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LOW-TEMPERATURE SPECIFIC HEAT OFSLIGHTLY OFF-STOICHIOMETRIC CeNi2Ge2�T. Cihorek, C. Geibel, N. Caroa-Canales, T. LühmannP. Gegenwart and F. SteglihMax Plank Institute for the Chemial Physis of Solids, Dresden, Germany(Reeived July 10, 2002)We have studied the e�et of slight hanges in the hemial om-position on the low-temperature spei� heat of Ce0:98Ni2+xGe2�x with0 � x � 0:015. Above 0.3 K, the spei� heat obeys a C(T )/T=0-�T 1=2dependene for all the Ni-Ge ompositions investigated. Below 0.3 K, how-ever, the C(T )/T data are strongly sample dependent. While for x=0 thequantum-ritial T 1=2 behavior is masked by a low-T upturn, whih fol-lows a C(T )=AT�2 dependene with a large A parameter (62 �JK/mol),for x=0.015 a leveling o� in C(T )/T at ' 380 mJ/K2mol is observed. Thesample with x=0.005 and small low-T upturn below 0.14 K appears to bein the viinity to the QCP.PACS numbers: 71.10.Hf, 75.40.CxThe non-magneti heavy-fermion CeNi2Ge2 ompound is believed to beone of only a few undoped systems at or lose to a quantum ritial point(QCP). Nevertheless, there are on�iting results about whether non-Fermi-liquid (nFL) properties of CeNi2Ge2 are held down to the lowest temperatureof measurement, or whether Fermi-liquid (FL) behavior is reovered belowabout 0.3 K. Moreover, the origin of the QCP has not been lari�ed upto now [1℄. In an earlier work on the spei� heat, C(T ), of CeNi2Ge2 asmall usp in C(T )/T at T ' 0.3 K has been reported [2℄ but a reentstudy revealed C(T )/T = onst. (' 380 mJ/K2mol) and � log-T belowand above 0.3 K, respetively [3℄. On the other hand, measurements onsingle rystal showed the T 1=2 dependene of C(T )/T between 0.25 K and6 K [4℄. Finally, in at least some samples of CeNi2Ge2 a sample-dependentanomalous upturn in C(T )/T below about 0.3 K aompanied by the T 1=2dependene at higher temperatures has been observed [5℄.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(371)



372 T. Cihorek et al.In order to bring this puzzle loser to a solution, we performed systematiC(T ) studies on slightly o�-stoihiometri CeNi2Ge2. The starting hemialomposition an be desribed by the formula Ce0:98Ni2+xGe2�x with 0 �x � 0:015. Beause of the partiularities of the Ce�Ni�Ge ternary hemialphase diagram [6℄, the x = 0 sample has a Ge-rih 122-phase, whereas astoihiometri 122 phase is expeted in the sample x � 0:015 in aordanewith results of the residual resistivity [7℄. The spei� heat between 0.05and 1 K has been measured by a ompensated heat-pulse method. Sinewe investigated relatively large samples having the similar mass � 170 mg,the di�erenes between their C(T ) dependenies are una�eted by possibleunertainties of the addenda estimate at lowest temperatures.In Fig. 1 we show spei�-heat data, as C(T )/T vs T 1=2, obtained be-low 1 K for Ce0:98Ni2+xGe2�x polyrystals with various Ni-Ge omposition.Above 0.3 K, the C(T )/T=0-�T 1=2 dependene, whih is predited for
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Fig. 1. Low-temperature spei� heat of slightly o�- stoihiometri CeNi2Ge2 poly-rystals with various starting hemial omposition. Inset: �C(T )=T = C(T )=T -(0-�T 1=2) for the x = 0 sample on a double-logarithmi sale below 0.4 K.0 = 472 mJ/K2mol and �=125 mJ/K5=2mol were approximated from the tem-perature range 0:35 � 1 K. The solid line displays a �C(T ) = AT�2 �t withA = 62�JK/mol.three-dimensional (3D) spin �utuations (SF) in the viinity of the antifer-romagneti (AF) QCP [8℄ has been learly observed in all the samples investi-gated. Whereas the slope of the C(T )/T urves does not hange signi�antlywith x and varies between 111 and 125 mJ/K5=2mol, 0 monotonously de-reases from 470 to 440 mJ/K2mol with inreasing Ni onentration. Below0.3 K, CeNi2Ge2 exhibits an enormous sensitivity of C(T ) to a tiny varia-tion of the hemial omposition. While for x�0.005 the quantum-ritial



