, unpublished results.[14℄ T. Tayama, unpublished results.[15℄ O. Trovarelli et al., Physia B281�282, 372 (2000).[16℄ S. Mederle et al., to be published.[17℄ O. Trovarelli at el., Proeedings of the International Conferene on StronglyCorrelated Eletron Systems, SCES, Ann Arbor, 2001.