Low-Temperature Spei� Heat of Slightly O�-Stoihiometri CeNi2Ge2 373T 1=2 dependene is masked by a low-T upturn, for x=0.015 the low-T up-turn is preeded by a levelling o� in C(T )/T at ' 380 mJ/K2mol. A loserinspetion of the �C(T )/T=C(T )/T -(0-�T 1=2) data at T�0.3 K for thex=0 sample reveals a well-de�ned AT�3 behavior, where the A parameteramounts to 62 �JK/mol (see the inset of Fig. 1). If this upturn would berelated to the Zeeman splitting of the nulear 61Ni or 73Ge spin states aninternal magneti �led, Bint, of the order of 30 T would be neessary. Todate, there are no experimental evidenes for suh a high �eld. In the aseof x = 0:005 the upturn beomes evident only below 0.14 K and, hene, amuh smaller value of A (i.e. Bint � 30 T) may be dedued. A detailedanalysis, however, requires additional experiments at lowest temperatures.
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Fig. 2. The low-T heat apaity, as C(T )=T vs T 1=2, of three Ce0:98Ni2+xGe2�xsamples with x = 0:015. Inset: The sample-dependent upturn in C(T )=T below0.2 K.Sine CeNi2Ge2 shows an extreme sensitivity of its spei� heat againstvariation of the Ni�Ge omposition, one an suppose that a tiny di�erene inthe average oupation of the non-f sites surrounding Ce plays a key role.This onjeture is supported by the results from Fig. 2, in whih the C(T )/Turves for various Ce0:98Ni2:015Ge1:985 polyrystals are presented. Whereasthe sample ℄1 (f. Fig. 1) and ℄2 were ut out from the same bath, the thirdone was independently synthesized keeping the same onditions. Note thata detailed X-ray analysis did not detet a di�erene between the x = 0:015samples investigated. Exept for di�erent slope of the upturns in C(T )=Tbelow 0.1 K (see the inset of Fig. 2), no signi�ant distintions between thesamples ℄2 and ℄3 are found. On the other hand, their C(T )=T data di�erdistintly from those observed for the sample ℄1, e.g., both of them deviatefrom the T 1=2 dependene already at � 0:36 K with 0 ' 370 mJ/K2mol andtheir low-T upturn beomes evident at slightly lower temperature. These



374 T. Cihorek et al.observations point to the same average oupation of the non-f sites in thesamples ℄2 and ℄3 that, however, is di�erent in the sample ℄1. In the latterase, the true Ni onentration appears to be smaller than in the former ones.Some distintions between the speimens ℄2 and ℄3 below 0.1 K suggest aslightly di�erent distribution of the Ni/Ge ratio, i.e. various loal oupationof the non-f sites surrounding Ce.An extreme sensitivity of the spei� heat of CeNi2Ge2 against vari-ations of the hemial omposition lose to the 1:2:2 stoihiometry pointsomewhat resembles the properties of CeCu2Si2. In the latter system fourdi�erent ground states were identi�ed in the homogeneity range, extendingto approximately �0:5% from the true stoihiometry point [5℄. The pro-nouned nFL behavior in CeCu2Si2 with C(T )=T = 0-�T 1=2 presumablyis governed by a spin-density-wave instability at the QCP. Note that thetransition from the paramagneti state into �phase A� being well marked inboth the transport and thermodynami properties at around 0.7 K, beomeshardly detetable as TA ! 0 [9℄. For several slightly Ge-rih CeNi2Ge2 sam-ples, resistivity measurements done at B = 0 have revealed an anomaly at0.6 K that strongly resembles the �A-phase� transition in CeCu2Si2 [7℄. Un-fortunately, besides the above-mentioned singularities, no additional one isobserved in our spei�-heat experiments.In summary, we have shown that a tiny inrease of the Ni onentrationleads to a derease of the low-T upturn aompanied by a leveling o� inC(T )/T . In other words, upon inreasing x from 0 to 0.015 we have observedan extension of the nFL behaviors towards lower temperatures as well as areovering of the FL properties below 0.3 K. Thus, aording to spei� heatexperiments, the Ce0:98Ni2+xGe2�x sample with x = 0:005 appears to be ator, at least, very lose to the QCP. Although the origin of the QCP is notlear, the C(T )=T � T 1=2 dependene in all the samples investigated hintsat the 3D-SF in the viinity to the AF QCP.REFERENCES[1℄ G.R. Stewart, Rev. Mod. Phys. 73, 797 (2001).[2℄ G. Knopp et al., J. Magn. Magn. Mater. 74, 341 (1988).[3℄ S. Körner et al., J. Low Temp. Phys. 121, 105 (2001).[4℄ H. Sato et al., J. Magn. Magn. Mater. 177�181, 409 (1998).[5℄ F. Steglih, More is Di�erent: Fifty Years of Condensed Matter Physis,N.P. Ong and R.N. Bhatt, Prineton 2001, p.191.[6℄ P. Salamakha et al., J. Alloys Compd. 236, 206 (1996).[7℄ F. Steglih, et al., Physia B 280, 349 (2000).[8℄ A.J. Millis, Phys. Rev. B48, 7183 (1993).[9℄ P. Gegenwart et al., Phys. Rev. Lett. 81, 1501 (1998).


